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a  b  s  t  r  a  c  t

We  present  results  from  atomic  force  microscopy  (AFM)  images  indicating  various  experimental
conditions,  which  alter  the  morphological  characteristics  of self-assembled  cyanobacterial  PS  I on
hydroxyl-terminated  self-assembled  alkanethiolate  monolayers  (SAM/Au)  substrates.  AFM  topographical
images  of  SAM/Au  substrates  incubated  in  solutions  containing  different  PS  I  concentrations  solubilized
with  Triton  X-100  as  the  detergent  reveal  large  columnar  aggregates  (∼100  nm  and  hence,  much  taller
than  a single  PS I  trimer)  at  high  PS I  concentrations.  Depositions  from  dilute  PS  I suspensions  reveal  fewer
aggregates  and  relatively  uniform  surface  topography  (∼10 nm).  Confocal  fluorescence  microscopy  anal-
ysis  of fluorescently  tagged  PS I  deposited  on  to  SAM/Au  substrates  using  electric  field  and  gravity  driven
techniques  reveal  preliminary  indications  of  directionally  aligned  PS I  attachments,  besides  corrobo-
rating  a uniform  monolayer  formation  [1],  for the  former  deposition  method.  The  complex  attachment
dynamics  of PS  I onto  SAM  substrates  are  further  investigated  from  the  AFM  images  of PS  I/SAM/Au  sub-
irectionality strates  prepared  under  different  experimental  conditions  using:  1) PS  I  isolated  as  monomers  and  trimers
2)  adsorption  at elevated  temperatures,  and  3)  different  detergents  with  varying  pH  values.  In each  of
the  cases,  the  surface  topology  indicated  distinct  yet  complex  morphological  and  phase  characteristics.
These  observations  provide  useful  insight  into  the  use of  experimental  parameters  to  alter  the  morpho-
logical  assembly  of PS  I on to  SAM  substrates  en  route  to successful  fabrication  of PS I  based  biohybrid
photoelectrochemical  devices.
. Introduction

The current worldwide energy usage is ∼15 TW (1 TW = 1012 W)
2] and has been projected to reach ∼28 TW by year 2050 and
3 TW by year 2100 [3]. Although the earth receives ∼120,000 TW
f solar energy in a highly distributed and very reliable fashion,
urrent direct photovoltaic conversion accounts for a meager <0.1%
f the worldwide energy usage while dwindling natural gas, coal
nd petroleum reserves supply >80% of the energy requirements
2,8]. This increasing demand in global energy and availability

f abundant solar energy has generated a tremendous interest
n using natural and/or artificial photosynthesis as a sustainable
nd alternative energy sources [4–7]. Nature has evolved a pho-

∗ Corresponding author at: Barry. D Bruce, 226 Hesler Biology Bldg., Biochemistry,
ellular  and Molecular Biology, 125 Austin Peay Bldg., University of Tennessee at
noxville, Knoxville, TN 37996, USA. Tel.: +1 011 865 974 4082;

ax:  +1 011 865 974 6306.
E-mail  address: bbruce@utk.edu (B.D. Bruce).

1 Present address: Department of Chemistry and Biochemistry, Arizona State Uni-
ersity, Tempe, AZ 85287, USA.

927-7765/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfb.2011.06.029
© 2011 Elsevier B.V. All rights reserved.

tosynthetic mechanism that plants, algae and cyanobacteria use
to harness solar energy with very high internal quantum effi-
ciency. The central process of photosynthetic energy conversion
involves reaction centers that both capture the light energy and
convert it into a stable charge separation. In oxygenic photosynthe-
sis two  reaction centers, Photosystem II and Photosystem I, work
in series to oxidize water and reduce NADP+. Photosystem I (PS
I), a supra-molecular protein complex (MW  ∼ 300 kDa) that acts
like a nano-scale biological photodiode, is a crucial component
for driving this natural photosynthesis mechanism [8–10]. Upon
exposure to light, PS I undergoes charge separation and creates
a reducing potential across photosynthetic membranes which in
turn enables unidirectional electron flow. This effectively functions
like a natural photovoltaic (PV) structure. Recent advances in nano-
biotechnology using the photo-activated electron transport of PS I
to directly generate hydrogen [11–15] and a detailed understand-
ing of the structural and dimensional characteristics of PS I from

