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2	  

	  

Abstract	  

We	  investigated	  the	  uptake	  of	  cerium	  (Ce)	  dioxide	  nanoparticles	  (NP)	  by	  hydroponically	  

grown	  wheat,	   pumpkin	   and	   sunflower	   plants.	   The	   presence	   of	   plant	   roots	   in	   nutrient	  

solution	   led	  to	  a	  substantial	   increase	   in	  the	  dissolution	  of	  CeO2-‐NP	  compared	  to	  plant-‐

free	  medium.	  Experiments	  with	  Zr/CeOx-‐NP	  revealed	  that	  Ce	  was	  not	  only	  taken	  up	   in	  

form	   of	   NP,	   but	   simultaneously	   to	   a	   significant	   degree	   also	   as	   dissolved	   Ce(III)	   ions,	  

which	   then	   re-‐precipitated	   in	   form	   of	   CeO2-‐NP	   inside	   the	   leaves.	   The	   contribution	   of	  

dissolved	  Ce	  uptake	  was	  particular	   large	   for	  particles	  smaller	   than	  10	  nm	  due	  to	   their	  

higher	  dissolution	  rate.	  Our	  data	  also	  indicate	  that	  the	  translocation	  of	  Ce	  resulting	  from	  

NP-‐root-‐exposure	   is	   species	   dependent.	   When	   Ce	   was	   supplied	   as	   dissolved	   ions,	  

sunflower	  had	  the	  highest	  capacity	  of	  Ce-‐ion	  accumulation	  inside	  the	  leaves,	  while	  there	  

was	   no	   significant	   difference	   between	   pumpkin	   and	   wheat.	   We	   found	   no	   Ce	  

translocation	   from	   roots	   into	   shoots	  when	   only	  NPs	   bigger	   than	  20	  nm	  were	   applied.	  

This	   study	   highlights	   that	   plant	   root	   activity	   can	   have	   a	   significant	   impact	   on	   the	  

dissolution	  of	  CeO2	  NP	  in	  soil	  solution	  and	  that	  uptake	  of	  dissolved	  Ce(III)	  followed	  by	  

re-‐precipitation	  needs	  to	  be	  considered	  as	  an	  important	  pathway	  in	  studies	  of	  CeO2-‐NP	  

uptake	  by	  plants.	  
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3	  

1.	  Introduction	  
	  

The	  fate	  and	  effects	  of	  engineered	  nanoparticles	  (ENPs)	  are	  currently	  intensely	  studied	  

by	  the	  scientific	  community.	  It	  has	  been	  emphasized	  that	  uptake	  and	  translocation	  into	  

plants	   are	   important	   aspects	   to	   be	   considered	   and	   that	   beyond	   toxicity	   effects	   in	   the	  

plants,	   such	   exposure	   may	   also	   damage	   ecosystem	   functions,	   biodiversity	   and	   crop	  

production1,	   2,	   3,	   4,	   5.	   When	   ENPs	   are	   introduced	   into	   biological	   systems,	   they	   face	   a	  

variety	   of	   physical	   and	   chemical	   settings	   that	   influence	   their	   original	   manufactured	  

features	   and	   as	   a	   consequence	   ENPs	   can	   undergo	   transformation	   reactions6.	   These	  

reactions	  will	  affect	  the	  reactivity,	  the	  fate	  and	  the	  effects	  of	  the	  ENP.	  	  

CeO2	   –NPs	   are	   of	   great	   interest	   for	   industrial	   application	   due	   to	   their	   capability	   for	  

undergoing	  a	  redox-‐cycle	  between	  the	  two	  natural	  oxidation	  states	  (Ce3+	  and	  Ce4+)8.	  The	  

toxicity	  of	  CeO2-‐NPs	   to	  E.	  coli	  was	   found	   to	  be	   linked	   to	   the	  surface	  speciation	  of	  NPs,	  

which	  was	  altered	  in	  the	  presence	  of	  the	  bacteria9.	  The	  toxic	  effect	  of	  CeO2	  to	  E.	  coli	  was	  

due	   to	   the	   production	   of	   reactive	   oxygen	   species	   (ROS)	   caused	   by	   the	   redox-‐cycle	  

between	  Ce3+	  and	  Ce4+	  on	  the	  NP-‐surface.	  Adding	  phosphate	  to	  the	  NP-‐surface	  can	  stop	  

this	  redox-‐cycle	  by	  trapping	  Ce3+	  as	  CePO410.	  

The	   incorporation	  of	  NP	   into	  plant	   cells	   requires	   that	   they	  pass	   through	   the	   cell	  wall,	  

which	  has	  pore	  sizes	  of	  maximal	  5	  nm	  in	  most	  species11,	  12,	  while	  passage	  from	  roots	  to	  

shoots	   through	   the	   extracellular	   space	   is	   blocked	   by	   the	   Casparian	   strip	   of	   the	   root	  

endodermis.	  Despite	  these	  barriers,	  it	  has	  been	  reported	  that	  also	  NPs	  larger	  than	  5	  nm	  

can	   be	   translocated	   from	   roots	   into	   shoots	   in	   some	   plants,	   although	   the	   results	   of	  

different	  studies	  are	  controversial,	  probably	  due	  to	  differences	  in	  the	  tested	  species,	  the	  

sizes	   of	   nanoparticles	   and	   the	   exposure	   concentrations13.	   It	   has	   also	   been	   shown	   that	  

CeO2	  NP	  can	  bypass	  the	  Casparian	  strip	  in	  young	  tissues	  connecting	  secondary	  roots14.	  
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4	  

Only	   little	   attention	   was	   so	   far	   given	   to	   possible	   transformations	   of	   CeO2-‐NPs.	   It	   has	  

been	  shown	  recently	  that	  cerium	  dioxide	  nanoparticles	  (CeO2-‐NPs)	  are	  especially	  prone	  

to	   transformation	   reactions	   in	   natural	   and	   biological	   system7.	   In	   this	   study	   CeO2-‐NPs	  

were	  added	  to	  the	  rhizosphere	  of	  cucumber	  plants	  were	  transformed	  into	  CePO4	  in	  the	  

roots	   and	   that	   21.5%	   of	   the	   Ce	   found	   in	   the	   leaves	   had	   been	   transformed	   into	   Ce	  

carboxylates.	   Hernandez-‐Viezcas	   et	   al.	   (2013)15	   found	   21%	   of	   CeO2-‐NPs	   in	   soybean	  

nodules	   in	   transformed	   forms.	   They	   also	   reported	   bio-‐transformed	   CeO2	   in	   soybean	  

pods	   but	   the	   absolute	   amount	   was	   not	   stated.	   Zhao	   et	   al.	   (2012)16	   studied	  

biotransformation	   of	   CeO2-‐NPs	   in	   the	   roots	   and	   found	   different	   Ce-‐species,	   including	  

cerium	   phosphate.	   On	   the	   other	   hand,	   Lopez-‐Moreno	   et	   al.	   (2010)17	   did	   not	   find	  

transformed	  CeO2	  in	  the	  roots	  of	  cucumber,	  alfalfa,	  tomato	  and	  corn	  seedlings.	  

CeO2-‐NPs	  were	  previously	  thought	  to	  be	  very	  stable18	  under	  environmental	  conditions	  

and	   therefore	   have	   generally	   been	   considered	   as	   insoluble19,	   20	   under	   environmental	  

conditions.	  Several	  studies	  with	  these	  materials	  have	  reported	  only	  minimal	  dissolution	  

in	   a	   variety	   of	   different	  media	  with	   different	   composition21,	  22.	   In	   an	   earlier	   study	   on	  

CeO2-‐NP	   transformation	   in	   plant-‐free	   nutrient	   solution23	   we	   found	   that	   the	   rate	   of	  

dissolution	   varied	   with	   media	   conditions	   (e.g.	   reduction	   or	   complexation),	   pH	   and	  

particle	   size.	   From	   these	   results	   we	   concluded	   that	   dissolution	   depends	   on	   the	   ratio	  

between	   Ce3+	   and	   Ce4+	  in	   the	   NP-‐surface	   layer.	   As	   NP	   size	   decreases,	  more	   and	  more	  

oxygen	   vacancies	   occur	   in	   the	   ceria	   lattice,	   resulting	   in	   local	   reduction	   of	   Ce4+24.	  

