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	   Photosynthetic	  reaction	  centers	  are	   integral	  membrane	  proteins	  of	  particular	   interest	   for	  their	  

remarkable	  ability	   to	  catalyze	  photo-‐induced	  charge	  separation	  with	  high	  quantum	  efficiency.	  For	   this	  

reason	  they	  have	  been	  targeted	  for	  integration	  in	  biohybrid	  systems	  for	  capture	  and	  conversion	  of	  solar	  

energy.	   In	   this	   study	   isolated	   photosynthetic	   core	   complexes	   from	   phototrophic	   organisms	   are	  

interfaced	   with	   conductive	   materials	   for	   the	   development	   of	   photoelectrochemical	   systems.	  

Photosystem	  II	  core	  complexes	  (PSII	  CCs)	  bearing	  poly	  histidine	  tags	  isolated	  from	  genetically	  modified	  

Thermosynechococcus	  elongatus,	  were	  tethered	  to	  a	  graphene	  oxide	  (GO)	  support	  through	  immobilized	  

metal	   coordination	   sites.	   The	   PSII	   CCs	   tethered	   to	   GO-‐coated	   gold	   electrodes	   and	   GO	   nanosheets	   in	  

suspension	  showed	  59%	  retention	  of	  quantum	  yield	  of	  photochemistry.	  Fluorescence	  kinetic	  relaxation	  

analyses	   indicates	   that	   a	   direct	   electron	   transfer	   occurs	   between	  embedded	  quinone	   (QA)	   of	   PSII	   and	  

GO.	  Flash	  oxygen	  evolution	  activity	   shows	  a	   threefold	   improvement	   in	  comparison	  with	   isolate	  PSII	   in	  

suspension.	  Photosystem	   I	  core	  complexes	   (PSI	  CCs)	   isolated	   from	  Synnehcoccous	  PCC	  7002	  were	  also	  
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immobilized	   on	   GO.	   	   The	   co-‐immobilization	   of	   PSII	   and	   PSI	   on	   GO	   resulted	   in	   a	   biohybrid	   electron	  

transport	   chain	   based	   on	   the	   photosynthetic	   Z-‐scheme.	   As	   a	   robust	   alternative	   to	   PSII,	   a	   very	   labile	  

enzyme,	   chromatophores	   isolated	   from	   the	   bacterium	  Rhodospirillum	   rubrum	  were	  adsorbed	  on	   gold	  

electrodes.	   These	   intracytoplasmic	   membrane	   vesicles	   containing	   bacterial	   type	   II	   reaction	   centers	  

yielded	   a	   maximum	   photo-‐driven	   current	   of	   1.5	   µA/cm2	   that	   slowly	   declined	   in	   a	   week.	   This	   study	  

demonstrates	   the	   utility	   of	   bottom-‐up	   reconstruction	   of	   biological	   nanostructure	   as	   a	   platform	   for	  

fundamental	   experimental	   approaches	   and	   the	   pursuit	   of	   new	   paradigms	   toward	   renewable	   energy	  

resources.	  
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Chapter	  I:	  Introduction	  

1.	  Solar	  Energy	  

	   The	  sun	  is	  a	  promising	  renewable	  energy	  resource.	  Estimates	  indicate	  that	  4.3	  x	  1020	  J	  of	  energy	  

from	  sunlight	  strikes	  the	  earth	  each	  hour.	   If	   this	  energy	  could	  be	  harvested	   is	  would	  satisfy	  the	  global	  

energy	   consumption	   per	   year.1	   To	   date	   an	   efficient	   and	   cost-‐effective	   solar	   energy	   conversion	   and	  

storage	  solution	  has	  yet	  to	  be	  identified.	  Biomass,	  solar	  photovoltaic,	  and	  artificial	  photosynthesis	  (just	  

to	  name	  a	  few)	  rely	  on	  the	  sun	  as	  primary	  energy	  source.	  Photosynthesis	  is	  a	  natural	  process	  capable	  of	  

converting	  light	  energy	  into	  chemical	  energy	  by	  means	  of	  light-‐dependent	  reactions	  and	  so-‐called	  “dark	  

reactions”.	  2	  In	  particular,	  this	  thesis	  is	  focused	  on	  learning	  from	  natural	  photosynthesis	  by	  the	  step-‐wise	  

self-‐assembly	  towards	  semi-‐artificial	  nanoscale	  systems.	  

“All	   human	   life	   is	   dependent,	   directly	   or	   indirectly,	   on	  
photosynthesis.	   Its	   direct	   effects	   provide	   the	   source	   of	   all	   our	   food,	  
either	  as	  plant	  material	  or	  as	  the	  plants	  that	  feed	  the	  animals,	  birds,	  and	  
fish	  we	  eat.	  The	  plants	  that	  harness	  solar	  energy	  are	  also	  the	  source	  of	  
the	  oxygen	  we	  breathe	  and	  an	  essential	  component	  of	  the	  water	  cycle.	  
At	   a	   more	   abstract	   level,	   the	   plants	   around	   us	   also	   contribute	   to	   our	  
cultural	   identity,	   as	   well	   as	   being	   a	   source	   of	   spiritual	   sustenance	   to	  
many	  people.”	  –	  Ian	  Lowe	  3	  	  

	  

	   Different	   kinds	   of	   biomass	   resources	   are	   grown	   to	   harvest	   their	   lipid-‐rich	   components.	   For	  

instance,	   seeds	   like	   rapeseed,	   fibrous	   plant	   material	   such	   as	   that	   of	   switch	   grass,	   or	   unicellular	  

organisms	   such	   as	   algae	  have	  been	   genetically	  modified	   for	  maximizing	   the	   lipid	   yield.	   	   The	  optimum	  

choice	   of	   biomass	   culture	   depends	   on	   the	   climate	   conditions	   that	   are	   present,	   especially	   in	   terms	   of	  

irrigation	   requirements.	   The	   growth	   of	   these	   plants	   is	   dependent	   on	   seasonal	   changes	   and	   local	  

environment.	   The	   ideal	   plant	  must	   be	   genetically	   transformable	   and	   have	   growth	   characteristics	   that	  
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would	  allow	  it	  to	  thrive	  with	  minimal	  energy	  input	  and	  low	  nutrient	  requirements.	  Woody,	  grassy,	  and	  

herbaceous	  plants	  have	  been	  the	  target	  of	  more	  recent	  attention.	  4,	  5	  The	  downside	  to	  this	  choice	  is	  the	  

risk	  of	  disrupting	  effects	  on	  the	  human	  food	  supply	  chain.	  There	   is	  also	  an	  added	  risk	  to	  natural	  areas	  

due	  to	  agricultural	  pollutants,	  and	  practices	  that	  may	  result	   in	  a	  net	  positive	  carbon	  emission	   into	  the	  

atmosphere.	  While	  biomass	  solutions	  definitely	  show	  promise,	  some	  of	  these	  pressing	  concerns	  must	  be	  

dealt	  with.	   Photovoltaic	   solutions	   have	   a	   prominent	   role	   in	   usage	   of	   solar	   energy.	   A	   common	   type	   is	  

known	  as	  a	  dye	  sensitized	  solar	  cell	  (DSSC).	  These	  devices	  generally	  consist	  of	  a	  mesoporous	  layer	  of	  a	  

semiconducting	  material,	  such	  as	  TiO2,	  on	  a	  conducting	  surface.	  The	  semiconducting	  material	  is	  coated	  

with	  a	  dye.	  These	  dyes	  are	  excited	  by	  the	  incident	  light	  and	  inject	  electrons	  into	  the	  conducting	  bands	  of	  

the	  semiconducting	  material.	  This	  chemical	  architecture	  makes	  the	  system	  more	  efficient	  and	  capable	  of	  

responding	  to	  a	  wider	  range	  of	  incident	  light.	  6	  

2.	  Water	  Splitting	  

	   Solar	   energy	   can	   be	   stored	   in	   the	   form	   of	   chemical	   bonds	   by	   means	   of	   catalytic	   structures	  

resembling	  natural	  photosynthesis.	  Artificial	  photosynthesis	   is	   a	  broad	  area	  of	   research	  encompassing	  

different	  approaches	   in	  which	  solar	  energy	   is	  trapped	  by	   inorganic	  or	  biohybrid	  components	  similar	  to	  

those	  found	  in	  natural	  photosynthetic	  processes.	  The	  long-‐term	  goal	  of	  artificial	  photosynthesis	  research	  

is	   to	   re-‐engineer	   the	  machinery	  of	   the	  natural	  photosynthetic	  apparatus	   in	  a	  way	   that	   is	  amenable	   to	  

easier	   interfacial	  control	  and	  recovery	  of	  the	  active	  components.3	   In	  understanding	  the	  natural	  system	  

more	  stable	  and	  efficent	  compnents	  can	  be	  subsituted	  for	  the	  natural	  ones.	   In	  this	  project	  we	  focus	  on	  

systems	   that	   include	   parts	   of	   the	   biological	   photosynthetic	   process	   in	   conjunction	   with	   electroactive	  

supports.	  These	  types	  of	  architectures	  can	  be	  referred	  to	  as	  a	  biohybrid	  or	  semi-‐artificial	  photosynthetic	  

systems.	  	  
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	   The	  enthalpy	  and	  Gibbs	  free	  energy	  values	  required	  to	  split	  one	  molecule	  of	  water	  (H20	  	  à	  H2	  +	  

½	  O2	  +	  2e-‐)	  are	  ∆H˚=	  285.9kJ/mol	  and	  a	  ∆G˚	  =	  237.3	  kJ/mol.	  The	  electromotive	  force	  with	  respect	  to	  the	  

standard	  hydrogen	  electrode	  is:	  

∆E˚   =   −  ∆G˚/2F   =   −1.23  V	   	   	   	   	   (Eq.	  1.1)	  	  

Where	   F	   is	   the	   Faraday	   constant	   of	   96,485	   C/mol.	   That	   corresponds	   to	   a	   ∆E˚	   =	   -‐1.23	   V	   per	   pair	   of	  

electrons	  transferred.	  7	  8 

	   The	  actual	  electromotive	  force	  for	  this	  reaction	  to	  occur	  electrochemically	   is	  about	  1.50	  V	   in	  a	  

typical	  electrochemical	  set-‐up	  due	  to	  chemical	  overpotentials,	  or	  the	  additional	  voltage	  needed	  past	  the	  

thermodynamic	  requirement	  in	  order	  to	  make	  the	  reaction	  happen.	  9	  The	  photocatalytic	  components	  of	  

the	   photosynthetic	   apparatus	   minimize	   these	   solution	   resistances	   in	   the	   conversion	   of	   light	   to	   a	  

chemical	  bond.8	   This	   energy	   is	   readily	   available	  by	   the	   sun	   for	   all	  wavelengths	  under	  about	  1000	  nm.	  

However	   the	  photosynthetic	  apparatus	   is	   capable	  of	  absorbing	  efficiently	  wavelengths	  below	  700	  nm.	  

The	  energy	  needs	   to	  be	  higher	   than	  the	  energy	  corresponding	   to	   the	  characteristic	  wavelength	  of	   the	  

photosynthetic	  trap.	  	  10	  

	  

	   	   	   E   =   hc/  λ	   	   	   	   	   	   	  (Eq.	  1.2)	  

where	  λ	  =	  wavelength	  (nm),	  c	  =	  the	  speed	  of	   light	  (2.998	  x10^8	  m/s),	  E	  =	  energy	  in	  electron	  Volts	  

(eV),	  and	  h	  =	  Plank's	  constant	  (6.626	  ×	  10-‐34	  m2kg/s).	  .	  Learning	  from	  nature’s	  benchmark	  apparatus	  

suggests	   the	   possibility	   of	   assembling	   photosynthetic	   enzymes	   and	   redirecting	   them	   to	   the	   chemical	  

synthesis	   of	   chosen	   target	   molecules.	   11	   This	   strategy	   would	   allow	   the	   control	   of	   electron	   transfer	  

necessary	   for	   generating	   high	   reducing	   equivalents	   for	   driving	   dowstream	   chemical	   processes.	   The	  

chemical	   energy	   of	   water	   can	   in	   principle	   be	   stored	   as	   the	   simplest	   chemical	   bond	   H-‐H.	   Molecular	  
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hydrogen	  can	  then	  be	  stored	  and	  used	  as	  fuel	  when	  needed.	  Molecular	  hydrogen	  can	  be	  used	  directly,	  

or	  in	  the	  presence	  of	  a	  catalyst	  to	  reduce	  CO2	  to	  methanol	  or	  methane.	  12	  

3.	  Photosynthesis	  

In	   this	  project,	   isolated	  natural	  photosynthetic	  components	  are	   included	   in	  biohybrid	  systems.	  

Two	   types	   of	   photosynthetic	   molecules	   are	   considered	   for	   assembly	   onto	   electron	   transporting	  

materials:	   oxygenic	   (generating	   oxygen	   as	   a	   byproduct)	   and	   anoxygenic	   (not	   generating	   oxygen	   a	  

byproduct)	  reaction	  centers.	  

The	  oxygenic	  photosynthetic	  apparatus	  in	  green	  plants	  and	  cyanobacteria	  is	  based	  on	  two	  types	  

of	   reaction	   centers	   called	   Photosystem	   I	   (PSI)	   and	   Photosystem	   II	   (PSII),	   embedded	   in	   the	   thylakoid	  

membrane.	  These	  biomolecules	  can	  efficiently	  convert	  light	  into	  electrical	  potentials	  under	  a	  wide	  range	  

of	   light	  and	  temperature	  conditions.13	  The	  quantum	  efficiencies	  of	  PSI	  and	  PSII	  are	  45	  ±	  10%	  and	  80	  ±	  

15%,	  respectively.14	  Photoelectron	  generation	   is	  associated	  with	  the	  oxidation	  of	  water	   to	  oxygen	  and	  

protons	   catalyzed	   by	   PSII.	   Electrons	   generated	   from	   water	   oxidation	   on	   the	   luminal	   side	   of	   the	  

membrane	  are	  then	  transferred	  to	  the	  stromal	  side	  for	  the	  formation	  of	  reducing	  equivalents.15,	  16	  The	  

overall	  reaction	  can	  be	  re-‐engineered	  for	  converting	  light	  into	  chemical	  energy	  as	  O2	  and	  H2	  in	  a	  cell-‐free	  

environment.	  

The	   architecture	   of	   a	   PSII	   CC	   from	   the	   thermophylic	   cyanobacterium,	   T.	   elongatus,	   has	   been	  

determined	   by	   high-‐resolution	   X-‐ray	   crystallography.14,	  15	  In	   vitro,	   the	   PSII	   CC	   exists	   in	   a	   dimeric	   form	  

with	   	   physical	   dimensions	   of	   20.5	   nm	   (L)	   x	   11.0	   nm	   (W)	   x	   10.5	   nm	   (D).	   Each	   PSII	   CC	   monomer	   is	  

characterized	  by	  20	  protein	  subunits,	  35	  Chlorophyll	  a	  (Chl	  a)	  molecules	  and	  12	  carotenoids	  molecules,	  

25	   integral	   lipids,	  and	  1	  Cl-‐	   ion.	   In	  each	  monomer	   the	  RC	  subunits	  D1	  and	  D2,	  hosting	  all	   the	  cofactors	  

necessary	  for	  electron	  transport,	  are	  protected	  by	  the	  CP43	  and	  CP47	  subunits	  binding	  Chl	  a	  of	  the	  core	  

antenna.	  Upon	  illumination,	  the	  excited	  primary	  electron	  donor,	  P680,	  ejects	  an	  electron	  that	  arrives	  on	  
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the	  final	  electron	  acceptor,	  plastoquinone	  QB,	  through	  chlorophyll	  D1	  (ChlD1),	  pheophytin	  D1	  (PheoD1)	  and	  

plastoquinone	  (QA).	  While	  QA	  is	  fixed	  within	  the	  structure17,	  18	  QB	   in	  vivo	   is	  released	  into	  the	  membrane	  

matrix	  after	  accepting	  two	  electrons	  and	  undergoing	  protonation.	  Recent	  evidence	  for	  the	  existence	  of	  a	  

third	   embedded	   quinone	   QC	   has	   been	   reported.	   15	   The	   cationic	   radical	   P680+•	   is	   reduced	   by	   a	   neutral	  

tyrosine	  forming	  TyrZ•19,	  20,	  which	  in	  turn	  oxidizes	  Mn	  and	  results	  in	  the	  withdraw	  of	  4	  electrons	  from	  a	  

pair	  of	  H2O	  molecules.	  21,	  22	  The	  PSII	  CC	  dimers	  can	  be	  separated	  into	  monomers	  while	  preserving	  activity.	  

22,	   23	   The	   possibility	   of	   using	   isolated	   PSII	   CCs	   in	   photoelectrochemical	   devices	   is	   hindered	   by	   the	  

instability	  of	  the	  D1	  protein	  that,	  in	  vivo,	  is	  replaced	  every	  half	  an	  hour.	  However,	  the	  catalytic	  efficiency	  

of	   the	   Mn4Ca	   water-‐oxidizing	   complex	   (WOC)	   represents	   the	   benchmark	   against	   which	   all	   potential	  

inorganic	  catalysts	  for	  water	  oxidation	  are	  measured24	  

The	   trimeric	   structure	   of	   the	   PSI	   CC	   from	   Synechococcus	   elongatus	   has	   also	   been	   resolved	   at	  

atomic	   detail	   by	   X-‐ray	   crystallography.	   25	   The	   cylindrical	   trimer	   has	   a	   diameter	   of	   about	   22	   nm	  and	   a	  

height	  of	  10	  nm.	  Each	  monomer	  is	  characterized	  by	  12	  proteins	  and	  127	  cofactors	  including	  96	  Chl	  a,	  2	  

phylloquinones,	  3	  Fe4S4	  clusters,	  22	  carotenoids,	  4	   lipids	  and	  putative	  Ca2+	   ion.	  The	  structure	  of	  PSI	   in	  

cyanobacteria	  is	  essentially	  conserved	  across	  different	  species.	  23,	  26,	  27	  
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Figure	  1.1	  –	  The	  Structure	  of	  PSII	  

	  

Figure	  1.1:	  a)	  Crystal	  structure	  of	  PSII	  (1)	  complex	  found	  in	  its	  dimeric	  form.	  b)	  The	  drawing	  shows	  PSII	  

with	  emphasis	  on	  the	  D1	  and	  D2	  subunits.	  The	  water	  oxidation	  complex	  is	  on	  the	  luminal	  side,	  whereas	  

the	  QB	  pocket	  is	  on	  the	  stromal	  side.	  
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Figure	  1.2	  

	  

Figure	  1.2	  |	  The	  crystal	  structure	  of	  PSI	  in	  its	  trimetric	  form	  found	  in	  cyanobacteria.	  (12)	  Higher	  plants	  

have	  PSI	  present	  in	  the	  monomeric	  form.	  b)	  The	  graphical	  representation	  of	  PSI.	  The	  plastocycanin	  (PC)	  

is	  the	  redox	  mediator	  found	  in	  the	  luminal	  region	  of	  higher	  phototrophs.	  The	  ferredoxin	  (Fdx)	  is	  found	  

on	  the	  stromal	  side	  of	  the	  membrane	  and	  will	  participate	  in	  the	  conversion	  of	  NADP+	  to	  NADPH.	  
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	  Primary	   charge	   separation	   is	   initiated	   by	   the	   chlorophyll	   dimer	   P700,	   and	   the	   electron	   is	  

transferred	  through	  a	  chain	  of	  cofactors,	  Chl	  a	  (A0),	  phylloquinone	  (A1),	  the	  Fe4S4	  clusters,	  Fx,	  FA	  and	  FB.	  

P700+•	   is	   reduced	   by	   cytochrome	   c6	   (or	   plastocyanin),	   while	   FB-‐	   transfers	   its	   electron	   to	   ferredoxin	   (or	  

flavodoxin)	  and	  reduces	  NADP+	   to	  NADPH	  using	  Ferredoxin-‐NAPD	  reductase.	  Relevant	   to	  our	  purpose,	  

the	   reductant	  NADPH	   is	   the	  biological	   equivalent	  of	  H2	   gas.	   The	  PSI	  CC	   trimers	   can	  be	   separated	   into	  

monomers	  while	  preserving	  activity.	  28	  The	  structure	  of	  PSI	  CCs	  from	  Synechococcus	  sp.	  PCC	  7002	  is	  not	  

available,	  with	  the	  exception	  of	  the	  structure	  of	  the	  PsaE	  domain	  29	  (see	  figure	  1.3).	  These	  structural	  and	  

electronic	  characteristics,	  united	  with	  extraordinary	  resilience	  to	  cell-‐free	  conditions,	  have	  made	  PSI	  CCs	  

a	   target	   for	   model	   devices,	   including	   solid-‐state	   nano-‐electronic	   systems30-‐32	   and	   “wet”	  

photoelectrochemical	  cells.33	  Photocatalytic	  hydrogen	  production	  from	  non-‐covalent	  biohybrid	  PSI	  /	  Pt	  

nanoparticle	   (NP)	   complexes	   has	   been	   demonstrated.	   33,	   34	   PSI	   CCs	   have	   been	   wired	   to	   Pt	   NP	   and	  

hydrogenase	   for	  direct	  hydrogen	  generation.	   35-‐39	  Suspensions	  of	   these	  bioconjugates	  were	   capable	  of	  

high	  yield	  of	  hydrogen	  generation	  for	  extended	  periods	  of	  time.	  
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Figure	  1.3	  -‐	  The	  Z-‐scheme	  	  

	  	  

	  

Figure	  1.3	  |	  The	  Z-‐scheme	  (“Z”	  as	  represented	  by	  the	  red	  dashed	  line)	  is	  the	  energy	  diagram	  for	  the	  

electron	  transfer	  in	  this	  light	  dependent	  reaction.	  Briefly	  the	  light	  energy	  causes	  a	  primary	  charge	  

separation	  in	  the	  P680	  dimeric	  chlorophyll	  and	  is	  reduced	  with	  an	  electron	  from	  the	  water	  oxidation	  

complex	  (WOC)	  of	  the	  PSII	  reaction	  center	  where	  water	  is	  oxidized	  into	  oxygen	  and	  hydrogen	  ions.	  The	  

electron	  is	  transferred	  via	  immobile	  and	  mobile	  quinones	  to	  the	  plastiquinone	  pool	  and	  then	  to	  the	  

cytochrom	  b6f	  complex	  (Cyt	  b6f)	  where	  the	  plastocyanin	  (PC)	  will	  be	  reduced	  by	  Cyt	  b6f.	  The	  PSI	  RC	  will	  

use	  light	  energy	  to	  cause	  a	  charge	  separation	  and	  the	  electron	  will	  be	  transferred	  to	  the	  ferredoxin	  

(Fdx).	  The	  Fdx	  is	  used	  in	  the	  conversion	  of	  NADP+	  to	  NADPH,	  which	  provides	  reducing	  equivalent	  for	  

other	  reactions.	  The	  proton	  gradient	  across	  the	  membrane	  is	  used	  by	  ATP	  synthase	  to	  convert	  ADP	  to	  

ATP,	  which	  is	  used	  in	  cellular	  metabolism.	  	  

Stroma 

Lumen 
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3.	  Biohybrid	  photosynthesis	  

A	   fundamental	   limitation	   in	   the	   assembly	   of	   biohybrid	   photosynthetic	   systems	   for	   hydrogen	  

generation	   is	   the	   limited	   lifetime	   of	   isolated	   PSII	   CCs.	   The	   turnover	   number	   of	  ∼1,000,000	   of	   the	   D1	  

protein	  will	  prove	  hard	  to	  bypass	  unless	  repair	  mechanisms	  can	  be	  set	  in	  place.	  40-‐42	  A	  robust	  alternative	  

to	  PSII	  CCs	  is	  provided	  by	  chromatophores	  of	  purple	  non-‐sulfur	  bacteria.	  In	  particular,	  chromatophores	  

from	  Rsp.	   rubrum	   afford	   a	   fully	   functional	   and	   robust	   photosynthetic	   apparatus	   ideal	   for	   biophysical	  

investigations	  of	  electron	  transduction.43	  These	  chromatophores	  are	  vesicular	  organelles	  budding	  from	  

the	   intracytoplasmic	   membrane,	   which	   include	   the	   bacterial	   reaction	   center	   (bRC),	   light	   harvesting	  

complex,	  LH1,	  as	  well	  as	  the	  cytochrome	  bc1	  complex	  and	  ATP	  synthase.44	  The	  chromatophore	  works	  by	  

first	   absorbing	   a	   photon	   of	   light.	   This	   can	   be	   absorbed	   directly	   by	   the	   reaction	   center	   or	   by	   the	   LH1	  

antenna,	   and	   the	   LH1	   antenna	   is	   tuned	   to	   light	   in	   the	   near-‐IR.	   The	   VIS-‐near-‐IR	   absorbance	   spectrum	  

shows	  that	  the	  most	  strongly	  absorbed	  light	  is	  centered	  around	  875	  nm	  as	  shown	  in	  figure	  1.4.	  This	  light	  

provides	  the	  energy	  to	  the	  RC.	  45	  When	  a	  photon	  of	  light	  is	  absorbed	  by	  the	  LH1	  antenna	  exciton	  transfer	  

will	   occur	   from	   the	   LH1	   antenna	   to	   the	   RC.	   Consequently	   electron-‐hole	   charge	   separation	   will	   occur	  

within	  the	  RC	  across	   the	  membrane.	  Proton-‐coupled	  double	  reduction	  of	  a	  quinone	  at	   the	  QB	  site	  will	  

result	   in	   transfer	  of	   two	  electrons	   to	   the	  bc1	   complex.	   The	  bc1	   complex	  establishes	   a	  proton	   gradient	  

across	   the	   membrane.	   ATP	   synthase	   driven	   by	   the	   proton	   gradient	   converts	   ADP	   to	   ATP.	   Each	  

photoelectron	  generated	  across	  the	  membrane	  is	  recycled	  to	  the	  reaction	  center	  by	  cytochrome	  c2.46	  
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Figure	  1.4	  -‐	  Vis-‐	  nearIR	  Absorbance	  of	  Chromatophores	  

	  

Figure	  1.4	  |	  The	  visible	  and	  near	  infrared	  absorbance	  of	  Rsp.	  rubrum	  chromatophores	  taken	  at	  room	  

trmprature.	  

	   	  

	   PSII	  CCs,	  PSI	  CCs	  and	  bRCs	  within	  chromatophores	  each	  have	  specific	  redox	  midpoint	  potentials.	  

These	  biological	  molecules	  can	  be	  combined	   in	  a	  hybrid	  redox	  chain	   in	  conjunction	  with	   inorganic	  and	  

organic	  photoactive	  materials	  for	  the	  direct	  catalytic	  generation	  of	  molecular	  hydrogen.	  Interest	  in	  this	  

type	  of	  approach	  has	  recently	  been	  revived	  beyond	  a	  planar-‐junction	  photo-‐electrochemical	  system	  for	  

hydrogen	  generation	  assembled	  in	  the	  past,	  based	  on	  coarse	  PSI	  and	  PSII	  particles.11,	  47	  Recent	  progress	  
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has	   been	   made	   toward	   the	   goal	   of	   producing	   components	   for	   a	   more	   heterogeneously	   integrated	  

version	  of	  this	  system	  using	  isolated	  photosynthetic	  CCs33,	  48,	  49	  	  

	   In	   this	   thesis	   biohybrid	   systems	   are	   described	   containing	   biological	  molecules	   in	   contact	  with	  

surfaces	  having	  macroscopic	  to	  nanoscale	  sizes.	  This	  work	  is	  configured	  in	  the	  context	  of	  biointerfacing,	  

the	  study	  of	  controlled	  biomolecular	  interfaces.	  The	  science	  of	  biointerfacing	  allows	  biological	  processes	  

normally	  occurring	  only	   in	  vivo,	  to	  be	  conducted	  under	  controlled	  and	  measureable	   in	  vitro	  conditions.	  

This	   particular	   protein-‐surface	   interaction	   control	   is	   an	   important	   feature	   in	   many	   emerging	  

biotechnological	   fields.	   50	   The	   biological	   molecules	   presented	   herein	   work	   better,	   and	   in	   some	   cases	  

exclusively,	   in	  presence	  of	  water.	   For	   this	   reason	   the	   traditional	   surface	  measurements	  needed	   to	  be	  

worked	   around,	   abandoned,	   or	   adapted	   to	   the	   conditions	   required	   to	   maintain	   functionality	   of	   the	  

biosystems	  under	  investigation.	  	  

4.	  Graphene	  oxide	  

	   To	   fix	   the	  enzymes,	  a	  nanomaterial	   scaffold	   in	  suspension	  was	  used,	   thus	  breaking	  away	   from	  

traditional	   electrode	   topologies.	   	   Such	   scaffold	   was	   based	   on	   GO.	   GO	   is	   derived	   from	   a	   form	   of	  

elemental	   carbon	   that	   consists	   of	   a	   two-‐dimensional	   array	   of	   sp2-‐hybridized	   carbon	   known	   as	  

graphene.51	   This	  occurs	  when	  graphene	   is	  exfoliated	  under	  conditions	   that	  are	   strongly	  oxidizing.	  This	  

will	  produce	  atomically	  thin	  and	  microscopically	  wide	  sheets	  of	  GO.	  The	  oxygen	  that	  is	  introduced	  during	  

this	  process	  results	  in	  the	  formation	  of	  epoxide,	  ketone,	  alcohol,	  and	  carboxylic	  functional	  groups	  on	  the	  

basal	   plane	   and	   at	   the	   edges	   of	   GO.	   GO	   has	   been	   the	   subject	   of	   a	   wide	   variety	   of	   studies	   due	   its	  

electrical	  conductivity	  and	  optical	  transparency	  in	  both	  single	  layer	  or	  thin-‐film	  configurations.	  52-‐55	  GO	  is	  

decorated	   with	   oxygen	   containing	   functional	   groups	   to	   yield	   a	   material	   that	   maintains	   some	   of	   the	  

properties	   of	   graphene	   and	   allows	   access	   to	   known	   chemistry	   for	   generating	   new	   functionalities	   and	  

control	  of	  electrical	  conductivity.	   56,	  57	   Indeed,	  GO	   is	  an	  electron	  conductor	  at	   low	  oxygen	  content	   (8%	  
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nO/nC%)	   and	   a	   hole	   conductor	   at	   high	   oxygen	   content	   (35%).	   The	   conductivity	   spans	   several	   order	   of	  

magnitude	  from	  103	  to	  10-‐9	  S·∙cm-‐1.55	   In	  this	  study	  GO	  is	  modified	  not	  only	  for	  tethering	  photosynthetic	  

molecules,	  but	  also	  as	  an	  electroactive	  support.	  
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Chapter	  II:	  Enhanced	  Oxygen	  Evolution	  from	  Photosystem	  II	  Coupled	  to	  Chemically	  Modified	  

Graphene	  oxide	  

1.	  Introduction	  

	   This	  chapter	  describes	  a	  system	  in	  which,	  PSII	  dimers	  have	  been	  assembled	  onto	  single-‐layer	  GO	  

nanosheets	   bearing	   Ni2+-‐nitrilotriacetic	   acid	   coordination	   sites	   (GO-‐NiNTA),	   which	   is	   represented	   by	  

Figure	  2.1.	  A	  more	  detailed	  explanations	  and	  schematic	  can	  be	  found	  in	  the	  appendix	  B.	  The	  GO	  used	  in	  

this	  study	  had	  an	  oxygen	  content	  of	  ∼20	  %	  (O/C	  molar	  ratio).	  PSII	  CCs	  His-‐tagged	  on	  the	  stromal	  side	  (on	  

CP47)	  were	   isolated	  by	  Ni	   affinity	   chromatography	   from	   the	   thermophylic	  bacterium	  T.	   elongatus.	   The	  

functionalization	  of	  pristine	  GO	  resulted	  in	  GO-‐NiNTA,	  a	  material	  capable	  of	  coordinating	  His-‐tagged	  PSII	  

CCs.	   Incubation	   with	   PSII	   CCs	   resulted	   in	   GO-‐NiNTA-‐PSII	   bioconjugates.	   We	   set	   out	   to	   investigate	  

whether	   GO-‐NiNTA	   can	   provide	   an	   electron	   acceptor	   surface	   and	   is	   an	   appropriate	  material	   for	   self-‐

assembly	  of	  photosynthetic	  proteins	  in	  a	  bio-‐hybrid	  electron	  transport	  chain.	  	  Electron	  transfer	  between	  

PSII	   and	  GO	  are	   in	  principle	   thermodynamically	   favorable	   as	   indicated	  by	   the	  energy	   level	   diagram	   in	  

Figure	  2.2.58	  
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Figure	  2.1	  -‐	  PSII	  on	  GO	  

 

 

 

 

 

 

 

 

 

 

 

 

 

	  

Figure	  2.1	  |	  Schematic	  of	  PSII	  l inked	  to	  GO-‐NiNTA.	  
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	  Figure	  2.2	  -‐	  Energy	  level	  diagram	  of	  PSII	  CC	  interfaced	  to	  GO . 	  

	  

Figure	   2.2	   | 	   Energy	   level	  diagram	  of	  PSII	  CC	   interfaced	   to	  GO.	  The	  main	  electron	   transfer	  

intermediates	   are	   indicated	   within	   the	   schematic	   of	   PSII: 	   P680	   (P680),	   P680
+

• 	   (P680*),	  

Mn4CaCl	   (Mn),	   tyrosine	   TyrZ,	   pheophytin	   D1	   (Pheo),	   fixed	   plastoquinone	   A	   (QA).	   The	  

overall	   reaction	   proceeds	   from	   water	   oxidation	   to	   electron	   injection	   into	   the	   GO	  

component	   of	   the	   GO-‐based	   resin	   GO-‐NiNTA,	   Direct	   electron	   transfer	   (indicate	   by	   an	  

arrow)	   is	  possible	   from	  QA	   to	  GO.	   Indirect	  electron	   transfer	   (indicate	  by	  an	  arrow)	   is	   also	  

possible	   via	   a	   redox	   mediator	   (M)	   ferricyanide	   [Fe(CN)63-‐] , 	   and	   2,6-‐dichloro-‐p-‐

benzoquinone	  (DCBQ).	  
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2.	  Methods	  	  

2.1	  -‐	  Synthesis	  of	  GO-‐NiNTA	  resin.	  	  	   	  

A	  GO-‐based	  resin	  was	  synthesized	  by	  the	  chemical	  modification	  of	  GO	  that	  is	  discussed	  in	  more	  

detail	   in	   the	   appendix.	   Briefly,	   the	   GO	   (20%	   oxygen-‐content)	   was	   modified	   in	   three	   steps:11	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

1)	   carboxylic-‐group	   activation	   by	   using	   N-‐hydroxysuccinimide	   (NHS)	   and	   N-‐ethyl-‐N’-‐(3-‐

dimethylaminopropyl)carbodiimide;	  2)	  Nitrilotriacetic	  acid	  binding	  by	  using	  Nα,Nα-‐Bis(carboxymethyl)-‐L-‐

lysine	   hydrate	   (pH=9.8);	   3)	   nickel	   complexation	   using	   NiSO4.	   Each	   step	   required	   one	   h	   incubation	  

followed	   by	   centrifugation	   at	   21,000xg,	   removal	   of	   the	   supernatant	   and	   repeated	   washing	   with	  

deionized	  water.	  	  

2.2	  -‐	  Directional	  Immobilization	  of	  PSII	  CCs	  onto	  GO-‐based	  resin.	  	  	  

PSII	   CCs	  were	   isolated	   from	   the	   thermophylic	   cyanobacterium	  T.	   elongatus	  mutant	   strain	  His-‐

tagged	  on	  the	  C-‐terminus	  of	  CP47.	  The	  immobilization	  of	  PSII	  CCs	  on	  the	  stromal	  side	  onto	  GO-‐NiNTA	  was	  

carried	  out	  by	   incubation	   in	   the	  dark	   followed	  by	   repeated	  washing	  with	  buffer	  at	  pH	  6.0.	  The	  buffer	  

composition	  was	  50	  mM	  MES	  (pH	  =	  6.0),	  10	  mM	  MgCl2,	  10	  mM	  NaCl,	  10	  mM	  CaCl2,	  15%	  glycerol,	  and	  

0.05	  %	  (w/v)	  β-‐dodecylmaltoside.	  

2.3  - Flow cytometry.  