crystallographic studies [9,16,17] have encouraged researchers to
consider using the photo-induced electrochemical activities of
PS I to fabricate future bio-hybrid photovoltaic devices. Critical
constraints lie in extracting these proteins from their natural

dx.doi.org/10.1016/j.colsurfb.2011.06.029
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:bbruce@utk.edu
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1 rfaces 

t
s
i
a
i
m
c
o
f
t
w
f

i
s
p
e
g
d
t
r
f
a

f
P
[
u
s
m
t
m
s
s
o
a
p
e
t
w
(
o
t
t

p
t
e
[
S
l
f
c
r
e
s
h
(
i
d

c
p
s
b
Y

82 D. Mukherjee et al. / Colloids and Su

hylakoid membranes and encapsulating them in organic/inorganic
ubstrates as a first step towards PV device fabrication. Surface
mmobilization of these proteins through self-assembly mech-
nisms is an obvious yet elegant approach. Furthermore, this
mmediately calls for a clear understanding of the surface attach-

ent dynamics and controlling the properties of these protein
omplexes on a self-assembled monolayer (SAM) [1]. As part of
ur ongoing research to tap the potential of PS I as a biomaterial
or future photovoltaic devices, our goal in this work is to analyze
he different surface morphological characteristics of PS I attained
hen adsorbed onto alkanethiolate SAM/Au substrates under dif-

erent experimental conditions.
In  general, numerous studies extensively investigated the var-

ous applications and limitations of the interfacial chemistry and
urface engineering to monitor protein adsorption on solid and
olymeric surfaces [18–20]. Other studies have researched the
ffect of varying the surface hydrophilicity on the interfacial ener-
etics of protein adsorption onto polymeric surfaces [21]. Diffusion
riven aggregation dynamics of bovine serum albumin (BSA) pro-
eins on PEG (polyethylene glycol) SAMs have been previously
eported [22], whereas adsorption dynamics of BSA on gold sur-
aces have been studied in detail using dynamic contact angle (DCA)
nd quartz-crystal microbalance (QCM) measurements [23].

One  of the earliest works reporting PS I assembly on gold sur-
aces for photovoltaic applications used chemical platinization of
S I to facilitate PS I welding to Au via PS I-Pt–Au bonding affinity
24]. The mechanism for such chemical “welding” is not very well-
nderstood and makes such methods far more complex raising
erious concerns with regards to the repeatability and unifor-
ity of this technique. Numerous recent reports have resorted

o simpler self-assembly techniques, thereby elucidating various
ethods and characteristics of PS I adsorption onto alkanethiolate

elf-assembled monolayer (SAM) on Au surfaces [25,26]. Amongst
ome of the notable previous investigations studying dependence
f PS I immobilization on various substrate properties, Ciobanu et
l. [27] have reported the first directed adsorption of PS I by using
atterned surfaces decorated with chemically altered sites that
nhanced or hindered the protein adsorption. This enabled them
o achieve site-specific attachment of the protein complex that
as analyzed with the aid of scanning electrochemical microscopy

SECM). Additionally, related reports include monolayer assemblies
f various light harvesting core complexes [28] from photosyn-
hetic bacteria on alkanethiolate gold or amino-terminated indium
in oxide (ITO) electrodes

In  an effort to further demonstrate the applications of
hotosynthetic protein complexes for various bio-derived pho-
oelectrochemical devices, research has also been directed in
stablishing the electrostatic potential on single reaction centers
29] and photoelectrochemistry of their monolayer substrates [30].
uch efforts pave the way for various recent studies [31] high-
ighting the photovoltaic activity of PS I-SAM systems such as
abrication of various photo-electronic devices by direct chemi-
al binding of PS I to gold surface via surface engineered cysteine
esidues [32], and bio-hybrid solid-state electro-optical devices by
lectronic coupling between photosynthetic reaction centers and
emiconducting materials [33]. In recent years, significant research
as focused on integration of photosynthetic protein complexes
e.g. bacterial reaction centers, PS I and PS II) assembled on to var-
ous SAM/Au substrates in the fabrication of solid-state electronic
evices [34] and biosensors [35,36].