Following	  up	  on	  the	  previous	  study,	  in	  which	  we	  used	  plant-‐free	  solutions,	  the	  aim	  of	  the	  

present	   study	  was	   to	   investigate	   the	   role	  of	  CeO2	  dissolution	   in	   the	  uptake	  of	  Ce	   from	  

CeO2	  NP	   suspensions	   by	   three	   commercially	   important	   crop	   plants:	   sunflower,	   spring	  

wheat	  and	  pumpkin.	  Using	  a	  closed	  hydroponic	  exposure	  system,	  we	  exposed	  30	  d	  old	  

plants	  of	   these	   three	   species	   to	   suspensions	  of	   three	  differently	   sized	  CeO2	  NP	  groups	  
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5	  

(and	   as	   control	   also	   to	   an	  NP-‐free	   Ce(III)	   solution).	  We	  determined	  how	  dissolved	  Ce	  

concentrations	   in	   the	   nutrient	   solution	   related	   to	   Ce	   accumulation	   in	   the	   roots	   and	  

shoots	  of	  the	  plants.	  In	  an	  additional	  experiment	  plants	  were	  exposed	  to	  Zr/CeOx-‐NPs	  of	  

8	  nm	  in	  diameter	  in	  order	  to	  enable	  discrimination	  between	  Ce	  uptake	  in	  particulate	  and	  

dissolved	  form,	  based	  on	  the	  Zr:Ce	  ratios	  in	  the	  shoots	  of	  the	  test	  plants.	  	  

	  

2.	  Materials	  and	  Methods	  
	  

Nanoparticle	  manufacturing	  	  

Cerium	   and	   zirconium-‐cerium	   nanoparticles	   were	   manufactured	   as	   bare/	   non-‐coated	  

NP	  by	  flame	  spray	  synthesis.	  Here	  they	  are	  referred	  to	  by	  their	  mean	  TEM-‐diameter	  size	  

and	   composition	   (9	   nm	   CeO2,	   23	   nm	   CeO2	   and	   64	   nm	   CeO2,	   8	   nm	   Zr/CeOx).	   Sizes	  

represent	  means	  determined	  from	  TEM-‐images	  (100	  primary	  particles	  per	  size	  group).	  	  

For	  synthesis	  cerium	  2-‐ethylhexanoic	  acid	  diluted	  in	  xylene	  (2	  wt%	  for	  the	  9	  nm	  CeO2-‐

NP	  and	  8	  wt%	  for	  the	  23	  nm	  CeO2-‐NP)	  was	  used	  and	  introduced	  as	  a	  precursor	   into	  a	  

methane/oxygen	   flame20.	  For	   the	  9	  nm	  CeO2-‐NPs	   the	   flow	  rate	  of	   the	  precursor	  was	  3	  

mL	  min-‐1	  (5	  mL	  min-‐1	  for	  the	  23	  nm	  CeO2-‐NPs),	  and	  7	  mL	  min-‐1	  oxygen	  gas	  (5	  mL	  min-‐1	  

for	   the	   23	   nm	  CeO2-‐NPs)	  was	   used	   to	   disperse	   the	   liquid	   leaving	   a	   capillary25.	   64	   nm	  

CeO2-‐NPs	  were	  made	  from	  23	  nm	  CeO2-‐NPs	  by	  sintering	  for	  16	  hours	  at	  700°C26.	  	  

For	  the	  production	  of	  Zr-‐CeOx-‐NP,	  40	  g	  cerium	  2-‐ethylhexanoate	  diluted	  in	  xylene	  (12.0	  

wt%	   Ce)	   and	   38	   g	   zirconium	   2-‐ethylhexanoate	   (ABCR,	   90%)	   were	   mixed	   and	  

subsequently	   diluted	   with	   150	   g	   toluene.	   The	   resulting	   mixture	   was	   introduced	   as	  

precursor	  into	  a	  methane/oxygen	  flame.	  The	  flow	  rate	  of	  the	  precursor	  was	  5	  mL	  min-‐1	  

and	  5	  mL	  min-‐1,	  oxygen	  gas	  was	  used	  to	  disperse	  the	  liquid	  leaving	  a	  capillary.	  
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6	  

As	   quality	   control	   for	   each	   subset	   the	   particle	   size	   distribution	   and	   specific	   primary	  

particles	   diameter	   were	   determined	   right	   after	   manufacturing,	   by	   N2	   adsorption	  

(Brunauer-‐Emmett-‐Teller,	   Micromeritics	   Tristar	   3000),	   transmission	   electron	  

microscopy	  (Tecnai	  F30	  ST,	  FEI,	  operated	  at	  300	  kV),	  and	  X-‐ray	  diffraction	  (X’Pert	  PRO-‐

MPD,	  Cu	  Kα	  radiation,	  X’Celerator	   linear	  detector	  system,	   step	  size	  of	  0.05°,	  45	  kV,	  40	  

mA,	  ambient	  conditions).	  	  

	  

Plant	  cultivation	  and	  treatment	  	  

Pumpkin	  (Cucurbita	  maxima,	   var.	  Gelber	  Zentner)	  and	  wheat	  seeds	  (Triticum	  aestivum	  

var.	   Sella)	   were	   purchased	   from	   UFA-‐Samen	   (Fenaco	   Genossenschaft,	   Winterthur,	  

Switzerland).	   Sunflower	   seeds	   (Helianthus	  annuus	   var.	   Iregi)	  were	   acquired	   from	  OH-‐

Samen	   (Rafz,	   Switzerland).	   The	   seeds	  were	  washed	   in	   deionized	   (DI)	  water	   and	   then	  

surface	  sterilized	  in	  6%	  NaOCl	  solution	  for	  10	  min,	  rinsed	  5	  times	  in	  DI	  water	  and	  placed	  

on	  germination	  paper.	  Wheat	  seeds	  were	  kept	  at	  room	  temperature	  (RT)	  for	  4	  d	  in	  the	  

dark	  and	  then	  for	  1	  d	  in	  light.	  They	  were	  irrigated	  with	  DI	  water	  and	  transferred	  to	  the	  

hydroponic	  system	  6	  d	  after	  soaking.	  Pumpkin	  and	  sunflower	  seeds	  were	  kept	  5	  d	  in	  the	  

dark	  at	  28	  °C	  and	  then	  2	  d	   in	   light	  at	  RT.	  They	  were	  also	  wetted	  with	  DI	  water	  before	  

being	  transplanted	  to	  the	  hydroponic	  system	  8	  days	  after	  soaking.	   	  On	  the	  hydroponic	  

system,	  each	  plant	  was	  grown	  in	  an	  individual	  bottle	  with	  1	  L	  20%	  Hoagland	  solution27	  

with	   the	   following	   chemical	   composition:	   800	   µmol	   Ca(NO3)2	   ,	   400	   µmol	  MgSO4,	   200	  

µmol	  KH2PO4,	  1	  mmol	  KNO3,	  10	  µmol	  Fe(III)-‐ETDA,	  20	  µmol	  H3BO3,	  4	  µmol	  MnSO4,	  0.4	  

µmol	   ZnSO4,	   0.4	   µmol	   CuSO4,	   0.4	   µmol	  Na2MoO4,	   10	   µmol	  NaCl,	   pH	   adjustment	   to	   5.6	  

buffered	  by	  5.1	  mM	  MES.	  All	  bottles	  were	  individually	  aerated	  with	  compressed	  air	  and	  

the	  nutrient	  solution	  was	  replaced	  every	  5	  d.	  These	  control	  conditions	  were	  kept	  until	  

plants	   were	   24	   d	   old.	   Plants	   were	   cultivated	   in	   an	   airflow	   climate-‐control	   chamber	  
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7	  

(Kälte	   3000,	   Landquart,	   CH)	   set	   to	   16	   h	   daylight	   cycles,	   50-‐60%	   humidity	   and	   21°C	  

during	  light	  periods	  and	  15°C	  in	  darkness.	  	  