	   The	  PSII	   samples	  described	  above	  were	  analyzed	  by	   flow	  cytometry	  using	  a	  BD	   Influx	  Mariner	  

209s	  Flow	  Cytometer.	  The	  laser	  used	  for	  excitation	  was	  at	  488	  nm	  (200	  mW)	  and	  the	  emission	  filter	  was	  

at	  692	  ±	  40	  nm	  with	  a	  70	  µm	  nozzle	  tip.	  A	  GO-‐NiNTA	  particle	  suspension	  (solution	  A)	  was	  prepared	  by	  a	  

1-‐to-‐10	   dilution	   of	   GO-‐Ni-‐NTA	   slurry	   having	   a	   GO-‐Ni-‐NTA	   volume	   fraction	   of	   15-‐20%	  with	   detergent-‐

containing	  buffer	  (Ax.2).	  The	  protein	  concentration	  of	  a	  PSII	  CC	  stock	  solution	  was	  determined	  by	  amino	  

acid	  analysis.	  	  A	  PSII	  CC	  stock	  suspension	  (0.93	  mg	  Chl	  a	  /	  mL	  or	  2.56	  mg	  of	  protein	  /	  mL)	  was	  diluted	  1-‐

to-‐10	  using	  the	  same	  buffer	  mentioned	  above	  to	  form	  solution	  B.	  	  Then	  5	  µL	  of	  solution	  A	  was	  added	  to	  
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increasing	  volumes	  from	  0	  to	  32	  µL	  of	  solution	  B.	  	  The	  above	  buffer	  was	  added	  in	  each	  case	  up	  to	  450µL	  

total	  volume.	  Each	  suspension	  was	  probed	  by	  flow	  cytometry	  using	  phosphate	  buffer	  as	  a	  sheath	  fluid.	  	  	  

2.4 - UV-Visible Spectroscopy.  

	   The	  protein	  loading	  capacities	  of	  PSII	  CC	  on	  the	  GO-‐Ni-‐NTA	  resin	  was	  measured	  using	  a	  PSII	  CC	  

protein	   following	   the	   procedures	   below:	   The	   protein	   loading	   capacities	   were	   obtained	   using	   a	   10	   µL	  

aliquot	   of	   the	   GO-‐Ni-‐NTA	   resin.	   	   PSII	   CC	   protein	   loading	   capacities	   of	   the	   resins	   were	   determined	  

indirectly	  by	  UV-‐Visible	  spectroscopy	  using	  a	  NanoDrop	  1000	  spectrophotometer	  at	  680	  nm	  (ϵ	  =	  79.95).	  

UV-‐Visible	  spectra	  were	  collected	  on	  the	  PSII	  CC	  protein	  solutions	  before	  and	  after	  treatment	  with	  the	  

resins	  and	  after	  elution	  with	  imidazole.	  	  Protein	  samples	  were	  incubated	  in	  batch	  mode	  with	  each	  of	  the	  

resins	  at	  4°C	  for	  1	  hour	  on	  a	  rotisserie.	  	  	  

	   Incubation	  was	  carried	  out	  in	  a	  40	  mM	  MES	  pH	  6.5	  buffer	  supplemented	  with	  15	  mM	  MgCl2,	  15	  

mM	  CaCl2,	  20%	  glycerol	  and	  1M	  Betaine.	  	  Protein-‐resin	  samples	  were	  spun	  at	  4°C	  for	  5	  min	  at	  21,000xg.	  	  

The	  protein-‐loaded	   resins	  were	   then	  subjected	   to	  washing	  and	  elution	  steps.	   	  After	  each	  step	  protein	  

samples	  were	   spun	  at	   4°C	   for	   5	  minutes	   at	   21,000xg.	   	   Resins	  were	  washed	  with	  480	  µL	  of	   the	  buffer	  

described	   above	   prior	   to	   elution.	   	   Elution	   was	   performed	   on	   ice	   using	   150	   mM	  MES	   pH	   6.5	   buffer	  

supplemented	  with	  15	  mM	  MgCl2,	  15	  mM	  CaCl2,	  200	  mM	  NaCl,	  0.1%	  (w/v)	  Dodecyl	  Maltoside,	  300	  mM	  

Imidazole,	  10%	  (w/v)	  glycerol	  and	  1M	  Betaine.	  	  	  

2.5	  -‐	  Fluorescence	  Induction	  and	  Relaxation	  (FIRe)	  Measurements.	  	  

	   A	  Satlantic	  FIRe	  System59	  was	  used	  and	  samples	  were	  placed	  in	  a	  quartz	  cuvette.	  The	  excitation	  

light	   source	   was	   a	   blue	   LED	   with	   a	   maximum	   emission	   at	   455	   nm	   with	   60-‐nm	   bandwidth.	   The	  

fluorescence	  emission	  was	  detected	  using	  a	  680	  nm	  filter	  with	  a	  10	  nm	  bandwidth.	  Each	  single	  turnover	  

flash	  (STF)	  was	  set	  at	  300	  μs.	  The	  following	  relaxation	  was	  measured	  using	  60	  probing	  flashlets	  at	  40	  μs	  

intervals.	  Stability	  measurements	  were	  conducted	  on	  samples	  of	  immobilized	  and	  free	  PSII	  (1	  μg/mL	  of	  
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Chl	   a),	   measured	   repeatedly	   at	   120	   s	   intervals,	   allowing	   each	   sample	   to	   dark	   adapt	   between	  

measurements	  at	  25˚C.	  

2.6	  -‐	  Electron	  Paramagnetic	  Resonance	  Measurements.	  	  	  

	   PSII	  CC	  were	  stored	  in	  TP6	  consisting	  of	  40	  mM	  MES,	  pH	  6.5,	  15	  mM	  MgCl2,	  15	  mM	  CaCl2,	  20%	  

glycerol,	  and	  1.0	  M	  Betaine;	  more	  detail	  is	  available	  in	  the	  appendix.	  	  PSII	  was	  combined	  with	  GO-‐Ni-‐NTA	  

and	  suspended	  in	  a	  solution	  of	  50	  mM	  MES,	  pH	  6.0,	  10	  mM	  CaCl2,	  10	  mM	  MgCl2,	  10	  mM	  NaCl,	  and	  15%	  

glycerol.	   	   Final	   glycerol	   concentrations	   were	   20	   %	   v/v.	   	   All	   GO-‐Ni-‐NTA	   samples	   were	   made	   from	   a	  

common	   stock	  and	  were	  made	  with	   the	   same	  volumes	  of	   addition.	   	   Samples	  with	  ascorbic	   acid	  were	  

prepared	  with	  a	  final	  concentration	  of	  2	  mM.	  Samples	  containing	  PSII	  were	  prepared	  in	  dim	  green	  light	  

and	  dark	  adapted	  for	  1	  hour	  on	  ice.	  	  All	  EPR	  samples	  (100	  µL)	  were	  examined	  in	  precision	  4	  mm	  quartz	  

tubes	  from	  Wilmad-‐LabGlass.	  	  Samples	  in	  EPR	  tubes	  were	  Illuminated	  via	  a	  dual	  fiber-‐optic	  cable	  from	  a	  

single	  mercury	  arc	  lamp	  with	  IR	  (water)	  and	  UV	  (glass)	  filters.	  	  Illumination	  was	  both	  direct	  and	  indirect	  

via	  light	  reflected/scattered	  from	  the	  silvered	  Dewar	  and	  ice/dry-‐ice.	  Illumination	  at	  -‐80	  ˚C	  was	  for	  2	  min	  

using	  both	  fiber-‐optic	  cables.	   	   Illumination	  at	  0	  ˚C	  was	  for	  1	  min	  using	  a	  single	  fiber-‐optic	  cable	  with	  a	  

direct	  light	  intensity	  of	  ~250	  µmole	  quanta	  m-‐2	  s-‐1.	  	  

	   Continuous-‐wave	   EPR	   spectra	   were	   collected	   at	   X-‐band	   (9.39	   GHz)	   using	   100	   kHz	   field	  

modulation	  with	  instrumentation	  previously	  described.60	  Liquid	  helium	  and	  a	  Janis	  ST-‐170	  ESR	  Cryostat	  

were	  used	  to	  maintain	  a	  sample	  temperature	  of	  8	  K.	  	  EPR	  spectra	  were	  collected	  under	  non-‐saturating	  

conditions,	  1	  G	  field	  modulation	  amplitude	  and	  648	  nW	  microwave	  observed	  power.	  

2.8	  -‐	  Oxygen	  Evolution	  Measurements.	  	  

	   The	  flash	  oxygen	  yield	  of	  free	  PSII	  CCs	  and	  PSII	  CCs	  immobilized	  onto	  GO-‐Ni-‐NTA	  was	  measured	  

using	  a	  5	  µL	  ultrasensitive	  polarographic	  oxygen	  cell	  based	  on	  a	  home-‐built	  Clark-‐type	  electrode.61	  The	  

cell	   was	   illuminated	   after	   a	   120-‐second	   dark	   preincubation	   at	   room	   temperature.	   Each	   sample	   was	  
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exposed	  to	  a	  10	  ms	   flash	   (from	  an	  ultra-‐bright	  3W	  LED	  at	  a	  50%	  duty	  cycle)	   followed	  by	  a	  1.2-‐second	  

long	  dark	  period	  to	  re-‐equilibrate	  PSII	  and	  the	  electron	  acceptors,	  repeating	  the	  sequence	  for	  a	  total	  of	  

200	  flashes.	  The	  samples	  preparation	  proceeded	  as	  followed.	  His-‐tagged	  PSII	  CCs	  were	   incubated	  with	  

GO-‐Ni-‐NTA	  in	  a	  buffer	  containing	  50mM	  sodium	  phosphate	  pH	  6.5,	  10	  mM	  NaCl,	  10	  mM	  CaCl2,	  10	  mM	  

MgCl2,	  100	  mM	  MnCl,	  15%	  Glycerol,	  and	  0.05%	  (w/v)	  β-‐dodecylmaltoside	  for	  1	  hour	  on	  ice.	  	  GO-‐PSII	  was	  

washed	   at	   least	   three	   times	   with	   the	   same	   buffer	   prior	   to	   oxygen	   evolution	   experiments.	   	   After	  

resuspending	  to	  1	  mL,	  2	  µL	  of	  the	  suspension	  were	  diluted	  with	  18	  µL	  of	  buffer	  and	  the	  corresponding	  

volume	   (1	  or	   2	  µL)	   of	   stock	   solutions	  of	   20	  mM	  K4Fe(CN)6,	   40	  mM	  dichloro-‐benzoquinone	   (DCBQ),	   or	  

both.	  	  Most	  samples	  contained	  1	  mM	  K4Fe(CN)6,	  while	  DCBQ	  was	  supplemented	  as	  noted,	  either	  at	  80	  or	  

160	  µM	   final	   concentration.	   	  Upon	  mixing	  of	  PSII-‐GO	  with	  electron	  donors	  and	  acceptors,	  7	  µL	  of	   the	  

mixture	   were	   pipetted	   into	   the	   electrode.	   	   The	   electrode	   was	   then	   sealed	   with	   a	   glass	   cover,	   and	  

equilibrated	   for	   several	   minutes	   in	   the	   dark	   until	   dissolved	   oxygen	   was	   completely	   depleted	   by	   the	  

electrode.	  	  The	  disappearance	  of	  oxygen	  required	  about	  120	  s,	  which	  was	  chosen	  as	  dark	  preincubation	  

period,	  as	  described	  above.	  

	   The	   rates	   of	   steady-‐state	   oxygen	   evolution	  were	   determined	   by	   using	   a	   Hansatech	   Oxygraph	  

System	  at	  45	  °C.	  The	  PSII	  and	  GO-‐NiNTA-‐PSII	  samples	  were	  diluted	  to	  1.00	  mL	  using	  a	  buffer	  containing	  

40	  mM	  MES	  (pH	  6.50),	  400	  mM	  sucrose,	  15	  mM	  MgCl2,	  15	  mM	  CaCl2,	  10	  mM	  NaCl,	  and	  100	  μM	  MnCl2.	  A	  

final	   concentration	  of	  2	  mM	  K3Fe(CN)6	  was	  added	   to	   the	  solution	  prior	   to	  measurement.	  The	  samples	  

were	   illuminated	  with	   a	   halogen	   lamp	   a	   1250	   μmol	   quanta	  m-‐2	   s-‐1	   and	   the	   rates	   of	   oxygen	   evolution	  

were	  derived	  using	  the	  Hansatech	  software.	  The	  PSII	  concentration	  was	  determined	  from	  Chl	  content	  by	  

previous	   sample	   extraction	   with	   a	   1:1	   methanol	   to	   acetone	   mixture,	   using	   a	   Beckman	   DU	   640	  

spectrometer.	  The	  measured	  profiles	  were	  smoothed	  and	  background-‐corrected.	  
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3.	  Results	  and	  Discussion	  

	   The	  results	  show	  that	  the	  presence	  of	  DCBQ	  in	  addition	  to	  ferricyanide	  has	  only	  a	  small	  effect	  on	  

O2	  evolution	  in	  the	  PSII-‐GO	  system,	  while	  with	  free	  PSII,	  as	  expected,	  DCBQ	  enhances	  O2	  evolution	  

significantly	  compared	  to	  ferricyanide	  alone.	  It	  is	  also	  clear	  from	  figure	  2.3a	  that	  PSII-‐GO	  in	  the	  presence	  

of	  mediators/acceptors	  shows	  a	  more	  rapid	  decrease	  in	  activity	  compared	  to	  free	  PSII	  under	  comparable	  

conditions.	  Flow	  cytometry	  measurements	  in	  combination	  with	  amino	  acid	  analysis	  allowed	  us	  to	  

investigate	  the	  linkage	  between	  GO-‐NiNTA	  and	  PSII.	  Results	  indicate	  that	  unmodified	  GO	  particles	  	  
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Figure	  2.3	  -‐	  Oxygen	  Evolution	  and	  Molecular	  Interactions	  of	  GO-‐NiNTA-‐PSII.	  
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Figure	   2.3	   ⎜ 	   Oxygen	   Evolution	   and	   Molecular	   Interactions	   in	   GO-‐NiNTA-‐PSII	   bio-‐

conjugates	   based	   on	   PSII	   CCs	   and	   graphene	   oxide	   (GO).	   2.3a)	   flash	   oxygen	   yield	   of	   PSII	  

CCs	   and	   PSII	   CCs	   immobilized	   onto	   GO-‐NiNTA	   with	   or	   without	   added	   redox	   mediators.	  

Each	   flash	   was	   10	   ms	   with	   a	   dark	   adaptation	   interval	   of	   1.2	   s.	   The	   redox	   mediators	   are	  

ferricyanide	  [Fe(CN)63-‐] , 	  and	  2,6-‐dichloro-‐p-‐benzoquinone	  (DCBQ).	  The	  purple	  trace	  is	  GO-‐

NiNTA-‐PSII	   (1mM	   K3Fe(CN)6,	   80	   µm	   DCBQ),	   the	   green	   trace	   is	   GO-‐NiNTA-‐PSII	   (1mM	  

K3Fe(CN)6),	   the	   blue	   trace	   is	   PSII	   (1mM	   K3Fe(CN)6,	   80	   µm	   DCBQ),	   the	   black	   trace	   is	   PSII	  

(1mM	   K3Fe(CN)6),	   the	   brown	   trace	   is	   GO-‐NiNTA-‐PSII,	   and	   the	   grey	   trace	   is	   pristine	   PSII.	  

2.3b)	   Flow	   cytometry	   maps	   showing	   fluorescence	   at	   692	   ±	   40	   nm	   excited	   by	   an	  

interrogating	   laser	   at	   488	   nm	   versus	   side	   scattering	   (measured	   perpendicularly	   to	   the	  

laser	   and	   proportional	   to	   size):	   b(i)	   pristine	   GO;	   b(ii)	   GO	   non-‐specifically	   bound	   to	   His-‐

tagged	   PSII	   CCs;	   b(ii i) 	   GO-‐NiNTA	   resin;	   b(iv)	   GO-‐NiNTA	   coordinating	   His-‐tagged	   PSII	   CCs	  

(GO-‐NiNTA-‐PSII).	   2.3c)	   A	   titration	   curve	   of	   GO-‐NiNTA	   resin	   with	   His-‐tagged	   PSII	   CCs	  

monitored	  by	  flow	  cytometry.	  Fluorescence	  values	  (at	  692	  nm)	  refer	  to	  the	  sample	  before	  

(circles)	   and	  after	   (squares)	  washing	  with	   the	   competitive	   ligand	   imidazole.	   Excess	  PSII	   is	  

not	  removed	  from	  the	  sample	  mixtures	  

	   	  



	  
	  

 

24	  

	  

	  
maintain	  a	  preferential	  orientation	  with	  respect	  to	  the	  interrogating	  laser	  at	  488	  nm	  in	  the	  experimental	  

time-‐scale	  (Figure	  2.4).	  A	  ratio	  of	  the	  side-‐scattering	  to	  the	  forward	  scattering	  of	  ∼100	  confirms	  that	  the	  

observed	  events	  are	  consistent	  with	  individual	  particles	  characterized	  by	  a	  high	  aspect	  ratio,	  as	  expected	  

for	  nearly	  monoatomic	   layers	  of	  GO	   (1-‐5	  µm	   in	   lateral	   size).	  A	  marked	   increase	   in	   fluorescence	  and	  a	  

slight	  increment	  in	  side	  scattering	  are	  observed	  when	  comparing	  pristine	  GO	  with	  a	  mixture	  of	  GO	  and	  

PSII	   (Figure	   2.3b).	   These	   results	   suggest	   that	   PSII	   can	   interact	   non-‐specifically	   with	   each	   side	   of	   the	  

individual	   GO	   flakes,	   slightly	   increasing	   the	   particle	   size.	   This	   is	   consistent	   with	   the	   observation	   that	  

using	  our	  instrumental	  settings,	  the	  sidescattering	  of	  isolated	  PSII	  in	  suspension	  is	  nearly	  zero.	  When	  GO	  

is	   chemically	  modified	  with	   NiNTA	   functional	   groups	   (GO-‐NiNTA),	   His-‐tagged	   PSII	   can	   link	   to	   the	   Ni2+	  

coordination	   sites.	   The	   side-‐scattering	   of	   GO-‐NiNTA	   alone	   is	   shifted	   to	   higher	   values	   than	   that	   of	  

unmodified	  GO,	   as	  expected;	  however,	   the	   fluorescence	   signal	  of	  GO-‐NiNTA-‐PSII	   is	   distinctly	  different	  

from	   PSII	   non-‐specifically	   bound	   to	   GO	   and	   appears	   to	   be	   related	   to	   the	   extent	   of	   specific	   protein	  

coverage	  on	  the	  GO-‐NiNTA	  flakes.	  This	  can	  be	   inferred	  from	  the	  strong	  statistical	  correlation	  between	  

the	  fluorescence	  emission	  and	  the	  side	  scattering.	  Flow	  cytometry	  measurements	   in	  combination	  with	  

amino	  acid	  analysis	  allowed	  us	  to	  determine	  by	  titration	  that	  there	  is	  a	  maximum	  protein	  loading	  of	  PSII	  

per	  volume	  of	  GO-‐NiNTA	   resin	   in	   suspension	  and	  a	  minimum	   initial	   concentration	  of	  PSII	   required	   for	  

saturating	   the	   resin	   (Figure	  2.3c).	   	  Elution	  with	   imidazole	   results	   in	  a	  clear	  decline	  of	   the	   fluorescence	  

signal,	  indicating	  that	  bound	  PSII	  complexes	  are	  detached	  from	  the	  surface	  of	  the	  resin	  by	  a	  competing	  

ligand.	  A	  more	  accurate	  value	  of	  the	  PSII	  loading	  after	  repeated	  washing	  was	  determined	  by	  absorption	  

spectroscopy	  at	  680	  nm	  and	  was	  shown	  to	  be	  equal	  to	  9.72	  mg	  of	  PSII	  per	  mL	  of	  wet	  resin	  precipitate.	  
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Figure	  2.4	  -‐	  Flow	  Cytometry	  of	  GO	  

 

 

 

 

 

 

 

 

Figure	   2.4	   | 	   Analysis	   of	   pristine	  GO	  by	   flow	   cytometry	   (SSC	   =	   side	   scattering,	   FSC	  PERP	  =	  

forward	  scattering,	  perpendicular	  to	  SSC).	  

  
	   To	  obtain	  insight	  into	  the	  electron	  transfer	  characteristics,	  fluorescence	  kinetics	  measurements	  

were	  conducted	  by	  a	  single	   turnover	   flash	   (STF)	   followed	  by	  relaxation	  comparing	  GO-‐NiNTA-‐PSII	  with	  

isolated	   PSII,	   as	   shown	   in	   Figure	   2.5a.	   Typical	   results	   indicate	   59%	   residual	   quantum	   yield	   of	  

photochemistry	  (Fv/Fm=0.41)	  compared	  to	  PSII	  in	  suspension	  (Fv/Fm=0.70).	  The	  fitting	  of	  the	  fluorescence	  

relaxation	   profiles	   of	   PSII	   and	  GO-‐NiNTA-‐PSII	   (Figure	   2.5b)	   requires	   three	   and	   two	   exponential	   terms,	  

respectively.	   	   In	   the	  case	  of	   free	  PSII	  a	   2τ of	  4	  ms	  reflects	   the	  expected	  time-‐scale	  of	  a	  single	  electron	  

transfer	  between	  QA	  and	  QB	  entering	  the	  acceptor-‐side	  pocket.	  For	  immobilized	  PSII	  a	   '
1τ 	  of	  less	  than	  a	  

millisecond	   suggest	   the	   possibility	   of	   direct	   electron	   transfer	   from	  QA	   to	   GO	   and/or	   indirect	   electron	  

transfer	  mediated	  by	  QB.	  	  These	  data	  suggest	  that	  GO-‐NiNTA	  provide	  alternative	  electron	  acceptor	  sinks	  
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for	  PSII,	   and	  can	  effectively	   substitute	   for	   the	  plastoquinone	  pool	   in	   vitro.	   The	  ability	  of	  GO	   to	  accept	  

electrons	   is	   indicated	   in	   Figure	   2.5c	   where	   an	   additional	   stabilization	   effect	   on	   immobilized	   PSII	   for	  

about	  15	  turnovers	  is	  shown.	  	  

	   The	  charge	  injection	  from	  PSII	  into	  GO	  substrates	  can	  be	  monitored	  using	  EPR.	  The	  EPR	  results	  

shown	  in	  Figure	  2.6a	  reveal	  the	  increment	  of	  intensity	  of	  a	  radical	  found	  in	  GO-‐NiNTA	  when	  immobilized	  

PSII	  is	  present.	  The	  original	  radical	  signal	  in	  GO-‐NiNTA	  is	  attributed	  to	  electrons	  delocalized	  in	  the	  plane	  

of	  GO.	  We	  hypothesize	  that	  ring	  opening	  and	  protonation	  of	  the	  epoxy	  groups	  on	  the	  plane	  of	  GO,	  as	  

schematically	   shown	   in	   Figure	   2.6b,	   capture	   the	   extra	   electrons	   that	   are	   injected	   from	   PSII.62	   The	  

observed	  radical	  signal	  increment	  in	  EPR	  is	  similar	  to	  that	  caused	  by	  a	  mild	  reductant	  such	  as	  ascorbate	  

and	  cannot	  be	  attributed	  to	  the	  overlapping	  TyrD•	  spectral	  features	  (indicated	  by	  the	  arrows	  in	  the	  Figure	  

3.6a).	  	  

	   The	  rate	  of	  oxygen	  evolution	  at	  45	  °C	  in	  GO-‐NiNTA-‐PSII	  under	  continuous	  light	  in	  the	  presence	  of	  

ferricyanide	  increases	  above	  7900	  µmol	  O2	  /	  (mg	  Chl	  ·∙	  h),	  more	  than	  twice	  the	  rate	  observed	  in	  the	  case	  

of	  PSII	  (3500	  µmol	  O2	  /	  (mg	  Chl	  ·∙	  h))	  (Figure	  2.7).	  The	  measured	  rate	  indicates	  an	  oxygen	  turnover	  rate	  of	  

2	  O2	  Chl-‐1	  s-‐1	  and	  an	  oxygen	  turnover	  time	  of	  14	  ms	  per	  PSII.	  This	  rate	  rapidly	  decays,	  most	  likely	  due	  to	  

diffusion	  limitations	  of	  the	  redox	  mediator,	  re-‐reduction	  of	  PSII	  by	  electron-‐saturated	  GO	  and	  

photodamage	  caused	  by	  reactive	  oxygen	  species.	  However,	  the	  initial	  volumetric	  photocurrent	  density	  

in	  the	  GO-‐NiNTA-‐PSII	  suspensions	  can	  reach	  5.5	  mA/mL.	  This	  value	  is	  compatible	  with	  the	  theoretical	  

maximum	  volumetric	  current	  density	  (15	  mA/mL)	  calculated	  on	  the	  basis	  of	  the	  functional	  absorption	  

cross	  section	  (29.7	  Å
2
/q)	  interpolated	  across	  the	  visible	  spectrum	  (365-‐750	  nm)	  of	  PSII	  under	  the	  same	  

illumination	  conditions.63	  A	  light-‐saturation	  factor	  of	  10%	  is	  considered.	  	  The	  potential	  of	  using	  GO-‐

NiNTA-‐PSII	  replicants	  in	  suspension	  is	  clear:	  the	  enormous	  surface	  advantage	  provided	  by	  the	  GO	  

nanostructures	  can	  overcome	  trivial	  surface	  current	  densities	  generated	  by	  individual	  PSII	  monolayers.63	  
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The	  observed	  rates	  may	  prove	  to	  be	  sustainable	  in	  the	  presence	  of	  efficient	  downstream	  electron-‐

acceptors	  yielding	  functional	  bio-‐hybrid	  electron	  transport	  chains.	  A	  similar	  design	  strategy	  may	  be	  

applicable	  to	  other	  types	  of	  bio-‐inspired	  electrochemical	  systems.	  	  

Table	  2.1	  -‐	  Electron	  Paramagnetic	  Resonance	  Parameters.	  

	  

	  

	  

	  

	  

	  

	  

	  

	   	  

	   Peak-‐to-‐peak	   	  

Sample	  description	  
High	  

(mV)	  

Width	  

(G)	  
Comments	  

GO-‐NiNTA-‐PSII,	  DCMU,	  Illuminated	  	  	  	  	  	  	  	  	  	  	  	  	  	  
at	  0	  °C	  

585	   2.5	   Significant	  YD	  signal	  

GO-‐NiNTA-‐PSII,	  Illuminated	  	  at	  0	  °C	   603	   2.5	   Significant	  YD	  signal	  
GO-‐NiNTA-‐PSII,	  Illuminated	  at	  -‐80	  °C	   610	   2.7	   Significant	  YD	  signal	  
GO-‐NiNTA-‐PSII,	  lower	  PSII	  loading,	  
Illuminated	  at	  0	  °C	  

600	   2.7	   Modest	  YD	  signal	  

	   	   	   	  

GO-‐NiNTA,	  K3Fe(CN)6,	  	  
non-‐illuminated	   367	   2.7	   Only	  GO	  radical	  observed	  

GO-‐NiNTA,	  ascorbic	  acid,	  	  
non-‐illuminated	   500	   2.7	   Only	  GO	  radical	  observed	  

	   	   	   	  

GO-‐NiNTA,	  control,	  	  
non-‐illuminated	   335	   3.0	   Only	  GO	  radical	  observed	  

GO-‐NiNTA,	  illuminated	  @	  0	  °C	   400	   2.9	   Only	  GO	  radical	  observed	  
GO-‐NiNTA,	  illuminated	  @	  -‐80	  °C	   385	   2.6	   Only	  GO	  radical	  observed	  
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4.	  Conclusion	  

	   The	  investigation	  of	  GO-‐NiNTA-‐PSII	  biohybrid	  photosynthetic	  systems	  shows	  that	  it	  is	  possible	  to	  

transfer	   electrons	   directly	   and	   indirectly	   from	   PSII	   CCs	   to	   the	  GO	   support.	   This	   bioconjugate	   systems	  

result	   in	   an	   increased	   water	   oxidation	   rate	   by	   the	   water	   oxidation	   complex.	   Two	   types	   of	   different	  

oxygen	   evolution	   experiments	   were	   conducted	   under	   steady-‐state	   and	   transient	   conditions.	   In	   both	  

cases	   a	   factor	   of	   2-‐3	   enhancement	   of	   oxygen	   evolution	   activity	  was	   observed.	   The	   stationary	   rate	   of	  

oxygen	   evolution	   at	   45	   °C	   in	   GO-‐NiNTA-‐PSII	   under	   continuous	   light	   in	   the	   presence	   of	   ferricyanide	  

increases	  above	  7900	  mol	  O2	  /	  (mg	  Chl	  ·∙	  h),	  more	  than	  twice	  the	  rate	  observed	  in	  the	  case	  of	  PSII	  (3500	  

mol	  O2	  /	  (mg	  Chl	  ·∙	  h)).	  

	  

 

 

	  

.	  	  	  
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Figure	  2.5	  -‐	  Fluorescence	  kinetics	  and	  relaxation	  studies	  of	  GO-‐NiNTA-‐PSII	  and	  free	  PSII	  
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Figure	   2.5	   ⎜ 	   Fluorescence	   kinetics	   studies	   of	   GO-‐NiNTA-‐PSII	   as	   opposed	   to	   free	   PSII	   CCs.	  

a,	   fluorescence	   induction	  and	  relaxation	  measurements.	  The	  effects	  of	  STF-‐τ 	  experiments	  

(STF:	   single	   turnover	   flash,	   τ:	   fluorescence	   relaxation)	   on	   isolate	   PSII	   CCs	   and	   PSII	   CCs	  

coordinated	   to	   GO-‐NiNTA	   resin,	   and	   the	   resin	   without	   PSII	   CCs	   are	   shown	   in	   Figures	  

3.5a(i),	   3.5a(ii)	   and	   3.5a(ii i). 	   	   3.5a(i),	   fluorescence	   yield	   versus 	   time	   of	   PSII	   CCs	   from	   T.	  

elongatus 	   in	   vitro , 	   STF(300µs)-‐τ(236	  ms),	   ),	   the	   width	   of	   the	   relaxation	   region	   is	   236	  ms	  

(indicated	   by	   the	   double	   arrow);	   3.5a(ii),	   PSII	   CCS	   tethered	   to	   GO-‐NiNTA	   resin,	  

STF(300µs)-‐τ(236	   ms);	   3.5a(ii i), 	   GO-‐NiNTA	   resin	   without	   PSII	   CCs.	   Proteins	   STF(300µs)-‐

τ(236	  ms).	   All	  measurements	   are	   the	   average	   of	   10	   iterations.	   3.5b,	   expansion	   of	   Region	  

II	   in	  Figures	  3.5a(i)	  and	  3.5a(ii)	  with	   fitting.	  3.5b(i),	   the	   fitting	   requires	   three	  exponential	  

terms	   corresponding	   to	   the	   time	   constants	   1τ , 	   2τ , 	   and	   3τ ;	   3.5b(ii),	   the	   fitting	   requires	  

two	  exponential	   terms	  corresponding	   to	   the	   time	  constants	   '
1τ 	  and	   '

2τ . 	  3.5c,	  deactivation	  

study	   of	   isolated	   PSII	   CCs	   (red	   profile)	   and	   PSII	   CCs	   attached	   to	  GO-‐NiNTA	   (black	   profile)	  

in	   terms	   of	   the	   decline	   in	   quantum	   yield	   of	   photochemistry	   (FV/Fm)	   versus 	   time.	   3.5d,	  

expansion	  of	   the	   initial	   values	  of	   the	  curves	   in	  Figure	  3.5c.	  PSII	  CCs	   in	  both	  samples	  were	  

treated	   under	   the	   same	   incubation	   and	   buffer	   conditions	   at	   4	   °C	   before	   each	  

measurement	  conducted	  at	  room	  temperature.	  	  
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Figure	  2.6	  -‐	  Charge-‐Transfer	  Characteristics	  of	  PSII	  CCs	  immobilized	  on	  GO-‐NiNTA	  in	  comparison	  to	  

free	  PSII	  CCs.	  
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Figure	   2.6	   ⎜ 	   Charge-‐Transfer	   Characteristics	   of	   PSII	   CCs	   immobilized	   on	   GO-‐NiNTA	   in	  

comparison	  to	  free	  PSII	  CCs.	  

3.6a,	   electron	   paramagnetic	   resonance	   (EPR)	   spectra	   of	   the	   pristine	   GO-‐NiNTA	   resin	   and	  

in	  the	  presence	  of	  a	  mild	  reductant	   (ascorbate)	   in	  solution	  or	  PSII	  CCs	  coordinated	  on	  the	  

surface	  of	  the	  resin.	  The	  tyrosine	  D	  TyrD • 	  (YD •)	  radical	  signal	   is	  subtracted	  to	  show	  only	  the	  

radical	   signal	   from	  GO.	   The	   blue	   trace	   refers	   to	  GO-‐NiNTA-‐PSII	   bio-‐conjugates,	   the	   green	  

trace	  refers	   to	  GO-‐NiNTA-‐PSII	  bio-‐conjugates	  minus	   the	  EPR	  signal	   from	  free	  PSII	  CCs,	   the	  

black	   trace	   refers	   to	  GO-‐NiNTA	   in	   the	   presence	   of	   ascorbate,	   and	   the	   purple	   trace	   refers	  

to	   GO-‐NiNTA.	   3.6b,	   a	  mechanistic	   hypothesis	   concerning	   the	   nature	   of	   the	   radical	   signal	  

on	  GO	  in	  terms	  of	  ring	  opening	  and	  protonation	  of	  epoxy	  groups	  on	  the	  surface	  of	  GO.	  
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Figure	  2.7	  –	  Steady	  State	  Oxygen	  Evolution	  

 

 

Figure	   2.7	   | 	   Oxygen	   yield	   under	   continuous	   il lumination	   at	   1250	   μmol	   quanta	   m-‐2	   s-‐1	   of	  

PSII	  CCs	  and	  PSII	   immobilized	  on	  the	  GO-‐NiNTA	  resin	  at	  45	   °C.	   Il lumination	  was	  started	  at	  

0	   sec.	   The	   original	   GO-‐NiNTA-‐PSII	   profile	   was	   multiplied	   by	   a	   factor	   of	   3	   to	   account	   for	  

the	   difference	   in	   Chl	   a	   content	   in	   the	   samples,	   for	   the	   purpose	   of	   a	   direct	   comparison	  

with	  the	  PSII	  profile.	  	   	   	  
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Chapter	  III.	  Kinetic	  Study	  of	  a	  Biohybrid	  Electron-‐Transport	  Chain	  Based	  on	  Photosystems	  II	  

and	  I	  Coupled	  to	  Graphene	  Oxide	  

 

1.	  Introduction	  

	   In	   all	   oxygenic	   photosynthetic	   organisms,	   photosystems	   I	   and	   II	   reaction	   centres	   (PSI	   and	  PSII	  

RCs)	  convert	  photon	  energy	  to	  electrical	  potentials	  with	  extraordinary	  efficiency,	  45±10%	  and	  80±15%,	  

respectively,14	   under	   a	   wide	   range	   of	   light	   and	   temperature	   conditions.64	   PSII	   RCs	   oxidize	   water	   to	  

generate	   oxygen	   and	   protons	   on	   the	   luminal	   side	   of	   the	   thylakoid	   membrane	   while	   translocating	  

electrons	  toward	  the	  stromal	  side.65,	  66	  In	  principle,	  this	  reaction	  can	  be	  re-‐engineered	  with	  isolated	  CCs	  

on	   solid	   interfaces	   to	   convert	   light	   into	   chemical	   energy	   in	   the	   form	  of	  hydrogen	  and	  oxygen	  gases.67	  

Although	   progress	   in	   the	   fields	   of	   genomics,	   molecular	   genetics,	   biochemistry,	   biophysics,	   materials	  

science,	   and	   engineering	   makes	   such	   a	   device	   tantalizingly	   close,	   a	   functional	   system	   has	   remained	  

elusive.	   	  Membranes	  with	   oriented	   photosynthetic	   CCs	   have	   been	   assembled,68-‐71	   and	   attempts	   have	  

been	  made	  to	  integrate	  photosynthetic	  protein	  complexes	  in	  solid-‐state	  devices	  such	  as	  photodetectors,	  

photovoltaic	  cells,	  and	  photoelectronic	  devices.31,	  32,	  72-‐90	  PSII	  CCs	  have	  been	  immobilized	  onto	  electrodes	  

for	   assembling	   biosensors.91-‐96	   PSII	   and	   PSI	   CCs	   have	   been	   immobilized	   as	   components	   of	   a	   future	  

biohydrogen	   production	   device.11,	  97,	  98	  Hydrogen	   generation	   via	   solid-‐state	   integration	   of	   isolated	   PSII	  

and	  PSI	  CCs	  with	  hydrogenases	  has	  been	  suggested,	  although	  a	  full	  device	  has	  yet	  to	  be	  assembled.	  	  