The vast amount of literature dedicated towards the appli-
ation of PS I and PS II for photovoltaic, bio-electronic and

hoto-electrochemical applications is highly encouraging for the
ustainable energy research community to increasingly integrate
iological systems and components into novel energy solutions.
et, the bottleneck in converting these small-scale proof-of-
B: Biointerfaces 88 (2011) 181– 190

concept  efforts into functioning PV devices, suitable for engineering
research interests, remains at the critical fabrication step. We  must
be able to reliably and repeatedly produce uniform monolayer
deposition of these proteins on an organic/inorganic interface. Cur-
rently, the lack of information on the adsorption characteristics
of PS I particles from detergent solubilized solutions onto typi-
cal SAM/Au substrates have left most researchers working with
PS I/SAM/Au systems for photovoltaic applications with minimal
validation of monolayer formation. In the past, in an effort to incor-
porate PS I into various materials, earlier work has also shown that
these proteins attach themselves favorably onto OH-terminated
thiols without denaturation [25,26,30]. Also, one of the earliest
reports [37] claims that surfaces carrying OH-terminated thiols
allow directional adsorption of PS I with 70% of their electron-
transfer vectors pointing outward. Although such studies provide
us with valuable information for interfacing PS I with various
organic/inorganic substrates, none of them carry out any detailed
study of the characteristic properties of the surface attachment
dynamics of these proteins on SAM.

In an effort to acquire a better understanding of the factors
controlling the morphology of surface immobilized PS I on alka-
nethiolate SAM/Au substrates, the present study extends our recent
efforts [1] on understanding the roles of self and directed assem-
bly of PS I to adsorptions carried out under various experimental
conditions such as: 1) adsorption temperature; 2) use of trimeric
or monomeric form of the PS I complex; 3) use of different deter-
gents in aqueous buffer solutions with various pH levels during the
self-assembly process and finally, 4) use of fluorescently tagged
PS I trimeric complexes to compare the attachment characteris-
tics under self (gravity-driven) and directed (electric field assisted)
assembly techniques. Our results indicate that self-assembly of PS
I adsorbed onto SAM/Au substrates lead to complex morphological
arrangements that may  be experimentally controlled as described
below.

2. Materials and methods

2.1.  Growth of Thermosynechococcus elongatus and preparation
of  Photosystem I

The  thermophilic cyanobacterium T. elongatus BP-1 was  grown
in 2 L airlift fermenters (Bethesda Research Labs, Bethesda MD) in
NTA media [38]. The temperature was held at 56 ◦C with continu-
ous illumination by fluorescent lights. The light level was increased
as the cultures approached higher densities to a maximum of
50 �E/m2/s. Cells were collected during late log phase by centrifu-
gation for 10 min  at 7000 g, and washed once in wash buffer, 20 mM
MES  pH 6.5, 5 mM MgCl2, and 5 mM CaCl2 before storage at −20 ◦C
until use for PS I preparation. Frozen cells were resuspended in
20 mM MES  pH 6.5, 5 mM MgCl2, 5 mM CaCl2 and 500 mM sorbitol.
The resuspended cells were adjusted to a chl a content of 1 mg/mL
[39] and homogenized using a Dounce homogenizer. Lysozyme was
added to 0.2% (w/v) and the mixture was incubated for 2 h at 37 ◦C
with shaking. The resulting mixture was  centrifuged as before and
the supernatant was  discarded. The pellet was  resuspended in the
wash buffer. Again the volume was adjusted so that the chl a con-
centration was  1 mg/mL; the mixture was  then lysed in a French
press at 20,000 psi twice. The highly fluorescent lysate was cen-
trifuged at 20,000 rpm in a Sorvall centrifuge with a SS-34 rotor for
20 min, and the supernatant was  discarded. The crude membrane
fragments collected in the pellet were washed once with a wash

buffer containing 3 M NaBr then twice in the initial wash buffer. The
final washed membrane fragments were adjusted to a chl a concen-
tration of 1 mg/mL  and n-dodecyl-�-d maltoside (DM) was  added
to a final concentration of 0.6% w/v and the mixture was  incubated
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or 20 min  at 20 ◦C in darkness with gentle stirring. The insoluble
aterial was removed from the solubilized membrane mixture by