On	  day	  24	   the	  relative	  chlorophyll	   content	  of	   leaves	  was	  measured	  on	  6	  spots	  of	  each	  

plant	   (Chlorophyll	   Meter,	   SPAD-‐502,	   Minolta,	   Japan).	   These	   spots	   were	   marked	   and	  

numbered	  for	  repeated	  measurements	  on	  day	  30	  (Fig.	  4-‐1	  points	  I-‐IV).	  	  

Plants	  were	  then	  exposed	  for	  6	  d	  to	  the	  treatment	  suspensions,	  while	  the	  control	  groups	  

continued	   to	   grow	   in	   Hoagland	   solution	   without	   NP-‐addition.	   In	   the	   treatments	   with	  

CeO2	  NP,	  we	  used	  100	  mg/L	  suspensions	  of	  CeO2-‐NPs	  dispersed	  by	  ultrasonication	  in	  1	  L	  

of	   20	   %	   Hoagland	   medium	   For	   stabilization	   gum	   arabicum	   (GA)	   was	   added	   at	   a	  

concentration	  of	   60	  mg/L	   (denoted	   as	   “+GA”)	   in	   one	   group	  of	   replicates,	  while	  no	  GA	  

was	  added	  in	  another	  (denoted	  as	  “pure”).	  Suspensions	  of	  100	  mg/L	  ZrCeOx-‐NPs	  were	  

stabilized	  by	  adding	  GA	  at	  a	  concentration	  of	  90	  mg/L.	  	  

For	   the	  measurement	  of	  Ce(III)	   ion	  uptake	   capacity	  we	  used	  20	  %	  Hoagland	   solution,	  

buffered	   at	   pH	   5.8	  without	   addition	   of	   any	   Fe-‐source	   or	   EDTA.	   Cerium	  was	   added	   in	  

form	  of	  0.1	  mM	  Ce2(SO4)3	  dissolved	  in	  0.2	  mM	  citric	  acid	  and	  incubated	  over	  night	  on	  ice.	  

The	  use	  of	  a	  closed	  hydroponic	  system	  and	  the	  treatment	  of	  30	  day	  old	  plants	  ensured	  

that	   leaves,	   stems	   and	  meristems	   of	   plants	   did	   not	   come	   into	   direct	   contact	  with	   the	  

root-‐applied	   NPs.	   As	   the	   solution	   of	   the	   control	   medium	   was	   free	   from	   Ce	  

(measurements	  were	  always	  below	  limits	  of	  detection),	  we	  concluded	  that	  all	  Ce	  found	  

in	  the	  plant	  shoots	  after	  NP-‐application	  to	  the	  roots	  (day	  24	  ff.)	  had	  been	  translocated	  

from	  the	  roots	   into	  the	  shoots.	  This	  assumption	  cannot	  be	  made	  when	  plant	  seeds	  are	  

treated	  with	   NPs	   or	   when	   seedlings	   are	   germinated	   in	   NP	   containing	   substrate	   as	   in	  

most	  previous	  studies,	  as	  there	  is	  no	  sufficiently	  effective	  methods	  of	  NP	  removal	  from	  

plant	  surfaces	  (e.g.	  by	  washing	  off)27,	  28,	  29.	  
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8	  

Medium	  and	  plant	  sampling	  

For	  the	  analyses	  of	  suspended	  CeO2	  and	  particle	  characterization,	  samples	  of	  2	  mL	  were	  

taken	  daily	  from	  the	  top	  of	  the	  medium.	  Care	  was	  taken	  to	  avoid	  resuspension	  of	  CeO2	  

attached	   to	   roots	   and	   container	   walls.	   Wheat	   plants	   transpired	   around	   100	   mL,	  

sunflower	  and	  pumpkin	  plants	  around	  250	  mL	  each	  during	  the	  treatment.	  These	  losses	  

were	   recorded	  and	   taken	   into	  account	   for	   concentration	   calculations.	  After	  29	  days	  of	  

NP	  exposure,	  plants	  were	  removed	  from	  the	  bottles	  and	  divided	   into	  roots	  and	  shoots	  

(Fig.	   4-‐1-‐	   level	   of	   section).	   The	   shoots	   were	   weighed	   (remaining	   cotyledons	   were	  

removed	  prior	  to	  that),	  dissected	  and	  oven	  dried	  at	  70°C.	  The	  roots	  were	  rinsed	  10	  times	  

in	  DI	  water,	  dried	  with	  tissues,	  weighed,	  and	  dried	  at	  70°C.	  After	  4	  days	  of	  drying,	   the	  

total	   dry	  weights	   of	   shoots	   and	   roots	  were	  measured	   and	   samples	  were	  prepared	   for	  

analyses.	  

	  

Primary	  particle	  characterization	  	  

TEM	  (transmission	  electron	  microscopy)	  images	  	  
	  
Nanoparticle	   imaging	   of	   the	   synthesized	   particles	   was	   carried	   out	   on	   a	   CM	   12	  

transmission	  electron	  microscope	  (FEI,	  Eindhofen,	  NL)	  operated	  at	  100	  kV.	  Prior	  to	  the	  

measurements,	   media	   samples	   were	   centrifuged	   on	   carbon-‐coated	   copper	   grids	  

following	  Schwabe	  et	  al.	  (2013)27.	  	  

XRF	  (X-‐ray	  fluorescence)	  and	  total	  carbon	  content	  
	  
Elemental	   analyses	   of	   particles	   were	   performed	   by	   means	   of	   XRF	   (Spectro	   XEPOS	  

Spectro	  Analytical	  Instruments,	  Germany).	  After	  mixing	  100	  mg	  of	  NPs	  with	  3.9	  g	  quartz	  

purum	   (Fluka,	   83340,	   Switzerland)	   in	   a	   laboratory	  mill	   (MM200,	  Retsch,	   Switzerland)	  

and	   homogeneously	   blending	   with	   0.9	   g	   wax	   (Cereox	   by	   Fluxana,	   BM-‐0002-‐1,	  
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9	  

Switzerland)	  a	  pellet	  was	  pressed	  at	  15	  bar	  for	  analysis.	  For	  the	  analysis	  of	  total	  carbon	  

content	   100	   mg	   of	   pure	   NP-‐samples	   were	   heated	   to	   900°C.	   The	   resulting	   CO2	   was	  

quantified	  using	  a	  TOC-‐L	  &	  SSM	  5000	  A	  (Shimadzu,	  Japan).	  All	  analyses	  were	  performed	  

on	  three	  replicate	  samples.	  	  

Particle	  characterization	  in	  suspension	  and	  media	  

The	  hydrodynamic	  diameter	  of	  the	  particles	  (in	  nm	  via	  DLS	  =	  dynamic	  light	  scattering)	  

and	   surface	   charge	   (zeta-‐potential)	   were	   measured	   24	   h	   after	   ultrasonication	   in	   3	  

replicates,	  with	   5	  measurements	   each,	   by	   a	   Zetasizer	   3000	   (Malvern,	   UK),	   as	   follows.	  	  

The	   NPs	   were	   dispersed	   at	   a	   concentration	   of	   2	   g/L	   CeO2	   in	   Hoagland	   medium	   by	  

ultrasonication	  (Ultralab	  4000,	  B.	  Braun,	  D)	  at	  180	  W	  for	  12	  min	  and	  afterwards	  diluted	  

to	  final	  concentration	  of	  100	  mg/L	  CeO2–NPs.	   When	   GA	   was	   added	   (+	   GA)	   it	   was	  

supplied	  before	  ultrasonication.	  

The	  samples	  taken	  on	  day	  1,	  2,	  4	  and	  6	  of	  treatment	  were	  diluted	  1:10	  in	  DI	  water	  and	  

used	  to	  determine	  particle	  size	  distributions	  by	  means	  of	  nanoparticle	  tracking	  analysis	  

(NTA)	  applied	  to	  40-‐second	  videos	  using	  a	  NanoSight	  LM20,	  (NanoSight	  Ltd.,	  Wiltshire,	  

UK).	   Each	   sample	   was	   analyzed	   3	   times.	   The	   count	   values	   between	   1	   and	   500	   were	  

summed	  up	  in	  10	  nm	  clusters	  and	  converted	  to	  relative	  intensity	  (max.	  value	  1).	  As	  this	  

method	  was	  not	  capable	  of	   tracking	  NPs	  >	  900	  nm,	   it	  was	  not	  possible	   to	  characterize	  

samples	  without	  GA-‐addition	  for	  more	  than	  two	  days.	  	  