Several	   approaches	   for	   biological	   and	   biomimetic	   energy	   conversion	   systems	   have	   been	  

proposed.99,	  100	  In	  particular,	  the	  possibility	  of	  using	  photosynthesis	  to	  produce	  hydrogen	  from	  biological	  

resources	   is	   summarized	   in	   Esper	   et.	   al.	   67	   Both	   natural	  microorganisms	   or	   semi-‐artificial	   devices	   are	  

being	  investigated	  within	  various	  national	  and	  international	  programs.	  Most	  approaches	  being	  followed	  

on	   the	   front	  of	   semi-‐artificial	  devices	   strive	   toward	  a	  photoelectrochemical	   system	  based	  on	  PSII,	  PSI,	  

and	  hydrogenase.	  The	  original	  model,	  proposed	  since	  1979,	   101	  entailed	  the	  use	  of	  particles	   floating	   in	  
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solution	   in	   the	   presence	   of	   redox	  mediators.	   Agostiano	   et	   al.47	   succeeded	   in	   the	   remarkable	   task	   of	  

making	  a	  galvanic	  device	  for	  H2-‐generation	  based	  on	  PSII-‐	  and	  PSI-‐enriched	  particles	  immobilized	  onto	  Pt	  

electrodes.	  The	  PSII	  and	  PSI	  particles	  were	  not	  as	   refined	  as	   those	  available	   today.	  So	   far,	  no	  one	  has	  

ever	  published	  a	   full	  working	  device	  using	   isolated	  CCs.67	  New	  strategies	   involve	  the	   immobilization	  of	  

PSII,	  PSI	  CCs	  and	  hydrogenases	  onto	  electrodic	  surfaces.	  	  A	  critical	  evaluation	  of	  direct	  biophotolysis	  of	  

water	  using	  hydrogenases	  points	  out	  that	  the	  maximal	  energetic	  efficiency	  of	  hydrogen	  production	  at	  a	  

wavelength	   of	   680	   nm	   is	   about	   41%,	   but	   a	   negative	   issue	   is	   represented	   by	   oxygen	   sensitivity	   of	  

hydrogenases.102	  This	  estimate	  in	  principle	  applies	  to	  both	  systems	  based	  on	  natural	  microorganism	  and	  

semi-‐artificial	  devices.	  In	  practice,	  a	  more	  realistic	  estimate	  is	  set	  at	  10%.12	  

Graphene	  oxide	  (GO)	  was	  recently	  discovered	  as	  an	  alternative	  path	  to	  graphene.103-‐108	  GO	  is	  an	  

extremely	   interesting	  material	   in	   its	  own	  right.109	  GO	  can	  be	  synthesized	  by	  exfoliating	  graphite	  under	  

strong	  oxidation	  conditions	  followed	  by	  subsequent	  reduction.	  The	  residual	  oxygen-‐containing	  chemical	  

species	   include	  hydroxyl,	   carboxyl,	  epoxy,	  and	  ketonic	   functional	  groups	  concentrated	  at	   the	  edges	  of	  

graphene	  quantum	  islands.	  The	  presence	  of	  oxygen	  functional	  groups	  disrupt	  the	  graphene	  sp2	  network	  

transforming	  40%	  of	   the	  carbon	  bonds	   into	  sp3	  bonds	  above	  a	  C/O	  ratio	  of	  5:1	   (20%-‐oxygen	  content).	  

Above	  this	  ratio,	  GO	  is	  an	  undulated	  surface	  with	  0.6	  nm	  roughness.109	  The	  degree	  of	  oxidation	  can	  be	  

used	  to	  control	  electron/hole	  transport	  properties.	  GO	  nanosheets	  provide	  an	   ideal	  chemical	  “canvas”	  

for	  the	  self-‐assembly	  and	  investigation	  of	  photosynthetic	  proteins	  for	  several	  reasons.	  	  GO	  is	  a	  solution-‐

processable	  material.	  The	  presence	  of	  polar	  oxygen-‐containing	  functional	  groups	  on	  the	  surface	  allows	  

one	  to	  obtain	  high-‐concentration	  suspensions	  in	  aqueous	  solutions.	  The	  higher	  the	  oxygen	  content,	  the	  

easier	  it	  is	  to	  suspend	  GO	  in	  water.	  Suspensions	  are	  possible	  at	  oxygen-‐content	  between	  8%	  and	  35%.110	  

Concentrations	  up	  to	  2.5	  mg/mL	  and	  5	  mg/mL	  are	  possible	  at	  8%	  to	  35%	  oxygen-‐content,	  respectively.	  

Slurries	  with	   a	   concentration	   up	   to	   50	  mg/mL	   can	   be	   prepared.111	   GO	   is	   amenable	   to	   click-‐chemistry	  

surface	  modification.112	  GO	  is	  a	  single	  layer	  surface	  electron	  conductor	  at	  low	  oxygen-‐content	  (8%)	  and	  a	  
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surface	   hole-‐conductor	   at	   high	   oxygen	   content	   (35%).	   The	   surface	   electronic	   conductivity	   varies	  

between	  103	  to	  10-‐9	  S·∙cm-‐1	  in	  going	  from	  the	  lowest	  to	  the	  highest	  oxygen	  content.	  However,	  electronic	  

transfer	   by	   tunneling	   is	   possible	   normally	   to	   the	   layer	   at	   all	   oxygen	   contents.	   GO	   is	   characterized	   by	  

hydrophobic	   carbon	   regions	  and	  by	   the	  polar	  oxygen	   functional	  groups.	   	   The	  amphiphilic	   character	  of	  

GO	  makes	  it	  highly	  biocompatible	  as	  a	  protein	  support,	  in	  spite	  of	  observed	  evidence	  for	  cytotoxicity.	  113-‐

122	   GO	   in	   suspension	   at	   low	   concentrations	   and	   as	   thin	   film,	   is	   transparent,	   thus	   making	   it	   an	   ideal	  

substrate	  for	  optical	  spectroscopy	  studies	  and	  potentially	  for	  vibrational	  spectroscopy	  investigations	  of	  

photosynthetic	  proteins	  tethered	  to	  its	  surface.111	  GO	  can	  be	  readily	  deposited	  to	  give	  large	  area	  films	  at	  

low	   cost.	   GO	   thin	   films	   can	   be	   formed	   virtually	   on	   any	   given	   substrate	   including	   glass,	   metals,	   and	  

plastics.111	  GO	  obviates	  the	  need	  for	  Indium	  Tin	  Oxide	  (ITO),	  which	  uses	  a	  rare	  element.	  GO	  can	  be	  used	  

as	   an	   interface	   for	   assembling	   proteins,123,	   124	   and	   in	   particular,	   photosynthetic	   molecules.	   The	   self-‐

assembly	  of	  photosynthetic	  proteins	  can	  occur	  onto	   thin-‐films	  on	  solid	   substrates.	  Both	  sides	  of	  a	  GO	  

nanosheet	   are	   accessible	   for	   self-‐assembly	   in	   the	   case	   of	   nanosheets	   suspended	   in	   aqueous	   solution.	  

Contrary	   to	   carbon	   nanotubes,	   useful	   tethering	   groups	   on	   the	   surface	   are	  widely	   distributed	   and	   not	  

mainly	  concentrated	  at	  the	  ends.74,	  87,	  88	  

To	   analyze	   the	   connectivity	   of	   the	   system,	   the	   PSI	   was	   probed	   using	   the	   Joliot-‐type	  

Spectrophotometer	   (JTS),	   which	   provides	   high-‐resolution	   and	   is	   specifically	   designed	   for	   electron-‐

transfer	  studies	  in	  photosynthetic	  organisms	  via	  fluorescence	  and	  absorbance	  changes.	  JTS	  utilizes	  two	  

sample	  locations	  with	  their	  own	  monochromatic	  illumination	  sources,	  tandem	  photodetectors,	  and	  the	  

ability	  to	  compare	  these	  signals.125,	  126	  The	  samples	  are	  at	  right	  angles	  of	  each	  other	  with	  a	  light	  source	  

split	  by	  a	  diffraction	  grating.	  The	  JTS	  has	  been	  used	  to	  study	  PSI	  and	  PSII,	  and	  is	  capable	  of	  distinguishing	  

between	   cyclic	   versus	   linear	   electron	   flow.	   This	   technique	   is	   often	   used	   to	   investigate	   non-‐

photochemical	   quenching,	   carotenoid	   bandshifts,	   transthylakoid	   pH	   variations,	   and	   for	   probing	  

cytochrome	  b,	  f,	  b6f.	  Measurements	  of	  the	  activity	  of	  PSI	  entail	  the	  induction	  of	  an	  absorption	  change	  in	  
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700P 	  with	   suitable	   light	   flashes.127,	  128	   The	   absorption	   changes	   at	   700	  nm	   signal	   the	   changes	  occurring	  

within	  the	   700P 	  chlorophyll	  a	  pair.129-‐131	  JTS	  has	  been	  used	  to	  measure	  the	  PSI/PSII	  ratio	  in	  cells/systems.	  

This	   is	  done	  by	  observing	   the	   fast	  phase	  change	   in	  amplitude	  of	   the	   saturating	   light	   conditions	  of	   the	  

laser	  excited	  electrochromic	   shift	   signal.130	   The	  electrochromic	   shift	   change	   shows	  a	   linear	   correlation	  

with	  the	  number	  of	  light	  induced	  charge	  separations	  in	  the	  photosynthetic	  complexes.131	  PSI/PSII	  ratios	  

can	  be	  determined	  by	  comparing	  the	  spectral	  evidence	  of	  the	  charge	  separation	  of	  the	  intact	  system	  as	  

compared	  to	  the	  change	  when	  an	  inhibitor	  (such	  as	  DCMU)	  is	  introduced	  deactivating	  the	  PSII	  reaction	  

center.130	  

	   This	  chapter	  presents	  a	  JTS	  study	  of	  PSII-‐(GO-‐NiNTA)-‐PSI,	  a	  system	  comprised	  of	  PSII	  His-‐tagged	  

on	  the	  stromal	  side,	  PSI	  His-‐tagged	  on	  the	   luminal	  side,	  and	  graphene	  oxide	  functionalized	  with	  Nickel	  

nitriloacetic	   groups.132	   The	   central	   focus	   of	   this	   chapter	   is	   to	   gather	   evidence	   in	   support	   of	   electron-‐

transfer	  between	  PSII	  and	  PSI	  through	  GO.	  
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2.	  Methods	  

2.1	  -‐	  Synthesis	  of	  GO-‐NiNTA	  

	   The	   starting	   material	   was	   a	   suspension	   containing	   graphene	   oxide	   (GO)	   with	   20%	   oxygen	  

content	   provided	   by	   the	   Nano-‐materials	   and	   Devices	   Group	   at	   Rutgers	   University.132	   The	   entire	  

preparation	  process	  was	  conducted	  at	  room	  temperature.	  	  The	  GO	  was	  modified	  by	  a	  room	  temperature	  

reaction	   with	   10	   mM	   N-‐hydroxysuccinimide	   (NHS)	   and	   10	   mM	   N-‐ethyl-‐N’-‐(3-‐dimethylaminopropyl)-‐

carbodiimide,	   both	   of	   which	   were	   in	   excess	   to	   the	   carboxyl	   groups	   on	   the	   GO.	   	   Afterwards,	   the	  

suspension	  was	  then	  washed	  with	  ultra-‐pure	  water	  to	  form	  a	  graphene	  derivative	  containing	  activated	  

carboxyl	  groups.	  	  The	  washed	  precipitate	  was	  then	  treated	  with	  a	  150	  mM	  Na,Na-‐bis(carboxymethyl)-‐L-‐

lysine	   hydrate	   (pH=9.8)	   solution.	   The	   washed	   precipitate	   was	   subsequently	   treated	   with	   a	   100	   mM	  

solution	  of	  NiSO4	  to	  provide	  a	  graphene	  derivative	  containing	  nickel	  ions	  (i.e.,	  GO-‐Ni-‐NTA).	  	  The	  resultant	  

resin	  was	  stored	  as	  a	  wet	  precipitate	  at	  4˚C	  for	  further	  use.	  	  A	  more	  detailed	  discussion	  of	  the	  synthesis	  

can	  be	  found	  in	  the	  appendix.	  

2.2	  -‐	  Synthesis	  of	  GO-‐NiNTA-‐PSI	  and	  PSII-‐(GO-‐NiNTA)-‐PSI	  

	   PSII	   CC	   that	   were	   His-‐tagged	   on	   the	   protein	   domain	   CP47	   were	   isolated	   from	   a	   thermophilic	  

cyanobacterium	  T.	  elongatus	  using	  a	  previously	  reported	  protocol.63	  PSII	  CC	  is	  a	  dimeric	  protein	  with	  a	  

physical	  dimension	  of	  20.5	  nm	  (L)	  x	  11.0	  nm	  (W)	  x	  10.5	  nm	  (D)	  and	  a	  molecular	  weight	  of	  680	  kDa.	  PSI	  

CCs	   that	   were	   His-‐tagged	   on	   the	   luminal	   side	   were	   isolated	   from	   Synechococcus	   sp.	   7002	   by	   John	  

Golbecks’s	  lab	  at	  Pennsylvania	  State	  University	  using	  an	  ad	  hoc	  procedure.	  37,	  133	  The	  structure	  of	  the	  PSI	  

CCs	   protein	   from	  Synechococcus	   sp.	   7002	   is	   similar	   to	   that	   of	   the	   PSI	   CC	   protein	   form	  Synechococcus	  

elongatus,	   whose	   structure	   has	   been	   resolved	   at	   atomic	   level	   by	   x-‐ray	   crystallography.	   	   The	   PSI	   CC	  

protein	   thus	  obtained	  had	  a	   trimeric	   structure.	   	  The	  cylindrical	   trimer	  had	  a	  diameter	  of	  22	  nm	  and	  a	  

height	  of	  10	  nm.	  	  His-‐tagged	  PSI	  CC	  (3.5	  µL	  of	  a	  suspension	  3.0	  mg	  Chl	  a	  /	  mL)	  and	  PSII	  CCs	  (20	  µL	  of	  a	  
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suspension	  0.5	  mg	  Chl	  a	  /	  mL)	  were	  incubated	  in	  a	  suspension	  containing	  the	  GO-‐Ni-‐NTA	  resin	  (10	  µL	  of	  

25%	   v/v	   suspension	   of	   resin)	   for	   60	  minutes	   at	   4	   °C.	   The	   suspension	  were	   centrifuged	   (21,000g)	   and	  

washed	  three	  times	  with	  a	  buffer	  comprised	  of	  50	  mM	  MES	  (4-‐morpholineethanesulfonic	  acid),	  10	  mM	  

MgCl2,	  10	  mM	  NaCl,	  10	  mM	  CaCl2,	  15%	  glycerol,	  0.05%	  β-‐DM	  (n-‐dodecyl-‐β-‐D-‐maltoside),	  pH	  6.5.	   	  This	  

allowed	  the	  preparation	  of	  GO-‐NiNTA-‐PSI	  and	  PSII-‐(GO-‐NiNTA)-‐PSI	  in	  suspension.	  On	  the	  basis	  of	  amino	  

acid	  analysis	  it	  is	  calculated	  that	  the	  PSII/PSI	  ratio	  for	  PSII-‐(GO-‐NiNTA)-‐PSI	  in	  suspension	  is	  equal	  to	  1.9.	  

2.3	  -‐	  Joliot-‐type	  Spectroscopy	  of	  PSII-‐(GO-‐NiNTA)-‐PSI	  

The	   PSII-‐(GO-‐NiNTA)-‐PSI	   suspension	   was	   further	   prepared	   for	   JTS	  measurements.	   Ficoll	   at	   a	   final	  

concentration	  of	  20%	  v/v	  was	  used	  as	  a	  stabilizer.	  Dichlorophenol	   indophenol	  (DCPIP,	  25µM),	  ascorbic	  

acid	   (500	   µM),	   and	   methyl	   viologen	   (MV,	   500	   µM)	   were	   utilized	   as	   PSI	   mediators.	   	   Potassium	  

ferricyanide	  (K3Fe(CN)6,	  1mM)	  and	  dichlorobenzoquinone	  (DCBQ,	  80	  µM)	  served	  as	  electron	  acceptors	  

for	   PSII.	   	   Joliot-‐type	   Spectroscopy	   (JTS)	   was	   used	   in	   absorbance	   change	   mode	   to	   probe	   PSI	   and	   in	  

fluorescence	  change	  mode	   to	   interrogate	  PSII.	   	   The	   state	  of	  oxidation	  of	  PSI	  was	  measured	  using	  LED	  

probing	   light	   in	  the	   interval	  700-‐740	  nm	  filtered	  with	  three	  band-‐pass	  filters	  (705	  ±	  3	  nm):	  one	  before	  

beam	  splitter,	  and	  two	  before	  sample	  and	  reference	  detectors.	  	  Steady	  state	  oxidation	  level	  of	  PSI	  was	  

achieved	  by	  continuous	  green	  actinic	  LED	  light	  at	  532	  nm	  (50	  µmol	  /	  (m2s)).	  	  Light	  saturation	  of	  PSI	  was	  

obtained	  using	  a	  single	  200	  ms	  pulse	  of	  orange	  actinic	  LED	   light	  at	  639	  nm	  (3000	  µmol	  /	   (m2s)).	  PSII’s	  

fluorescence	  was	  monitored	  using	  white	   light	   filtered	  using	  a	   fluorescence	   filter	   (420	  ±	  90	  nm)	  before	  

the	   beam	   splitter,	   with	   a	   similar	   filter	   on	   the	   reference	   detector	   (480	  ±	   150	   nm).	   	   A	   high-‐pass	   filter	  

allowing	  only	  wavelengths	  higher	  than	  660	  nm	  to	  pass	  detected	  emission.	  	  Steady	  state	  oxidation	  of	  PSII	  

was	   achieved	   using	   continuous	   639	   nm	   orange	   actinic	   LED	   light	   (150	   µE/	   (m2s))	   for	   20	   s.	   The	   same	  

experiments	  were	   repeated	  on	   the	   same	  PSII-‐(GO-‐NiNTA)-‐PSI	   suspension	  before	  and	  after	   addition	  of	  

imidazole	   as	   decoupling	   agent	   (200	  mM).	   	   Figure	   3.1	   represents	   a	   typical	   JTS	  measurement	  profile	   in	  

absorbance	  change	  mode	  of	  PSI	  CCs.	  At	  time	  zero	  it	  is	  assumed	  that	  the	  PSI	  CCs	  are	  completely	  reduced,	  



	  
	  

 

40	  

and	   this	   is	   asserted	  by	   the	  excess	  of	   ascorbate	  and	  DCPIP	   in	   the	   sample.	  This	  dark	  adapted	   sample	   is	  

illuminated	  with	  the	  green	  light	  to	  bring	  to	  a	  steady	  state.	  After	  that	  is	  achieved	  an	  orange	  flash	  of	  about	  

200	  milliseconds	  (ms)	  completely	  oxidizes	  the	  P700.	  From	  this	  absorbance	  change	  we	  can	  find	  the	  rate	  of	  

P700	  oxidation,	  the	  P700+	  saturation	  ([P700+]	  sat)	  and	  the	  P700	  steady	  state	  contribution.	  ([P700+]S.S.)	  During	  the	  

“dark	  phase”	  we	  can	  find	  the	  rate	  of	  re-‐reduction	  of	  the	  P700.	  

Figure	  3.1	  -‐	  Typical	  Joliot-‐type	  spectroscopy	  measurements	  profile	  

Figure	   3.1	   |	   Typical	   Jol iot-‐type	   spectroscopy	   measurements	   profi le	   in	   absorbance	  

change	   mode	   of	   PSI	   CCs.	   The	   dark-‐adapted	   sample	   is	   i l luminated	   with	   green	   light	   at	  

532	  nm	  and	  then	  saturated	  with	  a	  100	  µs	  orange	  flash	  at	  639	  nm.	  In	  the	  dark	  phase	  re-‐

reduction	   occurs	   thanks	   to	   suitable	   redox	   mediators.	   Dichlorophenol	   indophenol	  

(DCPIP)	   is	   the	   primary	   donor,	   ascorbate	   is	   the	   auxiliary	   donor,	   and	   methyl	   viologen	  

(MV)	   is	  the	  terminal	  electron	  acceptor. 	  
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3.	  -‐	  Results	  and	  Discussion	  	  

3.1	  -‐	  Kinetic	  Model:	  PSI	  CC	  System	  	  

	   JTS	  spectroscopy	  can	  probe	  the	  light-‐induced	  and	  chemically	  induced	  oxidation	  state	  changes	  of	  

PSI	  by	  following	  the	  primary	  electron	  donor	  in	  reduced	  form	  ( 700P )	  and	  oxidized	  form	  ( •+
700P ).	  A	  typical	  

JTS	  measurement	  in	  absorbance	  change	  mode	  of	  PSI	  CCs	  is	  shown	  in	  Fig.	  4.1.	   700P 	  can	  be	  oxidized	  to	  

•+
700P 	  by	  light	  with	  wavelength	  below	  700	  nm	  in	  a	  forward	  half-‐reaction	  characterized	  by	  the	  irradiance-‐

dependent	  kinetic	  constant	   PSIk ,	   [ ]lightkk PSIPSI = 	  (see	  Scheme	  4.1,	  I).	  

Scheme	  3.1	  -‐	  Kinetic	  semi-‐reactioins	  

	  	  

	   	  

Scheme	   3.1	   | 	   Kinetic	   semi-‐reactions	   relevant	   to	   PSI	   CC	   (I), 	   PSI	   CC	  

on	  GO-‐NiNTA	   (II), 	  and	   the	  PSII-‐(GO-‐NiNTA)-‐PSI	  b iohybryd	   electron	  

transport	  chain	  (I II). 	  
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	   The	   probability	   of	   the	   corresponding	   spontaneous	   dark	   back-‐reaction	   is	   assumed	   to	   be	   small	  

under	  the	  adopted	  experimental	  conditions.	  The	  re-‐reduction	  of	   •+
700P 	  to	   700P 	  in	  the	  dark	  occurs	  only	  by	  

virtue	  of	  the	  chemical	  donor	  as	  characterized	  by	  the	  kinetic	  constant	   Dk .	  This	  re-‐reduction	  occurs	  in	  the	  

light,	   as	   well.	   The	   term	   ‘donor’	   indicates	   the	   primary	   donor	   DCPIP	   in	   the	   presence	   of	   an	   excess	   of	  

ascorbate	   as	   auxiliary	   donor.	   The	   excess	   auxiliary	   donor	   ensures	   that	   DCPIP	   is	   for	   the	  most	   part	   in	   a	  

reduced	  state,	  unless	  it	  is	  utilized	  by	  the	  acceptor	  side	  of	  PSI.	  	  The	  following	  two	  differential	  equations	  

need	  to	  be	  considered:	  

[ ] [ ]700
700 Pk
dt
Pd

PSI=− 	  	  	  	   	   	   	   	  	  	  	  	  	  (Eq	  3.1)	  

[ ] [ ] [ ]donorPk
dt
Pd

D ⋅=− •+
•+

700
700 	  	   	   	   	   	   (Eq.	  3.2)	  

The	  steady	  state	  (s.s.)	  condition	  is	  reached	  when	  the	  electronic	  flows	  represented	  by	  equations	  (Eq.	  3.1)	  

and	  (Eq.	  3.2)	  are	  equal	  and	  therefore	  the	  following	  relationship	  is	  satisfied:	  

[ ] [ ] [ ]donorPkPk ssDssPSI ⋅= •+
..700..700 	  	  	   	   	   (Eq.	  3.3a)	  

A	  simple	  rearrangement	  will	  give:	  

[ ]
[ ] [ ]donork

k

P

P

D

PSI

ss

ss =
•+

.700

.700
	   	   	   	   (Eq.	  3.3b)	  

The	  mass	  balance	  requires	  that:	  

[ ] [ ] [ ] [ ] [ ] [ ] [ ]PSIPPPPPP
satsssstttot
≈=+≈+= •+•+•+

700..700..700700700700 	   	   (Eq.	  3.4)	  



	  
	  

 

43	  

The	  meaning	  of	  most	  of	  these	  terms	  is	  elucidated	  in	  Fig.	  3.1.	  The	  mass	  balance	  is	  valid	  at	  all	  times	  t,	  not	  

only	   at	   the	   steady	   state	   [ ]PSI tot	   indicates	   the	   total	   amount	   of	   PSI	   in	   the	   system.	   It	   is	   assumed	   that	  

[ ] 0
0700 =•+P 	  

at	  time	  t	  =	  0.	  It	  is	  convenient	  to	  consider	  an	  origin	  shift	  in	  such	  a	  way	  that	  t	  =	  0	  when	  the	  

green	  light	  at	  532	  nm	  is	  turned	  on.	  	  The	  requirement	  that	  all	  PSI	  is	  in	  a	  reduced	  form	  is	  compatible	  with	  

the	   experimental	   requirement	   that	   ascorbate	   is	   present	   in	   excess.	   The	   solution	   of	   equation	   (Eq.	   3.2)	  

provides	  an	  expression	  for	  the	  concentration	  of	   •+
700P at	  time	  t	  in	  the	  dark	  phase:	  

[ ] [ ] [ ] tdonork
satt

DePP ⋅−•+•+ ⋅= 700700 	  	   	   	   	   (Eq.	  3.5)	  

	  The	  combination	  of	  equations	  (Eq.	  3.1)	  and	  (Eq.	  3.2),	  considering	  the	  boundary	  condition	  expressed	  by	  

(Eq.	  3.4)	  gives	  the	  following	  equation:	  

[ ] [ ] [ ] [ ] [ ]⎟
⎠
⎞

⎜
⎝
⎛ −−⋅=− •+•+

•+

700700700
700 PPkdonorPk
dt
Pd

totPSID 	  	  	  	  	  	   	   (Eq.	  3.6)	  

The	  solution	  of	  equation	  3.6	  provides	  an	  expression	  for	  the	  concentration	  of	   •+
700P at	  time	  t	  in	  the	  light	  

phase,	  where	  light-‐induced	  oxidation	  of	   700P 	  is	  contrasted	  by	  its	  concomitant	  chemical	  re-‐reduction:	  

[ ] [ ]
[ ]

[ ]{ }( )tdonorkk

DPSI

PSI
t

DPSIe
donorkk

PSIkP ⋅+−•+ −
⋅+

= 1700 	  	  	  	  	  (Eq.	  3.7)	  

This	  equation	  holds	   true	  provided	   that	   the	   condition	   [ ] 0
0700 =•+P 	  is	   satisfied.	   The	  presence	  of	  DCPIP	  

with	  excess	  ascorbate,	  assures	  just	  that.	  
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Figure	  3.2	  –	  EPR	  of	  GO-‐NiNTA	  and	  Conjugates	  

	   	  

340033803360334033203300

Field (Gauss)

 GO-NiNTA-PSI
 GO-NiNTA-PSII
 GO-NiNTA

Figure	   3.2	   |	   The	   native	   radical	   signal	   present	   in	   GO-‐NiNTA	  

can	   be	   enhanced	   by	   both	   PSI	   and	   PSII,	   indicating	   that	   GO	  

acts	   like	  a	  sink	  of 	  electrons	  for	  both	  photosystems.	  
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3.2	  -‐	  Kinetic	  Model:	  GO-‐NiNTA-‐PSI	  System	  

	   When	  PSI	  CCs	  are	  immobilized	  onto	  GO	  nanosheets	  in	  addition	  to	  the	  forward	  light-‐driven	  semi-‐

reaction	  from	   700P 	  to	   •+
700P 	  and	  the	  re-‐reduction	  from	   •+

700P 	  to	   700P 	  due	  to	  the	  chemical	  donor,	  there	  is	  

the	   possibility	   of	   a	   new	  dark	   semi-‐reaction	   involving	   re-‐reduction	   of	   •+
700P 	  to	   700P 	  by	  GO	   (see	   Scheme	  

3.1,	  II).	  GO	  is	  expected	  to	  act	  as	  an	  electron	  sink	  for	  the	  electrons.	  As	  shown	  by	  electron	  paramagnetic	  

measurements	   (EPR)	   in	   Fig.	   3.2,	   GO	   is	   characterized	   by	   a	   native	   radical	   signal,	   which	   is	   attributed	   to	  

electronic	   radicals	  of	   the	   same	  kind	   trapped	   in	   the	  extended	  conjugated	   system	  of	   the	  basal	  plane	  of	  

GO.	  The	  native	  radical	  can	  be	  enhanced	  by	  reduction	  of	  GO	  by	  electrons	  emerging	  at	  the	  acceptor	  side	  

of	  PSI	  that	  trickle	  back	  down	  to	  GO.	  Reduced	  MV	  is	  also	  likely	  to	  reduce	  GO.	  Therefore,	  reduced	  GO	  is	  

capable	  of	  re-‐reducing	   •+
700P 	  to	   700P .	  

The	  ability	  of	  DCPIP	  to	  re-‐reduce	   •+
700P 	  to	   700P 	  is	  partially	   impaired	  by	  the	  fact	  that	  PSI	  CCs	  are	  

immobilized	  on	  the	  lumen	  side	  onto	  GO.	  The	  His-‐tags	  assure	  the	  vectorial	  orientation	  of	  PSI.	  The	  oxygen	  

functional	   groups	   (-‐OH	   and	   epoxy	   groups)	   on	   the	   surface	   of	   GO	   are	   likely	   to	   promote	   secondary	  

interactions	   between	   the	   acceptor	   side	   of	   PSI	   and	  GO.	   These	   interactions	   are	   expected	   to	   be	  mainly	  

hydrogen-‐bonding	  between	  PSI	  and	  –OH	  groups.	  Therefore,	  the	  coordinative	  interactions	  of	  the	  His-‐tags	  

of	  PSI	  with	  GO-‐Ni-‐NTA,	  and	  hydrogen-‐bonding	   restrict	   the	  access	  of	  DCPIP	   to	   the	  acceptor	   side	  of	  PSI	  

bound	  to	  GO.	  For	  this	  reason	  the	  factor	  ϕ,	  accouning	  for	  the	  sterical	  accessibility	  of	  the	  chemical	  donor	  

to	  the	  acceptor	  side	  of	  PSI	  when	  GO	  is	  present,	  was	  introduced	  (0≤ϕ≤1).	  	  

The	  two	  differential	  equations	  necessary	  to	  describe	  GO-‐NiNTA-‐PSI	  are	  (Eq.	  3.1)	  and	  (Eq.	  3.8):	  

[ ] [ ] [ ]{ } [ ]•+
•+

⋅+=− 700
700 PGOkdonork
dt
Pd

GOD ϕ 	  	   	   	   (Eq.	  3.8)	  

The	  steady	  state	  condition	  is	  achieved	  when	  the	  electronic	  flows	  of	  (Eq.	  3.1)	  and	  (Eq.	  3.8)	  are	  equal.	  This	  

condition	  is	  satisfied	  when	  equation	  (3.9a)	  holds	  true:	  
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[ ] [ ] [ ]{ } [ ]
..700..700 ssGODssPSI PGOkdonorkPk •+⋅+= ϕ
	  
	   	  	  	   	  	  	  	  	  	  	  	  (Eq.	  3.9a)	  

The	  same	  equation	  can	  be	  rearranged	  to	  give	  equation	  (Eq.	  3.9b):	  

[ ]
[ ] [ ] [ ]GOkdonork

k
P

P

GOD

PSI

ss

ss

+
=

•+

ϕ
..700

..700
	  	   	   	   (Eq.	  3.9b)	  

The	  solution	  of	  equation	  (Eq.	  3.8)	  provides	  an	  expression	  for	  the	  concentration	  of	   •+
700P at	  time	  t	   in	  the	  

dark	  phase:	  

[ ] [ ] [ ] [ ]{ } tGOkdonork
satt

GODePP ⋅+−•+•+ ⋅= ϕ
700700 	  	  	   	   	   	  	  	  (Eq.	  3.10)	  

Using	  equations	  (Eq.	  3.1)	  and	  (Eq.	  3.8),	  considering	  the	  boundary	  condition	  expressed	  by	  (Eq.	  3.4)	  gives	  

the	  following	  equation:	  

[ ] [ ] [ ]{ } [ ] [ ] [ ]⎟
⎠
⎞

⎜
⎝
⎛ −−⋅+=− •+•+

•+

700700700
700 PPkPGOkdonork
dt
Pd

totPSIGOD ϕ 	  	  	  	  	  	   (Eq.	  3.11)	  

The	  solution	  of	  equation	  (3.11)	  provides	  the	  description	  of	  the	  concentration	  of	   •+
700P at	  time	  t	  in	  the	  light	  

phase,	  where	  light-‐induced	  oxidation	  of	   700P 	  is	  opposed	  by	  simultaneous	  re-‐reduction	  by	  the	  chemical	  

donor	  and	  GO: 

[ ] [ ]
[ ] [ ]

[ ] [ ]{ }( )tGOkdonorkk

GODPSI

PSI
t

GODPSIe
GOkdonorkk

PSIkP +⋅+−•+ −
+⋅+

= ϕ

ϕ
1700 	  	  	  	  	  	   (Eq.	  3.12)	  

This	  equation	  holds	  true	  if	   [ ] 0
0700 =•+P .	  	  
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3.3	  -‐	  Kinetic	  Model:	  PSII-‐GO-‐NiNTA-‐PSI	  System	  

	   When	  PSII	  CCs	  His-‐tagged	  on	  the	  stromal	  side	  and	  PSI	  CCs	  His-‐tagged	  on	  the	  luminal	  side	  are	  co-‐

immobilized	  on	  the	  surface	  of	  GO	  the	  construct	  PSII-‐(GO-‐NiNTA)-‐PSI	  is	  assembled.	  This	  system	  

represents	  the	  first	  example	  of	  a	  biohybrid	  electron	  transport	  chain	  based	  on	  GO.	  As	  most	  electron	  

transport	  chains	  in	  vivo	  it	  requires	  the	  assistance	  of	  suitable	  redox	  mediators.	  Ferricyanide	  Fe(CN)3-‐	  and	  

DCBQ	  are	  the	  mediators	  for	  PSII	  and	  represent	  a	  substitute	  for	  the	  natural	  plastoquinone	  pool.	  DCPIP	  

and	  acsorbate	  are	  the	  mediators	  targeting	  the	  donor	  side	  of	  PSI	  (the	  plastocyanine	  side),	  while	  MV	  is	  the	  

mediator	  deputed	  to	  accept	  electrons	  from	  the	  acceptor	  side	  of	  PSI.	  	  It	  is	  expected	  that	  there	  could	  be	  

up	  to	  1010	  of	  PSII-‐(GO-‐NiNTA)-‐PSI	  constructs	  per	  mL	  of	  suspension.	  A	  more	  precise	  formula	  would	  be	  

(PSII)n-‐(GO-‐NiNTA)-‐(PSI)m,	  because	  tens	  of	  thousands	  of	  PSII	  and	  PSI	  CCs	  can	  assemble	  on	  both	  sides	  of	  a	  

GO-‐NiNTA	  fragment	  with	  about	  5	  µm	  in	  diameter,	  where	  n:m	  would	  be	  the	  molar	  ratio	  of	  PSII	  to	  PSI.	  

	   The	  kinetic	  description	  of	  PSII-‐(GO-‐NiNTA)-‐PSI	  requires	  the	  semi-‐reactions	  shown	  in	  scheme	  3.1,	  

III.	  The	  forward	  light-‐driven	  semi-‐reaction	  is	  the	  oxidation	  of	   700P 	  to	   •+
700P .	  The	  re-‐reduction	  from	   •+

700P 	  

to	   700P 	  can	  occur	  via	  chemical	  donor	  (DCPIP	  and	  acsorbate)	  or	  by	  electron-‐transfer	  from	  GO.	  GO	  in	  turn	  

can	  receive	  electrons	  form	  the	  light-‐driven	  semi-‐reaction	  from	   680P 	  to	   •+
680P .	  The	  differential	  equations	  

that	  are	  needed	  to	  describe	  this	  system	  are	  (Eq.	  3.1)	  and	  (Eq.	  3.13):	  

[ ] [ ] [ ] [ ]{ } [ ]•+
•+

⋅++=− 700680
700 PGOkPkdonork
dt
Pd

GOPSIID ϕ 	   	   	   (Eq.	  3.13)	  

The	  s.s.	  condition	  is	  realized	  when	  (Eq.	  3.1)	  and	  (Eq.	  3.13)	  are	  equal:	  

[ ] [ ] [ ] [ ]{ } [ ]
..700680..700 ssGOPSIIDssPSI PGOkPkdonorkPk •+⋅++= ϕ 	  	   	   (Eq.	  3.14a)	  

Rearrangement	  of	  equation	  (Eq.	  3.14a)	  leads	  to	  equation	  (Eq.	  3.14b):	  
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[ ]
[ ] [ ] [ ] [ ]GOkPkdonork

k
P

P

GOPSIID

PSI

ss

ss

++
=

•+

680..700

..700

ϕ
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Eq.	  3.14b)	  

The	  solution	  of	  equation	   (Eq.	  3.13),	  deprived	  of	   the	  term	   [ ]680PkPSII 	  which	   is	  not	  active	  without	   light,	  

provides	  an	  expression	  for	  the	  concentration	  of	   •+
700P at	  time	  t	  in	  the	  dark	  phase:	  

[ ] [ ] [ ] [ ]{ } tGOkdonork
satt

GODePP ⋅+−•+•+ ⋅= ϕ
700700 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Eq.	  3.15)	  

Equation	  (Eq.	  3.15)	  is	  exactly	  the	  same	  as	  equation	  (Eq.	  3.10).	  