entrifugation in the SS-34 at 20,000 rpm (∼50,000 g) for 30 min.
he supernatant was separated immediately from the pellet and
hen loaded onto 10–30% (w/v) sucrose gradients with 60% (w/v)
ushion; all solutions in the gradient also contained 20 mM MES
nd 0.03% DM.  Density gradient centrifugation was  performed at
4,000 rpm in an SW28 rotor at 10 ◦C for 16 h. The lowest green
and contained the trimeric PS I complex; these bands were col-

ected and pooled using a large syringe. Pooled PS I samples were
lowly diluted five-fold by addition of MES  pH 6.5 with 0.03% DM
w/v), and then loaded onto a POROS 20HQ (Applied Biosystems)
nion exchange column and eluted with MgSO4 in a minimal vol-
me. Finally the MgSO4 was removed by dialyzing against 20 mM
ES pH 6.5, 500 �M CaCl2, 500 �M MgCl2, and 0.03% DM, and

ased on spectrophotometer measured chl a concentrations, PS I
oncentration in the buffer solution was estimated to be around
B = 1.42 × 10−5 mol/L. Purified and extracted PS I samples were
tored in aliquots of 1.5 mL  at -80 ◦C for future use.

.2.  Preparation of alkanethiolate SAM/Au substrates

Commercial Au coated Si wafers (Au layer thickness ∼10 nm,
latypus Technologies) were dipped in freshly prepared Aqua Regia
concentrated HCl and HNO3 acids in volumetric ratio of 3:1 respec-
ively) prior to adsorbing thiols onto the surface. Freshly cleaved Au
ubstrates (Au thickness ∼60–70 nm)  were then immersed in 1 mM
thanolic solution of 11-mercapto-1-undecanol (HS–C11H22–OH,
7%, Sigma–Aldrich) overnight (24–36 h) at room temperature in

 chamber filled with inert dry N2. Thiolated Au substrates were
ashed in isopropanol (Electronic grade residue free; 99%), de-

onized water, and finally dried under a stream of dry N2. Monolayer
ormation was confirmed by measuring the thiol thickness on Au
ubstrates at multiple spots using spectroscopic ellipsometer and
as determined to be ∼1.0 nm.

.3. PS I deposition on the alkanethiolate SAM/Au substrates

The  alkanethiolate SAM/Au substrates were immersed in dif-
erent concentrations of PS I prepared by diluting concentrated PS I
amples with CB = 1.42 × 10−5 mol/L (as prepared in section 2.1 ear-
ier) in 200 mM Na-Phosphate aqueous buffer solutions with pH 7.0.
ll buffer solutions were contained 0.02% v/v Triton X-100 as the
etergent (Anagrade, Anatrace Inc., Maumee, OH) for bulk suspen-
ion of PS I. Specifically for the study of using different detergents,

 0.05% w/v of n-Dodecyl-�-d-maltoside (DM) made from 1% w/v
queous solutions and prepared from powdered samples (Glycon
iochemicals, Luckenwalde, Germany) was used as the detergent

or PS I suspension in 200 mM Na-phosphate aqueous buffer solu-
ions with two  different pH values of pH 6.0 and 7.0. For all the cases
tudied here, excluding the electric field assisted depositions, sur-
ace attachment was accomplished via self-assembled deposition
n thiolated Au surfaces with an incubation time of 5 min.

For the temperature study, PS I trimers are surface immobilized
y immersing the SAM/Au substrates into the bath of 200 mM Na-
hosphate aqueous buffer solution of PS I (pH 7.0; 0.02% w/v Triton
-100) at different temperatures. The PS I solutions prepared in
lass beakers were suspended in a water bath whose temperature
as monitored by a digital thermocouple.

Electric field assisted depositions were carried out by using the
tandard Novex (X-Cell SureLock Mini-Cell) blotting plate elec-
rodes (details as shown in Fig. 1) connected to a stable constant

oltage electrophoresis power source (Bio-Rad) operated at an
pplied voltage of 2 V for 5 min. This generated the desired elec-
ric field across the aqueous buffer solution of PS I entrapped as
he dielectric medium between the electrodes. Based on observa-
B: Biointerfaces 88 (2011) 181– 190 183

tions  from earlier work [1,29], the target alkanethiolate SAM / Au
substrate is mounted on the anodic plate (negative electrode).