	  

Quantification	  of	  cerium	  

Total	   Ce	   in	   suspensions	   and	   media	   was	   quantified	   after	   digesting	   samples	   at	   165°C	  

maximum	  temperature	   in	  a	  microwave	  oven	  (lavis	  Ethos	  EM-‐2,	  MLS	  GmbH,	  Germany),	  

first	  for	  60	  min	  in	  conc.	  HNO3	  and	  then	  for	  90	  min	  in	  38%	  H2O2,	  following	  (Limbach	  et	  

al.,	   2008)30.	   After	   this	   2-‐step	  digestion	  procedure,	   the	   samples	  were	  diluted	   to	   25	  mL	  
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10	  

with	  DI-‐water	  and	  analyzed	  for	  Ce	  in	  2	  ml	  sub-‐samples	  by	  means	  of	  ICP-‐OES	  (ICP-‐OES-‐

MPX,	  Varian,	  Switzerland).	  Shoot	  Ce	  contents	  were	  analyzed	  in	  the	  same	  way	  from	  200	  

mg	  samples	  of	  dried	  plant	  material.	  	  

Dissolved	   Ce	   in	   the	  media	   was	   quantified	   after	   filtering	   suspensions	   through	   10	   kDa	  

Amicon®	  Ultra-‐4	  Centrifugal	  Filter	   (Merck,	  Millipore,	  Switzerland)	   for	  30	  min	  at	  4300	  

rpm.	   The	   filtered	   solutions	   were	   analyzed	   by	   means	   of	   ICP-‐MS	   after	   addition	   of	   1%	  

HNO3.	   Control	  media	   (without	  NPs)	  were	   analyzed	   in	   the	   same	  way	   as	  NP	   containing	  

suspensions.	  The	  limits	  of	  detection	  were	  0.2	  µg/l	  for	  ICP-‐MS	  and	  0.3	  mg/l	  for	  ICP-‐OES.	  

Quantification	  of	  Zr:Ce	  ratios	  

Zr/CeOx-‐NPs	   and	   treated	   plant	   samples	   were	   HF-‐digested.	   500	   mg	   of	   ground	   leaf	  

material	  was	  dissolved	  in	  HF-‐acid.	  At	  the	  end	  the	  HF-‐digests	  were	  vaporized	  by	  heating	  

and	  neutralized	  with	  boric	  acid	  and	  finally	  re-‐suspended	  in	  HNO3	  to	  a	  volume	  of	  500	  ml.	  

Also	  three	  20	  mg	  samples	  of	  Zr/CeOx-‐NPs	  were	  HF-‐digested.	  Each	  of	  these	  samples	  was	  

incubated	   for	  5	  days	  at	  205	  °C	  with	  4	  ml	  HF	  +	  0.5	  ml	  HNO3	   in	  sealed	  Teflon	  digestion	  

bombs.	  Thereafter,	  the	  HF	  was	  evaporated	  on	  a	  hot	  plate,	  5	  ml	  of	  1	  M	  HCl	  solution	  were	  

added,	  and	  the	  bombs	  were	  returned	  to	  the	  oven	  for	  another	  12	  h.	  Finally	  the	  solutions	  

were	  neutralized,	  NP-‐digest	  solutions	  were	  diluted	  1:2000	  with	  DI-‐water	  and	  analyzed	  

by	  means	  of	  ICP-‐MS	  (ICP-‐MS-‐920,	  Varian,	  CH);	  	  

Quantification	  of	  total	  and	  plant	  available	  P	  

CeO2-‐NPs	  surfaces	  are	  known	  as	  strong	  sorbents	  of	  PO431.	  To	  quantify	  the	  dependence	  of	  

P	   binding	   to	   NP	   surfaces	   in	   the	   different	   particle-‐size	   groups	   we	   conducted	   a	   batch	  

experiment	   in	  which	   samples	   of	   CeO2-‐NPs	  were	   suspended	   at	   a	   concentration	   of	   100	  

mg/L	  in	  1mM	  KH2PO4	  solution	  and	  incubated	  over	  7	  days	  on	  a	  lab-‐shaker	  (pH	  adjusted	  

to	  5	  by	  HCL).	  For	  further	  details	  on	  the	  preparation	  of	  the	  suspensions	  see	  Schwabe,	  et	  
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11	  

al.	  (2014)23.	  On	  day	  7	  the	  particles	  were	  allowed	  to	  sediment	  and	  the	  upper	  solution	  was	  

analyzed	   for	   P-‐content	   by	  means	   of	   UV-‐VIS	   spectrometry	   at	   a	  wavelength	   of	   880	   nm	  

(Cary	   50,	   Varian,	   Inc./Agilent	   Technologies,	   Switzerland)	   using	   the	   ammonium	  

molybdate-‐antimony	   potassium	   tartrate-‐ascorbic	   acid	   method	   of	   Murphy	   and	   Riley	  

(1962)32.	   The	   same	   method	   was	   used	   to	   monitor	   available	   P	   in	   the	   plant	   growth	  

medium.	  To	  determine	  total	  P	  in	  the	  system	  2	  ml	  medium	  (+/-‐	  NPs)	  samples	  were	  taken	  

and	  analyzed	  using	  the	  2-‐step	  acid	  digestion	  method	  described	  before	  followed	  by	  ICP-‐

OES	  (detection	  limit	  0.2	  mg/L	  P).	  

HPLC	  for	  quantification	  of	  organic	  acids	  	  

Organic	  acids	  in	  nutrient	  solution	  were	  quantified	  at	  the	  end	  of	  the	  experiment	  using	  ion	  

chromatography	  with	  conductivity	  detection	  on	  a	  Metrohm	  861	  Advanced	  Compact	   IC	  

using	  an	  AS11	  250*4	  mm	  column	  (Dionex)	  using	  3.2	  mM	  Na2CO3	  und	  1	  mM	  NaHCO3	  as	  

mobile	  phase.	  The	  detection	  limits	  for	  citric,	  malic	  and	  tartaric	  acid	  were	  0.1	  mg/L.	  	  

	  

STEM-‐EDX	  analysis	  of	  particles	  in	  sunflower	  leaves	  	  

To	   perform	   STEM-‐EDX	   analysis	   (Transmission	   Electron	   Microscopy	   coupled	   with	  

Energy-‐Dispersive	  X-‐ray	  spectroscopy)	  0.4	  g	  leaf	  samples	  were	  taken	  in	  the	  treatments	  

with	   sunflower.	   Sunflower	   was	   chosen	   because	   it	   showed	   the	   highest	   uptake.	   The	  

samples	  were	  ground	  and	  incinerated	  at	  900°C	  under	  oxygen-‐flow,	  using	  a	  TOC-‐L	  &	  SSM	  

5000	  A	   (Shimadzu,	   Japan)	   until	   the	   CO2-‐peak	   subsided	   below	  detection.	   The	   resulting	  

ash	   was	   dispersed	   by	   means	   of	   ultra-‐sonication	   in	   a	   solution	   of	   200	   µl	   conc.	   HNO3	  

(ultrapure	  68%,	  Fluka,	  Switzerland),	  100	  µl	  Dispex®	  (BASF,	  Switzerland)	  and	  15	  ml	  DI	  

water.	   Ten	  ml	   subsamples	   of	   the	   suspension	  were	   centrifuged	   on	   copper-‐nickel-‐grids	  

coated	  with	  Formvar®	  (Science	  Services	  GmbH,	  Germany)	  at	  a	  90°	  angle	  for	  300	  min	  at	  
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12	  

3000	   rpm.	  The	  grids	  were	  dipped	   in	  DI-‐water	   and	  dried	  prior	   to	   STEM-‐EDX	  analyses.	  