Combining	  equations	  (Eq.	  3.1)	  and	  (Eq.	  3.13),	  considering	  the	  boundary	  condition	  (Eq.	  3.4)	  leads	  to:	  

[ ] [ ] [ ] [ ]{ } [ ] [ ] [ ]⎟
⎠
⎞

⎜
⎝
⎛ −−⋅++=− •+•+

•+

700700700680
700 PPkPGOkPkdonork
dt
Pd

totPSIGOPSIID ϕ 	  	  	  	  	  	  	  	  	  (Eq.	  3.16)	  

Solving	   equation	   (Eq.	   3.16)	   generates	   equation	   (Eq.	   3.17)	   describing	   the	   time	   evolution	   of	   the	  

concentration	   of	   •+
700P 	  in	   the	   light	   phase,	   where	   light-‐induced	   oxidation	   of	   700P 	  is	   contrasted	   by	  

simultaneous	   re-‐reduction	  by	   the	  chemical	  donor	  and	  GO.	   In	   turn,	  PSII	   immobilized	  onto	  GO,	   reduces	  

GO	  in	  the	  presence	  of	  light.	  Therefore: 

[ ] [ ]
[ ] [ ] [ ]

[ ] [ ] [ ]{ }( )tGOkPkdonorkk

GOPSIIDPSI

PSI
t

GOPSIIDPSIe
GOkPkdonorkk

PSIkP ++⋅+−•+ −
++⋅+

= 6801
680

700
ϕ

ϕ
	  	  	  	  	  	  (Eq.	  

3.17)	  

This	  equation	  holds	  true	  if	   [ ] 0
0700 =•+P .	  	  
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3.4	  –	  Kinetic	  Model:	  Summary	  of	  Equations	  and	  Measurable	  Parameters	  Derived	  from	  the	  Kinetic	  

Model	  

	   The	   kinetic	   model	   elucidated	   above	   for	   PSI,	   GO-‐NiNTA-‐PSI,	   and	   PSII-‐(GO-‐NiNTA)-‐PSI	   can	   be	  

summarized	   in	   the	   equations	   included	   in	   Scheme	  3.2.	   These	   equations	   can	   be	   used	   to	   fit	   JTS	   data	   in	  

order	  to	  measure	  the	  rates	  in	  the	  light	  and	  dark	  phases,	  as	  summarized	  in	  Table	  3.1.	  The	  inspection	  of	  

Table	   3.1	   indicates	   that	   the	   oxidation	   rates	   in	   the	   light	   phase	   become	   increasingly	   more	   complex	  

through	   the	   addition	   of	   new	   terms	   accounting	   for	   the	   presence	   of	   GO	   and	   PSII	   in	   a	   predictable	   and	  

intuitive	  fashion.	  The	  re-‐reduction	  rates	  in	  the	  dark	  are	  determined	  by	  the	  chemical	  donor	  and	  by	  GO,	  

when	  present.	  As	  expected,	  PSII	  does	  not	  affect	  the	  re-‐reduction	  rate	  in	  the	  dark	  phase.	  	  	  	  

Scheme	  3.2	  -‐	  Kinetic	  equations	  

	   	  

Scheme	   3.2. 	   | 	   Kinetic	   equations	   relevant	   to	   PSI	   alone	   (I),	   PSI	   on	  

GO-‐NiNTA	   (II), 	   and	   the	   PSII-‐(GO-‐NiNTA)-‐PSI	   b iohybryd	   electron	  

transport	  chain	  (II I).	  
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Table	  3.1.	  Measurable	  rates	  in	  the	  light	  and	  dark	  phases	  for	  free	  PSI	  in	  suspension	  as	  opposed	  to	  PSI	  

on	  GO,	  with	  or	  without	  PSII.	  	  

Sample	   Light	  Phase	   Dark	  Phase	  

	   Oxidation	   Re-‐reduction	  

PSI	  CCs	   [ ]donorkk DPSI ⋅+ 	   [ ]donorkD ⋅
' 	  

GO-‐NiNTA-‐PSI	  

€ 

kPSI + kD ⋅ donor[ ] ϕ + kGO GO[ ] 	  

€ 

kD
' ⋅ donor[ ] ϕ + kGO

' GO[ ] 	  

PSII-‐(GO-‐NiNTA)-‐PSI	  

€ 

kPSI + kD ⋅ donor[ ] ϕ + kPSII P680[ ] + kGO GO[ ] 	  

€ 

kD
' ⋅ donor[ ] ϕ + kGO

' GO[ ] 	  

The	  prime	  (’)	  indicates	  the	  constants	  measured	  in	  the	  dark	  phase.	  

	  

The	   steady	   state	   parameters	   that	   can	   be	   extracted	   from	   JTS	   data	   in	   the	   light	   phase	   are	  

summarized	  in	  Table	  3.1.	  Both	  the	  steady	  state	  ratio	  and	  the	  steady	  state	  concentration	  of	  oxidized	  PSI	  

are	  described	  by	  expressions	  whose	  complexity	  increases	  incrementally	  by	  addition	  of	  new	  terms.	  These	  

new	   terms	   reflect	   the	   additive	   contribution	   of	   GO	   and	   PSII.	   The	   factor	   ϕ	   accounts	   for	   the	   sterical	  

accessibility	  of	  the	  chemical	  donor	  to	  the	  acceptor	  side	  of	  PSI	  when	  GO	  is	  present.	  	  	  	  
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Figure	  3.3	  -‐	  A	  biohybrid	  electron	  transport	  chain	  

	  

	  

	  

	   	  

Figure	   3.3	   |	   A	   biohybrid	   electron	   transport	   chain	   based	   on	   PSII,	   PSI, 	   and	   GO-‐NiNTA:	  

PSII-‐(GO-‐NiNTA)-‐PSI.	   The	   yellow	   arrows	   indicate	   possible	   pathways	   of 	   electronic	   flow.	  

The	  redox	  mediators	  are	  also	  indicated.	  
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3.4	  -‐	  Decoupling	  Experiment	  Analysis	  

	   The	   PSII-‐(GO-‐NiNTA)-‐PSI	   system	   in	   suspension	   is	   illustrated	   in	   Fig.	   3.3.	   In	   this	   system	  

DCBQ	  and	  K3Fe(CN)6	   are	   the	   redox	  mediators	   intended	   to	   accept	  electrons	   from	   the	  acceptor	  

side	  of	  PSII.	  On	  the	  donor	  side	  of	  PSII	  water	  oxidation	  occurs	  with	  oxygen	  evolution	  catalyzed	  by	  

the	   water	   oxidizing	   complex.	   Effectively	   these	   two	   mediators	   substitute	   for	   the	   natural	  

plastoquinone	   pool.	   The	   same	   mediators	   can	   accept	   electrons	   directly	   from	   GO-‐NiNTA.	   GO-‐

NiNTA	   represents	   an	   equipotential	   surface	   at	   the	   same	  potential	   as	   the	   acceptor	   side	  of	   PSII.	  

DCPIP	  and	  ascorbate	  are	  the	  redox	  mediators,	  which	  assure	  that	  PSI	  is	  readily	  reduced	  as	  soon	  

as	  it	  is	  oxidized	  by	  light	  ( 700P 	  >> •+
700P ).	  MV	  is	  the	  terminal	  electron	  acceptor	  and	  is	  intended	  to	  

receive	  electrons	  from	  the	  acceptor	  side	  of	  PSI.	  	  

PSII	  and	  PSI	  can	  be	  disassembled	  from	  PSII-‐(GO-‐NiNTA)-‐PSI	  giving	  back	  PSII,	  PSI,	  and	  GO-‐

NiNTA	  (Fig.	  3.4).	   Imidazole	  in	  relatively	  high	  concentration	  can	  detach	  the	  His-‐tagged	  CCs	  from	  

the	  NiNTA	  groups.	  The	  basic	  assumption	  of	   this	  experiment	   is	   that	  decoupled	  PSII	  and	  PSI	  will	  

behave	  like	  free	  PSII	  and	  PSI	  in	  suspension.	  

	   The	  JTS	  spectra	  of	  such	  an	  experiment	  are	  shown	  in	  Fig.	  3.5.	  The	  quality	  of	  the	  

experiment	  is	  excellent	  as	  indicated	  by	  the	  fitting	  with	  exponential	  functions	  with	  the	  following	  

general	  form:	  

	  	  	  	  	   	   	   	   	  (Eq.	  3.18)	  

The	  summary	  of	  the	  fitting	  parameters	  is	  given	  in	  Table	  3.3.	  	  

	  

	   	  

tinvtaueAyty ⋅−⋅+= 0)(
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Figure	  3.4	  -‐	  Decoupling	  of	  PSII-‐(GO-‐NiNTA)-‐PSI	  

	  

	   	  

Figure	   3.4	   |	   Decoupling	   of	   PSII-‐(GO-‐NiNTA)-‐PSI	   into	   PSII, 	   PSI,	   and	   GO-‐NiNTA.	  

This	  result 	   is	  achieved	  by	  adding	  to	  the	  suspension	  imidazole	  as	  a	  competit ive	  

l igand	  with	  respect	  to	  the	  NiNTA	  functional	  groups.	  
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Figure	  3.5	  –	  JTS	  Measurements	  

	  

	   On	  the	  basis	  of	  these	  fitting	  results	  it	  was	  possible	  to	  confirm	  the	  parameters	  shown	  in	  

Table	  3.3.	  The	  fittings	  of	  the	  data	  are	  expected	  to	  be	  more	  accurate	  in	  the	  light	  than	  in	  the	  dark,	  

and	  given	  the	  sensitivity	  of	  PSII	  even	  to	  the	  probing	  light	  in	  the	  dark	  phase.	  	  For	  this	  reason	  

instead	  of	  using	  equations	  3.3	  and	  3.6,	  it	  is	  preferred	  to	  use	  equation	  3.7,	  which	  is	  derived	  taking	  

the	  ratio	  of	  equations	  3.6	  and	  3.3.	  Therefore,	  equations	  3.1,	  3.2,	  3.4,	  3.5,	  and	  3.7	  constitute	  a	  

system	  of	  equations	  that	  can	  be	  solved.	  

Figure	  3.5	  |	  JTS	  measurements	  of	  PSII-‐(GO-‐NiNTA)-‐PSI	  (20%-‐

oxygen	   GO)	   in	   the	   same	   sample	   before	   (black	   profile)	   and	  

after	   (red	   profi le)	   treatment	  with	   imidazole.	  Measurements	  

are	   conducted	   in	   absorbance	   change	   mode	   to	   specifically	  

probe	  PSI. 	  
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Table	  3.3.	  Parameters	  used	  in	  the	  fitting	  of	  the	  light	  and	  dark	  phases	  

Sample	   Light	  Phase	   Dark	  Phase	  

	   Oxidation	   Re-‐reduction	  

Coupled	  	  

PSII-‐(GO-‐NiNTA)-‐PSI	  

9.123.49030 ±−=y 	   8.1406.2170 ±−=y 	  

56 1073.3104823.3 ⋅±⋅=A 	   3.2616839 ±−=A 	  

61082.700048193.0 −⋅±=invtau 	   61066.100028311.0 −⋅±=invtau 	  

Uncoupled	  	  

PSII,	  GO-‐NiNTA,	  PSI	  

89.64.33490 ±−=y 	   51.819.1470 ±−=y 	  

78 1018.6104725.3 ⋅±⋅=A 	   2.1815860 ±−=A 	  

51029.100084556.0 −⋅±=invtau 	   61068.200056559.0 −⋅±=invtau 	  

	  

Table	  3.3	  |	  Parameters	  used	  in	  the	  fitting	  of	  the	  light	  and	  dark	  phases	  of	  PSII-‐(GO-‐NiNTA)-‐PSI	  

before	  and	  after	  decoupling	  with	  imidazole.	  A	  single	  exponential	  function	  was	  considered	  (see	  

equation	  3.18).	  
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Table	  3.4.	  The	  rate	  values	  determined	  from	  the	  exponential	  fitting	  of	  the	  light	  and	  dark	  

profiles	  in	  Fig	  3.5	  

Sample	   Equations	   Phase	  

Co
up

le
d:
	  P
SI
I-‐(
G
O
-‐N
iN
TA

)-‐P
SI
	  

3.1	  

€ 

kPSI + kD ⋅ donor[ ] ϕ + kPSII P680[ ] + kGO GO[ ] = 0.00048193 	   light,	  oxidation	  

3.2	   [ ] [ ] [ ]
39810.0

680

=
++ GOkPkdonork

k

GOPSIID

PSI

ϕ
	  

light,	  steady	  

state	  ratio	  

3.3	  

€ 

kD
' ⋅ donor[ ] ϕ + kGO

' GO[ ] = 0.00028311	  
dark,	  re-‐

reduction	  

U
nc
ou

pl
ed

:	  P
SI
I,	  
G
O
-‐N
iN
TA

,	  P
SI
	  

3.4	   [ ] 00084556.0=⋅+ donorkk DPSI 	   light,	  oxidation	  

3.5	   [ ]
26225.0=

donork
k

D

PSI 	  
light,	  steady	  

state	  ratio	  

3.6	   [ ] 00056559.0' =⋅ donorkD 	  
dark,	  re-‐

reduction	  

Both	   3.7	  

€ 

kD
' ⋅ donor[ ]

kD
' ⋅ donor[ ] ϕ + kGO

' GO[ ]
=1.9978 	  

dark,	  re-‐

reduction	  

	  

Table	   3.4 	   |	   Equation	   3.7	   is	   obtained	   by	   taking	   the	   ratio	   of	   equations	   3.6	   and	   3.3,	  

which	  were	  obtained	  in	  the	  dark	  phase.	  
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	   The	  solution	  of	  the	  system	  of	  these	  equations	  is	  shown	  in	  Table	  3.5.	  It	  can	  be	  seen	  that	  

the	  tern	   [ ]donorkD 	  is	  the	  dominant	  term.	  The	  most	  important	  result	  is	  represented	  by	  the	  fact	  

that	   the	   term	   [ ]680PkPSII 	  represents	   16%	   of	   the	   dominant	   term.	   This	   contribution	   clearly	  

indicates	  that	  PSII	  CCs	  participate	  in	  the	  direct	  or	  rapidly	  mediated	  re-‐reduction	  of	   700P 	  to	   •+
700P .	  

This	   information	   helps	   us	   to	   deduce	   the	   map	   of	   the	   electronic	   flows	   through	   the	   biohybrid	  

electron	   chain	   represented	   by	   PSII-‐(GO-‐NiNTA)-‐PSI	   and	   its	   redox	   mediators.	   A	   schematic	  

representation	  of	  these	  electronic	  pathways	   is	  given	   in	  Fig.	  3.6.	  As	   it	  can	  be	   inferred	  from	  this	  

diagram	   the	   contribution	   of	   16%	   is	   even	  more	   relevant	   if	   we	   consider	   the	   effect	   of	  ϕ	   which	  

diminishes	   the	   impact	  of	   the	   term	   [ ]donorkD .	   Therefore	   it	   can	  be	  deduced	   that	   [ ]680PkPSII 	  is	  

very	  close	   in	  size	  to	  the	  corrected	  term	   [ ] ϕ⋅donorkD 	  when	  ϕ	  =	  0.1.	   If	  ϕ	  =	  0.5	  we	  can	  expect	  

the	  maximum	  impact	  of	  the	  term	   [ ] ϕ⋅donorkD 	  (see	  Fig.	  3.7).	  In	  this	  case	  it	  is	  expected	  that	  all	  

of	   the	   re-‐reduction	   of	   PSI	   is	   caused	   by	   the	   chemical	   donor	   and	   this	   should	   annihilate	   the	  

contribution	   of	   reduced	   GO.	   Reduced	   GO	   is	   rapidly	   discharged	   to	   the	   DCBQ	   and	   ferricyanide	  

pool.	  Except	  this	  unique	  extreme	  case,	  in	  all	  other	  cases	  (0≤ϕ<0.5)	  PSII	  is	  expected	  to	  contribute	  

to	  the	  re-‐reduction	  of	  PSI.	  	  	  

	   There	   is	   further	   JTS	  evidence	   in	   support	  of	   these	   results.	  This	   spectroscopic	   technique	  

allowed	  us	  to	  probe	  not	  only	  PSI	  but	  also	  PSII.	  The	  variable	  fluorescence	  of	  PSII	   increases	  after	  

decoupling,	   indicating	  that	  PSII	  rapidly	  transfers	  electrons	  to	  GO	  when	  attached	  to	  it	  (Fig.	  3.8).	  

The	   quantum	   yield	   of	   photochemistry	   FV/Fm	   is	   higher	   after	   decoupling.	   These	   values	   are	  

relatively	  low	  due	  to	  the	  use	  of	  Ficoll	  as	  suspension	  stabilizer	  in	  the	  sample,	  but	  consistent	  with	  

the	   proposed	   interpretation.	   The	   lower	   FV/Fm	   before	   decoupling	   indicates	   that	  GO	  provides	   a	  

fast	   pathway	   for	   releasing	   electrons	   from	   PSII.	   It	   should	   be	   noted	   also	   that	   the	   same	   PSII	   in	  

aqueous	  solution	  had	  an	  Fv/Fm	  of	  0.60.	  
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Table	  3.5.	  Solution	  of	  the	  system	  of	  equations	  3.1,	  3.2,	  3.4,	  3.5,	  and	  3.7,	  selected	  from	  those	  in	  

Table	  3.4.	  

	  

The	   results	   are	   expressed	   as	   percentage	   of	   the	   dominant	   term ,	   not	  

hindered	  by	  the	  steric	  factor	  ϕ . 	  

	  
	   	  

[ ]donorkD

Term	   Percentage	  of	   [ ]donorkD 	  

[ ] 00066988.0=donorkD 	  	   s/1 	   100%	  

00017568.0=PSIk 	  	   s/1 	   26%	  

[ ] 00010599.0680 =PkPSII 	  	  	   s/1 	   16%	  

[ ] ϕ⋅−= 00066988.000033531.0GOkGO 	  	  	  	   s/1 	  

if	  ϕ	  =	  0.00,	  50%	  

if	  ϕ	  =	  0.10,	  40%	  

if	  ϕ	  =	  0.50,	  0%	  
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Figure	  3.6	  -‐	  Semi-‐quantitative	  estimate	  

	  
	  

Figure	  3.7	  -‐	  Semi-‐quantitative	  estimate	  

Figure	   3.6	   |	   Semi-‐quantitative	   estimate	   of	   the	   electronic	   pathways	   across	  

the	  PSII-‐ (GO-‐NiNTA)-‐PSI	  biohybrid	  electron	   transport	  chain	  determined	  from	  

JTS	  data	  for	  ϕ 	  =	  0.10.	   In	  orange	  are	   the	  flows	  calculated	  from	  the	  data	  using	  

the	  kinetic	  model,	   in 	  yellow,	  deduced	  by	   inspection	  of	  the	  overall	  scheme.	  

Figure	   3.7	   | 	   Semi-‐quantitative	   estimate	   of 	   the	   electronic	   pathways	  

across	   the	   PSII-‐(GO-‐NiNTA)-‐PSI	   b iohybrid	   electron	   transport	   chain	  

determined	   from	   JTS	   data	   for	   ϕ	   =	   0.50.	   In	   orange	   are	   the	   flows	  

calculated	   from	   the	   data	   using	   the	   kinetic	   model, 	   in	   yellow	   flows	  

deduced	  by	  inspection	  of	  the	  overall	  scheme.	  
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Figure	  3.8	  -‐	  Variable	  fluorescence	  measurements	  of	  PSII-‐(GO-‐NiNTA)-‐PSI	  

4.	  Conclusions	  

	   These	   results	   demonstrate	   that	   PSII-‐(GO-‐NiNTA)-‐PSI	   system	   functions	   like	   a	   biohybryd	  

electron	  transport	  chain.	  Using	  Joliot-‐type	  Spectroscopy	  (JTS),	  we	  were	  able	  to	  demonstrate	  that	  

PSII	  participates	  in	  the	  re-‐reduction	  when	  both	  PSI	  and	  PSII	  are	  coupled	  to	  GO.	  	  We	  were	  able	  to	  

probe	   independently	   the	   redox	   activity	   of	   PSI	   and	   the	   fluorescence	   kinetics	   of	   PSII.	   A	   kinetic	  

model	  of	  the	  system	  that	  proved	  crucial	  for	  interpretation	  of	  the	  data	  is	  presented.	  This	  model	  

allowed	  us	  to	  quantify	  the	  percentage	  contribution	  of	  PSII	  to	  the	  electronic	  flow	  to	  PSI	  via	  GO,	  

for	  a	  specific	  PSII/PSI	  ratio	  (1.9).	  The	  steric	  parameter	  ϕ	  is	  important	  to	  assess	  the	  accessibility	  of	  

the	  acceptor	  side	  of	  PSI	  by	  the	  chemical	  donor	  and	  the	  impact	  of	  PSII	  on	  the	  overall	  system.	   	  

Fig. 	   3.8	   |	   Variable	   fluorescence	   measurements	   of	   PSII-‐(GO-‐

NiNTA)-‐PSI	  (20%-‐oxygen	  GO)	   in	  the	  same	  sample	  before	  (black	  

profile)	   and	   after 	   (red	   profi le)	   treatment	   with	   imidazole.	  

Measurements	   are	   conducted	   in	   fluorescence	   mode	   to	  
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Chapter	  IV.	  Functional	  Interfacing	  of	  Rhodospirillum	  rubrum	  Chromatophores	  to	  a	  

Conducting	  Support	  for	  Capture	  and	  Conversion	  of	  Solar	  Energy	  	  

	  

This	  chapter	  was	  previously	  published	  in	  The	  Journal	  of	  Physical	  Chemistry	  B	  Volume	  117	  Issue	  

38	  ,	  pages	  11249-‐11259,	  2013.	  

1.	  Introduction	  

The	   light	   reactions	  of	  oxygenic	  photosynthesis	  are	   initiated	  by	  a	  photon-‐driven	  charge	  

separation	   process	   catalyzed	   by	   photochemical	   reaction	   centers	   (RCs),	   resulting	   in	   the	  

generation	  of	   chemical	   bonds	   in	   the	   form	  of	   reduced	  pyridine	   nucleotides	   and	  ATP.	   134	  In	   the	  

anoxygenic	   chlorophototrophic	   purple	   nonsulfur	   bacteria,	   such	   as	  Rsp.	   rubrum,	   light	   energy	   is	  

converted	   to	   chemical	   potential	   by	  way	  of	   a	   type-‐II	   RC,	   organized	  within	   the	   intracytoplasmic	  

membrane	   (ICM)	   as	   a	   core	   structure	   completely	   surrounded	   by	   the	   light	   harvesting	   1	   (LH1)	  

antenna	   complex.	   135,	   136	   In	   addition	   to	   absorbing	   blue–green	   light	   via	   the	   carotenoid	  

spirilloxanthin,	   the	  LH1	  protein	   is	  capable	  of	  collecting	  near-‐IR	  photons	   (maximally	  at	  880	  nm)	  

and	   funneling	   their	   excitation	   energy	   to	   the	   RC	   bacteriochlorophyll	   (BChl)	   special	   pair	   for	  

transduction	   into	   a	   transmembrane	   charge	   separation	   with	   a	   quantum	   yield	   near	   unity.137	  	  

Figure	  4.1	   	  shows	  how	  this	   initiates	  a	  cycle	  of	  electron-‐transfer	   reactions	  between	  the	  primary	  

iron–quinone	   acceptor	   (QA),	   the	   ubiquinol–cytochrome	  c2	  oxidoreductase	  

(cytochrome	  bc1	  complex),	  cytochrome	  c2,	  and	  the	  photooxidized	  RC–BChl	  special	  pair,	  resulting	  

in	  the	  formation	  of	  an	  electrochemical	  proton	  gradient,	  coupled	  to	  the	  synthesis	  of	  ATP	  by	  an	  

F1FO-‐ATP	  synthase.	  Together	  with	  reduced	  organic	  compounds	  as	  an	  electron-‐donor	  source,	  this	  

cyclic	  electron	  flow	  process	  allows	  the	  RC	  to	  move	  electrons	  and	  undergo	  rereduction	  without	  

the	   necessity	   of	   an	   oxygen-‐evolving	   complex	   oxidizing	   water,	   as	   in	   the	   PSII	   complex,	   which	  

houses	  the	  type-‐II	  RC	  of	  oxygenic	  phototrophs.	  134	  	  
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The	   biologically	   mediated	   electron-‐transfer	   events	   in	   purple	   bacteria	   were	  

demonstrated	   to	   be	   capable	   of	   generating	   a	   current	   in	   a	   biohybrid	   photovoltaic	   device	   by	  

Jantzen	  and	  Seibert,	  138	  who	  attached	  Rhodobacter	  sphaeroides	  RCs	  directly	  to	  a	  SnO2	  electrode.	  

In	   the	   studies	   of	   Katz	   and	   associates,	   139,	   140	  a	   photoinduced	   charge	   separation	   was	  

demonstrated	  with	  UQ-‐depleted	  Rha.	  sphaeroides	  RCs	   immobilized	  on	  a	  PtO	  electrode	  surface	  

modified	   with	   covalently	   bound	   quinonoid	   in	   the	   presence	   of	   reduced	   cytochrome	  c	  as	   the	  

electron	   donor.	   140	  Current	   generation	  was	   enhanced	  when	  UQ10	  was	   added	   as	   a	   diffusionally	  

mobile	  mediator	  of	  electron	  flow	  between	  the	  RC	  surface	  and	  the	  electrode,	  driven	  by	  860	  nm	  

illumination	  absorbed	  by	  the	  RC–BChl	  special	  pair.	   In	  addition,	  RC	  monolayers	  were	  covalently	  

immobilized	   on	   a	   carbon	   electrode	   surface	   via	   the	   activation	   of	   a	   thiol-‐binding	   bifunctional	  

reagent,	   resulting	   in	   oriented	   RC	   attachment.	   139	  The	   limited	   separation	   between	   RC	   quinone	  

sites	  and	  the	  electrode	  surface	  provided	  efficient	  nondiffusional	  electron	   flow,	  eliminating	   the	  

need	  for	  soluble	  electron-‐transfer	  mediators,	  thereby	  demonstrating	  the	   importance	  of	  spatial	  

and	  diffusional	  considerations	  in	  the	  design	  of	  efficient	  biohybrid	  photoelectrochemical	  devices.	  

Subsequent	  work	  has	  further	  established	  the	  bacterial	  RC	  as	  an	  ideal	  model	  system	  for	  

improvements	   in	   the	   design	   of	   biohybrid	   photoelectrochemical	   devices,	   and	   a	   number	   of	   RC	  

immobilization	  strategies	  for	  enhanced	  photocurrent	  generation	  have	  been	  developed.141	  These	  

have	  included	  the	  orientated	  binding	  of	  His-‐tagged	  RCs	  on	  gold	  using	  Ni-‐nitrilotriacetic	  (Ni-‐NTA)	  

self-‐assembled	  monolayers.	   69,	  70,	  142	  With	   the	   primary	   donor	   oriented	   toward	   the	   substrate,	   a	  

unidirectional,	  light-‐induced	  cathodic	  photocurrent	  was	  generated	  in	  the	  presence	  of	  UQ10,	  with	  

electron	   transfer	   between	   the	   gold	   electrode	   and	   the	   RC	   occurring	   by	   an	   apparent	   tunneling	  

mechanism.	  70	  Photocurrent	  generation	  was	  improved	  in	  the	  presence	  of	  cytochrome	  c	  through	  

formation	   of	   a	   RC–cytochrome	  c	  complex.	   69	  The	   efficiency	   of	   such	   biohybrid	  

photoelectrochemical	  devices	  was	  improved	  by	  encapsulating	  stabilized	  RCs	  inside	  of	  electrodes	  
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consisting	   of	   single-‐walled	   carbon	   nanotube	   arrays.	   143,	   144	  As	   an	   additional	   strategy	   for	  

increasing	   the	   adsorptive	   surface	   area	   of	   such	   biohybrid	   photoelectrochemical	   devices,145	  RCs	  

from	   a	   thermophilic	   purple	   bacterium	  were	   adsorbed	   to	   folded	   surface	   of	  mesoporous	   silica.	  

The	   associated	   RCs	   were	   shown	   to	   be	   stable,	   specifically	   bound	   within	   the	   silica	   pores,	   and	  

capable	  of	  generating	  a	  photocurrent	  on	  an	  ITO	  electrode.	  

While	  RCs	  have	  provided	  a	  highly	  useful	  energy	  conversion	  system	  when	  serving	  as	  the	  

biologically	   based	   component	   of	   biohybid	   photoelectrochemical	   devices,	   increased	   solar	  

conversion	   efficiencies	   are	   obtained	   with	   RC–LH1	   core	   particle,	   in	   which	   the	   LH1	   antenna	  

complex	   functions	   at	   the	   interface	   of	   light	   harvesting	   and	   electron	   cycling	   together	   with	  

providing	   a	   markedly	   increased	   functional	   absorption	   cross	   section	   (σ).	   Nango	   and	  

collaborators146,	  147	  showed	  that	  RC–LH1	  CCs	  from	  purple	  bacteria	  could	  be	  stably	  self-‐assembled	  

as	  monolayers	  on	  appropriately	  modified	  electrodes	   surfaces,	  which,	  upon	   illumination	  at	   the	  

LH1	   absorption	   maximum	   (880	   nm),	   gave	   rise	   to	   efficient	   energy	   transfer	   and	   photocurrent	  

responses.	  More	  recently,	  His-‐tagged	  RC–LH1	  CCs,	  engineered	  in	  Rba.	  sphaeroides	  with	  defined	  

orientations,	   were	   immobilized	   onto	   a	   solid	   Ni-‐NTA	   substrate	   and	   shown	   to	   give	   rise	   to	  

orientation-‐dependent	   photocurrents.	   148	  Such	   orientation-‐specific	   photocurrents	   were	   also	  

demonstrated	  with	  Rba.	   sphaeroides	  LH	   proteins	   in	  which	   Cys	   residues	  were	   inserted	   by	   site-‐

directed	   mutagenesis	   on	   each	   membrane	   face	   and	   attached	   covalently	   to	   conducting	   gold	  

surfaces.	  149	  LH	  functions	  were	  improved	  in	  comparison	  to	  self-‐assembled	  monolayers	  adsorbed	  

onto	  gold,	  and	  superior	  LH1	  photostability	  was	  also	  confirmed.	  

As	   a	  means	   of	   enhancing	   photocurrent	   generation,	   RCs	   were	   interfaced	   directly	   to	   a	  

bare	   gold	   electrode,	   150	  and	   the	   effects	   played	   by	   molecular	   relays	   and	   the	   inclusion	   of	   LH	  

complexes	   were	   investigated.	   Sizeable	   photocurrents	   were	   obtained	   in	   comparison	   with	  
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monolayers	  that	  were	  self-‐assembled	  with	  RCs	  specifically	  modified	  to	  contain	  orienting	  linkers.	  

This	  was	  apparently	  a	  consequence	  of	  the	  lack	  of	  a	  layer	  insulating	  the	  metal	  surface	  from	  the	  

RC	  pigments	  and	  the	  minimization	  of	  electron	  tunneling	  distances.	  Higher	  photocurrents	  were	  

also	  generated	  with	  RC–LH1	  CCs,	  but	  this	  was	  not	  attributed	  to	  the	  improved	  photoabsorption	  

rather	   to	  an	  enhanced	   surface	  coverage	  of	  CCs	   that	  were	  uniformly	  oriented	  and	  contained	  a	  

tetraheme	  cytochrome,	  thought	  to	  serve	  as	  a	  connecting	  wire.	  Added	  cytochrome	  c	  functioned	  

as	   a	  molecular	   relay	   by	   intercalating	   between	   the	   adhered	  RC	   pigments	   and	   the	   electrode	   to	  

improve	  current	  production.	  Alterations	   in	   the	  order	   in	  which	  the	  photocell	  components	  were	  

introduced	   resulted	   in	   a	   dynamic	   rearrangement	   of	   the	   cytochrome	  and	  RCs	   at	   the	   electrode	  

surface.	  

Magis	   et	   al.	   43	  have	   described	   the	   fabrication	   of	   a	   chromatophore-‐based	   biohybid	  

photoelectrochemical	   device	   in	   which	   ICM	   vesicles	   (chromatophores)	   from	  Rba.	   sphaeroides	  

were	  immobilized	  onto	  a	  bare	  gold	  electrode	  surface	  in	  the	  absence	  of	  surface	  functionalization.	  

Confocal	   fluorescence	   spectroscopy	   and	   light-‐induced	   electrochemistry	   measurements	  

demonstrated	   that	   the	   adsorbed	  membranes	  maintain	   their	   energy	   and	   electron-‐transferring	  

capabilities.	  By	  applying	  an	  external	  potential	  within	  the	  range	  of	   the	  open-‐circuit	  potential	  of	  

the	   RC	   and	   appropriate	   charge	   carriers	   (cytochrome	  c	  and	   the	   quinone	   Q0,	   which	   lacks	   an	  

isoprenoid	  tail),	   light-‐induced	  currents	  of	  10	  μA/cm2	  were	  generated	  for	  several	  minutes	  under	  

aerobic	   conditions	   and	   maintained	   for	   nearly	   3	   days	   under	   continuous	   illumination.	   These	  

electrochemical	  measurements	  showed	  that	  a	  current	  of	  300	  nA	  was	  generated	  at	  peak	  output,	  

dropping	  off	   to	  a	  minimum	  of	  50	  nA	  over	   the	   further	  duration	  of	   the	  measurements.	  The	  LH1	  

complex	   showed	   substantial	   durability,	   overcoming	   the	   main	   obstacle	   for	   using	   biological-‐

membrane	   materials	   based	   in	   biohybrid	   photoelectrochemical	   cells	   or	   in	   other	   technological	  

applications.	  
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In	   contrast	   to	   the	   robustness	   demonstrated	   for	   the	   LH1	   complex,	   the	  Rba.	  

sphaeroides	  LH2	   peripheral	   antenna	   protein	   showed	   a	   light-‐intensity-‐dependent	   decoupling	  

from	  photoconversion,	  with	  extensive	  photobleaching	  under	  high	  illumination.	  43	  Because	  of	  this	  

lack	   of	   long-‐term	   LH2	   stability,	   we	   have	   initiated	   further	   photoelectrochemical	   studies	   with	  

chromatophores	   from	  Rsp.	   rubrum,	  which	   forms	  a	   robust	   LH1–RC	   core	   structure	  while	   lacking	  

LH2.	   Further	   impetus	   for	   the	   choice	   of	   the	  Rsp.	   rubrum	  chromatophore	   preparations	   was	  

provided	   by	   the	   differences	   in	   the	   functional	   absorption	   cross	   section,	   obtained	   from	  

fluorescence	   induction/	   relaxation	  measurements	   between	   these	   two	  organisms.	   151	  Values	   of	  

16	   Å2	  were	   obtained	   for	  Rsp.	   rubrum	  cells,	   151	  as	   compared	   to	   50	   and	   120	   Å2,	   respectively,	  

for	  Rba.	   sphaeroides	  cells	   grown	   at	   high	   light	   intensity	   and	   those	   acclimating	   to	   48	   h	   of	  weak	  

illumination	   in	   which	   the	   LH2/LH1	   molar	   ratio	   increased	   by	   1.8-‐fold.	   152	  Although	   a	   smaller	  

antenna	  size	  results	  in	  decreases	  in	  the	  amount	  of	  light	  harvested	  by	  individual	  cells,	  they	  have	  

an	  enhanced	  activity	  for	  the	  charge	  separation	  process	  on	  a	  photon	  basis,	  owing	  to	  decreases	  in	  

nonproductive	   light	   acquisition	   and	   an	   attendant	   loss	   of	   captured	   excitations	   as	   heat	   or	  

fluorescence.	   As	   noted	   above	   for	  Rba.	   sphaeroides	  chromatophores	   adsorbed	   to	   gold,	   43	  little	  

advantage	  was	  encountered	  when	  the	  functional	  absorption	  cross	  section	  was	  expanded	  by	  the	  

presence	  of	  the	  LH2	  complex.	  

Consequently,	   we	   have	   adsorbed	  Rsp.	   rubrum	  chromatophores	   to	   gold	   electrode	  

surfaces	  lacking	  functionalization	  and	  obtained	  views	  of	  the	  surface	  coverage	  of	  the	  immobilized	  

structures	   by	   atomic	   force	   microscopy	   while	   assessing	   the	   retention	   of	   functional	   activities	  

through	   fluorescence	   induction/relaxation	   and	   chronoamperometric	   measurements.	   These	  

functional	   biohybrid	   photoelectrochemical	   cells	   were	   compared	   to	   devices	   assembled	  

using	  Rba.	   sphaeroides	  chromatophores	   with	   increasing	   LH2	   levels.	   The	   adsorbed	   structures	  

showed	   a	   continuous	   surface	   coverage	   comprised	   of	   flattened	  Rsp.	   rubrum	  chromatophore	  
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vesicle	   patches	   that	   had	   a	   significant	   residual	   quantum	   yield	   of	   photochemistry	   and	   the	  

capability	   of	   generating	   sustained	   photocurrents	   under	   both	   white	   light	   and	   intense	   850	   nm	  

illumination	  for	  a	  1	  week	  period.	  