2.4.  Confocal fluorescence microscopy to test site-specific PS I
attachment

For  both gravity and electric field assisted deposition, exper-
iments were particularly designed to test the site-specific
attachments of PS I on OH-terminated alkanethiols (11-mercapto-
1-undecanol) using confocal fluorescence microscopy (Leica
TCS-NT) to detect the fluorescently tagged PS I on SAM/Au sub-
strates. Immunofluorescent detection of PS I carried out using
two rabbit polyclonal primary antibodies specifically raised against
cyanobacterial psaD and psaE subunits (kindly provided by Dr.
John Golbeck, Penn. State University) both located on the stro-
mal (top) side of PS I. The primary antibodies (denoted 1◦)
were in turn specifically tagged with commercially provided
donkey anti-rabbit secondary antibodies (denoted 2◦) labeled
with Alexa 546 fluorochrome (Molecular Probes) and excited at
556 nm.

Freshly  cleaved commercial Au coated Si wafers (as described
above) of 2.6 cm × 2.6 cm size were surface treated as shown in
Fig. 2A. The wafer was  first half-immersed in thiol, using the same
procedure described in Section 2.3 above, to create the SAM on
the bottom-half, while the top half was  exposed to an alkaline
wash with an aqueous solution of NH4OH:H2O2:H2O (3:1:40) to
ensure a complete removal of any excess thiol. The complete wafer
was washed in deionized water and dried in dry N2 stream. Sub-
sequently it was treated with 1% w/v of bovine serum albumin
(Albumin, Fraction V; United States Biochemical) in phosphate
buffer solutions (PBS) to block the non-specific areas devoid of
proteins. This was  followed by either gravity-driven or electric
field assisted deposition of PS I from aqueous buffer solution of
3.6 × 10−5 mM (i.e., 400× dilutions) resulting in both specific (on
thiolated areas) and some non-specific (on non-thiolated areas)
attachments. The left half of the wafer (created by turning the
wafer counter-clockwise by 90◦) was  then exposed simultaneously
to both 1◦ antibodies. Finally, the complete wafer was exposed to
the fluorophore labeled 2◦ antibodies. With this method, 4 different
labeling combinations were created on the substrate: 1) thiolated
Au with specifically attached PS I tagged by both 1◦ and 2◦ anti-
bodies (bottom-left quadrant); 2) thiolated Au with attached PS I
labeled non-specifically by the 2◦ antibodies alone (bottom-right
quadrant); 3) non-thiolated Au surface with both non-specifically
attached PS I and non-specifically tagged by the 2◦ antibodies (top-
right quadrant) and 4) non-thiolated Au with few non-specifically
attached PS I specifically tagged by both 1◦ and 2◦ antibodies (top-
left quadrant). The 4 quadrants, thus obtained and labeled as BL, BR,
TR and TL respectively in Fig. 2A, should ideally result in strong flu-
orescent signals from the BL quadrant, along with relatively weaker
signals from the BR and TL quadrant and extremely weak / no sig-
nals from the TR quadrant to establish the specific/ non-specific
attachments of PS I on the treated substrates.

2.5. Atomic force microscopy (AFM)

All surface topography images were collected on an Asylum
Research Inc. atomic force microscopy (AFM) instrument (Model:
MFP-3D-BIO) in the tapping mode using a 34 N/m silicon nitride tip
with a resonant frequency of 300 kHz.

2.6.  Molecular modeling and dipole moment calculation
The electrostatic surface potential of trimeric PS I has been
estimated using the protein portion of the structure (PDB ID:
1JB0). The calculations were performed using CHARMM [40] and
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ig. 1. Schematic showing the arrangement and dimensions of Novex make gel elec
)  on SAM/Au substrates.