The	  following	  3	  types	  of	  samples	  were	  prepared	  in	  this	  way:	  a)	  ashes	  of	  0.4	  g	  sunflower	  

leaves	  treated	  6	  d	  with	  Zr/CeOx-‐NPs;	  b)	  ashes	  of	  0.4	  g	  sunflower	  leaves	  treated	  6	  days	  

with	   9	   nm	   CeO2-‐NPs	   without	   GA;	   c)	   ashes	   of	   0.4	   g	   sunflower	   leaves	   grown	   in	   pure	  

Hoagland	  without	  GA	  and	  mixed	  before	  incineration	  with	  0.5	  mg	  Ce2(SO4)3	  powder.	  As	  

control,	  we	  also	  prepared	  0.1	  mg/L	   samples	  of	   original	   Zr/CeOx-‐NPs	  dispersed	   in	  GA-‐

free	  Hoagland	  solution	  without	  incineration.	  	  

STEM-‐EDX	  analysis	  was	  carried	  out	  using	  a	   JEOL	   JEM	  2200fs	  operated	  at	  200	  kV.	  The	  

nominal	  spot	  size	  of	  the	  STEM	  probe	  was	  0.7	  nm	  using	  a	  beam	  convergence	  angle	  of	  10.8	  

mrad.	  High-‐angle	   annular	  dark-‐field	   STEM	  micrographs	  were	   recorded	  using	   an	   inner	  

detector	  angle	  of	  100	  mrad,	  while	   the	  bright-‐field	  STEM	   images	  were	  recorded	  with	  a	  

detector	   angle	   of	   approximately	   15	   mrad.	   EDX	   spectra	   of	   individual	   particles	   were	  

recorded	  either	  by	  positioning	  the	  electron	  probe	  on	  a	  selected	  particle	  or	  by	  scanning	  

the	  electron	  probe	  on	  a	  small	  frame	  centered	  on	  the	  particle.	  	  

	  

Results	  

Particle	  characterization	  	  

Batches	  of	  9	  nm	  CeO2	  and	   the	  8	  nm	  Zr/CeOx	  NP	  powder	   showed	  very	   similar	  particle	  

size	  distributions	  (SI	  Fig.	  2).	  In	  both	  materials,	  none	  out	  of	  100	  NPs	  was	  larger	  than	  25	  

nm,	  while	  2%	  of	  the	  Zr/CeOx	  particles	  were	  even	  smaller	  than	  4	  nm.	  In	  the	  group	  of	  64	  

nm	  NPs	   only	   2%	  of	   the	   particles	  were	   below	  30	   nm	   and	   no	   particle	  was	   found	   to	   be	  

smaller	   than	  20	  nm,	  while	  some	  were	   larger	   than	  100	  nm.	  Particle	  sizes	   in	   the	  23	  nm	  

group	  varied	  between	  5	  and	  60	  nm;	  only	  8%	  were	  smaller	  than	  10	  nm.	  	  
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13	  

After	  ultra-‐sonication	  of	  NPs	   in	  DI-‐water,	   the	  zeta	  potential	   increased	  with	  decreasing	  

particle	   size	   (Table	  1).	   In	  Hoagland	   solution	   and	   in	  presence	  of	  GA,	   the	   zeta	  potential	  

was	   negative	   with	   only	   small	   differences	   between	   particle	   groups.	   The	   DLS	   size	  

measurements	   indicate	   that	   particles	   agglomerated	   quickly.	   Aggregate	   sizes	   exceeded	  

1000	  nm	  in	  20%	  Hoagland	  medium	  when	  no	  stabilizing	  agent	  (GA)	  was	  present.	  	  

Variation	  of	  particle	  size	  distributions	  over	  time	  in	  media	  with	  and	  without	  plants	  

The	  concentration	  of	  total	  Ce	  remaining	  in	  suspension	  decreased	  to	  zero	  within	  2-‐4	  days	  

in	   all	   plant	   treatments	   without	   addition	   of	   GA	   (Fig.	   2),	   indicating	   rapid	   NP	  

sedimentation.	  In	  wheat	  medium	  64	  nm	  NPs	  disappeared	  within	  4	  days	  also	  in	  presence	  

of	   GA,	  while	   some	  presence	  was	   still	   indicated	   by	   low	  Ce	   concentrations	   even	   after	   6	  

days	  in	  the	  sunflower	  and	  pumpkin	  treatments.	  The	  smaller	  NPs	  (9	  nm	  and	  23	  nm)	  were	  

better	   retained	   in	   suspension.	   In	  wheat	   and	   sunflower	  medium	   50	  mg/L	   Ce	  was	   still	  

found	  for	  both	  the	  smaller	  two	  NP	  groups	  after	  6	  days,	  which	  accounts	  for	  67%	  of	  the	  

initial	  Ce	   concentration,	  while	  even	  higher	  percentages	   remained	   in	   suspension	   in	   the	  

pumpkin	  treatments	  (99%	  for	  23	  nm	  NPs,	  71%	  for	  9	  nm	  NPs).	  With	  all	  three	  plants	  the	  

suspensions	  of	  23	  nm	  NPs	  appeared	  to	  be	  the	  most	  stable,	  most	  clearly	  with	  pumpkin.	  	  

The	   stabilizing	   effect	   of	   GA	   on	   the	   suspensions	   is	   clearly	   visible	   in	   the	   analyses	   of	  

particle	   size	   distributions	   using	   NTA	   (SI	   Fig.	   4).	   Also	   the	   plant	   effects	   on	   par-‐

ticle/aggregate	   size	  distributions	   largely	  paralleled	   those	  on	  Ce	   concentrations	   in	   sus-‐

pension.	  The	  smallest	  agglomerates	  were	  found	  in	  all	  media	  with	  plants	  for	  the	  23	  nm	  

NP	  group	  with	  a	  maximum	  at	  around	  180	  nm	  (SI	  Fig.	  5),	  in	  accordance	  with	  our	  previous	  

results27.	  The	  size	  of	  the	  agglomerates	  formed	  by	  the	  9	  nm	  NP	  group	  slightly	  increased	  

over	   time	   in	  sunflower	   treatment	  and	  even	  more	   in	   the	  pumpkin	   treatment,	  while	   the	  

size	  distribution	  tended	  to	  shift	  to	  smaller	  diameters	  in	  wheat	  medium.	  All	  in	  all,	  the	  23	  
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14	  

nm	  group	  showed	   the	  most	  narrow	  size	  distributions	   in	  Hoagland	  medium	  with	  plant	  

roots	  

Ce	  in	  plant	  root	  and	  shoot	  samples	  after	  the	  CeO2	  particle	  treatments	  

No	  toxicity	  effects	  of	   the	  NP	  treatments	  were	   found	   in	  root	  and	  shoot	  biomasses	  or	   in	  

root:shoot	   ratios.	   (Tables	   S2-‐S4,	   Supporting	   Information)	   Also	   chlorophyll	   content	  

measurements	  did	  not	  indicate	  any	  toxicity	  effects	  of	  the	  applied	  treatments.	  	  

Ce	  concentrations	  in	  plant	  samples	  varied	  strongly	  with	  plant	  species	  and	  NP	  treatment	  

(Fig.	   3).	   In	   general,	   Ce	   concentrations	  were	   lower	   in	   roots	   grown	   in	   GA-‐stabilized	  NP	  

suspensions	   than	   in	  suspensions	  without	  GA.,	  Overall	   sunflower	  roots	   seemed	   to	  have	  

the	  lowest	  affinity	  to	  CeO2.	  Despite	  the	  rather	  high	  amounts	  of	  Ce	  bound	  to	  wheat	  roots,	  

no	  Ce	  was	  detected	  in	  the	  shoots	  of	  wheat	  plants	  exposed	  to	  NP,	  regardless	  of	  NP	  size	  

and	   GA	   treatment	   (Fig.	   3A).	   These	   results	   are	   in	   accordance	  with	   our	   earlier	   study27.	  

However,	  when	  Ce	  was	  applied	  as	  0.1	  mM	  Ce(III)-‐citrate	  solution,	  we	  found	  17.2	  µg/g	  Ce	  

in	  wheat	  leaves.	  	  