Figure	  4.1	  -‐	  Schematic	  depiction	  of	  radiant	  energy	  conservation	  in	  the	  ICM	  of	  Rsp.	  Rubrum	  

	  

Figure	  4.1	  |	  Photon	  absorption	  and	  excitation	  energy	  transfer	  by	  the	  LH1	  antenna	  complex	  

(black	  undulating	  arrow)	  drives	  RC	  charge	  separation	  across	  the	  ICM	  and	  subsequent	  electron	  

transport	  (blue	  arrows),	  coupled	  to	  proton	  movement	  (red	  arrows),	  which	  results	  in	  formation	  

of	  an	  electrochemical	  proton	  gradient	  providing	  the	  energy	  for	  the	  synthesis	  of	  ATP	  by	  an	  F1FO-‐

ATPase.	  
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2.	  Experimental	  Section	  

2.1	  -‐	  Bacterial	  Growth	  and	  Chromatophore	  Isolation	  

Rba.	   sphaeroides	  was	   grown	   at	   a	   30	   °C	   in	   Cohen-‐Bazire	   medium	   153	  under	   high	   light	  

conditions	  (1100	  W/m2)	  to	  a	  maximum	  OD680	  of	  0.2	  to	  limit	  cellular	  self-‐shading.	  The	  cells	  were	  

switched	  to	  a	  lower	  light	  level	  (100	  W/m2)	  and	  incubated	  for	  another	  24	  h,	  reaching	  an	  OD680	  of	  

0.7.	   Because	   the	   illumination	   level	   is	   related	   inversely	   to	   the	   levels	   of	   the	   peripheral	   LH2	  

antenna,	   154	  the	   cells	   harvested	   at	   4	   and	   24	   h	   yielded	   increased	   LH2/LH1	   molar	   ratios	   when	  

compared	  to	  the	  0	  h	  cells	   (Table	  4.1).	  Rsp.	  rubrum	  was	  grown	  at	  30	  °C	   in	  Ormerod	  medium,	  194	  

modified	  as	  described	  in	  Inamine	  and	  Niederman,155,	  156	  at	  low	  light	  conditions	  (100	  W/m2)	  to	  an	  

OD680	  of	   1.0.	  

Bacterial	  cells	  were	  harvested	  by	  centrifugation	  at	  14 000g	  for	  10	  min	  at	  4	  °C,	  washed	  at	  

18 000gin	   1	  mM	   Tris	   buffer	   (pH	   7.5),	   and	   resuspended	   to	   1.5	  mg	   of	  wet	  weight	   in	   buffer	   by	  

homogenization.	   The	  Rba.	   sphaeroides	  chromatophores	  were	   isolated	   as	   described	  previously.	  

157	  For	  isolation	  of	  chromatophores	  from	  Rsp.	  rubrum,	  harvested	  cells	  were	  treated	  for	  30	  min	  at	  

37	   °C	  with	   lysozyme	   (1.0	  mg/mL),	   a	   few	   crystals	   of	   DNAase	   I	   and	   protease	   inhibitors	   (Roche)	  

were	   added,	   and	   the	   cells	   were	   disrupted	   by	   three	   passages	   through	   a	   French	   pressure	   cell,	  

chilled	   to	   4	   °C,	   at	   16 000	   lb/in.;	   136	  all	   subsequent	   procedures	   were	   also	   performed	   at	   4	   °C.	  

Unbroken	  cells	  and	  cellular	  debris	  were	  removed	  by	  centrifugation	  at	  18 000xg	  for	  10	  min,	  and	  

the	  supernatant	  was	  layered	  onto	  a	  5–40%	  (w/w)	  sucrose	  gradient	  prepared	  in	  Tris	  buffer	  over	  a	  

60%	   sucrose	   cushion.	   After	   centrifugation	   for	   3	   h	   at	   141,000xg	  in	   an	   SW	   28	   rotor,	   the	  

chromatophore	  band	  in	  the	  bottom	  third	  of	  the	  gradient	  was	  removed	  with	  a	  Pasteur	  pipet	  and	  

placed	   in	  an	  Amicon	  100	  kDa	   filter	  concentrator.	  During	   the	  concentration	  process,	   the	  buffer	  

was	  exchanged	  to	  20	  mM	  sodium	  phosphate	  (pH	  7.5).	  
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2.2	  -‐	  Chromatophore	  Immobilization	  

For	   surface	   characterization,	   chromatophores	   were	   immobilized	   on	   a	   gold	   substrates	  

consisting	  of	  10	  ×	  10	  mm	  silicon	  chips	  with	  a	  30	  nm	  chromium	  adhesion	  layer	  covered	  by	  a	  100	  

nm	  layer	  of	  gold	  (supplied	  by	  Structure	  Probes,	   Inc.).	  The	  substrate	  was	  prepared	  by	  hydrogen	  

flaming	   to	   form	  a	  uniform	  and	  nearly	   atomically	   flat	   surface.	   The	   chromatophores	   (0.1	  mg	  of	  

bacteriochlorophyll	  a	  (BChl)/ml)	  were	  incubated	  on	  the	  substrate	  surface	  for	  1	  h	   in	  the	  dark	  at	  

0–4	  °C.	  

For	   chronoampereometric	   measurements,	   chromatophores	   were	   immobilized	   by	  

incubation	   on	   a	   polished	   and	   rinsed	   3	   mm	   round	   gold	   electrode	   (Bio-‐Logic)	   at	   the	   BChl	  

concentration	  specified	  above	  for	  1	  h	  in	  the	  dark	  at	  0–4	  °C.	  

2.3	  -‐	  Visible	  and	  Near-‐IR	  Absorption	  Spectroscopy	  

Absorbance	  was	  measured	   between	   450	   and	   950	   nm	   at	   a	   resolution	   of	   1	   nm	  using	   a	  

Beckman	   DU-‐640	   spectrophotometer.	   For	  Rba.	   sphaeroides	  chromatophores,	   LH1/LH2	   molar	  

ratios	   and	   BChl	   concentrations	   were	   determined	   by	   decomposition	   of	   near-‐IR	   absorption	  

spectra.	  44	  

2.4	  -‐	  	  Atomic	  Force	  Microscopy	  

Electrode	  surfaces	  with	  adsorbed	  chromatophores	  were	  visualized	  using	  a	  MFP-‐3D-‐Bio	  

AFM	  with	  a	  Nikon	  microscope	  (Asylum	  Research,	  Santa	  Barbara,	  CA	  93117).	  The	  measurements	  

were	  made	   using	   the	   tapping	  mode	   in	   the	   liquid	   after	   the	   surfaces	  were	   dried	  with	   a	   gentle	  

stream	   of	   argon.	   BL-‐AC40TS	   cantilevers	   (Bio	   Lever	   Mini),	   0.25	   N/m,	   were	   used	   in	   the	   liquid	  

measurements.	  
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Figure	  4.2	  -‐	  Efficiency	  of	  excitation	  energy	  transfer	  from	  carotenoid	  to	  BChl	  in	  the	  Rsp.	  rubrum	  

LH1	  complex	  

	  

Figure	  4.2	  |	  Fractional	  absorption	  (1-‐T)	  spectra	  and	  fluorescence	  excitation	  spectra	  obtained	  at	  

77	  K	  were	  normalized	  at	  the	  QY	  absorption	  maximum	  (897	  nm).	  Efficiencies	  for	  excitation	  energy	  

transfer	  from	  spirilloxanthin	  to	  both	  the	  QX	  and	  QY	  bands	  were	  ~35-‐40%	  as	  compared	  to	  ~36%	  in	  

chromatophores.	  Spectra	  were	  obtained	  as	  described	  previously	  158	  using	  a	  modified	  a	  Johnson	  

Research	  Foundation	  DBS-‐3	  spectrophotometer	  and	  a	  DN1704	  liquid	  nitrogen	  cryostat	  (Oxford	  

Instruments,	  Osney	  Mead,	  UK).	  	  
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2.5	  -‐	  Fluorescence	  Induction/Relaxation	  (FIRe)	  Measurements	  

A	  Satlantic	   FIRe	   system	  was	  used	   for	   fluorescence	   induction/relaxation	  measurements	  

in	  which	  a	  quartz	  cuvette	  and	  an	  880	  nm	  emission	  filter	  were	  used	  for	  bulk	  measurements	  on	  

appropriately	   diluted	   chromatophore	   samples.	   Surface	   measurements	   were	   performed	   by	  

immobilizing	   a	   gold	   substrate	   bearing	   the	   chromatophores	   on	   a	   custom	   made	   Delrin	   insert	  

secured	   to	   the	   cuvette	   holder.	   The	   substrate	  was	  oriented	   at	   a	   45°	   angle	  with	   respect	   to	   the	  

vertical	   axis	   of	   the	   cuvette	   holder	   in	   order	   to	   directly	   face	   the	   excitation	   source.	   A	   single	  

turnover	   flash	   (STF)	   of	   300	   μs	  was	   used	   to	   saturate	   the	   RCs	   of	   the	  Rba.	   sphaeroides	  and	  Rsp.	  

rubrum	  preparations.	  The	  excitation	  source	  consisted	  of	  a	  blue	  LED	  (450	  nm,	  30	  nm	  bandwidth),	  

which	   in	  Rba.	   sphaeroides	  excites	  LH1-‐	  and	  LH2-‐bound	  spheroidene	  and	  spheroidenone	   to	   the	  

S2(1Bu+)	   state,	   from	   which	   excitation	   energy	   is	   transferred	   to	   both	   the	   QX	  and	   QY	  absorption	  

bands	  of	  the	  LH1	  and	  LH2	  BChls.	  157	  As	  shown	  by	  the	  excitation	  spectrum	  in	  Figure	  4.2,	  for	  Rsp.	  

rubrum,	  the	  450	  nm	  excitation	  results	  in	  an	  S2(1Bu+)	  excited	  state	  in	  spirilloxanthin	  for	  transfer	  

to	   LH1	   BChl	   with	   an	   efficiency	   of	   36%.	   The	   excitation	   source	   is	   controlled	   by	   an	   LED	   circuit	  

driver	   capable	   of	   generating	   pulses	   of	   1	   μs	   to	   50	   ms	   duration.	   The	   fluorescence	   emission	   is	  

detected	   by	   a	   sensitive	   avalanche	   photodiode	  module,	   and	   the	   digitized	   fluorescence	   kinetic	  

transients	  obtained	  at	  880	  nm	  are	  processed	  by	  computer-‐assisted	  analysis,	  which	  translates	  the	  

measured	  signal	   into	  several	  physiological	  parameters,	  following	  the	  charge	  separation	  elicited	  

between	  the	  RC–BChl	  special	  pair	  and	  the	  primary	  QA.	  These	  parameters	  include	  the	  functional	  

absorption	   cross	   section	   (σ),	   the	  quantum	  yield	   of	   the	  primary	   charge	   separation	   (Fv/Fm),	   and	  

the	   electron-‐transfer	   turnover	   rates	   of	   the	   RC	   (τ1,	   τ2,	   and	   τ3),	   extracted	   from	   the	  multiphasic	  

decay	   during	   the	   fluorescence	   relaxation.	   Fv/Fm	  and	   σRC	  are	   obtained	   from	   the	   initial	   rapid	  

induction	  phase,	  which	  is	  related	  to	  the	  rate	  of	  increase	  in	  the	  fluorescence	  yield.	  
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2.6	  -‐	  Electrochemical	  Measurements	  

Chronoamperometry	  was	  performed	  with	  a	  Bio-‐Logic	  SP-‐50	  and	  VSP	  potentiostat-‐

galvanostats,	  with	  EC-‐Lab	  version	  10	  software	  supplied	  by	  the	  manufacturer.	  Chromatophores	  

were	  immobilized	  on	  a	  3	  mm	  working	  electrode	  that	  was	  placed	  into	  a	  commercially	  available	  

cell,	  with	  a	  23	  cm	  coiled	  platinum	  counter	  electrode	  (see	  Figure	  4.3	  for	  a	  schematic	  

representation).	  The	  cell	  was	  filled	  with	  15	  mL	  of	  a	  20	  mM	  sodium	  phosphate	  buffer	  at	  pH	  7.0	  

containing	  100	  mM	  Q0	  and	  20	  mM	  equine	  heart	  cytochrome	  c.	  The	  system	  was	  set	  to	  a	  potential	  

of	  −0.100	  V	  versus	  the	  saturated	  calomel	  electrode	  (SCE).	  43	  The	  electrochemical	  cell	  

temperature	  was	  maintained	  at	  25	  °C	  and	  allowed	  to	  come	  to	  equilibrium	  in	  the	  dark	  for	  45	  min	  

followed	  by	  long-‐term	  illumination	  of	  the	  immobilized	  chromatophore	  samples	  either	  under	  

white	  light	  or	  with	  an	  850	  nm	  LED	  light	  source	  at	  the	  light	  intensities	  indicted	  in	  the	  text.	  



	  
	  

 

73	  

Figure	  4.3	  -‐	  Schematic	  depiction	  of	  the	  chronoamperometry	  measurements.	  

	  

Figure	  4.3	  |	  A	  gold	  working	  electrode	  (WE)	  with	  adsorbed	  chromatophores	  on	  the	  surface	  was	  

polarized	  at	  -‐0.1	  V	  vs.	  Ag/AgCl,	  3	  M	  NaCl	  as	  reference	  electrode	  (RE),	  at	  25.00	  ±	  0.01	  °C.	  

Illumination	  occurred	  under	  white	  light	  conditions	  or	  at	  850	  nm.	  The	  electron	  transfer	  from	  WE	  

to	  the	  RC	  in	  immediate	  contact	  with	  the	  surface	  occurs	  directly.	  Indirect	  electron	  transfer	  is	  

possible	  for	  RCs	  further	  away	  from	  the	  surface	  via	  horse	  heart	  cytochrome	  c	  (Cyt	  c).	  Quinone	  Q0	  

serves	  as	  a	  redox	  mediator	  toward	  the	  platinum	  counter	  electrode	  (CE).	  ECE	  indicates	  the	  

potential	  difference	  between	  the	  CE	  and	  the	  RE,	  while	  EWE	  is	  the	  potential	  difference	  between	  

the	  WE	  and	  RE.	  I	  indicates	  the	  electrical	  current	  between	  the	  WE	  and	  the	  CE.	  The	  measurements	  

were	  conducted	  in	  aqueous	  buffer.	  
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3.	  Results	  and	  Discussion	  

3.1	  -‐	  Absorbance	  Spectra	  of	  Chromatophore	  Preparations	  

The	  electronic	  absorbance	  spectra	  of	  the	  Rba.	  sphaeroides	  chromatophore	  preparations	  

isolated	  at	  various	  stages	  after	  a	  transfer	  from	  high	  (1100	  W/m2)	  to	  low	  (100	  W/m2)	  light	  

intensity	  (Figure	  4.4)	  showed	  a	  marked	  increase	  in	  LH2	  levels	  relative	  to	  those	  of	  the	  RC–LH1	  

core	  structures,	  confirming	  the	  inverse	  relation	  between	  ambient	  light	  intensity	  and	  LH2	  

formation	  in	  the	  ICM.	  155.	  By	  4	  h	  after	  the	  switch	  to	  low	  light	  intensity,	  the	  dimeric	  LH2–B850	  

BChl	  	  QY
-‐	  absorption	  band	  at	  850	  nm	  overtook	  the	  875	  nm	  LH1	  QY

-‐	  band,	  which	  was	  the	  major	  

band	  under	  the	  high-‐light	  conditions	  (LH2/LH1	  molar	  ratios	  of	  0.31	  and	  0.37	  at	  0	  and	  4	  h,	  

respectively),	  ultimately	  reaching	  a	  ratio	  of	  1.00	  at	  24	  h.	  This	  overall	  3.2-‐fold	  increase	  in	  LH2	  

levels	  resulted	  in	  the	  expansion	  of	  the	  functional	  absorption	  cross	  section	  to	  accommodate	  

growth	  at	  the	  reduced	  light	  levels.	  The	  resulting	  supramoleclar	  arrangement	  159	  assured	  that	  

excitation	  energy	  captured	  by	  LH2	  was	  transferred	  with	  high	  efficiency	  to	  LH1,	  ultimately	  

reaching	  open	  RC	  phototraps.	  Figure	  4.4	  also	  shows	  that	  Rsp.	  rubrum	  contains	  a	  LH1	  complex	  

(absorption	  maximum	  at	  880	  nm)	  while	  lacking	  the	  LH2	  antenna.	  The	  RC,	  identified	  by	  the	  

absorbance	  peak	  at	   804	  nm	  arising	  from	  the	  monomeric	  RC–BChl,	  exists	  in	  association	  with	  the	  

LH1	  antenna	  to	  form	  the	  photosynthetic	  unit	  core,	  160	  shown	  below	  to	  be	  capable	  of	  remaining	  

viable	  and	  robust	  when	  exposed	  to	  high	  light	  intensities.	  
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Figure	  4.4	  -‐	  Visible	  and	  near-‐IR	  absorbance	  spectra	  of	  the	  isolated	  chromatophores	  
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Figure	  4.4	  |	  Visible	  and	  near-‐IR	  absorbance	  spectra	  of	  the	  isolated	  chromatophores	  obtained	  at	  

room	  temperature.	  For	  the	  Rba.	  sphaeroides	  chromatophores,	  the	  spectral	  cross-‐over	  

corrections	  and	  molar	  extinction	  coefficients	  of	  Sturgis	  et	  al	  44	  149	  were	  used	  to	  calculate	  the	  

molar	  levels	  of	  the	  LH1	  and	  LH2	  complexes	  in	  the	  ICM	  undergoing	  remodeling	  during	  a	  down-‐

shift	  in	  light	  intensity.	  Culture	  growth	  conditions:	  1,100	  W/cm2	  for	  24	  h;	  shifted	  to	  lower	  light	  

(100	  W/cm2)	  and	  chromatophores	  were	  isolated	  at	  0,	  4	  and	  24	  h.	  Note	  the	  accelerated	  

appearance	  of	  increased	  LH2	  levels	  during	  low	  light	  growth.	  The	  left	  dotted	  vertical	  line	  shows	  

the	  QY	  absorption	  of	  LH2	  at	  850	  nm,	  while	  dotted	  vertical	  line	  to	  right	  shows	  to	  the	  QY	  

absorption	  of	  LH1	  at	  875	  nm.	  145	  In	  Rsp.	  rubrum,	  note	  the	  redshift	  of	  the	  LH1	  QY	  absorption	  

(continuous	  vertical	  line)	  band	  to	  880	  nm	  and	  the	  absence	  of	  an	  LH2	  antenna.	  
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3.2	  -‐	  Atomic	  Force	  Microscopy	  of	  Chromatophore	  Preparations	  Adsorbed	  to	  Gold	  Surfaces	  

The	  coverage	  of	  chromatophores	  on	  the	  gold	  substrate	  surfaces	  was	  assessed	  by	  atomic	  

force	  microscopy	  (AFM).	  Figure	  4.5A	  shows	  the	  extent	  of	  coverage	  of	  the	  gold	  surface	  with	  Rsp.	  

rubrum	  chromatophores.	  The	  diameter	  of	  chromatophores	  associated	  with	  the	  gold	  surfaces	  

observed	  here	  ranged	  between	   68.0	  and	  73.6	  nm,	  with	  a	  height	  of	   46	  nm.	  In	  contrast,	  AFM	  

topographs	  of	  LH1-‐enriched	  Rba.	  sphaeroides	  preparations	  showed	  a	  more	  continuous	  coverage	  

(Figure	  4.5B),	  consisting	  of	  chromatophore	  vesicles	  of	  similar	  diameter	  and	  height	  of	   50	  nm.	  

Thus,	  in	  both	  instances,	  our	  chromatophores,	  which	  represent	  complete	  photosynthetic	  units,	  

have	  successfully	  adsorbed	  to	  a	  gold	  electrode	  surface	  that	  requires	  only	  minor	  conditioning	  and	  

no	  chemical	  modification	  and	  have	  assumed	  heights	  consistent	  with	  those	  obtained	  with	  Rba.	  

sphaeroides	  chromatophores	  when	  deposited	  onto	  mica	  surfaces.	  43	  These	  results	  demonstrate	  

that	  contact	  mode	  AFM	  can	  be	  successfully	  applied	  to	  the	  characterization	  of	  ICM	  vesicles	  

adsorbed	  to	  gold	  surfaces.	  Our	  data	  indicate	  that	  these	  preparations	  have	  apparently	  retained	  

their	  vesicular	  structure	  rather	  than	  giving	  rise	  to	  single-‐membrane	  bilayers	  when	  adsorbed	  to	  

gold,	  as	  observed	  by	  Magis	  et	  al.	  43	  
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Figure	  4.5	  -‐	  AFM	  of	  chromatophores	  on	  gold	  supports	  
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Figure	  4.5	  |	  AFM	  of	  chromatophores	  on	  gold	  supports.	  (A)	  Tapping	  mode	  AFM	  topography	  

image	  of	  Rsp.	  rubrum	  chromatophores.	  The	  chromatophores	  were	  adsorbed	  to	  an	  Au-‐Si	  

electrode	  surface	  glued	  to	  a	  glass	  slide	  with	  epoxy	  resin	  and	  measurements	  were	  made	  in	  a	  

liquid	  medium.	  Chromatophores	  (5	  µl)	  were	  injected	  into	  100	  µl	  of	  0.02	  mM	  sodium	  phosphate	  

buffer	  and	  the	  surface	  was	  dried	  with	  a	  gentle	  stream	  of	  argon.	  The	  surface	  was	  rinsed	  with	  5	  

mL	  of	  deionized	  water	  before	  applying	  1	  mL	  of	  phosphate	  buffer,	  followed	  by100µl	  of	  Tris/KCl	  

buffer.	  A	  1.0	  x	  1.0	  µm	  scanned	  area	  is	  shown	  with	  panel	  at	  top	  representing	  a	  magnified	  

cytoplasmic	  surface	  view	  showing	  RC-‐LH1	  core	  particles	  with	  projecting	  globular	  surface	  of	  RC	  

subunit	  H	  at	  center.	  Rsp.	  rubrum	  chromatophore	  vesicles	  appear	  as	  ellipsoidal	  structures	  with	  

an	  average	  size	  of	  	  ~68.0-‐73.6	  nm	  and	  a	  height	  averaging	  ~50	  nm.	  Vertical	  false-‐color	  scale	  bars	  

at	  the	  right	  of	  each	  panel	  show	  tapping	  mode	  AFM	  height	  and	  amplitude	  images.	  This	  signal	  is	  

determined	  by	  the	  error	  in	  the	  AFM	  feedback	  loop	  of	  cantilever's	  amplitude	  and	  shows	  fine	  

changes	  in	  the	  features	  of	  the	  topography.	  Bottom	  panel	  shows	  the	  results	  of	  an	  analysis	  of	  

particle	  height	  distribution.	  (B)	  Tapping	  mode	  AFM	  topography	  image	  of	  a	  1.0	  x	  1.0	  µm	  scanned	  

area	  containing	  LH1-‐enriched	  Rba.	  sphaeroides	  chromatophores	  isolated	  from	  cells	  grown	  at	  

high	  light	  intensity	  (1100	  W/cm2).	  The	  chromatophores	  were	  adsorbed	  to	  an	  Au-‐Si	  electrode	  

surface	  as	  described	  in	  panel	  (a)	  for	  imaging	  in	  a	  liquid	  medium.	  In	  middle	  and	  bottom	  panels,	  

three	  vesicles	  are	  magnified	  to	  show	  a	  higher	  resolution	  view	  of	  scanned	  surface.	  	  
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Because	  our	  results	  are	  consistent	  with	  the	  retention	  of	  a	  vesicular	  structure	  for	  

both	  Rsp.	  rubrum	  and	  LH1-‐enriched	  Rba.	  sphaeroides	  chromatophores	  upon	  adsorption	  to	  gold,	  

it	  is	  more	  surprising	  that	  these	  preparations,	  as	  shown	  below,	  have	  proven	  to	  be	  sufficient	  for	  

permitting	  exogenous	  quinone	  and	  cytochrome	  c	  to	  conduct	  the	  flow	  of	  electrons	  from	  the	  

chromatophores	  to	  and	  from	  the	  electrodes.	  While	  the	  conditions	  used	  here	  for	  chromatophore	  

immobilization	  have	  attracted	  the	  cytoplasmic	  surface	  of	  the	  chromatophore	  membrane	  

vesicles	  to	  the	  gold	  surface	  and	  are	  of	  sufficient	  strength	  to	  survive	  multiple	  washings,	  they	  do	  

not	  appear	  to	  have	  disrupted	  vesicles	  into	  open	  bilayers,	  as	  observed	  by	  Magis	  et	  al.	  43	  These	  

authors	  hypothesized	  that	  this	  disruption	  arises	  from	  strong	  attractive	  forces	  between	  the	  gold	  

and	  the	  vesicular	  membranes,	  sufficient	  to	  overcome	  native	  forces	  holding	  the	  vesicles	  

together.	  Nevertheless,	  such	  forces	  may	  result	  in	  partial	  membrane	  disruption,	  allowing	  redox	  

carriers	  to	  function	  according	  to	  the	  scheme	  shown	  in	  Figure	  4.3.	  This	  would	  ultimately	  favor	  the	  

action	  of	  cytochrome	  c	  in	  shuttling	  electrons	  from	  the	  working	  electrode	  to	  the	  RC.	  In	  turn,	  

Q0	  can	  transfer	  electrons	  from	  RC	  to	  the	  counter	  electrode	  surface,	  once	  a	  light-‐driven	  charge	  

separation	  has	  taken	  place.	  

3.3	  -‐	  Fluorescence	  Measurements	  

The	  variable	  fluorescence	  arising	  from	  the	  initial	  chromatophore	  suspensions	  and	  the	  

chromatophore-‐modified	  electrodes	  was	  assessed	  from	  fluorescence	  kinetics	  studies.	  The	  

results	  (Figures	  4.6	  and	  4.7)	  showed	  that	  partially	  functional	  RCs	  have	  been	  retained	  in	  the	  

adsorbed	  chromatophore	  preparations	  and	  after	  immobilization	  on	  gold	  surfaces	  (Tables	  4.1-‐

4.4).	  These	  measurements	  were	  conducted	  in	  the	  presence	  of	  horse	  heart	  cytochrome	  c	  alone	  

or	  cytochrome	  c	  and	  Q0.	  Cytochrome	  c	  is	  expected	  to	  play	  the	  role	  of	  native	  cytochrome	  c2,	  

while	  Q0	  is	  a	  surrogate	  for	  native	  ubiquinone	  Q	  (Figure	  4.1).	  The	  fluorescence	  induction	  rates	  for	  

the	  initial	  Rba.	  sphaeroides	  chromatophore	  preparations	  in	  the	  presence	  of	  cytochrome	  c	  gave	  
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values	  for	  the	  quantum	  yield	  of	  the	  primary	  charge	  separation	  (Fv/Fm)	  of	  0.67	  for	  the	  0	  h	  sample	  

and	  respective	  values	  of	  0.35	  and	  0.30	  for	  those	  obtained	  at	  4	  and	  24	  h	  after	  the	  light	  intensity	  

downshift	  (Table	  4.1).	  These	  values	  compare	  favorably	  to	  the	  value	  of	  0.70	  obtained	  previously	  

for	  the	  chromatophore	  preparation	  characterized	  in	  Koblízek	  et.	  al.	  151	  	  When	  both	  

cytochrome	  c	  and	  Q0	  are	  present	  the	  values	  of	  Fv/Fm	  are	  0.66,	  0.42,	  and	  0.42	  for	  the	  Rba.	  

sphaeroides	  chromatophores	  harvested	  after	  0,	  4,	  and	  24	  h,	  respectively	  (Table	  4.2).	  With	  both	  

redox	  mediators	  present,	  the	  Rsp.	  rubrum	  chromatophores	  have	  an	  Fv/Fm	  value	  of	  0.63.	  Under	  

these	  circumstances,	  the	  chromatophores	  in	  suspension	  show,	  in	  most	  cases,	  a	  higher	  activity	  of	  

primary	  charge	  separation.	  

The	  functional	  absorption	  cross	  section	  (σ)	  values	  were	  86.2,	  87.7,	  and	  157.4	  Å2/q	  for	  0,	  

4,	  and	  24	  h	  chromatophores,	  respectively,	  in	  the	  presence	  of	  cytochrome	  c	  only.	  The	  same	  

samples	  resulted	  in	  the	  following	  values	  of	  σ:	  80.9,	  91.1,	  and	  149.5	  Å2/q,	  respectively,	  with	  

cytochrome	  c	  and	  Q0.	  (Table	  4.2).	  Consistent	  with	  previous	  observations,	  151	  the	  values	  of	  σ	  

increase	  in	  the	  Rba.	  sphaeroides	  chromatophores	  with	  the	  lowest	  LH1/LH2	  ratio,	  in	  which	  a	  

higher	  packing	  density	  of	  LH2	  rings	  results	  in	  higher	  values	  for	  the	  functional	  absorption	  cross	  

section.	  Rsp.	  rubrum	  chromatophores	  exhibit	  σ	  values	  of	  24.0	  and	  21.0	  Å2/q	  with	  

cytochrome	  c	  only	  and	  cytochrome	  c	  with	  Q0,	  respectively	  (Tables	  4.1	  and	  4.2).	  A	  small	  cross	  

section	  is	  consistent	  with	  the	  exclusive	  presence	  of	  the	  LH1	  complex	  as	  the	  light-‐harvesting	  

antenna.	  The	  higher	  values	  of	  the	  connectivity	  parameter	  p	  (0.42	  and	  0.11	  with	  

cytochrome	  c	  only	  and	  cytochrome	  c	  with	  Q0,	  respectively)	  reflect	  the	  closer	  proximity	  of	  the	  

RCs	  to	  LH1,	  the	  sole	  LH	  complex	  in	  Rsp.	  Rubrum	  chromatophores.	  In	  the	  case	  of	  Rba.	  

sphaeroides	  chromatophores,	  the	  connectivity	  parameters	  vary	  in	  the	  intervals	  of	  0.02–0.10	  

with	  cytochrome	  c	  and	  0.04–0.05	  with	  cytochrome	  c	  and	  Q0,	  consistent	  with	  a	  lack	  of	  

sigmoidicity	  in	  the	  fluorescence	  rise	  kinetics.	  
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The	  fluorescence	  transients	  reported	  in	  Figure	  4.6	  are	  sufficiently	  resolved	  to	  allow	  a	  

successful	  fitting	  of	  the	  relaxation	  profiles	  after	  the	  300	  μs	  STF	  with	  three	  exponential	  terms	  

with	  both	  types	  of	  chromatophores	  (Figure	  4.8)	  To	  the	  best	  of	  our	  knowledge,	  this	  is	  the	  first	  

time	  that	  all	  three	  τ	  values	  for	  Rba.	  sphaeroides	  and	  Rsp.	  rubrum	  chromatophores	  are	  reported.	  

The	  τ1	  time	  constant	  (1	  ms)	  is	  attributed	  to	  the	  double	  reduction	  of	  mobile	  native	  ubiquinone	  

QB	  (or	  the	  substitute	  Q0)	  by	  the	  fixed	  ubiquinone	  QA.	  The	  τ2	  time	  constant	  (tens	  of	  ms)	  is	  ascribed	  

to	  the	  reduction	  of	  ubiquinone	  QB	  (or	  Q0)	  entering	  the	  pocket	  from	  the	  external	  quinone	  pool,	  

while	  τ3	  (hundreds	  of	  ms)	  was	  attributed	  to	  inactive	  and	  damaged	  RC.	  This	  assignment	  reflects	  

the	  similarity	  of	  the	  RC	  to	  PSII	  CCs.161	  Clearly,	  when	  both	  cytochrome	  c	  and	  Q0	  are	  present,	  the	  

chromatophores	  exhibit	  a	  higher	  degree	  of	  functional	  integrity.	  This	  observation	  is	  reflected	  by	  

the	  lower	  values	  of	  τ3	  when	  cytochrome	  c	  and	  Q0	  are	  available	  (Table	  4.2)	  as	  opposed	  to	  when	  

only	  cytochrome	  c	  is	  provided	  (Table	  4.1).	  A	  smaller	  portion	  of	  inactive	  and	  damaged	  RCs	  is	  

measured	  with	  cytochrome	  c	  and	  Q0	  in	  comparison	  cytochrome	  c	  only,	  as	  shown	  by	  lower	  values	  

of	  α3.	  

Following	  adsorption	  to	  the	  gold	  electrode	  surface,	  in	  the	  presence	  of	  cytochrome	  c,	  

the	  Fv/Fm	  values	  decreased	  to	  0.51,	  0.26,	  and	  0.21	  for	  the	  respective	  Rba.	  sphaeroides	  0,	  4,	  and	  

24	  h	  samples,	  representing	  a	   70%	  retention	  of	  photosynthetic	  activity	  (Table	  4.3).	  The	  Rsp.	  

rubrum	  chromatophore	  preparation	  gave	  an	  Fv/Fm	  value	  of	  0.39,	  as	  compared	  the	  0.74	  observed	  

in	  whole	  cells.151	  This	  Fv/Fm	  value	  for	  the	  Rsp.	  rubrum	  chromatophores	  on	  gold	  with	  

cytochrome	  c	  represents	  a	   90%	  retention	  of	  photosynthetic	  activity.	  Respective	  values	  of	  0.38,	  

0.17,	  and	  0.36	  were	  obtained	  for	  the	  0,	  4,	  and	  24	  h	  for	  Rba.	  sphaeroides	  when	  Q0	  was	  added.	  

Thus,	  for	  chromatophores	  on	  gold	  surfaces,	  the	  addition	  of	  cytochrome	  c	  and	  Q0	  showed	  no	  

obvious	  effect	  on	  the	  quantum	  yield	  of	  the	  primary	  charge	  separation.	  We	  attribute	  this	  

apparent	  inconsistency	  with	  what	  was	  observed	  in	  suspension	  to	  the	  substantially	  different	  
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behavior	  of	  the	  chromatophores	  on	  the	  surface	  and	  in	  suspension.	  While	  Q0	  can	  easily	  access	  

the	  QB	  pockets	  of	  the	  RCs	  in	  the	  chromatophores	  in	  suspension,	  the	  same	  cannot	  be	  expected	  

for	  the	  chromatophores	  on	  the	  gold	  surfaces.	  The	  adhesion	  characteristics	  of	  the	  

chromatophores	  on	  the	  surface	  and	  the	  partial	  disruption	  of	  the	  vesicles	  caused	  by	  interaction	  

with	  gold	  will	  determine	  their	  ultimate	  photosynthetic	  activity.	  The	  lack	  of	  active	  mixing	  of	  the	  

film	  of	  liquid	  on	  the	  chromatophores	  is	  also	  a	  factor	  negatively	  affecting	  activity.	  Despite	  this,	  

the	  value	  of	  τavg	  of	  the	  Rba.	  sphaeroides	  chromatophores	  on	  gold	  appears	  to	  be	  smaller	  when	  

both	  cytochrome	  c	  and	  Q0	  are	  present,	  while	  no	  similar	  effect	  was	  observed	  for	  Rsp.	  

rubrum	  chromatophores	  on	  gold.	  In	  the	  case	  of	  the	  Rba.	  sphaeroides	  chromatophores,	  it	  seems	  

that	  the	  functional	  integrity	  is	  enhanced	  by	  the	  presence	  of	  Q0,	  but	  this	  does	  not	  consistently	  

result	  in	  a	  higher	  photosynthetic	  activity	  (as	  reflected	  by	  the	  Fv/Fm).	  

It	  is	  possible	  to	  conclude	  that	  some	  loss	  of	  photosynthetic	  activity	  of	  chromatophores	  

on	  the	  gold	  electrode	  surface	  has	  arisen	  from	  limitations	  in	  the	  supply	  of	  accessible	  

chromatophores	  following	  adsorption	  to	  the	  gold	  surface.	  In	  chromatophore	  suspensions,	  

inactive	  chromatophores	  can	  be	  replaced	  with	  active	  ones	  by	  simple	  dispersion	  while	  the	  

immobilized	  chromatophores	  are	  stationary	  and	  cannot	  replace	  lower-‐activity	  vesicles	  with	  

more	  active	  ones.	  This	  ensemble	  effect,	  which	  is	  absent	  in	  the	  immobilized	  structures,	  favors	  

the	  chromatophores	  that	  have	  the	  largest	  and	  most	  active	  antenna	  among	  those	  in	  suspension.	  

Nevertheless,	  it	  is	  shown	  below	  that	  sufficient	  antenna	  and	  RC	  activity	  was	  maintained	  for	  

production	  of	  a	  significant	  current	  at	  the	  chromatophore	  electrode	  surface.	  
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Figure	  4.6	  -‐	  Fluorescence	  Kinetics	  Studies	  of	  Chromatophores	  in	  Suspension	  

	  

Figure	  4.	  6	  |	  Fluorescence	  kinetics	  studies	  of	  Rba.	  sphaeroides	  and	  Rsp.	  rubrum	  chromatophores	  

in	  suspension,	  obtained	  from	  fluorescence	  induction	  and	  relaxation	  measurements.	  The	  STF-‐τ	  

transients	  (STF:	  single	  turnover	  flash,	  phase	  I;	  τ:	  fluorescence	  relaxation,	  phase	  II)	  are	  shown;	  

STF	  (300µs),	  τ	  (1451	  ms),	  the	  latter	  represents	  the	  width	  of	  the	  relaxation	  region.	  All	  

measurements	  are	  the	  average	  of	  50	  iterations.	  (A)	  Performed	  in	  presence	  of	  horse	  heart	  

cytochrome	  c.	  (B)	  Performed	  in	  presence	  of	  cytochrome	  c	  and	  quinone	  Q0.	  
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Figure	  4.7	  -‐	  Fluorescence	  Kinetics	  Studies	  of	  Chromatophores	  on	  Gold	  Surfaces	  

	  

Figure	  4.7	  |	  Fluorescence	  kinetics	  studies	  of	  Rba.	  sphaeroides	  and	  Rsp.	  rubrunm	  

chromatophores	  on	  gold-‐coated	  silicon	  substrates,	  obtained	  from	  fluorescence	  induction	  and	  

relaxation	  measurements.	  The	  STF-‐τ	  transients	  are	  described	  in	  Figure	  4.6	  legend.	  All	  

measurements	  are	  the	  average	  of	  50	  iterations.	  (A)	  Performed	  in	  presence	  of	  horse	  heart	  

cytochrome	  c.	  (B)	  Performed	  in	  presence	  of	  cytochrome	  c	  and	  quinone	  Q0..L	  
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Figure	  4.8	  	  -‐	  Florescence	  Relaxation	  curve	  fitting	  

	  

Figure	  4.8	  | 	  Expansion	  of	  Region	  II	   in	  Figures	  4.6A	  and	  B	  with	  fitting	  (see	  Table	  4.1	  

and	   4.2).	   The	   fitting	   requires	   three	   exponential	   terms	   corresponding	   to	   the	   time	  

constants	   ,	   , 	  and	   .	  Cyt	  c , 	  horse	  heart	  cytochrome	  c.	  
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3.4	  -‐	  Chronoamperometry	  

The	  photoinduced	  electron	  charge	  separation	  across	  the	  RCs	  results	  in	  a	  current	  that	  

can	  be	  measured	  between	  the	  gold	  (working	  electrode)	  and	  the	  platinum	  (counter	  electrode)	  in	  

the	  presence	  of	  the	  AgCl	  reference	  electrode	  (Figure	  4.3).	  Chronoamperometry	  was	  

implemented	  with	  chromatophores	  immobilized	  on	  commercially	  available	  gold	  electrodes	  with	  

a	  radius	  of	  1.5	  mm	  under	  a	  full-‐spectrum	  white	  light	  source	  (Figure	  4.9).	  The	  current	  reached	  a	  

maximum	  of	   1.8	  μ	  A/cm2	  quickly	  and	  was	  photostable	  for	  several	  hours	  at	  the	  maximal	  value	  

under	  an	  illumination	  intensity	  of	  220	  mW/cm2,	  while	  upon	  exposure	  to	  19	  mW/cm2,	  a	  value	  of	  

0.5	  μA/cm2	  was	  encountered.	  Thereafter,	  at	  220	  mW/cm2,	  the	  current	  leveled	  off	  before	  being	  

maintained	  at	  ≥0.5	  μA/cm2	  for	  nearly	  5	  days.	  

When	  an	  850	  nm	  LED	  light	  source	  was	  used	  for	  illumination	  of	  the	  chromatophore	  

electrodes	  (Figure	  4.10),	  the	  Rsp.	  rubrum	  preparations	  were	  able	  to	  generate	  maximal	  currents	  

of	  1.5	  μA	  at	  181	  mW/cm2	  and	  0.8	  μA	  at	  97	  mW/cm2,	  whereas	  high-‐light	  Rba.	  

sphaeroides	  chromatophores	  generated	   1.6	  μA	  at	  172	  and	  145	  mW/cm.	  136	  

The	  LH2	  antenna	  of	  Rba.	  sphaeroides	  has	  been	  shown	  to	  be	  largely	  inactivated	  when	  the	  

chromatophores	  are	  absorbed	  to	  the	  gold	  surfaces.	  43	  While	  the	  Rba.	  sphaeroides	  LH1	  complex	  

was	  relatively	  stable,	  it	  is	  shown	  here	  that	  the	  photostability	  of	  the	  robust	  Rsp.	  rubrum	  LH1	  was	  

even	  greater,	  especially	  when	  illuminated	  under	  white	  light.	  This	  can	  be	  explained	  by	  the	  

presence	  of	  LH2	  in	  the	  Rba.	  sphaeroides	  chromatophores,	  which	  will	  not	  have	  as	  strong	  of	  a	  

contribution	  to	  the	  current	  as	  the	  LH1,	  which	  Rsp.	  rubrum	  chromatophores	  utilize	  as	  the	  only	  

light-‐harvesting	  antenna.	  The	  lack	  of	  LH2	  would	  allow	  more	  surface	  area	  to	  be	  occupied	  by	  RCs	  

that	  have	  a	  fixed	  ratio	  to	  LH1.160	  
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Figure	  4.9	  -‐	  Electrochemical	  measurements	  of	  Rsp.	  rubrum	  chromatophores	  on	  Gold	  surfaces	  	  

Figure	   4.9	   | 	   Electrochemical	   measurements	   of	   Rsp.	   rubrum	   chromatophores	  

adhered	   to	   Au-‐glass	   electrode	   surfaces	   under	   white	   light.	   The	   apparatus	   used	   for	  

chronoamperometry	   is	   depicted	   schematically	   in	   Figure	   4.3	   and	   experimental	  

details	   are	   presented	   in	   the	   text.	  Measurements	   were	   conducted	   in	   the	   presence	  

of	   horse	   heart	   cytochrome	   c 	   and	   quinone	   Q0	   as	   redox	   mediators	   and	   the	   system	  

was	   polarized	   at	   -‐0.1	   V	   vs.	   Ag/AgCl,	   3	   M	   NaCl	   at	   25.00	   ± 	   0.01	   °C.	   See	   text	   for	  

further	  details	  of	  these	  measurements.	  
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Figure	  4.10	  -‐	  Electrochemical	  measurements	  of	  Rsp.	  rubrum	  and	  high-‐light	  Rba.	  sphaeroides	  

	  

Figure	   4.10	   | 	   Electrochemical	  measurements	   of	   (A)	  Rsp.	   rubrum	  and	   (B)	   high-‐light	  

Rba.	   sphaeroides 	   chromatophores	   adhered	   to	   Au-‐glass	   electrode	   surfaces	   under	  

near-‐IR	   light	   (850	   nm	   ±	   10	   nm	   bandwidth	   filter).	   The	   apparatus	   and	   experimental	  

details	  are	  described	  in	  the	  text	  and	  in	  Figure	  4.9	  legend.	  

	  
	  

4.	  Conclusions	  

This	  study	  demonstrates	  that	  chromatophores	  isolated	  from	  Rsp.	  rubrum	  can	  be	  

adsorbed	  onto	  gold	  surfaces.	  The	  adsorbed	  chromatophores	  were	  shown	  to	  generate	  a	  

photodriven	  current	  when	  exposed	  to	  both	  white	  light	  and	  850	  nm	  radiation.	  When	  compared	  

to	  chromatophores	  isolated	  from	  Rba.	  sphaeroides,	  these	  preparations	  showed	  more	  
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robustness	  when	  exposed	  to	  high	  light.	  Under	  high	  850	  nm	  illumination,	  the	  total	  charge	  

generated	  by	  the	  electrode	  is	  greater	  with	  the	  Rsp.	  rubrum	  chromatophores	  even	  though	  the	  

peak	  current	  is	  slightly	  lower.	  This	  makes	  chromatophores	  isolated	  from	  Rsp.	  rubrum	  more	  

suitable	  for	  incorporation	  into	  photovoltaic	  devices.	  In	  this	  connection,	  we	  have	  recently	  

fabricated	  a	  biohybrid	  near-‐IR	  sensing	  dye-‐sensitized	  solar	  cell	  in	  which	  the	  light-‐harvesting	  dye	  

was	  replaced	  with	  robust	  Rsp.	  rubrum	  chromatophores	  and	  the	  electrolytes	  with	  Q0	  and	  

cytochrome	  c.	  157	  In	  the	  present	  study,	  we	  demonstrate	  that	  in	  the	  presence	  of	  residual	  

cytochrome	  c	  and	  Q0,	  it	  is	  possible	  to	  resolve	  three	  time	  constants	  in	  the	  fluorescence	  relaxation	  

kinetics	  of	  both	  types	  of	  chromatophores	  in	  suspension.	  Moreover,	  the	  fluorescence	  studies	  

reported	  here	  have	  facilitated	  determination	  of	  the	  surviving	  photosynthetic	  activity	  of	  the	  

chromatophores	  when	  adsorbed	  to	  gold	  electrode	  surfaces.	  
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Table	  4.1	  -‐	  Chromatophores	  in	  Suspension	  with	  Cytochrome	  c	  

Sample LH1/LH2 F0 Fm Fv/Fm 
σCC 

(Å2/q) 
p τi (ms) 

        

Rba. sphaeroides 0h 3.25:1.00 566 1720 0.67 86.2 0.10 τ1 =1.15 ± 0.09   α1 = 0.50 

Chromatophores       τ2 = 15.3 ± 1.52    α2 = 0.32 

       τ3 = 242 ± 29.7   α3 = 0.18 

        

Rba. sphaeroides 4h 2.71:1.0 1007 1550 0.35 87.7 0.02 τ1 =1.62 ± 0.26    α1 = 0.25 

Chromatophores       τ2 = 47.2 ± 7.4    α2 = 0.30 

       τ3 = 504 ± 69.2    α3 = 0.45 

        

Rba. sphaeroides 24h 1.00: 1.00 1214 1740 0.30 157 0.04 τ1 =1.25 ± 0.19    α1 = 0.32 

Chromatophores       τ2 = 34.9 ± 4.40    α2 = 0.39 

       τ3 = 408 ± 75.2    α3 = 0.29 

        

Rsp. rubrum NA 808 1700 0.52 24.0 0.42 τ1 =1.11 ± 0.13    α1 = 0.24 

Chromatophores       τ2 = 37.2 ± 3.31    α2 = 0.37 

       τ3 = 280. ± 22.42    α3 = 0.39 
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Table	  4.1	  | 	  The	  parameters	  refer	  to	  the	  fluorescence	  yield	  profiles	  shown	  in	  Figure	  

4.6A.	   F0	   is	   the	  minimum	  of	   fluorescence,	   Fm	   is	   the	  maximum,	   FV	   =	   Fm	   –	   F0,	   FV/Fm	   is	  

the	   quantum	   yield	   of	   photochemistry,	   	   is	   the	   functional	   absorption	   cross	  

section.	  I	   is	  the	  irradiance.	   	   is	  a	  time	  constant	  and	  is	  obtained	  from	  the	  equation	  

used	   in	   the	   fitting	   of	   the	   fluorescence	   in	   Region	   II;	   	  

corresponds	  to	  the	  ratio	  	   	  
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Table	  4.2	  -‐	  Chromatophores	  in	  with	  Cytochrome	  c	  and	  Q0	  

Sample LH1/LH2 F0 Fm Fv/Fm 
σCC 

(Å2/q) 
p τi (ms) 

Rba. 

sphaeroides 0h 3.25:1.00 482 1420 0.66 80.9 0.05 τ1 =1.17 ± 0.09    α1 = 0.39 

Chromatophores       τ2 = 14.2 ± 0.8    α2 = 0.47 

       τ3 = 247 ± 30.  α3 = 0.14 

Rba. 

sphaeroides 4h 2.71:1.00 1020 1750 0.42 91.1 0.04 τ1 =1.51 ± 0.11    α1 = 0.44 

Chromatophores       τ2 = 20.5 ± 2.1    α2 = 0.30 

       τ3 = 268 ± 23   α3 = 0.26 

Rba. 

sphaeroides 24h 1.00: 1.00 1071 1850 0.42 149.5 0.04 τ1 = 1.11  ± 0.12   α1 = 0.40 

Chromatophores       τ2 = 21.3 ± 2.5    α2 = 0.33 

       τ3 = 259 ± 29   α3 = 0.27 

Rsp. rubrum NA 635 1730 0.63 21.0 0.11 τ1 =1.31 ± 0.09    α1 = 0.48 

Chromatophores       τ2 = 25.9 ± 3.20    α2 = 0.28 

       τ3 = 282 ± 35.2   α3 = 0.23 

 

Table	  4.2	  | 	  The	  parameters	  refer	  to	  the	  fluorescence	  yield	  profiles	  shown	  in	  Figure	  

4.6B.	  See	  Table	  4.1	  for	  definition	  of	  fluorescence	  parameters.	  	  
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Table	  4.3	  -‐	  Chromatophores	  on	  Gold	  Surface	  with	  Cytochrome	  c 

Sample LH1/LH2 F0 Fm Fv/Fm % (Fv/Fm) σCC (Å2/q) τi (ms) 

        

Rba. sphaeroides 0h 3.25:1.00 450 918 0.51 76 27.2 τavg = 47.3 ± 7.9 

Chromatophores on 

Au-glass        

        

Rba. sphaeroides 4h 2.71:1.00 926 1250 0.26 73 38.7 τavg = 49.5 ± 89.0 

Chromatophores on 

Au-glass        

        

Rba. sphaeroides 24h 1.00: 1.00 915 1160 0.21 70. 42.7 τavg = 39.0 ± 4.7 

Chromatophores on 

Au-glass        

        

Rsp. rubrum NA 1010 1640 0.39 93 16 τavg = 52.8 ± 6.3 

Chromatophores on 

Au-glass        

Table	   4.3	   | 	   Percentage	   retention	   of	   quantum	   yield	   of	   primary	   charge	   separation	  

(Fv/Fm)	  with	  respect	  to	  the	  corresponding	  chromatophore	  suspensions	  in	  Table	  4.1.	  

The	   parameters	   refer	   to	   the	   fluorescence	   yield	   profiles	   shown	   in	   Figure	   4.6A.	   See	  

Table	  4.1	  for	  definition	  of	  fluorescence	  parameters.	  
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Table	  4.4	  -‐	  Chromatophores	  on	  gold	  surface	  with	  Cytochrome	  c	  and	  Q0	  

Sample LH1/LH2 F0 Fm Fv/Fm 
% 

(Fv/Fm)a 

σCC 

(Å2/q) 
τi (ms) 

Rba. sphaeroides 0h 3.25:1.00 449 726 0.38 58 29.5 τavg = 23.2 ± 5.6 

Chromatophores on Au-

glass        

        

Rba. sphaeroides 4h 2.71:1.00 877 1050 0.17 40. 37.9 τavg = 17.4 ±9.0 

Chromatophores on Au-

glass        

        

Rba. sphaeroides 24h 1.00: 1.00 917 1440 0.36 86. 31.9 τavg = 12.3 ±1.8 

Chromatophores on Au-

glass        

        

Rba. rubrum NA 648 1330 0.51 81 12.9 τavg = 53.1 ± 7.9 

Chromatophores on Au-

glass        

	  
Table	   4.4	   | 	   Percentage	   retention	   of	   quantum	   yield	   of	   primary	   charge	   separation	  

(Fv/Fm)	  with	  respect	  to	  the	  corresponding	  chromatophore	  suspensions	  in	  Table	  4.2.	  	  

The	   parameters	   refer	   to	   the	   fluorescence	   yield	   profiles	   shown	   in	   Figure	   6B.	   See	  

Table	  4.1	  for	  definition	  of	  fluorescence	  parameters.	  
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Chapter	  VI.	  General	  Conclusions.	  

	   A	  grand	  challenge	  in	  chemistry	  and	  materials	  science	  is	  the	  design	  and	  construction	  of	  a	  

bio-‐mimetic	  integrated	  system	  capable	  of	  light-‐harvesting,	  photo-‐induced	  charge	  separation	  and	  

catalytic	  water	  oxidation	  /	  hydrogen	  formation[162].	  Confidence	  in	  the	  possibility	  to	  build	  a	  

Supramolecular	  Functional	  Unit	  for	  Hydrogen	  generation	  	  (H2-‐SFU)	  having	  these	  characteristics	  is	  

based	  on	  the	  advancements	  in	  two	  complementary	  research	  areas:	  1)	  understanding	  of	  the	  

molecular	  machinery	  of	  natural	  photosynthesis,	  and	  2)	  the	  synthesis	  and	  supramolecular	  

assembly	  of	  molecular	  analogs	  of	  light-‐harvesting	  antennas,	  photo-‐redox	  centers	  and	  redox	  

catalysts.	  Progress	  toward	  an	  H2-‐SFU	  would	  benefit	  enormously	  from	  a	  research	  effort	  in	  a	  third	  

bridging	  area:	  the	  bottom-‐up	  reconstruction	  of	  the	  isolated	  molecular	  components	  of	  natural	  

photosynthesis	  in	  a	  working	  Photoelectrochemical	  System	  for	  Hydrogen	  Generation	  (H2-‐PES).	  	  

In	  this	  study	  we	  pursued	  the	  latter	  goal	  by	  achieving	  the	  following	  objectives:	  

6.1-‐	  Synthesis	  of	  a	  GO	  based	  electroactive	  support	  	  

	   The	  synthesis	  of	  an	  electroactive	  support	  based	  on	  GO	  with	  Ni2+-‐coordination	  sites	  (GO-‐

NiNTA)	  on	   the	  model	  of	   immobilized	  metal	   affinity	   chromatography	   resins	  provides	  a	   scaffold	  

that	   can	   be	   used	   as	   a	   basis	   for	   the	   assembly	   of	   a	   semi	   artificial	   photosynthetic	   system.	   GO	  

provides	   an	   ideal	   chemical	   canvas	   that	   can	   be	   modified	   using	   known	   chemistry,	   is	  

biocompatible,	  and	  can	  be	  used	  in	  suspension,	  as	  well	  as	  thin	  films	  on	  a	  surface.	  The	  suspension	  

allows	  for	  a	  high	  density	  of	  bound	  protein	  per	  unit	  volume.	  Preparations	  of	  modified	  GO	  can	  be	  

made	  in	  high	  concentrations	  with	  various	  size	  particles	  on	  the	  scale	  of	  hundreds	  of	  nanometers	  

to	  the	  tens	  of	  micrometers	  and	  oxygen	  content	  between	  8%	  and	  35%.	  The	  GO	  used	  in	  this	  study	  

had	  oxygen	  content	  of	  20%.	  Thin	  films	  can	  be	  deposited	  on	  various	  supports	  including	  gold	  and	  

quartz.	  	  
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6.2	  -‐	  Characterization	  of	  GO-‐NiNTA	  for	  immobilization	  of	  Histidine-‐tagged	  proteins	  

	   The	   Characterization	   of	   GO-‐NiNTA	   as	   a	   high-‐affinity	   surface	   for	   immobilization	   of	  

Histidine-‐tagged	   proteins	   and	   its	   possible	   use	   in	   chromatographic	   applications	   shows 5 to 10 

times higher protein binding capacity compared to commercial resins. This allows for more 

protein to be isolated with the same volume of resin. The graphene based resin utilizes 

inexpensive and readily available starting materials suitable for possible scale up. GO-NiNTA 

resin shows a greater than 50% improved specificity compared to commercial resins depending 

on protein target. It may be possible to use GO-NiNTA for protein purification in a single step 

without the need of ion exchange and size exclusion procedures. 

6.3	  -‐	  Vectorial	  orientation	  of	  photosystem	  II	  core	  complexes	  on	  GO-‐NiNTA.	  

	   PSII	   CCs	   isolated	   from	   T.	   elongatus	   can	   be	   immobilized	   onto	   the	   GO-‐NiNTA	   support.	  

Electron	  flow	  between	  the	  core	  complexes	  and	  GO-‐NiNTA	  has	  been	  shown	  to	  be	  possible.	  The	  

extent	  of	  electron	  transfer	  depends	  on	  the	  oxygen	  content,	  which	  confer	  electron-‐conducting	  or	  

hole-‐conducting	   character	   to	   the	   basal	   plane	   of	   GO.	   Electron	   tunneling	   is	   possible	   through	   a	  

single-‐layer	   of	   graphene	   oxide	   to	   a	   metallic	   support	   as	   shown	   by	   variable	   fluorescence	  

experiments.	   

6.4	  -‐	  Study	  of	  the	  oxygen	  evolution	  activity	  of	  PSII	  on	  GO-‐NiNTA.	  

	   PSII	   core	  complexes	  can	   transfer	  electrons	  directly	  and	   indirectly	   to	  GO	   in	  suspension.	  

The	  rate	  at	  which	  the	  water	  oxidation	  complex	  can	  turn	  over	  is	  thereby	  increased	  by	  a	  factor	  of	  

2	   to	   3.	   Both	   transient	   and	   stationary	   oxygen	   evolution	   experiments	   provided	   evidence	   in	   this	  

regard.	   	   The	   stationary	   rate	   of	   oxygen	   evolution	   at	   45	   °C	   in	   GO-‐NiNTA-‐PSII	   under	   continuous	  

light	  in	  the	  presence	  of	  ferricyanide	  increases	  above	  7900	  mol	  O2	  /	  (mg	  Chl	  ·∙	  h),	  more	  than	  twice	  

the	  rate	  observed	  in	  the	  case	  of	  PSII	  in	  vitro	  (3500	  mol	  O2	  /	  (mg	  Chl	  ·∙	  h)).	  
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6.5	  -‐	  Vectorial	  orientation	  of	  PSII	  and	  PSI	  core	  complexes	  

	   Both	  PSII	  and	  PSI	  core	  complexes	  can	  be	  co-‐immobilized	  on	  GO-‐NiNTA.	   	  The	  electronic	  

communication	   between	   the	   core	   complexes	   was	   verified	   with	   the	   help	   of	   a	   kinetic	   model	  

necessary	   for	   the	  rationalization	  of	   the	  data.	   Joliot-‐type	  Spectroscopy	   (JTS)	  was	  used	  to	  probe	  

PSI	  and	  PSII	  attached	  via	  the	  GO-‐NiNTA	  resin.	  The	  percentage	  contribution	  of	  PSII	  to	  the	  electron	  

flow	  via	  the	  GO	  to	  the	  PSI	  was	  determined	  using	  the	  proposed	  kinetic	  model.	  

6.6	  -‐	  Chromatophores	  containing	  bRCs	  bound	  to	  gold	  show	  charge	  separation.	  

Chromatophores	   isolated	   from	   Rsp.	   rubrum	   can	   be	   adsorbed	   to	   gold	   surfaces.	   These	  

chromatophores	   can	   generate	   a	   photodriven	   current	   when	   they	   are	   exposed	   to	   light.	   When	  

compared	  to	  chromatophores	  isolated	  from	  Rba.	  sphaeroides	  the	  Rsp.	  rubrum	  chromatophores	  

are	  more	  robust	  and	  will	   last	   longer	  when	  exposed	  to	  high	   light.	  This	   is	  due	  to	  the	   lack	  of	   the	  

LH2	   antenna	   complex.	   This	   shows	   that	   Rsp.	   rubrum	   chromatophores	   are	   better	   suited	   for	  

incorporation	  into	  biohybrid	  photosynthetic	  systems.	  

6.7	  -‐	  Future	  directions	  

	   The	   modular	   system	   investigated	   in	   this	   thesis	   can	   be	   used	   to	   build	   up	   a	   biohybrid	  

electron	   transport	   chain	   that	  can	  utilize	  natural	  and	  artificial	  photosynthetic	  components.	  The	  

benefit	  of	   this	  system	   is	   the	  ability	   for	  each	  component	   to	  be	   individually	  added,	   removed,	  or	  

changed	  to	  enhance	  the	  properties	  of	  the	  system	  as	  a	  whole,	  or	  simply	  to	  test	  new	  solutions	  to	  

each	   step	   of	   the	   overall	   pathway.	   This	   bio-‐hybrid	   photosynthetic	   system	   can	   be	   used	   as	   an	  

important	  tool	   in	  understanding	  not	  only	  the	  natural	  bioenergetics	  of	  photosynthesis,	  but	  also	  

to	  help	  make	  advancements	  in	  artificial	  photosynthesis.	  The	  Rsp.	  rubrum	  chromatophores	  have	  

been	   incorporated	   into	   photovoltaic	   devices	   to	   replace	   systemic	   dyes	   as	   sensitizers.	   These	  

biological	   antennas	   and	   others	   show	   promise	   as	   biocompatible	   components	   of	   photovoltaic	  

systems.	   The	   GO-‐NiNTA	   resin	   shows	   promise	   as	   a	   protein	   purification	   resin	   and	   is	   currently	  
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under	  development	  for	  that	  purpose.	  This	  material	  also	  has	  potential	  to	  take	  advantage	  of	  the	  

vectorial	  orientation	  of	  proteins	  as	  well	  as	  the	  electrical	  properties	  explored	  in	  this	  thesis.	  	  	  
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Appendix	  A	  -‐	  Instrumentation	  

	   The	  study	  of	  biological	  molecules	   interfaced	  with	  conducting	  supports	   requires	  a	   large	  

set	   of	   physical-‐chemical	   instrumentation	   and	  methods.	   The	   experimental	   details	   of	   individual	  

techniques	   have	   been	   grouped	   into	   five	   categories.	   Microbiological	   techniques	   are	   used	   for	  

growing	  single	  celled	  phototrophs	  used	  in	  these	  studies.	  Separation	  techniques	  are	  used	  in	  the	  

isolation	  of	  proteins	  and	   chromatophores	   from	   the	   cellular	  extracts.	   Spectroscopic	   techniques	  

provided	   information	   about	   the	   electronic	   and	   vibrational	   properties	   of	   the	   analytes.	  

Electrochemical	   techniques	  were	  utilized	   for	  measuring	  kinetic	  and	   thermodynamic	  properties	  

of	   protein-‐electrode	   bioconjugates	   and	   chromatophore-‐electrode	   systems.	   Finally,	   surface	  

techniques	   provided	   information	   about	   the	   morphological	   characteristics	   of	   the	   biological	  

components	   immobilized	   on	   conductive	   supports.	   Overall,	   these	   techniques	   allowed	   us	   to	  

obtain	  evidences	  about	  the	  nature	  of	  proteins	  and	  chromatophores	  and	  their	  interactions	  with	  

supporting	  materials.	   In	   this	   chapter	  brief	   introductions	  and	  explanations	  about	   the	  principles	  

pertinent	  to	  each	  technique	  are	  given,	  a	  good	  starting	  point	  for	  a	  deeper	  understanding	  of	  the	  

data	  presented	  in	  following	  chapters.	  

A	  1.	  Microbiological	  Techniques	  

	   Phototrophic	  bacteria	  were	  the	  sources	  of	  photosynthetic	  CCs	  and	  membranes	  used	  in	  

this	  study.	  Once	  the	  single	  celled	  organisms	  were	  grown	  to	  sufficient	  biomasses,	  the	  molecules	  

of	  interest	  had	  to	  be	  extracted	  and	  purified.	  This	  section	  describes	  some	  fundamental	  aspects	  of	  

cell	   growth	   and	   extraction	   processes.	   The	   protein	   purification	   protocols	   are	   covered	   in	   detail	  

below.	  	  

A	  1.1	  -‐	  Cell	  Growth	  

	   Requirements	   for	   cellular	   growth	   can	   vary	   greatly	   depending	   on	   organism	   and	   the	  

intended	   use	   of	   the	   cell	   culture.	   Growth	   conditions	   can	   have	   an	   effect	   on	   the	   expression	   of	  
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target	  biomolecules.	  The	  bacteria	  utilized	  in	  this	  study	  were	  all	  grown	  phototropically.	  This	  type	  

of	  growth	  condition	  requires	  optimal	  exposure	  of	  the	  microorganisms	  in	  the	  photosynthetically	  

active	  region	  (PAR)	  usually	  taken	  to	  be	  between	  400	  nm	  and	  700	  nm.	  PAR	  is	  mostly	  in	  the	  visible	  

light	  range	  (400-‐700	  nm)	  in	  the	  case	  of	  cyanobacteria	  but	  it	  extends	  to	  900nm	  in	  the	  case	  of	  the	  

purple	   non-‐sulfur	   bacteria.	   The	   irradiance	   conditions	   can	   change	   the	   way	   the	   organism	  

expresses	   the	   photosynthetic	   apparatus.	   In	   the	   case	   of	   R.	   sphaeroides	   the	   ratio	   of	   light	  

harvesting	  antennas	  that	  are	  present	  in	  the	  chromatophore	  will	  change	  with	  the	  light	  intensity.	  

Under	   high	   light	   intensity	   (1100	   mW/cm2)	   the	   lowest	   LH2/LH1	   ratio	   is	   observed;	   when	   the	  

cultures	   are	   placed	   in	   low	   light	   conditions	   (30	   mW/cm2)	   then	   the	   ratio	   increases.	   157	   This	  

behavior	   is	  due	  to	  the	  organism	  adapting	  to	  the	  different	   light	  conditions.	  The	  cross	  section	  of	  

the	  LH2	  antenna	   is	   larger	  and	  therefore	  the	   increase	  numerical	  density	  of	  LH2	  with	  respect	   to	  

LH1	  will	   increase	   the	  probability	   that	   the	   incoming	   light	  will	   reach	   the	   reaction	   center.	  When	  

there	  is	  abundant	  light	  then	  the	  LH2	  levels	  are	  markedly	  diminished	  and	  the	  RC-‐LH1	  core	  articles	  

are	  preferentially	  expressed.163	  The	  Rsp.	   rubrum	  bacterium	  can	  grow	  constantly	  under	  a	  wider	  

range	   of	   light	   intensities	   despite	   the	   absence	   of	   the	   LH2	   antenna	   complex.	   A	   commonly	   use	  

precaution	   for	   keeping	   the	   cells	   from	   contamination	   is	   the	   use	   of	   antibiotics.	   Antibiotics	   are	  

molecules	  that	  will	  keep	  bacteria	  from	  growing.	  This	  was	  used	  when	  generating	  the	  PSI	  and	  PSII	  

CCs.	  Kanamycin	  antibiotic	  resistance	  was	  encoded	  in	  the	  vector	  along	  with	  the	  polyhistidine	  tags	  

at	  chose	  protein	  termini.95	  Antibiotic	  resistance	  will	  allow	  only	  the	  cultures	  that	  have	  the	  added	  

vector	   to	   grow,	   and	   thus	   selecting	   for	   the	   polyhistidine	   tag.	   Relatively	   low	   concentration	   of	  

antibiotics	  (40	  µg/L	  in	  T.	  elongatus)	  inhibits	  growth	  of	  other	  bacteria	  in	  the	  media.	  

A	  1.2	  -‐	  Cell	  Lysis	  	  

	   In	  order	  to	  use	  the	  biomolecules	  in	  this	  study	  the	  cells	  needed	  to	  be	  broken	  to	  release	  

the	  cytoplasm.	  French	  Press	   is	   the	  preferred	  method	  to	   lyse	  the	  cells.	   In	   this	  method	  the	  cells	  
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are	   placed	   into	   a	   reinforced	   cylinder.	   A	   piston	   applies	   pressure	   to	   the	   cell	   suspension.	   This	  

pressure	  can	  range	  from	  700	  psi	  (4,826	  kPa)	  to	  3000	  psi	  (20,648	  kPa)	  in	  the	  case	  of	  T.	  elongatus	  

and	  Rsp.	   rubrum,	   respectively.	  The	  cell	   suspension	   is	   released	  drop	  by	  drop	   from	  the	  cylinder.	  

The	   sudden	   expansion	   of	   gases	   results	   in	   explosive	   decompression	   that	   ruptures	   the	   cells,	  

releasing	  the	  cytoplasm	  and	  fragmenting	  the	  cellular	  membranes.	  164	  	  

A	  2.	  Separation	  techniques	  

	   Biochemical	  studies	  often	  require	  the	   isolation	  of	  proteins	  of	   interest.	  There	  are	  many	  

techniques	   that	   are	   used	   toward	   this	   goal,	   independently	   or	   in	   combination	  with	   each	   other.	  

These	   methods	   rely	   on	   the	   different	   physical	   and	   chemical	   interactions	   toward	   a	   stationary	  

phase	   of	   the	   biomolecule	   of	   interest	   as	   opposed	   to	   other	   components	   of	   a	   crude	   mixture.	  

Chromatography	   is	   a	   particular	   type	   of	   separation	   technique,	   which	   is	   used	   to	   separate	   a	  

mixture	   of	   different	   compounds	   in	   solution	   into	   its	   constituent	   components.	   There	   are	  many	  

different	  types	  of	  chromatography	  techniques.	  	  

A	  2.1	  -‐	  Affinity	  Chromatography	  

	   Affinity	  Chromatography	   relies	  on	  highly	   specific	   interactions	  between	  a	  molecule	  and	  

the	  stationary	  phase.	  These	  interactions	  involve	  an	  immobilized	  ligand	  with	  high	  affinity	  toward	  

an	   epitope-‐tag,	   a	   particular	   antigenic	   determinant	   or	   peptide	   sequence.	   For	   instance,	   a	   poly-‐

Histidine	   tag	   can	   interact	   with	   a	   Ni2+,	   Co2+,	   or	   Zn2+	   coordination	   sites	   in	   what	   is	   known	   as	  

immobilized	   metal	   affinity	   chromatography	   (IMAC).	   165	   IMAC	   purification	   offers	   high	   protein	  

loading	   capacities	   with	  mild	   elution	   conditions,	   relative	   stability	   of	   the	   ligand,	   and	  moderate	  

costs.166	   The	   metal	   is	   immobilized	   by	   a	   polydentated	   ligand	   such	   as	   nitroloacetic	   acid	   (NTA)	  

linked	   to	   the	   support.	   The	   support	   is	   typically	   a	  polysaccharide	   such	  as	  agarose	  or	   sepharose.	  

Metal	  ions	  show	  affinity	  for	  many	  residues	  like	  Glutamine,	  Tyrosine,	  Arginine,	  Methionine,	  and	  
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Lysine.	  These	  interactions	  can	  contribute	  to	  binding	  but	  the	  prevailing	  interaction	  of	  the	  protein	  

to	   the	   stationary	   phase	   is	   due	   to	   the	   available	   histidine	   residues.	   Aromatic	   side	   chains	  

(Phenylalanine,	  Tryptophan,	  Tyrosine)	  can	  contribute	  to	   the	  binding	   if	   they	  are	   in	  proximity	  of	  

the	  Histidine	  tag.	   In	  rare	  cases	  cysteines	  can	  play	  such	  a	  role	   if	  they	  are	  freely	  available	  and	  in	  

the	   reduced	   state.166,	   167	   Proteins	   with	   several	   native	   histidines	   can	   be	   purified	   without	  

modification.	  This	  was	   the	  original	  use	   for	   the	  technology.	  Nowadays,	   this	   technique	   is	  mostly	  

used	   to	   isolate	   proteins	   that	   have	   been	   specifically	   altered	   to	   contain	   the	   polyhistidine	   tag	  

(generally	  6	  residues).	  165,	  168,	  169	   

The	  protein	  of	  interest	  is	  adsorbed	  to	  the	  resin	  at	  a	  pH	  at	  which	  histidyl	  residues	  are	  in	  a	  

non-‐protonated	   form.	   These	   conditions	   are	   generally	   neutral	   or	   slightly	   basic.	   High	   ionic	  

strength	  buffers	  are	  used	  to	  reduce	  nonspecific	  interactions.	  Bound	  proteins	  can	  be	  eluted	  from	  

the	  stationary	  phase	  by	  using	  a	  buffer	  with	  a	  lower	  pH	  or	  by	  introducing	  a	  chelating	  agent	  that	  

will	   have	  a	  higher	  degree	  of	   affinity	   to	   the	  metal	   than	   the	  protein.	   In	   the	   case	  of	  our	   study	  a	  

gradient	  of	   imidazole	  was	  used	   to	  elute	   the	  sample.	  EDTA	  may	  be	  present	   in	   some	  cases	  as	  a	  

scavenger	   for	  metal	   contaminants.	   In	   this	   study,	   the	  mobile	   phase	   had	   low	   concentrations	   of	  

these	   chelating	   agents	   even	  during	   the	   adsorption	   stage	   in	   order	   to	  balance	   the	  pH	  and	   limit	  

nonspecific	   binding	   of	   naturally	   occurring	   histidines.170	   The	   use	   of	   an	   eluting	   agent	   that	   is	  

excessively	   strong	  would	   result	   in	   complete	   elimination	   of	   the	  metal	   ion	   from	   the	   stationary	  

phase.	  In	  this	  situation	  the	  resin	  must	  be	  recharged	  with	  the	  metal	  ion	  of	  interest.	  Stripping	  the	  

ions	   from	   the	   resin	   is	   used	   purposely	   for	   cleaning	   and	   recharging	   the	   stationary	   phase	   after	  

several	  purifications.	  	  