Pumpkin	   and	   sunflower	   leaves	   accumulated	   more	   Ce	   in	   the	   Ce(III)-‐citrate	   treatment	  

than	  in	  the	  NP	  treatments.	  In	  contrast	  to	  wheat,	  substantial	  Ce	  uptake	  into	  the	  leaves	  of	  

pumpkin	  and	  sunflower	  had	  occurred	  in	  the	  9	  nm	  and	  23	  nm	  NP	  treatments,	  with	  clearly	  

less	   uptake	   from	   the	   suspensions	   with	   larger	   particles.	   No	   translocation	   of	   Ce	   to	   the	  

leaves	  was	   found	   in	   these	   two	  species	  only	   in	   the	  64	  nm	  NP	  treatments,	  which	  means	  

that	  there	  was	  no	  significant	  uptake	  of	  particles	  >20	  nm.	  GA-‐stabilization	  decreased	  the	  

accumulation	   of	   Ce	   in	   pumpkin	   leaves	   from	   9.45	   µg/g	   to	   5.42	   µg/g	   in	   the	   9	   nm	   NP	  

treatment	  and	  from	  4.6	  µg/g	  to	  0.5	  µg/g	  in	  the	  23	  nm	  NP	  treatment,	  while	  there	  was	  no	  

significant	  GA	  treatment	  effect	  on	  leaf	  Ce	  in	  sunflower.	  

In	   all	   treatments	  with	  detectable	  Ce	  uptake	   sunflower	   leaves	   accumulated	   the	  highest	  

amounts	  of	  Ce,	  particularly	  so	  in	  the	  Ce(III)-‐citrate	  treatment,	  indicating	  that	  this	  plant	  
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species	  has	  the	  highest	  uptake	  capacity	   for	  Ce	  cations	   from	  solution.	  Within	  sunflower	  

shoots,	   Ce	   concentrations	   decreased	  with	   distance	   from	   the	   roots,	   i.e.	   in	   the	   order	   of	  

oldest	   leaf	   >	   stem	   >	   apical	  meristem	   (SI	   Fig.	   6).	   A	   very	   similar	   pattern	  was	   found	   in	  

pumpkin	   (data	   not	   shown),	   in	   accordance	   with	   analogous	   findings	   of	   Zhang	   et	   al.	  

(2011)29	  for	  cucumber,	  which	  is	  a	  close	  relative	  of	  pumpkin.	  	  

Dissolved	  Ce	  in	  hydroponic	  media	  

Figure	  4	  reveals	  that	  Ce	  accumulation	  in	  the	  leaves	  of	  the	  experimental	  plants	  showed	  a	  

rather	   close	   relationship	   to	   the	   concentrations	   of	   dissolved	   Ce	   in	   the	  media	   with	   NP	  

application	   (Fig.	  4).	   For	  wheat,	  which	  did	  not	  accumulate	  detectable	  amounts	  of	  Ce	   in	  

the	  leaves,	  the	  maximum	  concentration	  of	  dissolved	  Ce	  was	  found	  with	  110	  µg/L	  in	  the	  9	  

nm	  +	  GA	  treatment,	  whereas	  up	  to	  500	  µg/L	  dissolved	  Ce	  (23	  nm	  pure	  medium)	  were	  

measured	   in	  pumpkin	  medium	  and	  even	  680	  µg/L	   (9	  nm	  +	  GA	  medium)	   in	   sunflower	  

medium.	   Dissolved	   Ce	   concentrations	   decreased	   with	   increasing	   NP	   particle	   size	   in	  

parallel	  with	  Ce	  uptake	  into	  the	   leaves.	  In	  all	  cases	  with	  detectable	  Ce	  accumulation	  in	  

leaves,	  the	  amount	  of	  dissolved	  Ce	  in	  the	  media	  exceeded	  the	  amount	  of	  Ce	  uptake.	  

While	   the	   pH	   of	   all	   hydroponic	   media	   was	   adjusted	   to	   5.6	   at	   the	   beginning	   of	   the	  

experiments,	   it	  changed	  over	  time	  and	  the	   final	  pH	  values	  varied	  between	  4.6	  and	  6.4,	  

depending	  on	  plant	   species	   (SI	  Tables	  3	  –	  5).	  Figure	  5	  shows	   that	   the	  pH	  appeared	   to	  

determine	   the	   upper	   limit	   of	   dissolved	   Ce	   concentrations,	   as	   solubility	   strongly	  

decreased	   between	   pH	   5.5	   and	   6.5.	   Thus	   the	   variation	   in	   pH	   may	   at	   least	   partially	  

explain	  the	  differences	  among	  plant	  effects	  on	  Ce	  release	  from	  NP	  dissolution.	  The	  pH	  of	  

the	  medium	  was	  not	  found	  to	  be	  associated	  with	  the	  concentrations	  of	  citric,	  malic	  and	  

tartaric	  acid	  in	  the	  hydroponic	  medium,	  as	  their	  concentrations	  were	  always	  below	  the	  

detection	  limit	  of	  0.1	  mg/L.	  	  

Page 15 of 31 Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



16	  

Available	  P	  and	  P-‐binding	  to	  NP-‐surfaces	  

As	   to	   be	   expected,	   the	   capacity	   of	   the	   CeO2-‐NP	   to	   adsorb	   phosphate	   decreased	   with	  

increasing	   particle	   size	   in	   the	   three	   NP	   groups,	   in	   accordance	   with	   the	   decrease	   in	  

specific	   surface	  area	  available	   for	  sorption.	  The	  9	  nm	  NP	  bound	  41%	  of	   the	  200	  µM	  P	  

added	   to	   the	   media,	   the	   23	   nm	   NP	   14%,	   and	   the	   64	   nm	   NP	   only	   4.1%.	   As	   a	   result,	  

different	   amounts	   of	   P	   remained	   in	   solution	   and	  were	   thus	   available	   for	   plant	   uptake	  

during	   the	   6	   days	   of	   the	   experiment	   in	   the	   various	   NP	   treatments.	   In	   sunflower	   and	  

pumpkin	  media	  the	  available	  P	  was	  depleted	  after	  day	  4	  of	  our	  experiments,	  whereas	  in	  

wheat	  media	  the	  available	  P	  was	  only	  near	  to	  depletion	  in	  the	  9	  nm	  NP-‐suspensions	  at	  

day	  6	  (SI	  Table	  5).	  	  

	  

Translocation	  of	  8	  nm	  Zr/CeOx	  NP	  	  

No	  dissolved	  Zr	  was	  detected	   in	  any	  of	   the	   tested	  suspensions	  with	  Zr/CeOx	  particles.	  

Even	   after	   a	   conc.	   HNO3	   acid	   digestion,	   no	   dissolved	   Zr	  was	  measured,	   in	   agreement	  

with	  the	  assumption	  that	  the	  Zr-‐backbone	  of	  these	  particles	  was	  virtually	  indestructible.	  

While	   the	  particles	  were	   composed	  of	   equal	  molar	   amounts	   of	   cerium	  and	   zirconium,	  

corresponding	  to	  a	  Ce:Zr	  mass	  ratio	  of	  1:2,	  all	  leaves	  from	  plants	  exposed	  to	  suspensions	  

containing	  these	  particles	  showed	  Ce:Zr	  mass	  ratios	  larger	  than	  1:2	  (Fig.	  6A),	  except	  for	  

one	  pumpkin	  plant	  with	  a	  leaf	  Ce:Zr	  ratio	  of	  1:2.	  The	  medium	  of	  this	  plant	  was	  particular	  

among	  all	  plants	  in	  having	  an	  exceptionally	  high	  medium	  pH	  of	  7.5	  and	  thus	  a	  very	  low	  

concentration	  (3	  µg/L)	  of	  dissolved	  Ce.	  In	  all	  other	  cases	  the	  concentration	  of	  dissolved	  

Ce	  in	  the	  medium	  was	  higher	  than	  50	  µg/L	  (Fig.	  6B).	  