	   Poly-‐histidine	   tags	  have	  been	   successfully	   and	   routinely	  expressed	   in	  both	  prokaryotic	  

and	  eukaryotic	  organisms.165,	  171	  The	  His-‐tag	  may	  be	  removed	  from	  the	  protein.	  This	  is	  generally	  
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required	  in	  the	  case	  of	  biologics	  of	  pharmaceutical	  interest.	  N-‐terminal	  tagging	  is	  most	  common	  

due	   to	   the	   availability	   of	   efficient	   endoproteases	   that	   can	   cleave	   the	   recombinant	   extension	  

after	   purification.	   In	   some	   cases,	   it	   may	   not	   be	   possible	   to	   remove	   the	   tag	   without	   causing	  

damage	   to	   the	   target	   protein.	   Affinity	   chromatographic	   techniques	   must	   be	   used	   for	   these	  

molecules.	   However,	   in	   many	   cases	   the	   Histidine-‐tag	   will	   not	   interfere	   with	   the	   biological	  

function.	  There	  are	  many	  examples	  of	   clinical	   and	  preclinical	   trials	   for	  biologic	   therapeutics	   in	  

which	   the	  His6-‐tag	   is	   not	   cleaved	  off.	   165,	  172-‐175	  Often	  analyses	  of	   the	   target	  proteins	   require	   a	  

very	   high	   degree	   of	   purity	   for	   applications	   such	   as	   crystallography.	   For	   these	   applications	  

multiple	  steps	  after	  the	  IMAC	  purification	  process	  are	  required.	  There	  is	  the	  need	  to	  cope	  with	  

many	  other	  proteins	  other	  than	  the	  protein	  of	  interest.165	  Nonspecific	  binding	  can	  accounts	  for	  

20-‐50%	   of	   the	   bound	   protein.	   176	   After	   this	   phase	   many	   proteins	   must	   undergo	   further	  

purification.	  

	  

A	  2.2	  -‐	  Gel	  electrophoresis	  	  

Gel	   electrophoresis	   can	   be	   used	   to	   separate	   mixtures	   of	   proteins	   from	   a	   cell	   lysate,	  

partially	  isolated	  mixture,	  or	  a	  few	  proteins.	  The	  proteins	  are	  loaded	  onto	  a	  polyacrylamide	  gel	  

that	  has	  pores	  that	  protein	  can	  travel	  though.	  The	  samples	  are	  loaded	  onto	  the	  gels	  into	  small	  

wells	   that	   are	   formed	  during	   the	   casting	   of	   the	   gel.	   The	   proteins	   are	   denatured	   before	   being	  

loaded	  onto	  the	  SDS	  PAGE	  gel	  (Sodium	  Dodecyl	  Sulfide	  PolyAcrylamide	  Gel	  Electrophoresis)	  for	  

separation.	  The	  SDS	   is	  a	  detergent	  that	  will	  solubilize	  the	  protein.	  This	  type	  of	  gel	  reduces	  the	  

effects	  of	   secondary,	   tertiary,	  and	  quaternary	  structure.	  Leaving	  all	   samples	  are	   in	  monomeric	  

form,	  and	  the	  mixture	  is	  separated	  exclusively	  on	  the	  basis	  of	  size.	  In	  native	  gel	  electrophoresis	  

the	  proteins	  are	  not	  denatured	  but	  kept	  in	  the	  natural	  state.	  In	  this	  type	  of	  gel	  the	  proteins	  keep	  
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their	  quaternary	  structure	  and	  therefore	  will	  show	  the	  size	  of	  dimer,	  trimer,	  or	  other	  biological	  

aggregates.	   An	   electrical	   current	   is	   passed	   through	   both	   types	   of	   gel	   and	   their	   surrounding	  

buffer.	  The	  proteins	  will	  travel	  down	  the	  gel	  for	  a	  distance	  that	  is	  inversely	  proportional	  to	  the	  

log	  of	  the	  mass	  of	  the	  protein.	  The	  gel	  can	  be	  imaged	  via	  intrinsic	  fluorescence	  or	  staining	  with	  

dyes	  such	  as	  Coomassie	  Blue	  or	  silver	  stain.	  

A	  2.3	  Separation	  by	  differential	  centrifugation	  	  

	   Centrifugation	  is	  used	  extensively	  in	  protein	  separation	  protocols.	  Two	  main	  types	  were	  

used	  during	  this	  study.	  For	  differential	  centrifugation,	  the	  speed	  of	  the	  centrifuge	  was	  chosen	  on	  

the	  basis	  of	  inspection	  of	  the	  samples	  or	  their	  known	  behavior.	  In	  the	  case	  of	  the	  whole	  cells	  the	  

speed	  was	  relatively	  low,	  5000	  x	  g,	  resulting	  in	  the	  formation	  of	  a	  cell	  pellet.	  After	  the	  cells	  were	  

broken,	   the	   lysate	   containing	   the	   thylakoid	   membranes	   would	   stay	   in	   suspension	   during	   the	  

centrifugation.	  When	  membranes	   are	   solubilized	   in	   a	   detergent	   such	   as	   β−Dodecyl	  Maltoside	  

(β−DM)	   the	   photosystem	   RCs	   are	   extracted	   and	   remain	   in	   the	   supernatant,	   while	   the	  

membranes	  form	  a	  pellet.	  

	   Rate-‐zonal	  centrifugation	   is	   the	  other	  main	  way	   in	  which	  centrifugation	  was	  utilized	   in	  

this	  study	  for	  the	  purpose	  of	  isolating	  proteins.	  This	  method	  uses	  a	  centrifuge	  tube	  that	  is	  filled	  

with	   increasingly	  high	  concentrations	  of	  sucrose	   in	  buffer	   that	   from	  a	  sucrose	  gradient.	   In	   this	  

study,	  these	  concentrations	  have	  span	  ranges	  of	  5-‐15%	  up	  to	  5-‐40%.	  The	  density	  of	  the	  sucrose	  

gradually	   increased	   as	   the	   sample	   travels	   down	   the	   centrifuge	   tube.	   The	   protein	   containing	  

membranes	  will	  travel	  down	  the	  gradient	  and	  separate	  based	  on	  the	  size	  of	  the	  particle;	  leaving	  

a	  band	  of	  membranes	  containing	  the	  bRCs.	  The	  membranes	  used	  in	  this	  study	  were	  pigmented	  

and	  was	  removed	  by	  pasture	  pipette	  after	  chromatic	  identification.	   	  
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A	  2.4	  Flow	  Cytometry	  	  

Flow	  cytometry	  is	  a	  uniquely	  different	  type	  of	  separation	  technique.	  This	  technique	  was	  

developed	   in	   order	   to	   isolate	   a	   large	   number	   of	   viable	   cells	   destined	   for	   biochemical	  

experiments.	   177,	  178	  On	  a	   very	   fundamental	   level	   flow	  cytometry	   sorts	  much	   the	   same	  as	  with	  

macroscopic	  objects.	  The	  instrument	  isolates	  the	  cells	  or	  particles	  individually.	  Flow	  Cytometers	  

are	  comprised	  of	  three	  main	  systems.	  These	  are	  the	  fluidics,	  optics,	  and	  electronics.	  The	  sample	  

is	  first	  filtered	  into	  a	  reservoir	  to	  eliminate	  particles	  outside	  of	  the	  scope	  of	  the	  instrument	  form	  

interfering.	  The	  cells	  are	  removed	  from	  reservoir	  via	  a	  capillary.	  The	  capillary	  is	  surrounded	  by	  a	  

sheath,	  which	  carries	  a	  fluid.	  This	  sheath	  fluid	  dilutes	  the	  sample	  exiting	  the	  capillary	  in	  such	  a	  

way	   that	   individual	   cells	   can	   be	   observed.	   (Figure	   A	   1)	   Felix	   Savart	   first	   described	   this	  

phenomenon	   of	   uniform	   droplets	   forming	  while	   fluid	   is	   passed	   through	   a	   circular	   opening	   in	  

1833,	  and	  later	  analytically	  described	  by	  Rayleigh	  in	  1879.	  179-‐181	  Once	  these	  cells	  are	  separated	  

from	  one	  another	  in	  the	  outgoing	  stream	  they	  are	  passed	  through	  a	  laser	  light	  source.	  The	  flow	  

cytometer	  measures	  particle	  size	  in	  terms	  of	  scattering	  and	  fluorescence	  intensity.	  In	  our	  case	  it	  

provides	   also	   information	   about	   the	  bioconjugates	   and	   the	   aspect	   ratio	   of	   the	  particles	   going	  

through	   the	   cell.	   The	   probing	   light	   is	   passed	   through	   semi-‐reflective	   filters	   that	   will	   transmit	  

some	  light	  but	  reflect	  other	  wavelengths	  to	  a	  photodetector.	   In	  this	  way	  the	   incident	   light	  can	  

be	  separated	   into	  several	   frequencies	  for	  fluorescence	  and	  scattering	  detection.	  The	  detection	  

system	   identifies	   events	   via	   fluorescence,	   forward,	   and	   side	   scattering.	   The	   basic	   schematic	  

shown	  in	  Figure	  A	  2,	  which	  depicts	  how	  the	  forward	  and	  side	  scattering	  information	  is	  collected	  

simultaneously.	  The	   instrument	   is	  capable	  of	  sorting	  cells	  automatically,	   in	  the	  so-‐called	  gates.	  

The	   cells	   traveling	   in	   a	   narrow	   stream	   are	   deflected	   by	   a	   perpendicular	   electric	   field.	   Flow	  

cytometry	   is	   used	   in	   this	   study	   for	   the	   sorting	   of	   graphene	   oxide	   derivatives	   and	   GO-‐based	  

bioconjugates	  rather	  than	  in	  the	  separation	  of	  cells	  
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Figure	  A	  1	  –	  Flow	  Cytometry	  Sorting	  

	  

	  Fig	  A	  1	  |	  This	  diagram	  shows	  the	  way	  in	  which	  the	  sample	  is	  passed	  through	  a	  capillary	  with	  a	  

sheath	  fluid	  moving	  out	  of	  an	  orifice	  surrounding	  the	  opening	  of	  the	  capillary.	  This	  dilution	  can	  

separate	  individual	  cells.	  The	  individual	  droplets	  are	  sampled	  by	  the	  laser	  and	  with	  an	  

automated	  system	  the	  droplets	  can	  be	  sorted	  by	  changing	  the	  charge	  to	  direct	  the	  droplet	  into	  a	  

particular	  tube.	  	  
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Figure	   A	   2	   | 	   The	   probing	   light	   is	   passed	   through	   dichroic	   semi-‐reflective	   filters.	  

Each	  filter	  will 	  pass	  some	  light	  and	  reflect	  some	  to	  a	  particular	  photodetector.	  This	  

coupled	  with	  the	  forward	  scatter	  detector	  will 	  give	  the	  sample’s	  forward,	  side,	  and	  

photoluminescence.	   The	   instrument	   uses	   this	   to	   identify	   events.	   This	   basic	  

schematic	  shows	  how	  the	  light	  is	  sent	  to	  the	  photodetectors.	  

	   	  

Figure	  A2	  	  -‐	  Forward	  and	  Side	  Scatter	  Detection	  for	  Flow	  Cytometry	  
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A	  3.	  	  Spectroscopic	  measurements	  	  

	   Spectroscopy	  is	  the	  study	  of	  electromagnetic	  radiation	  emitted	  or	  absorbed	  by	  a	  given	  

chemical	   species.182	   (Figure	   A	   3)	  When	  matter	   is	   exposed	   to	   electromagnetic	   radiation	   in	   the	  

visible,	  infrared,	  or	  ultraviolet	  region	  the	  light	  can	  be	  absorbed,	  transmitted,	  reflected,	  scattered	  

or	   undergo	   photoluminescence.	   The	  wavelength	   of	   the	   electromagnetic	   radiation	   determines	  

the	  way	   in	  which	  the	   light	  energy,	  proportional	   to	  the	  frequency	  of	   the	  radiation,	  will	   interact	  

with	   the	   sample.	   This	   energy	   can	   be	   absorbed,	   transmitted,	   or	   dependent	   on	   an	   electronic	  

transition.	   (Figure	   A	   4a)	  Many	   pigments	   involved	   in	   the	   photophysics	   and	   photochemistry	   of	  

photosynthetic	  organisms	  will	  absorb	   in	  the	  visible	  and	  near	   IR	  regions.	  The	  covalent	  bonds	  of	  

organic	  molecules	   each	   absorb	   in	   the	   IR	   region,	   which	   corresponds	   to	   vibrational	   degrees	   of	  

freedom.	  Some	  molecules	  will	  absorb	  frequencies	  of	   light	  and	  undergo	  nonradiative	  relaxation	  

that	  will	  result	  in	  a	  photoluminescence	  event	  characteristic	  of	  the	  analyte.	  

Figure	  A	  3	  –	  Electromagnetic	  Spectrum	  

	  

Figure	  A	  3	  |	  The	  electromagnetic	  spectrum.	  Each	  region	  of	  light	  has	  a	  different	  interaction	  with	  

matter.	  
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Figure	  A	  4	  –	  Light	  Interacting	  with	  Matter	  
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Figure	  A	  4b	  |	  The	  Beer	  lambert	  law	  (equations	  	  A	  1)	  describe	  
the	  ratio	  of	  incident	  light	  to	  transmitted	  light	  for	  a	  particular	  
path	  length.	   

Figure	  A	  4a	  |	  This	  figure	  shows	  the	  way	  light	  interacts	  with	  
matter.	  When	  a	  beam	  of	  light	  interacts	  with	  a	  sample	  the	  light	  
can	  be	  reflected,	  absorbed,	  transmitted,	  scattered	  or	  cause	  
photoluminescence.	   
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A	  3.	  1	  -‐	  Absorption	  spectroscopy:	  Ultraviolet	  and	  Visible	  (UV-‐Vis)	  

	   Ultraviolet	   and	   visible	   absorbance	   spectroscopy	   is	   one	   of	   the	   basic	   tools	   used	   in	  

biochemistry	  research.	  Liquids	  are	  colored	  as	  a	  consequence	  of	  partial	  absorption	  and	  reflection	  

of	   incident	   light.	   This	  phenomenon	  extends	   to	  wavelengths	  of	   light	   that	  are	  not	  visible	   to	   the	  

human	  eye.	   	   In	  photosynthesis	  many	  of	   the	  pigments	  are	  visibly	   colored.	  Typically	   conjugated	  

chemical	   bonds	   in	   each	   sample	   will	   absorb	   incoming	   light	   and	   the	   complement	   light	   will	   be	  

transmitted.	   The	   energy	   of	   the	   light	   (wavelength)	   can	   cause	   electronic	   transitions.	   These	  

transitions	   provide	   information	   about	   events	   on	   a	   short	   time	   scale.	   	   These	   features	   allow	  

meaningful	   spectroscopic	  measurements	   on	   the	   pigments	   involved	   in	   electron	   transport.	   The	  

absorption	   spectrum	   is	   a	   fingerprint	   that	   can	   be	   used	   to	   identify	   the	   pigments	   present,	   their	  

concentrations,	   and	   the	   interaction	   between	   them	   and	   their	   environment.	   The	   absorbance	   is	  

given	  by	  the	  well-‐known	  Lambert-‐Beer	  law	  (equations	  A	  1).	  

𝐴 =   − log 𝑇 = log !!
!
= 𝜀𝑏𝑐  	   	   	   	   	   (Eq.	  A	  1)	  

	   A	  is	  the	  absorbance,	  a	  dimensionless	  variable	  (a.u.).	  T	  is	  transmittance,	  I0	  is	  the	  incident	  

light	  intensity,	  and	  I	  is	  the	  transmitted	  light	  intensity,	  ε	  is	  the	  molar	  extinction	  coefficient.	  These	  

values	  are	  represented	  in	  Figure	  A	  4b.	  The	  value	  of	  this	  parameter	  depends	  on	  the	  wavelength	  

measured	  and	  the	  particular	  sample	  being	  analyzed.	  The	  term	  b	   is	  the	  path	   length	  or	  distance	  

travelled	  by	  the	  light	  inside	  a	  sample.	  The	  value	  of	  this	  parameter	  is	  often	  measured	  in	  cm.	  c	  is	  

the	  concentration	  in	  mol/L.	  The	  absorbance	  value	  is	  proportional	  to	  the	  concentration	  of	  sample	  

at	   a	   particular	   given	  wavelength.	   Therefore	   the	   concentrations	   of	   samples	   that	   absorb	  within	  

the	  spectral	  window	  of	  the	  measurement	  can	  be	  quantified	  and	  stoichiometric	  ratios	  between	  

species	  can	  be	  obtained.	  182,183	  Most	  of	  the	  spectrophotometers	  in	  use	  have	  a	  range	  from	  about	  

190	  nm	  to	  1100	  nm.	  For	  absorbance	  measurements	  below	  400	  nm	  it	  is	  not	  possible	  to	  use	   the	  
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disposable	   poly-‐methyl	   methacrylate	   (PMMA)	   cuvettes.	   Quartz	   cuvettes	   must	   be	   used	  

instead	  because	  they	  are	  transparent	  to	  UV	  frequencies.	  	  

A	  3.2	  -‐	  Fourier-‐Transform	  Infrared	  Spectroscopy	  (FTIR)	  	  

	   The	   FTIR	   spectroscopy	   is	   a	   spectroscopic	   technique	   that	  measures	   the	   absorbance	   or	  

transmittance	   by	   a	   sample	   in	   the	   Infrared	   region	   of	   electromagnetic	   radiation.	   Infrared	   light	  

absorbed	   causes	   change	   in	   the	   rotational	   and	   vibrational	   states	   of	   molecules.	   184	   The	  

frequencies	  at	  which	  a	  molecule	  absorbs	  corresponds	  to	   its	  normal	  modes.	  Normal	  modes	  are	  

synchronous	  motions	  of	  the	  entire	  molecule.	  The	  dipole	  moment	  of	  a	  molecule	  may	  change	  as	  a	  

result	  of	  a	  molecular	  vibration	  and	  is	  correlated	  to	  the	  intensity	  of	  the	  infrared	  absorption	  by	  the	  

molecule.	  Only	  molecules	  whose	  absorption	  cause	  change	  in	  dipole	  moment	  will	  absorb	  infrared	  

light. This	   produces	   a	   characteristic	   spectrum	   for	   each	   molecule.	   The	   spectrum	   allows	   the	  

identification	  of	  the	  material,	  as	   it	   is	  unique	  to	  a	  specific	  structure.	  185	  Molecules	  that	  have	  no	  

dipole	  moment	   such	   as	   oxygen,	   nitrogen	   and	   carbon	   tetra-‐chloride	   cannot	   be	  measured	  with	  

this	  technique.	  Molecules	  such	  as	  water	  and	  carbon	  dioxide	  will	  show	  a	  signal,	  and	  in	  fact	  they	  

are	  common	  contaminants	  in	  measurements	  that	  must	  be	  dealt	  with.	  	  

	   FTIR	   spectroscopy	   is	   the	   method	   often	   selected	   over	   the	   dispersive	   or	   filter	   analysis	  

methods	  by	   giving	   a	   better	   signal	   to	  noise	   ratio	   than	  dispersive	   techniques.	  A	  broad	   range	  of	  

frequencies	  can	  be	  measured	  over	  a	  short	  period	  of	  time,	  and	  this	  allows	  multiple	  scans	  of	  the	  

sample	  to	  yield	  more	  precise	  results.	  The	  FTIR	  spectrophotometer	  consists	  of	  a	  few	  basic	  parts.	  

The	  light	  source	  consists	  of	  a	  filament	  emitting	  in	  the	  IR	  range.	  Two	  common	  filaments	  are	  the	  

Nernst	  and	  glowbar	  filaments.	  The	  optical	  path	  must	  consist	  of	  materials	  that	  are	  transparent	  to	  

the	  IR	  frequency	  interval	  that	  is	  used	  for	  the	  measurements.	  Common	  materials	  used	  are	  NaCl	  

or	  KBr	  crystals.	  The	  latter	  is	  the	  material	  of	  which	  the	  windows	  are	  made	  in	  our	  FTIR	  instrument.	  
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The	   windows	   must	   be	   present	   in	   an	   environment	   that	   has	   low	   humidity	   in	   order	   to	   avoid	  

damage	   to	   the	   salt	   optics.	   The	   two	  most	   common	  detectors	   normally	  used	   rely	  on	  either	   the	  

heating	  effect	  of	   the	  radiation	  or	  photoconductivity.186	  The	  signal	   is	  passed	  through	  an	  optical	  

system	  comprised	  of	  half	  and	  full	  mirrors	  known	  as	  a	  Michelson	  interferometer	  (Figure	  A	  5).	  The	  

incoming	   beam	   is	   split	   in	   two	   by	   a	   beam	   splitter.	   The	   two	   beams	   recombine	   after	   they	   have	  

traveled	   different	   distances.	   This	   produces	   interference	   between	   the	   two	   electromagnetic	  

waves.	   The	   interference	   between	   the	   two	   beams	   can	   be	   monitored	   as	   a	   result	   of	   this	   path	  

length	  difference	  by	  use	  of	  the	  detector.	  184	  	  

Figure	  A	  5	  –	  Michelson	  Interferometer	  

	  

Figure	  A	  5	  | 	  A	  schematic	  representation	  of	  the	  Michelson	  Interferometer.	  The	  light	  

beams	  split	  and	  returns	  to	  the	  sample	  after	  traveling	  different	  distances.	  
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Different	   types	   of	   cells	   can	   be	   used	   in	   the	   sample	   compartment.	   Many	   samples	   are	  

simply	   sandwiched	  between	   transparent	   disks	   of	   KBr	   in	   hermetically	   sealed	   cells.	   A	   liquid	   cell	  

requires	   the	   suspension	   or	   dissolution	   of	   the	   sample	   in	   IR	   transparent	   fluids	   (e.g.	   carbon	  

tetrachloride).	  The	  liquid	  cell	  is	  still	  based	  on	  the	  IR	  transparent	  salts	  with	  a	  hole	  in	  one	  window	  

giving	  access	  to	  insert	  a	  sample.	  	  Analytes	  can	  be	  ground	  and	  mixed	  with	  salt	  using	  a	  mortar	  and	  

pestle	  and	  then	  pressed	  into	  a	  crystal.	  An	  attenuated	  total	  reflectance	  (ATR)	  cell	  was	  also	  used.	  

The	  sample	  was	  placed	  on	  a	  crystal	  of	  ZnSe,	  which	  has	  a	  higher	  refractive	  index	  than	  the	  sample.	  

187	  The	  signal	  is	  mostly	  reflected	  off	  the	  surface	  of	  crystal	  with	  some	  emerging	  on	  the	  other	  side	  

and	  interacting	  with	  the	  sample.	  The	  light	  that	  is	  reflected	  off	  the	  mirror	  on	  the	  other	  side	  of	  the	  

sample	   is	   transmitted	   to	   the	   detector.	   This	   signal	   has	   been	   attenuated	   or	   reduced	   by	   the	  

absorbance	   of	   the	   sample.	   The	   resulting	   signal	   contains	   vibrational	   information	   about	   the	  

sample	   itself.	   186	   The	  mathematical	   operation	   called	   Fourier	   transform	   is	   used	   to	   change	   the	  

signal	   from	   the	   time	  domain	   to	   the	   frequency	  domain.	  The	   frequency	   spectrum	  describes	   the	  

time-‐domain	  signal	  in	  terms	  of	  complex	  amplitudes.	  The	  instrument	  software	  uses	  a	  numerical	  

approximation	   known	   as	   a	   fast	   Fourier	   transform	   (FFT)	   that	   allows	   quick	   solutions	  within	   the	  

accuracy	   required	   for	   the	   measurement.	   184	   In	   this	   study	   FTIR	   was	   used	   to	   investigate	   the	  

chemical	  modification	  of	  the	  GO	  to	  the	  resin	  material	  with	  and	  without	  protein	  attached.	  

A	  3.3	  -‐	  Pump-‐Probe	  Spectroscopy	  (JTS)	  	  

	   We	  measured	  the	  activity	  of	  PSI	  using	  Joliot-‐type	  spectroscopy	  with	  a	  JTS-‐10	  from	  Bio-‐

logic	   USA.	   The	   instrument	   is	   a	   pump-‐probe	   spectrophotometer.	   	   It	   is	   a	   high-‐resolution	  

spectrophotometer	   that	   is	   specifically	  designed	   for	  electron-‐transfer	   studies	   in	  photosynthetic	  

organisms	  via	  fluorescence	  and	  absorbance	  changes.	  JTS	  is	  a	  technique	  that	  utilizes	  two	  sample	  



	  
	  

 

115	  

locations	  with	  their	  own	  monochromatic	  illumination	  sources,	  tandem	  photodetectors,	  and	  the	  

ability	  to	  compare	  these	  signals.	  The	  samples	  are	  at	  right	  angles	  of	  each	  other	  with	  a	  light	  source	  

split	  by	  a	  diffraction	  grating.	  188	  

	   The	  Joliot-‐type	  spectroscopy	  measurements	  were	  taken	  in	  absorbance	  change	  mode	  in	  

the	  case	  of	  PSI	  CCs.	  The	  JTS	  measurement	  was	  set	  up	  with	  a	  polychromatic	  probing	   light	   from	  

700	   to	   740	   nm	   passing	   through	   a	   705	   nm	   filter.	   The	   green	   actinic	   light	   at	   532	   nm	   has	   a	   low	  

irradiance	  of	  50	  µE/m2	   s	   and	   the	  orange	   saturating	   light	  at	  639	  nm	  has	  an	   irradiance	  of	  3000	  

µE/m2	  s.	  At	  time	  zero	  P700	  within	  PSI	  is	  completely	  reduced,	  due	  to	  the	  excess	  of	  ascorbate	  and	  

diclorophenol	   indophenol	   (DCPIP)	   in	   the	  sample.	  This	  dark-‐adapted	  sample	   is	   illuminated	  with	  

the	  green	  actinic	  light	  at	  532	  nm	  low	  irradiance	  light.	  This	  will	  oxidize	  the	  P700	  to	  P700+	  to	  a	  point	  

where	  the	  oxidation	  and	  re-‐reduction	  is	  equal.	  The	  system	  is	  in	  a	  steady	  states	  condition.	  After	  

that	  is	  achieved	  the	  639	  nm	  saturating	  flash	  of	  about	  200	  ms	  completely	  oxidizes	  the	  P700.	  The	  

system	   is	   then	   allowed	   to	   re-‐reduce	   back	   to	   the	   fully	   reduced	   state.	   From	   this	   absorbance	  

change	  the	  rate	  of	  P700	  oxidation;	  the	  P700+	  saturation	  and	  the	  P700	  steady	  state	  contribution	  can	  

be	  determined.	  During	  the	  “dark	  phase”	  after	  the	  saturating	  flash	  the	  rate	  of	  re-‐reduction	  of	  the	  

P700	  can	  be	  measured.	  This	  study	  used	  the	  JTS	  to	  measure	  the	  change	  in	  absorbance	  of	  P700	  in	  

PSI	   to	  obtain	   information	  about	   the	  electronic	  communication	  between	  bound	  photosynthetic	  

CCs	  facilitated	  by	  GO.	  
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Figure	  A	  6	  –	  Joliot-‐Type	  Spectroscopy	  setup	  

	  

	  

Figure	   A	   6	   | 	   The	   activity	   of	   PSI	   was	   measured	   using	   a	   JTS-‐10	   from	   Bio-‐logic	   USA.	  

The	   instrument	   is	   a	   pump-‐probe	   spectrophotometer	   that	   has	   a	   polychromatic	  

probing	   light	   from	   700	   to	   740	   nm	   passing	   through	   a	   705	   nm	   filter.	   The	   green	  

actinic	  l ight	  at	  532	  nm	  has	  a	  low	  irradiance	  of	  50	  µE/m2s	  and	  the	  orange	  saturating	  

light	  at	  639	  nm	  has	  an	  irradiance	  of	  3000	  µE/m2s.	  
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A	  3.4	  -‐	  Fluorescence	  /	  Variable	  Fluorescence	  	  

	   Fluorescence	   Induction	   and	   Relaxation	   (FIRe)	   is	   a	   non-‐destructive	   measurement	  

technique	  to	  measure	  the	  maximum	  fluorescence	  (Fm),	  quantum	  yield	  of	  photosynthesis	  (Fv/Fm),	  

the	  energetic	   connectivity	   (p)	   among	  PSII	  RCs,	   the	   functional	   absorption	   cross	   section	   (σ)	   and	  

the	   relaxation	  parameters	   (τ1,	  τ2,	  τ3)	   that	  give	   the	   rate	  of	  electron	   transfer	   from	  PSII	  RCs.	  The	  

sample	  is	  exposed	  to	  short	  saturating	  pulses	  known	  as	  “flashlets”.	  The	  timescale	  for	  the	  flashlets	  

is	   set	   to	   saturate	   the	   reaction	   center	   and	   yield	   a	   single	   turnover	   referred	   to	   as	   the	   single	  

turnover	   flash	   (STF).	  The	  single	   turnover	   flash	   is	  modeled	  by	  a	  cumulative	  Poisson	  distribution	  

(approximately	  a	  single	  exponential	  rise),	  and	  the	  single	  turnover	  relaxation	  period	  is	  simulated	  

by	  a	  triple	  exponential	  decay.	  

	   The	  decay	  coefficients	  are	  assigned	  to	  particular	  physiological	  events	   in	  PSII,	  namely	  τ1	  

describes	  the	  transfer	  of	  2	  electrons	  form	  QA	  to	  QB,	  τ2	  represents	  the	  transfer	  of	  the	  QB	  out	  of	  

the	   pocket,	   and	   τ3	   provides	   information	   about	   the	   electron	   transfer	   of	   damaged	   reaction	  

centers.	  This	  can	  give	  information	  about	  the	  activity	  of	  PSII	  in	  the	  live	  cells	  and	  in	  vitro.	  

	  

	   	  



	  
	  

 

118	  

Figure	  A	  7	  –	  Typical	  FIRe	  output

	  

Figure	   A	   7	   | 	   Typical	   FIRe	   output.	   The	   first	   phase	   is	   the	   variable	   fluorescence	   rise	  

over	   300	   µs	   that	   will 	   yield	   a	   single	   turnover	   of	   the	   reaction	   centers.	   The	  

components	  are	   listed	  below	  the	   figure.	  Taking	   the	  Fv/Fm	  gives	   the	  quantum	  yield	  

of	  photosynthesis.	  
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A	  3.5	  -‐	  Electron	  Paramagnetic	  Resonance	  (EPR)	  	  

Paired	   electrons	   hold	   most	   of	   the	   atoms	   in	   biomolecules	   together.	   These	   molecules	  

would	  have	  no	  net	  spin	  and	  thus	  no	  detectable	   interaction	  between	  electron	  spin	  and	  applied	  

magnetic	   fields.	   Unpaired	   electrons	   occur	   much	   less	   frequently,	   and	   can	   be	   measured	   by	  

Electron	   Paramagnetic	   Resonance	   (EPR).	   The	   physics	   behind	   this	   technique	   relates	   to	   the	  

changes	  in	  electronic	  spin	  state	  populations	  caused	  by	  absorption	  of	  magnetic	  energy.	  186	  	  

In	  this	  study	  radical	  signals	  from	  Mn	  and	  singlet	  oxygen	  that	  are	  characteristic	  of	  water	  

oxidation	   complex	   of	   PSII	   were	   investigated.	   The	   Boltzman	   distribution	   implies	   that	   at	   room	  

temperature	   the	   populations	   of	   unpaired	   electron	   spins	   do	   not	   show	  measurable	   differences	  

(+½	  	  –	  ½).	  The	  EPR	  spectrum	  is	  related	  to	  the	  amount	  of	  energy	  that	  is	  required	  to	  separate	  the	  

randomly	  distributed	  electron	  spins	  with	  an	  increasing	  magnetic	  field.	  The	  intensity	  of	  the	  EPR	  

signal	   is	  proportional	   to	  the	  concentration	  of	   the	  paramagnetic	  species	  present	   in	   the	  sample.	  

The	  width	  of	  the	  EPR	  signal	  is	  correlated	  to	  the	  relaxation	  time	  for	  the	  paramagnetic	  species	  to	  

return	  to	  a	  randomized	  the	  spin	  state.	  
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A	  4.	  Electrochemical	  Techniques	  

Electrochemistry	   is	   the	   study	   of	   intercorrelating	   electrical	   and	   chemical	   effects.	  Many	  

processes	  deal	  with	  electrical	  current	  needed	  or	  provided	  by	  a	  chemical	  process.	  The	  same	  basic	  

instrumental	   setup	   can	   be	   used	   for	   measuring	   different	   electrochemical	   phenomena.	   These	  

measurements	   look	   at	   processes	   and	   factors	   that	   are	   involved	   with	   the	   transport	   of	   charge	  

across	  the	  interface	  between	  chemical	  phases.	  These	  phases	  are	  provided	  by	  an	  ionic	  conductor	  

(e.g.	  electrolyte)	  and	  an	  electronic	  conductor	  (e.g.	  electrode).	  9	  	  

The	   instrument	   that	   is	   generally	   utilized	   for	   taking	   these	   types	   of	   measurements	   is	  

known	   as	   a	   potentiostat-‐galvanostat	   or,	  more	   simply,	   potentiostat.	   The	   normal	   operation	   for	  

the	   potentiostat	   involves	   a	   3-‐electrode	   setup.	   The	  working	   electrode	   (WE),	   counter	   electrode	  

(CE)	   and	   the	   reference	   electrode	   (RE).	   The	   potentiostat	   measures	   the	   current	   between	   the	  

working	  and	  counter	  electrode	  while	  measuring	  the	  voltage	  between	  the	  working	  electrode	  and	  

the	  reference	  electrode.	  Faraday’s	  convention	  defines	  the	  electrodes	  so	  that	  oxidation	  occurs	  at	  

the	  anode	  and	  reduction	  occurs	  at	  the	  cathode.	  Either	  electrode	  can	  work	  as	  the	  anode,	  or	  the	  

cathode	  depending	  on	  the	  magnitude	  and	  the	  sign	  of	  the	  voltage	  applied	  to	  the	  system.	  189	  This	  

study	   focused	   on	   some	   of	   the	  more	   common	   techniques	   including	   cyclic	   voltammetry	   (CV)	   a	  

chronoamperometry	   (CA)	   as	   well	   as	   a	   special	   case	   of	   chronoamperometry	   for	   oxygen	  

measurements.	  
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A	  4.1	  -‐	  Chronoamperometry	  (CA)	  	  

Chronoamperometry	   (CA)	   allows	   for	   a	   direct	   measurement	   of	   the	   current	   that	   is	  

generated	  by	  an	  electrochemical	  system.	  This	   is	  accomplished	  by	  observing	  the	  current	  on	  the	  

WE	  as	  a	  function	  of	  time.	  The	  potentiostat	  will	  set	  the	  WE	  at	  a	  fixed	  polarization	  with	  respect	  to	  

the	   RE,	   while	   the	   current	   is	   measured.	   In	   this	   study	   photo-‐chronoamperometry	   (pCA)	   was	  

utilized	   to	   measure	   light-‐induced	   current	   generation.	   A	   light	   source	   illuminates	   the	   analyte	  

coated	  on	  the	  surface	  of	  the	  WE	  and	  a	  photodriven	  current	  is	  observed.	  This	  is	  shown	  by	  turning	  

on	   and	   off	   the	   light	   source	   and	   observing	   that	   the	   current	   signal	   output	   is	   directly	  

photogenerated.	  Capacitive	  buildup	  in	  the	  system	  may	  be	  associates	  with	  a	  large	  current	  spike	  

when	   light	   is	   turned	   on.	   This	   current	   signal	   does	   not	   reflect	   the	   true	   faradic	   signal	   from	   the	  

sample.	   In	   summary,	   pCA	   measurements	   allow	   a	   direct	   observation	   of	   the	   generation	   of	  

photodriven	  current.	  

A	  4.2	  -‐	  Cyclic	  Voltammetry	  (CV)	  	  

Cyclic voltammetry (CV) is a type of potential sweep electrochemical measurement 

where the electrical potential between WE and RE is varied independently between two fixed 

values and the corresponding current is observed. Cyclic voltammetry is a popular technique 

which can provide a wealth of kinetic and thermodynamic information about complex systems.9 

The standard CV experiment utilizes the 3-electrode setup. In this study the proteins under 

investigation were immobilized and oriented onto the WE. The potentiostat measures the current 

between the WE and the CE during the potential sweep. The CE is grounded. The potential is 

measured against the RE. The electrochemical cell used for the measurements as conducted 

generally require the use of an electrolyte solution in which WE, CE and RE are immersed CV is 

performed by sweeping potential between set values at a known sweep rate. (Fig A 8a) The initial 

potential (Ei) is set at a voltage where no reaction will occur. The potential is swept past a voltage 

where a redox reaction occurs (E1). (Fig A 8b) Then the reverse sweep occurs, generally with a 
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symmetrical sweep speed, to observe the reverse reaction (E1). 

Figure	  A	  8	  -‐	  Electrochemical	  Measurements	  

 

Figure	  A	  8	  |	  	  (a)	  shows	  the	  sweep	  rate	  for	  the	  voltage	  during	  the	  CV	  measurement	  

with	  the	  corresponding	  CV	  trace.	  (b)	  Shows	  the	  voltage	  vs.	  time	  during	  the	  CV	  

measurement	  with	  the	  corresponding	  typical	  CV	  trace.	  	  
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The	  formal	  potential	  of	  a	  half	  reaction	  can	  be	  measured	  directly	  in	  CV.	  The	  parameters	  that	  are	  

assigned	  to	  the	  characteristic	  shape	  of	  cyclic	  voltammograms	  is	  the	  (Epc)	  cahodic	  and	  (Epa)	  anodic	  

peak	  potentials,	  (Ipc)	  cathodic	  and	  (Ipa)	  anodic	  peak	  currents	  (Ep/2)	  half	  peak	  potentials,	  and	  (E½)	  

half	  wave	  potential	  can	  be	  determined	  by	  E½	  (Epc-‐Epa)/Ax.	  𝐸½	  Is	  defined	  by	  Eq	  A	  2.	  

	  	  𝐸½ = 𝐸!" +   !"
!"
ln  (!!

!!
)½	   	   	   	   (Eq.	  A	  2)	  

Where	  E0’	  is	  defined	  as	  the	  formal	  for	  the	  ionic	  strength	  of	  the	  solution,	  D0	  and	  DR	  are	  diffusion	  

coefficients	   of	   the	   oxidized	   and	   reduced	   forms,	   the	   n	   is	   the	   number	   of	   exchanged	   electrons	  

involved	  in	  the	  half	  reactions.190	  One	  of	  the	  useful	  features	  of	  CV	  is	  that	  redox	  reactions	  can	  be	  

directly	  observed.	  The	  electron	  transfer	  is	  directly	  responsible	  for	  the	  change	  in	  the	  signal.	  
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A 4.3	  -‐	  Oxygen	  Evolution	  (Clark	  type	  electrode) 

	   The	  oxygen	  was	  measured	  using	  an	  electrographic	  technique.	  The	  Clark-‐type	  electrode	  

was	  introduced	  by	  the	  homonymous	  scientist	  in	  1956.	  	  The	  Clark-‐type	  polarographic	  electrode	  is	  

comprised	   of	   a	   Pt	   WE	   immersed	   in	   a	   KCl	   electrolyte	   solution	   to	   transport	   oxygen	   across	   a	  

permeable	  membrane	  to	  an	  Ag	  cathode.	  189	  More	   in	  detail,	   the	  WE	  consists	  of	  a	  Pt	  cathode	  in	  

the	   center	   of	   an	   epoxy	   resin	   disk.	   	   Surrounding	   that	   cathode	   is	   a	   well	   that	   has	   an	   Ag	   anode	  

recessed	   into	   it.	   An	   electrolyte	   saturated	   paper	   wick	   is	   inserted	   to	   connect	   the	   cathode	   and	  

anode.	   The	   electrolyte	   is	   a	   50%	   saturated	   solution	   of	   KCl.	   The	   cell	   is	   capped	   with	   a	  

polytetrafluoroethylene	   (PTFE)	  membrane	  held	   down	  by	   an	  O-‐ring.	   The	   electrolyte	   solution	   is	  

trapped	   in	   a	   thin	   layer	   between	   the	   membrane	   and	   the	   electrode.	   This	   is	   the	   compartment	  

where	   the	  electroreduction	  of	   the	  oxygen	  diffusing	   into	   the	  electrolyte	  occurs.	  The	  cathode	   is	  

held	  at	  600	  mV	  and	  depolarized	  by	  the	  oxygen.	  In	  this	  system	  neither	  the	  cathode	  nor	  the	  anode	  

is	   in	   direct	   contact	   with	   the	   solution	   being	   measured.	   191	   The	   Ag	   anode	   effectively	   acts	   an	  

Ag/AgCl	   electrode,	   because	   AgCl	   is	   generated	   in	   situ.	   Freshly	   polishing	   electrodes	   will	   yield	  

better	   results	   but	   will	   reduce	   the	   life	   of	   the	   platinum	   electrode.	   The	   reactions	   occurring	   are	  

described	  in	  equations	  A	  3a,	  A	  3b,	  and	  A	  3c.	  

Cathodic	  reaction:	  O!   +   2H!O   +   2𝑒!   →   H!O!   +   2OH!:    2H!O!     +   2𝑒! → 2OH!(Eq.	  A	  3a)	  

Anodic	  reaction:	   Ag   +   Cl!   →   AgCl   +   𝑒!  	   	   	   	  	  	  	  	  	   	  	  	  	  	  (Eq.	  A	  3b)	  

Overall	  reaction:	  	   4Ag   + O!   +   2H!O +   4Cl!   →   4AgCl   +   4OH!	   	  	  	  	  	  	  	  (Eq.	  A	  3c)	  

	   The	  Clark-‐type	  electrode	  exhibits	  a	  linear	  response	  between	  current	  and	  oxygen	  content	  

in	  the	  sample.	  The	  temperature	  will	  vary	  the	  measurement	  so	  it	  must	  be	  accurately	  controlled	  

or	  accounted	  for.	  191	  The	  calibration	  of	   the	  system	  must	  be	  done	  at	   the	  temperature	  at	  which	  

the	  measurement	  will	  occur.	  The	  oxygen	  reductions	  can	  follow	  2	  pathways.	  	  
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	   	   	   	   	   (Eq.	  A	  4)	  

	  

	   There	   is	   a	   4-‐electron	  path	   and	   a	   2-‐electron	  path	   (Eq.	   A	   4).	   In	   the	   4	   electron	  path	   the	  

oxygen	   diffuses	   to	   the	   surface	   cathode	   and	   is	   converted	   to	   hydroxyl	   by	   way	   of	   hydrogen	  

peroxide.	   In	   the	   2	   electron	   pathway	   the	   intermediate	   peroxide	   diffuses	   directly	   out	   of	   the	  

surface	   to	   the	   bulk	   solution.	   The	   oxygen	   path	   is	   dependent	   on	   the	   condition	   of	   the	   platinum	  

electrode.	  	  
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A	  5.	  Surface	  techniques	   	  	  

	   Interfacing	  biological	  molecules	  to	  conducting	  supports	  can	  result	  in	  direct	  and	  indirect	  

electron	   transfer.	   The	   resulting	   bioconjugate	   systems	   are	   amenable	   to	   surface	   probing	  

techniques	  for	  studying	  the	  interface	  itself	  and	  the	  properties	  the	  attached	  molecules.	  The	  way	  

that	   matter	   behaves	   at	   the	   interface	   of	   two	   phases	   can	   be	   different	   than	   in	   bulk.	   	   In	   the	  

following	   description	   the	   biological	   molecules	   under	   investigation	   and	   their	   environment	   are	  

identified.	  

A	  5.1	  -‐	  Atomic	  Force	  Microscopy	  (AFM)	  

Atomic	   Force	  Microscopy	   (AFM)	   is	   a	   scanning	   probe	   technique.	   Its	   application	   allows	  

measurements	  of	  the	  morphology	  of	  the	  surface	  of	  a	  sample	  in	  a	  range	  from	  0.1	  nm	  to	  50	  nm	  in	  

height,	  and	  from	  10	  nm	  to	  30	  µm	  horizontal	  size.	  The	  crucial	  part	  of	  the	  instrument	  consists	  of	  a	  

cantilever	   that	  holds	  a	   tip	   in	  proximity	  of	   the	  sample.	  The	  cantilever	  can	  be	  electrically	  driven	  

into	  constant	  oscillations	  above	  the	  sample.	  The	  incident	  light	  of	  a	  laser	  is	  reflects	  off	  the	  top	  of	  

the	  cantilever	  to	  a	  photodetector.	  The	  photodetector	  is	  sensitive	  to	  the	  movement	  of	  the	  laser	  

spot	   refection.	   As	   the	   tip	   approaches	   the	   sample	   surface	   the	   repulsive	   and	   attractive	   forces	  

between	  the	  atoms	  on	  the	  surface	  of	  the	  sample	  and	  those	  of	  the	  tip	  dampen	  the	  oscillation	  of	  

the	   cantilever.	   The	   cantilever	   is	   attached	   to	   a	   stack	   of	   piezoelectric	   panels	   in	   order	   to	   finely	  

adjust	  the	  tip	  to	  react	  to	  the	  topographical	  features	  on	  the	  surface	  of	  the	  sample.	  In	  this	  way	  the	  

tip	   remains	   in	   close	   proximity	   to	   the	   surface.	   The	   forces	   that	   are	   acting	   on	   the	   tip	   can	   be	  

modeled	   by	   the	   Lennard-‐Jones	   force	   curve	   (𝑉!").	   The	   repulsive	   force	   term	   (r−12)	   increases	   in	  

response	   to	   the	  Pauli	   repulsion,	  while	   the	  attractive	   force	   term	   (r−6)	   takes	  over	  at	   long	   ranges	  

due	  to	  van	  der	  Walls	  forces.	  (Equation	  A	  5	  &	  figure	  A	  9)	  𝜀	  is	  the	  depth	  of	  the	  potential	  well,	  σ	  is	  

the	   finite	   distance	  where	   interparticle	   potential	   is	   zero,	   and	   r	   is	   the	   actual	   distance	   between	  

particles.	  
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𝑉!" = 4𝜀   !
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	  	   	   	   	   (Eq.	  A	  5)	  

 

Figure	  A	  9	  -‐	  Force	  curve	  of	  AFM	  tip	  with	  proximity	  to	  the	  surface	  

 

Figure	   A	   9	   | 	   Force	   curve	   that	   is	   described	   in	   equation	   A	   5	   that	   shows	   the	   forces	  

the	   AFM	   tip	   will 	   experience	   as	   it	   comes	   in	   close	   proximity	   to	   the	   surface	   of	   the	  

sample.	  
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Figure	  A	  10	  –	  Diagram	  of	  AFM	  cantilever	  setup	  

	  

Figure	   A	   10	   | 	   The	  AFM	   tip	  will 	  move	   in	   response	   to	   the	   surface,	   the	   laser	   reflects	  

off	  the	  cantilever	  to	  the	  photo	  detector	  to	  generate	  the	  topography	  of	  the	  sample.	  

A	  5.2	  -‐	  Quartz	  Crystal	  Microbalance	  (QCM)	  

Sauerbrey	   first	   described	   the	   quartz	   crystal	   microbalance	   in	   1959.	   192	   Weighing	  

monoatomic	   or	   thin	   layers	   as	   a	   function	   of	   area	   is	   possible	   by	   using	   quartz	   crystals.	   The	  

fundamental	   principle	   behind	   the	  microbalance	   is	   the	   inverse	   proportion	   between	   oscillation	  

frequency	  and	  mass.	  The	  microbalance	  utilizes	   the	  harmonic	  oscillation	  and	  natural	   frequency	  

with	  respect	  to	  the	  mass.	  	  

	   	   	   	   	   	   (Eq.	  A	  6)	  

Where	   f	   is	   the	  natural	   frequency	  of	   the	   crystal,	   d	   is	   the	  plate	   thickness,	  vir	   is	   the	  propagation	  

f = Vir
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velocity	   of	   elastic	   shear	   wave	   in	   the	   plate	   thickness	   direction,	   and	   N	   can	   be	   considered	   the	  

frequency	  constant.	  As	  the	  mass	  changes	  on	  the	  surface	  of	  the	  quartz	  crystal	  the	  frequency	  will	  

change.	  This	  change	  can	  be	  related	  to	  the	  mass	  by	  equation	  A	  7.	  

	   	   	   	   	   (Eq.	  A	  7)	  

	  

	   As	   in	  equation	  Ax.6	  the	  factor	  f	   is	   the	  natural	   frequency	  of	  the	  quartz	  plate	  and	  d	   is	  the	  

thickness	  of	   the	  quartz	  plate.	   The	   factor	  ρQ	   is	   the	  density	  of	   the	  quartz	  plate,	   F	   is	   the	   surface	  

area	  of	  the	  quartz	  plate,	  and	  ∆mQ	  is	  the	  mass	  of	  a	  plane	  layer	  of	  thickness.	  The	  density,	  surface	  

area,	   and	   thickness	   of	   the	   quartz	   crystal	   are	   intrinsic	   values.	   These	   are	   constant	   for	   any	  

experiment	  preformed	  on	  that	  surface.	  And	  can	  be	  defined	  as	  Cf,	  which	  yields	  equation	  A	  8.	  

	  	   	   	   	   	   (Eq.	  A	  8)	  	  

Where,	  ∆f	   is	   the	   frequency	   change	  observed	   (in	  Hz),	  ∆m	   is	   the	  mass	   change	  per	  unit	   area	   (in	  

g/cm
2
),	  and	  	  Cf	  is	  the	  sensitivity	  factor	  for	  the	  crystal	  used	  (i.e.	  56.6	  Hz	  g

-‐1	  
cm

2	  
for	  a	  5MHz	  cut	  

quartz	  crystal	  at	  room	  temperature.)	  The	  manufacturer	  provides	  this	  fundamental	  value	  of	  the	  

substrate.	  

A	  5.3	  -‐	  X-‐ray	  Photoelectron	  Spectroscopy	  (XPS)	  	  

	   X-‐ray	   photoelectric	   spectroscopy	   is	   a	   widely	   used	   technique	   that	   interrogates	   the	  

properties	  of	  atoms	  and	  molecules	  on	  surfaces.	  The	  fundamental	  principal	  behind	  this	  technique	  

is	   the	  photoelectric	  effect.	   193,	  194	  While	   there	  are	  other	   techniques	   that	  utilize	   this	  effect,	  XPS	  

stands	  out	  as	  to	  the	  fact	  that	  when	  the	  energy	  of	  the	  x-‐ray	  is	  absorbed	  by	  the	  molecule	  or	  atom	  

∆ f
f
= −
∆ d
d

= −
∆ mQ

ρQ •F •d
= −

∆ m
ρQ •F •d

∆ f = −Cf •∆ m
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an	  electron	  form	  the	  core	  will	  be	  ejected.	  The	  energy	  that	  is	  holding	  each	  electron	  in	  its	  position	  

is	  the	  binding	  energy,	  which	  can	  also	  be	  referred	  to	  in	  this	  context	  as	  ionization	  potential.	  If	  the	  

X-‐ray	  photon	  overcomes	  a	  threshold	  energy	  (hν),	  and	  does	  not	  collide	  with	  another	  atom	  in	  the	  

sample,	  then	  the	  core	  electron	  will	  be	  ejected	  and	  leave	  the	  surface.	  Electrons	  that	  are	  excited	  

from	  deeper	   levels	  to	  the	  surface	  may	  be	   impacted	  by	   inelastic	  collisions.	  This	  phenomenon	  is	  

the	  source	  of	  background	  noise	  and	  must	  be	  subtracted	  from	  controls.	  The	  electron	  will	  have	  a	  

kinetic	  energy	  of	  Ek	  and	  referred	  to	  as	  the	  photoelectron.	  	  

	   The	  Einstein	  relationship	  provides	  the	  binding	  energy	  of	  the	  core	  electron	  and	   is	  given	  

by	  equations	  A	  9a	  and	  A	  9b	  

hν=Eb +Ek + Φ        	  (Eq	  A	  9a) 

 Eb =hν-Ek - Φ        	  (Eq	  A	  9b) 

where	  hν is	  the	  X-‐ray	  photon	  energy	  and	  Ek	  is	  the	  kinetic	  energy	  of	  photoelectron,	  which	  can	  be	  

measured	   by	   the	   energy	   analyzer,	   and	  Φ	   is	   the	   work	   function	   of	   the	   atom	   induced	   by	   the	  

analyzer.	  The	  work	  function	  (Φ)	  can	  be	  eliminated	  by	  compensating	  for	  it	  with	  the	  instrument.	  

The	  resulting	  formula	  for	  binding	  energy	  is:	  

Eb =hν-Ek	  	   	   	   	   	   (Eq	  A	  10) 
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Figure	  A	  11	  –	  An	  incoming	  photon	  causes	  the	  ejection	  of	  the	  photoelectron 

	  

Each	  atom	  will	  have	  a	  characteristic	  binding	  energy	   level,	  which	   is	  used	  to	   identify	  the	  type	  of	  

atoms	   the	  measured	  electrons	  were	  emitted	   from.	   The	  molecular	  bonds	   in	   the	   valence	   levels	  

will	   slightly	   shift	   the	  binding	  energy	  of	   the	   core	  electrons	   in	  a	  predictable	  manner.	  Therefore,	  

information	  about	  the	  molecular	  structure	  can	  be	  obtained.	  186,	  195 
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Appendix	  B	  -‐	  Methods	  

B	  1.	  Photosystem	  II	  core	  complex	  purification	  

	   	   The	  purification	  protocol	  was	  modified	  from	  Sugiura	  and	  Inoue.	  95	  The	  buffers	  

are	  listed	  in	  table	  A.1	  T.	  elongatus	  containing	  a	  His6	  tag	  on	  the	  CP47	  subunit	  was	  grown	  to	  an	  

optical	  density	  of	  1.0	  A.U	  at	  800	  nm	  with	  80µE/m2	  of	  light	  at	  45˚C	  with	  1%	  CO2.	  The	  typical	  

volume	  of	  culture	  was	  16L.	  These	  cells	  were	  pelleted	  by	  centrifugation	  at	  7300	  x	  g	  in	  a	  GS3	  rotor	  

and	  the	  supernatant	  was	  discarded.	  The	  pellets	  were	  resuspended	  in	  TP2	  and	  centrifuged	  in	  a	  

SS-‐34	  rotor	  at	  6700	  x	  g	  for	  10	  min.	  The	  supernatant	  was	  discarded,	  and	  the	  rest	  of	  the	  protocol	  

must	  be	  conducted	  in	  the	  dark	  and	  on	  ice	  or	  in	  a	  4˚C	  environmental	  chamber.	  The	  cells	  were	  

broken	  by	  using	  a	  French	  press.	  The	  cells	  were	  resuspended	  in	  50-‐100	  mL	  of	  TP2	  containing	  a	  

1mM	  final	  concentrations	  of	  Aminocaproic	  acid,	  	  Benzamidine,	  a	  0.2%,	  Bovine	  Serum	  Albumin	  

(BSA),	  and	  a	  spatula	  tip	  of	  DNAse.	  This	  mixture	  was	  gently	  shaken	  and	  the	  cells	  were	  broken	  at	  

pressure	  of	  700	  psi.	  The	  resulting	  crude	  mixture	  was	  centrifuged	  at	  1450	  x	  g	  in	  SS-‐34	  rotor	  and	  

4˚C	  for	  5	  minutes	  to	  remove	  unbroken	  cells.	  The	  supernatant	  was	  collected	  and	  spun	  for	  30	  min	  

at	  4˚C	  at	  a	  speed	  of	  50,000	  RPM	  in	  a	  70Ti	  rotor.	  The	  supernatant	  was	  discarded	  and	  the	  pellet	  

was	  resuspended	  in	  TP2,	  and	  centrifuge	  again	  at	  50,000	  RPM	  in	  a	  70Ti	  rotor	  at	  4˚C.	  	  The	  

supernatant	  was	  discarded	  and	  the	  pelleted	  thylakoids	  were	  resuspended	  in	  TP2.	  	  

	   To	  the	  resuspended	  thylakoids,	  sufficient	  10%	  (w/v)	  DDM	  in	  TP2	  (prepared	  at	  least	  one	  

hour	  before	  use)	  was	  added	  to	  bring	  the	  DDM	  concentration	  to	  1%	  followed	  by	  the	  addition	  of	  4	  

M	  NaCl	  to	  a	  final	  concentration	  of	  100	  mM.	  The	  detergent	  solubilization	  was	  performed	  for	  ~1	  

min	  on	  a	  vortex	  mixer,	  avoiding	  excessive	  mixing	  which	  results	  in	  loss	  of	  PSII	  activity.	  After	  

centrifugation	  for	  at	  256,000	  x	  g	  in	  a	  70Ti	  rotor,	  the	  supernatant	  was	  mixed	  with	  Invitrogen	  

ProBond	  NiNTA	  resin	  in	  TP3,	  adjusting	  to	  1	  mg	  of	  protein	  per	  mL	  of	  resin.	  The	  charged	  resin	  was	  
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introduced	  into	  a	  chromatography	  column	  and	  the	  phases	  were	  allowed	  to	  separate	  before	  

opening	  the	  outflow.	  The	  column	  was	  checked	  every	  10	  min	  to	  assure	  that	  it	  did	  not	  run	  dry.	  

After	  collection	  of	  the	  initial	  flow	  through,	  the	  Chl	  a	  concentration	  was	  checked	  to	  monitor	  PSII	  

binding	  and	  elution	  was	  performed	  with	  TP4	  overnight	  to	  remove	  material	  not	  binding	  to	  the	  

column,	  consisting	  mainly	  of	  PSI	  and	  the	  b6f	  complex.	  	  Care	  was	  taken	  in	  calculating	  the	  time	  and	  

flow	  volume.	  The	  bound	  PSII	  was	  removed	  by	  washing	  the	  column	  with	  TP5	  at	  a	  rate	  of	  4	  

mL/min.	  The	  PSII	  should	  eluted	  at	  this	  high	  imidazole	  concentration	  ,	  allowing	  collection	  of	  the	  

His-‐tagged	  complex.	  This	  can	  be	  confirmed	  by	  the	  Chl	  a	  concentration	  assay.	  The	  fractions	  were	  

pooled	  and	  concentrated	  using	  Amicon	  100	  kDa	  centrifugation	  filters	  at	  4˚C.	  The	  concentrated	  

samples	  were	  brought	  to	  an	  ideal	  concentration	  of	  about	  1mg	  protein/mL,	  quickly	  aliquoted	  and	  

stored	  under	  liquid	  nitrogen.	  
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Table	  B.1	  Buffers	  for	  Photosystem	  II	  purification	  
	  

	  
PSII	  Purification	  Buffers	  

	  
	   	   	   	  TP2:	   40	  mM	  MES	  pH	  6.5	   TP3:	   40	  mM	  MES	  pH	  6.5	  

	  
15	  mM	  MgCl2	  

	  
15	  mM	  MgCl2	  

	   15	  mM	  CaCl2	   	   15	  mM	  CaCl2	  

	  
10%	  (w/v)	  glycerol	  

	  
100	  mM	  NaCl	  

	  
1M	  Betaine	  

	  
10%	  (w/v)	  glycerol	  

	   	   	  
1M	  Betaine	  

TP4:	   50	  mM	  MES	  pH	  6.5	  
	   	  

	  
15	  mM	  MgCl2	   TP5:	   150	  mM	  MES	  pH	  6.5	  

	   15	  mM	  CaCl2	  
	  

15	  mM	  MgCl2	  

	  
100	  mM	  NaCl	   	   15	  mM	  CaCl2	  

	  
15	  mM	  Imidazole	  

	  
200	  mM	  NaCl	  

	  

10%	  (w/v)	  glycerol	  

	  

0.1%	  (w/v)	  Dodecyl	  
Maltoside	  	  	  

	  
1M	  Betaine	  

	  
300	  mM	  Imidazole	  

	   	   	  
10%	  (w/v)	  glycerol	  

TP6:	   40	  mM	  MES	  pH	  6.5	  
	  

1M	  Betaine	  

	  
15	  mM	  MgCl2	  

	   	  
	   15	  mM	  CaCl2	  

	   	  
	  

20%	  glycerol	  
	   	  

	  
1M	  Betaine	  

	   	  
	  

B	  2.	  Graphene	  Oxide	  and	  Affinity	  Chromatography.	  

Affinity	  Chromatography	  relies	  in	  specific	  interaction	  between	  protein	  molecules	  in	  the	  

mobile	   phase	   with	   the	   stationary	   phase.	   	   These	   specific	   interactions	   include	   immunoglobulin	  

(IgG)	   interacting	  with	   immobilized	  protein	  A	  or	  protein	  G,	  protein	  domain	  such	  as	  streptavidin	  

interacting	  with	  immobilized	  biotin,	  maltose	  binding	  protein	  (MBP)	  interacting	  with	  immobilized	  

sugar,	   and	   peptide	   or	   peptide	   sequence	   often	   a	   poly	   Histidine	   tag	   that	   interacts	   with	   an	  

immobilized	  metal	  ion	  (including	  Ni2+,	  Cu2+,	  Zn2+,	  Ag+,	  Fe3+,	  Ga3+,	  Zr3+,	  and	  Co2+)	  commonly	  often	  

referred	   to	   as	   immobilized	  metal	   affinity	   chromatography	   (IMAC).165 IMAC	   purification	   offers	  
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high	  protein-‐loading	  capacities	  with	  mild	  elution	  conditions,	  stability	  of	  the	  ligand,	  and	  relatively	  

low	   cost.	   165 166 The	   metal	   is	   immobilized	   by	   a	   tri-‐dentate	   nitrilotriacetic	   acid	   (NTA)	   that	   is	  

attached	   to	   the	   support.	   	   Although	   the	   metal	   ion	   has	   affinity	   for	   many	   amino	   acid	   residues	  

including	   glutamine,	   tyrosine,	   arginine,	   methionine,	   and	   lysine,	   but	   it	   is	   the	   histidine	   that	  

correlates	  with	   the	  binding	  of	   protein	   to	   the	   stationary	  phase	   the	  most.	  Aromatic	   side	   chains	  

(phenylalanine,	   tryptophan,	   tyrosine)	   can	   contribute	   to	   the	  binding	   if	   they	   are	   in	  proximity	  of	  

the	  contributing	  histidine.	  In	  rare	  cases	  cysteines	  can	  contribute	  to	  binding	  of	  the	  protein	  if	  they	  

are	  freely	  available	  and	  in	  the	  reduced	  state.	  166,	  170	  Proteins	  with	  several	  native	  histidines	  can	  be	  

purified	  without	  additional	  modification	  and	  utilized	  for	  analysis	  and	  medicine	  without	   further	  

modification.	   This	   was	   the	   original	   use	   for	   the	   technology.165	   This	   technique	   is	   often	   used	   to	  

isolate	  a	  particular	  protein	   that	  has	  been	   specifically	   altered	   to	   contain	   the	  poly	  histidine	   tag,	  

generally	  6,	  that	  will	   interact	  with	  stationary	  phase.	  	  168,	  169	   IMAC	  resins	  are	  typically	  comprised	  

of	  polymeric	  matrixes	  based	  on	  polysaccharides	  such	  as	  agarose	  and	  sepharose.	  

Bound	   proteins	   can	   be	   eluted	   from	   the	   stationary	   phase	   by	   using	   a	   high	   imidazole	  

concentration	  that	  mimics	  the	  side	  chain	  of	  histidine,	  low	  pH,	  or	  a	  chelating	  agent	  such	  as	  EDTA.	  	  

In	   this	   study	   initially	   the	   mobile	   phase	   had	   low	   concentrations	   of	   imidazole	   to	   reduce	  

nonspecific	   binding	   of	   naturally	   occurring	   histidines.	   170,	   196	   High	   imidazole	   concentration	  

necessary	   to	  elute	  bound	  proteins	  often	  results	   in	   the	  metal	   ion	  being	  washed	  away	   from	  the	  

stationary	  phase.	   	  Therefore	  resin	  must	  be	  recharged	  with	  the	  metal	   ions	  prior	  to	  reuse	  of	  the	  

resin.	  Often	  analysis	  of	  these	  proteins	  requires	  a	  very	  high	  degree	  of	  purity	  for	  applications	  such	  

as	  crystallography.	  For	  these	  techniques	  multiple	  steps	  after	  the	  IMAC	  purification	  process	  are	  

required.	   Many	   more	   proteins	   are	   often	   co-‐eluted	   with	   the	   protein	   of	   interest	   in	   this	  

technique.165	  Nonspecific	  binding	   interferes	  with	   the	  purity	  of	   the	   recovered	  protein.	  Typically	  

the	   IMAC	   purification	   step	   yields	   a	   20-‐50%	   pure	   sample	   of	   protein.	   166	   This	   leads	   to	   further	  
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purification	  of	  the	  protein	  utilizing	  techniques	  such	  as	  ion	  exchange	  or	  size	  exclusion.	  	  

A	  side	  task	  of	  this	  study	  has	  been	  to	  develop	  and	  standardize	  a	  new	  IMAC	  resin	  based	  on	  

graphene54	  to	  be	  used	  in	  isolation	  of	  affinity	  proteins.	  Most	  resins	  are	  based	  on	  a	  polysaccharide	  

matrix	   such	   as	   agarose	   or	   spepharose.	   This	   study	   introduces	   a	   Ni-‐NTA	   made	   by	   modifying	  

graphene	  oxide	  (GO).	  This	  scaffold	  provides	  a	  better	  separation	  at	  a	  lower	  cost,	  higher	  affinity	  to	  

be	  used	  in	  separations	  of	  target	  proteins.	  	  

Graphene	  is	  a	  thin	  sheet	  of	  SP2	  hybridized	  carbon.	  This	  elemental	  form	  of	  carbon	  starts	  

out	  as	  a	  3-‐dimensional	  lattice	  called	  graphite	  where	  these	  graphene	  sheets	  are	  stacked	  on	  top	  of	  

one	  another.	  51,	  52,	  54,	  55,	  197,	  198
 
When	  the	  graphite	  is	  separated	  from	  the	  lattice	  it	  is	  thought	  of	  as	  

2-‐	  dimensional	  due	  to	  the	  large	  aspect	  ratio	  of	  10,000	  –	  200,000	  (0.5	  to	  10	  µm	  width/depth	  to	  

the	  monoatomic	   0.5	  Å	  height).	   The	  nature	  of	   graphene	   leads	   the	   current	   interest	   in	   its	   being	  

incorporated	   into	  many	  new	  applications.	  The	  high	  degree	  of	  biocompatibility	  will	  continue	  to	  

be	  integrated	  into	  biotechnology	  applications	  well	  into	  the	  future.	  199-‐209	  	  

B	  2.1	  GO	  Resin	  Synthesis	  	  

Graphene	   oxide	   was	   obtained	   from	   Prof.	   Chhowalla	   in	   Rutgers	   Material	   Science	  

Department.	   The	   GO	   was	   synthesized	   by	   a	   modified	   Hummers	   method	   of	   graphene	  

exfoliation.197	  The	  graphene	  was	  then	  modified	  to	  contain	  a	  NiNTA	  linker.	  	  

	   	  



	  
	  

 

137	  

Figure	  B	  1	  –	  GO-‐NiNTA	  sythesis	  	  

	  

Figure	  B	  1	  |	  A	  schematic	  representation	  of	  the	  modification	  of	  graphene	  

oxide	  to	  contain	  a	  nickel	  containing	  Nitrilotriacetic	  acid	  functional	  group	  

that	  can	  bind	  to	  histidine	  residues	  of	  proteins.	  

	  

	   The	   initial	   aqueous	  GO	   suspension	  was	   precipitated	  by	   taking	   5	  mL	  of	  GO	   suspension	  

and	  spinning	  at	  100,000	  x	  g	  for	  9	  min.	  The	  sample	  was	  resuspended	  in	  an	  eppendorf	  tube	  with	  1	  

mL	  of	  ultrapure	  water.	  Then	  130uL	  of	  100mM	  N-‐ethyl-‐N’-‐(3-‐dimethylaminopropyl)carbodiimide	  

(EDC)	   (Sigma-‐Aldrich	   #39391),	   100mM	   	   N-‐hydroxysuccinimide	   (NHS)	   (Sigma-‐Aldrich	   #130672)	  

(10X)	  was	  added	  to	  the	  reaction	  mixture.	  The	  sample	  was	  incubated	  in	  the	  dark	  for	  1	  hour	  while	  

shaking	   on	   a	   low	   vortex	   setting.	   To	   wash,	   the	   sample	   was	   spun	   at	   10,000	   x	   g	   for	   5	   min	   in	  

eppendorf	   tube	   bench	   top	   centrifuge.	   The	   supernatant	   was	   removed,	   and	   using	   a	   bath	  

sonicator,	   sonicated	   for	   5	   min.	   This	   washing	   procedure	   was	   repeated	   3	   times	   in	   ultra-‐pure	  

water.	   Then	   130	   µL	   of	   the	   resulting	   GO-‐NHS	   ester	   was	   added	   to	   1	   mL	   of	   Nα,Nα-‐

i)	  NHS,	  EDC	  (1	  h)	  
ii)	  CML	  (pH=9.8,	  1h)	  
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Bis(carboxmethyl)-‐L-‐lysine	   hydrate	   (Sigma-‐Aldrich	   #14580)	   pH	   buffered	   to	   9.8	   in	   0.5M	   K2CO3	  

(CML)	  solution.	  The	  sample	  was	  incubated	  in	  the	  dark	  for	  1	  hour	  while	  shaking	  on	  a	  low	  vortex	  

setting.	   	   To	   wash,	   the	   sample	   was	   spun	   at	   10,000	   x	   g	   for	   5	   min	   in	   bench	   top	   centrifuge	  

(Eppendorf).	   The	   supernatant	   was	   removed,	   and	   sonicated	   for	   5	   min.	   	   Three	   washes	   were	  

performed	  with	  ultra-‐pure	  water.	   The	   final	  washed	  pellet	  was	   resuspended	   in	   in	   1	  mL	  of	   150	  

mM	  NiSO4	  solution.	  The	  sample	  was	  incubated	  the	  dark	  for	  1	  hour	  while	  shaking	  on	  a	  low	  vortex	  

setting.	   Three	  washes	   followed,	   as	   described	   above.	   	   Final	   pellet	  was	   resuspended	   in	   1	  ml	   of	  

milliQ	   water.	   This	   material	   we	   refer	   to	   as	   1X	   resin	   that	   provided	   25%	   slurry	   of	   solids	   in	   the	  

suspension.	  

This	   resin	  was	  kept	  at	  4C˚	   in	   the	  dark.	  After	  about	  6	  months	  clumping	  was	  noticed	   to	  

form	  in	  the	  suspension	  in	  water	  when	  charged	  with	  nickel.	  The	  material	  was	  discontinued	  after	  

these	  clumps	  were	  found.	  This	  helped	  with	  consistency	  of	  the	  results.	  

B	  2.2	  -‐	  Protein	  Loading	  

	   Protein	   loading	   was	   determined	   by	   UV	   absorbance	   and	   flow	   cytometry	   techniques.	  	  

(PSII)	   CCs	   containing	   a	  polyhistidine	   tag	  were	  used	   to	  determine	   the	  protein	   loading.	   The	  PSII	  

was	  added	   to	  a	  1.5	  mL	  eppendorf	   tube	  containing	  GO	   resin	  at	   a	  1X	   concentration	   (volume	  of	  

settled	   resin).	   The	   sample	  was	   diluted	   to	   1	  mL	  with	   a	   detergent-‐containing	   buffer	   (DCB).	   The	  

DCB	   buffer	   contained	   20	   mM	   MES,	   10	   mM	   MgCl2,	   10	   mM	   CaCl2	   and	   0.03	   %	   (w/v)	   ß-‐

dodecylmaltoside.	   The	   sample	  was	   then	  mixed	   in	   the	   dark	   at	   4˚C	   for	   1	   hour	   on	   a	   low	   vortex	  

setting,	  and	  washed	  at	  room	  temperature	  by	  spinning	  down	  in	  a	  bench	  top	  centrifuge	  at	  10,000	  

x	  g	  for	  5	  min.	  The	  supernatant	  was	  the	  removed	  and	  the	  chlorophyll	  a	  content	  was	  examined	  by	  

absorbance	   spectroscopy.	   The	  GO-‐PSII	   pellet	  was	   resuspended	   in	   1	  mL	   of	   DCB	   and	  washed	   3	  

more	  times.	  The	  final	  washed	  GO-‐PSII	  pellet	  was	  resuspended	  to	  1	  mL	  and	  analyzed.	  
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B	  2.3	  –	  Spectroscopic	  Chlorophyll	  Quantification	  

	   A	   spectroscopic	   absorbance	   method	   was	   used	   to	   determined	   PSII	   concentration	   and	  

thus	  the	  capacity	  of	  the	  GO	  resin.	  A	  5µL	  sample	  of	  the	  PSII-‐GO	  was	  removed	  from	  the	  mixture	  

and	  added	   to	  995	  µL	  of	   a	   1:1	  mixture	  of	   acetone	  and	  methanol.	   This	  mixture	  will	   extract	   the	  

chlorophyll	   from	   the	   PSII	   CCs.	   The	   absorbance	   is	   measured	   against	   a	   blank	   at	   665	   nm.	   The	  

concentration	  is	  determined	  in	  mg/mL	  of	  chlorophyll	  a	  (Chl	  a)	  by	  using	  Equation	  3.1.	  

	   	   	   	   	   (Eq.	  B	  1)	  

Where	  OD665	  is	  the	  optical	  density	  of	  absorbance	  at	  665	  nm	  and	  Dil.	   is	  the	  dilution	  factor.	  (200	  

for	  5/995)	  The	  factor	  ε	  is	  the	  extinction	  coefficient	  79.5.	  210	  	  

	   	  

665OD •Dil.
ε

=Chl.a.mg mL
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