Using	  the	  Zr:Ce	  ratio	  of	  the	  initial	  NPs	  and	  the	  one	  measured	  inside	  the	  leafs	  allows	  us	  to	  

calculate	   the	   percentage	   of	   Ce	   taken	   up	   in	   dissolved	   form.	   This	   percentage	  was	   60%,	  
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17	  

75%	   and	   82%	   in	   the	   three	   sunflower	   leaves	   and	   78%,	   86%	   and	   0%	   in	   the	   three	  

pumpkin	  leaves	  that	  were	  analyzed	  

	  

STEM-‐EDX	  analysis	  of	  Ce	  in	  Zr/CeOx	  treated	  sunflower	  leaf	  samples	  

In	   the	   Zr/CeOx	   treated	   sunflower	   leaf	   samples,	   particles	   of	   different	   sizes,	   some	   also	  

bigger	  than	  20	  nm,	  and	  diverse	  shapes	  were	  found	  in	  the	  leaf	  samples	  of	  the	  sunflower	  

plants	   that	   had	   been	   grown	   on	   NP-‐containing	   medium	   (Fig.	   7).	   All	   EDX	   spectra	   of	  

particles	  visible	  on	  the	  TEM	  grids	  revealed	  the	  presence	  of	  Ce,	  many	  also	  provided	  clear	  

evidence	  for	  the	  presence	  of	  Zr,	  as	  for	  example	  the	  particle	  shown	  in	  Fig.	  7B.	  	  

The	  Zr-‐containing	  particles	  had	  a	  very	  similar	  shape	  as	  the	  primary	  particles	  applied	  to	  

the	  nutrient	   solution.	  Their	  crystal	   structure	  and	  defined	  rhombic	   form	  are	   typical	   for	  

NP	  generated	  by	  flame	  spray	  synthesis20.	  In	  contrast,	  no	  Zr	  was	  found	  in	  other	  particles	  

with	  totally	  different	  shapes,	  many	  of	  which	  were	  much	  larger	  than	  the	  maximum	  size	  

(25	  nm)	  of	  the	  Zr/Ce-‐NP	  (Fig.	  7C).	  These	  Zr-‐free	  particles	  were	  very	  similar	  in	  shape	  and	  

size	   to	   the	   particles	   found	   in	   the	   samples	   to	  which	   Ce2(SO4)3	   had	   been	   added	   during	  

sample	   preparation	   (SI	   Fig.	   7b),	   suggesting	   that	   they	   had	   formed	   in	   the	   plant	   from	  

dissolved	  Ce,	  either	  already	  during	  the	  experiment	  or	  afterwards	  as	  result	  of	  the	  sample	  

preparation	  procedure.	  No	  Zr	  was	  detected	   in	  any	  of	   the	   sunflower	   leaf	   samples	   from	  

the	  treatments	  with	  no	  application	  of	  Zr/CeOx-‐NP.	  	  

Discussion	  
	  
The	   low	   rates	   of	   Ce	   translocation	   from	   plant	   roots	   into	   shoots	   in	   our	   study	   are	   in	  

agreement	   with	   the	   findings	   reported	   in	   other	   publications11,	   33,	   34,	   including	   our	  

previous	   study27.	   Only	   Wang	   et	   al.	   (2013)35	   reported	   very	   high	   root-‐to-‐shoot	  

translocation	   of	   Ce	   in	   tomato	   plants	   grown	   in	   hydroponics	   containing	   CeO2-‐NP.	   They	  
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found	  1200	  µg/g	  DW	  of	  Ce	  in	  leaves	  and	  1600	  µg/g	  Ce	  in	  roots.	  In	  general,	  it	  was	  found	  

that	  concentrations	  of	  NP	  were	  about	  100	  times	  higher	  in	  the	  roots	  than	  in	  the	  leaves	  of	  

a	  plant2,	  36,	  37,	  38.	  	  

CeO2-‐NPs	  were	   usually	   considered	   as	   essentially	   insoluble	   in	   studies	   of	  NP	   uptake	   by	  

plants13,	   37.	   Consequently,	   any	   translocation	   of	   Ce	   into	   aboveground	   plant	   parts	   was	  

interpreted	  as	  evidence	  for	  uptake	  of	  NP.	  However,	  our	  results	  clearly	  show	  that	  CeO2-‐

NPs	  dissolved	   in	  nutrient	   solution	  and	  generated	  dissolved	  Ce	  concentrations	  of	  up	   to	  

680	  µg/L,	  depending	  on	  NP	  size,	  solution	  pH,	  presence	  of	  stabilizing	  agents	  such	  as	  GA,	  

phosphorus	   binding	   to	   NP-‐surface	   and	   other	   factors	   potentially	   influencing	   CeO2-‐NP	  

dissolution.	  	  

Proton	  release	  and	  excretion	  of	  small	  organic	  acids	  e.g.	  citrate	  and	  oxalate39	  from	  roots	  

can	  result	  in	  substantial	  rhizosphere	  acidification.	  Citrate	  is	  one	  of	  the	  most	  prominent	  

root	  exudates	  and	  also	  known	  to	  dissolve	  Ce	  from	  CePO4	  in	  rocks	  (monazite)	  as	  efficient	  

as	  EDTA40.	  The	  measured	  concentrations	  of	  citrate	  and	  other	  organic	  acids	  were	  rather	  

low	   (lower	   than	   0.1	  mg/l)	   in	   our	   study.	   But	   this	   does	   not	   necessarily	  mean	   that	   they	  

played	   no	   role	   in	   CeO2-‐NP	   dissolution.	   It	   is	   well	   known	   that	   low-‐molecular-‐weight	  

organic	   acids	   are	   rapidly	   metabolized	   by	   microorganisms	   in	   rhizosphere	   solutions41,	  

and	  their	  influence	  on	  CeO2-‐NPs	  uptake	  and	  toxicity	  has	  been	  shown	  in	  a	  previous	  study,	  

with	  coated	  particles	  having	  less	  toxicity42.	  	  

The	  reaction	  of	  CeO2-‐NPs	  with	  PO4	  present	  in	  nutrient	  solution	  can	  lead	  to	  the	  formation	  

of	   insoluble	  CePO4.	  This	  needs	   to	  be	  considered	   in	  plant/NP	  studies31,	   43.	  According	   to	  

speciation	  calculations	  no	  measurable	  concentration	  of	  dissolved	  Ce	  should	  be	  expected	  

in	   the	   presence	   of	   PO423.	   Nonetheless,	   we	   detected	   dissolved	   Ce	   at	   the	   end	   of	   our	  

experiments.	  We	  assume	  that	  binding	  of	  PO4	  to	  the	  NPs	   indeed	  decreased	  Ce	  solubility	  

initially,	   but	   that	   the	   phosphate	   in	   solution	  was	   subsequently	   depleted	   through	   plant	  

Page 18 of 31Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



19	  

uptake,	  resulting	  in	  the	  re-‐dissolution	  of	  the	  CePO4	  precipitates	  and	  the	  release	  of	  Ce	  into	  

the	  plant	  medium.	  	  

The	   presence	   of	   dissolved	   Ce	   in	   the	   medium	  means	   that	   uptake	   of	   dissolved	   Ce	   and	  

possible	   re-‐precipitation	   inside	   the	   plants	   have	   to	   be	   considered11,	   44,	   45.	   Thus,	   we	  

hypothesized	  that	  at	  least	  part	  of	  the	  Ce	  found	  inside	  the	  plants	  had	  been	  taken	  up	  and	  

translocated	  in	  the	  plants	  as	  dissolved	  Ce(III).	  However,	  the	  finding	  of	  Zr/Ce	  particles	  in	  

the	  leave	  samples	  provides	  clear	  evidence	  that	  there	  was	  also	  uptake	  and	  translocation	  

of	   Ce	   in	   form	   of	   particles,	   since	   the	   Zr	   found	   in	   the	   leaves	   could	   only	   have	   been	  

transported	  in	  form	  of	  these	  particles.	  	  

The	   fact	   that	  more	  Ce	  was	   found	   in	   the	   leaves	  of	  plants	   exposed	   to	  Zr/CeOx-‐NPs	   than	  

expected	  based	  on	  the	  Zr:Ce	  ratio	  of	   these	  NPs	   indicates	   that	   in	  addition	  some	  Ce	  was	  

taken	  up	   in	  non-‐NP	  form,	  with	  percentages	  of	  dissolved	  Ce	  contribution	  of	  up	  to	  86%.	  

Although	   the	  dissolution	  of	  Ce	   from	  the	  Zr/CeOx	  particles	   in	   the	  nutrient	  solution	  was	  

small	  (0.9%	  of	  the	  added	  Ce),	  this	  concentration	  was	  high	  enough	  to	  change	  the	  Zr:Ce-‐

ratio	   significantly	   inside	   the	   plant	   and	   result	   in	   particulate	   forms	   of	   Ce	   detectable	   by	  

STEM.	  The	  surface	  charge	  and	  the	  primary	  particle	  sizes	  of	   the	  Zr/CeOx-‐NPs	  and	  the	  9	  

nm	  CeO2-‐NPs	  were	  very	   similar	   in	  Hoagland	  medium.	  Thus,	   due	   to	   their	   insoluble	  Zr-‐

backbone,	  Zr/CeOx-‐NPs	  may	  be	  used	  as	  a	  non-‐dissolvable	  proxy	  in	  studying	  the	  role	  of	  

particles	  in	  plant	  uptake	  of	  Ce	  or	  other	  processes,	  in	  which	  dissolution	  of	  CeO2	  cannot	  be	  

excluded.	  	  

Our	   STEM	   analysis	   of	   the	   NPs	   extracted	   from	   leaves	   revealed	   two	   different	   kind	   of	  

particles:	  Zr/Ce-‐containing	  particles	  with	  about	  10	  nm	  diameter,	   representative	  of	   the	  

original	  Zr/Ce	  particles,	  and	  larger	  particles	  of	  different	  shapes,	  which	  contained	  Ce,	  but	  

no	  Zr	  and	  no	  phosphorus.	  Biotransformed	  CePO4	  particles	  were	  described	  as	  needle-‐like	  

particles7.	  We	  did	  not	  detect	  such	  structures	  in	  the	  TEM	  images.	  Based	  on	  the	  STEM-‐EDX	  
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results	   of	   the	   Ce-‐powder	   control	   experiment,	  we	   suggest	   that	   the	   particles	   containing	  

only	  Ce	  were	  formed	  from	  Ce-‐ions	  in	  the	  leaves	  during	  sample	  incineration.	  	  

In	   conclusion,	   our	   results	   show	   that	   some	  plants	   such	   as	   pumpkin	   and	   sunflower	   can	  

take	  up	  Ce	  in	  form	  of	  NP,	  but	  that	  	  –	  in	  contrast	  to	  the	  generally	  accepted	  notion	  –	  finding	  

Ce	  in	  plants	  does	  not	  necessarily	  imply	  uptake	  in	  form	  of	  NP,	  even	  when	  Ce	  is	  supplied	  

only	   in	   form	   of	   NP.	   A	   more	   careful	   evaluation	   of	   claims	   of	   NP-‐uptake	   by	   plants	   is	  

therefore	   clearly	   needed	   because	   particle	   and	   dissolved	   ion	   uptake	   may	   occur	  

simultaneously	  
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Figures	  and	  Tables	  
	  

	  
Fig.	   1	   Scheme	   of	   the	   experimental	   set	   up	   for	   one	   hydroponically	   cultivated	   plant.	   Labeling:	   a)	  

cotyledons	  –	  were	  removed	  before	  harvest;	  b)	  stem;	  c)	  meristem	  incl.	  newest	  leaf	  not	  older	  than	  7	  d;	  

1-‐5)	  leaf	  count;	  *I-‐	  *VI)	  marked	  point	  for	  chlorophyll	  measurements	  
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Table	   1:	   Particle	   characterization	   in	   different	   suspensions,	  measured	   24	   h	   after	   ultrasonication,	  
DLS=	  dynamic	  light	  scattering.	  N=4,	  each	  replicated	  was	  measured	  5	  times	  
	  

	  

	   	  

Dispersion) DLS,Size)(nm))

Millipore(

CeO2((((((((

9(nm( STDV(

CeO2(((

23(nm( STDV(

CeO2((((

64(nm( STDV(

Zr/CeOx(((((

8(nm( STDV(

140( 0( 145( 0( 262( 4( 184( 2(

Millipore(+(GA( 274( 3( 177( 6( 257( 0( 149( 2(

20%(Hoagland((

pH(5.6(+(GA( 184( 2( 161( 3( 239( 2( 147( 1(

20%(Hoagland((

pH(5.6((H(GA)( 3023( 263( 3566( 887( 11852( 6333( n.a.(

Millipore(

)
Zetapotential)(mV))

(44.9( 1( (22.1( 1( (((7.4( 0( (42.7( 1(

Millipore(+(GA( H24.7( 0( H24.3( 1( H21.3( 0( H31.5( 0(

20%(Hoagland((

pH(5.6( H16.8( 1( H16.4( 1( H26.6( 0( H18.1( 0(

20%(Hoagland((

pH(5.6((HGA)( H16.2( 1( H16.9( 1( H20.8( 3( n.a.(
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Fig.	   2	   Total	   Ce-‐concentration	   in	   suspension	   during	   plant	   exposure	   with	   wheat,	   sunflower	   and	  
pumpkin.	   Comparison	   of	   the	   different	   NP-‐groups	   in	   respect	   to	   plant-‐species	   grown	   on	   the	  
suspension.	  Initial	  Ce	  was	  84	  mg/l.	  	  
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Fig.	  3	  Ce-‐concentration	  found	  in	  plant	  parts	  after	  hydroponic	  exposure	  of	  dissolved	  Ce(III)	  and	  
particulate	  CeO2	  in	  three	  sizes.	  A)	  Ce	  in	  leaves;	  B)	  Ce-‐concentration	  in	  and	  on	  roots	  after	  rinsing	  10	  
times	  with	  DI-‐water.	  Controls	  are	  not	  shown	  since	  values	  were	  below	  the	  detection	  limit	  of	  0.2	  
µg/g.	  GA:	  Gum	  Arabic	  that	  was	  used	  as	  dispersing	  agent.	  
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Fig.	  4	  Concentration	  of	  dissolved	  Ce	  in	  plant-‐growth	  medium	  at	  the	  end	  of	  the	  experiment	  (x-‐axis)	  
against	  Ce-‐concentration	  inside	  the	  leaves	  of	  the	  plants	  grown	  on	  that	  medium	  (y-‐axis)	  
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Fig.	  5	  Concentration	  of	  dissolved	  Ce	  in	  medium	  against	  the	  pH-‐value	  of	  medium	  on	  day	  6.	  pH	  
differences	  were	  induced	  by	  plant	  root	  growth/exudation.	  
	  
	   	  

Page 29 of 31 Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



30	  

	  
Fig.	   6	   Zr	   and	   Ce-‐concentration	   measured	   in	   plant	   leaves	   after	   Zr/CeOx-‐NP-‐treatment.	   A)	  
Concentration	  of	  Ce	  in	  leaves	  and	  NPs	  (diluted	  1:2000)	  measured	  via	  ICP-‐MS	  after	  digestion	  using	  
HF.	  Controls	  are	  not	  shown	  since	  values	  were	  below	  detection	  limit	  (0.2	  µg/g).	  B)	  Plot	  of	  Ce:Zr-‐ratio	  
measured	  in	  plant	  leaves	  against	  concentration	  of	  dissolved	  Ce	  in	  medium.	  The	  grey	  line	  indicates	  
original	  ratio	  Ce:Zr	  of	  0.5.	  	  
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Fig.	  7	  STEM-‐EDX	  of	  NPs	  extracted	  from	  leaves	  of	  Zr/CeOx	  treated	  sunflower.	  A)	  bright-‐field	  STEM	  
image	   of	   NPs	   extracted	   from	   sunflower	   leaves;	   B)	   STEM	   image	   of	   rhombic	   NP	   in	   higher	  
magnification.	  	  C)	  )	  STEM	  image	  of	  round-‐shaped	  NP;	  	  D)	  EDX-‐	  spectra	  of	  particles	  shown	  in	  7B	  and	  
7C:	   	   the	   blue	   line	   represents	   particle	   1,	   the	   black	   line	   represents	   particle	   2	   The	   peak	   at	   2.0	   keV	  
marked	  with	  the	  red	  line	  represent	  Zr	  in	  sample	  and	  the	  peaks	  at	  4.9	  and	  5.2	  keV	  (green)	  represent	  
Ce.	  
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