he CHARMM-GUI interface [41] for numerical solutions to the
oisson–Boltzmann equation [42]. This value was calculated at a
eutral pH with an ionic strength of 150 mM.  As is shown in Fig. 6A,
he potential of the lumenal surface is primarily negative, while the
tromal face shown in Fig. 6B is largely positive. The isopotential
urfaces of +1 kcal/mol e− and −1 kcal/mol e− are represented in
ith the color blue and red, respectively. The sum of these charges

esults in a strong dipole (seen in Fig. 6C) which is indicated for each
onomer as the smaller yellow arrows, while the sum of the three
onomer dipoles associated with a single trimer is represented by

he large arrow is orthogonal to the membrane plane due to the
3 axis of symmetry in the trimeric arrangement. The component
ectors are indicated from the geometric center of each monomer
hile the summed vector is positioned so its center passes through

he geometric center of the trimer. The dipole vectors are drawn
n the convention of a negative base, with the tip pointing in the
ositive direction.

.  Results and discussions

.1.  Verification of site-specific and directional attachment
haracteristics of PS I

Immunofluorescently detected PS I immobilized on site-
pecifically patterned SAM/Au substrates, as described earlier in
xperimental Section 2.4 and shown in Fig. 2A, clearly exhibited
trong fluorescent signals from PS I undergoing site-specific attach-
ent on the thiol activated zones of the substrate (i.e., BL quadrant

f the substrate in Figs. 2B and C) along with weaker signals from
he rest of the quadrants when excited and viewed under confocal
uorescence microscopy. Specifically, for both gravity driven and
lectric field assisted deposition techniques, Fig. 2D shows that the
aximum integrated fluorescent signal intensity is emitted from

he ALEXA-detected PS I immobilized in the BL quadrant area of the

ubstrate, thereby indicating that the OH-terminated alkanethio-
ate areas promote directional attachment of a large number of PS

 complexes with their stromal side up since immunofluroescent
etection was specific to psaD and psaE subunits located on the
oresis plate electrodes used for electric field assisted assembly of photosystem I (PS

stromal  side of PS I. Apart from this, weak integrated signals from
the BR and TL quadrants along with minimal intensities from TR
quadrant as seen in Fig. 2D for gravity and electric field assisted
depositions reveal weak non-specific attachments of either PS I or
fluorophores.

Added to this, we  note significantly larger integrated fluores-
cence intensity from the activated BL quadrant for electric field
assisted deposition as compared to the corresponding signal from
gravity driven deposition. Based on preliminary semi-quantitative
computational modeling using only the protein fragments of PS
I from the trimeric crystal structure (discussed earlier in Section
2.6), the estimated effective dipole moment vector (Fig. 6C) of PS
I points in the positive direction away from the lumenal (bottom)
side of the trimer. This suggests that under applied electric field,
the PS I trimeric complex along with its net positive charge distri-
bution [29] (Figs. 6A–C) should align itself with the anodic plate.
This prediction is corroborated by experimental observations that
a large number of PS I complexes, while undergoing deposition
on the anodic surface [1], possibly directionally align themselves
with the fluorophore labeled antibodies on the stromal psaD and
psaE subunits facing up, thereby enabling a higher immunofluo-
rescent detection of PS I. More definitively, it is noted that a higher
exposure of the fluorophores on the stromal psaD and psaE sub-
units enabling an enhanced fluorescent signal (Fig. 2D; refer to
the schematic in Fig. 2E) suggests the formation of uniform PS I
monolayer. This observation also concurs with our recent studies
on electric filed assisted deposition of PS I on to SAM substrates
[1] indicating that the interactions of the applied electric field with
the inherent dipole moment of PS I trimers (refer to Fig. 6C) facil-
itates in disrupting the aggregates formed in the solution. Such
observations offer a preliminary indication that under externally
applied field, PS I undergoes a more uniform and directionally
aligned attachments as compared to the gravity driven case. In the
absence of an external field non-uniform and agglomerated PS I

arrangements prevent formation of a uniform monolayer, which
will be a subject of extensive discussion in the subsequent sections.
For clarity, these treatments have been schematically illustrated in
Fig. 2E.
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Fig. 2. (A) Schematic showing the fabrication of patterned SAM/Au substrates with 4 quadrants (BL, BR, TL and TR) created to test the site-specific attachments of fluorescently
labeled PS Is deposited using both gravity and electric fields assisted techniques (descried in details in Section 2.4); confocal microscopy images of the fluorescence detected
in  the 4 quadrants (labeled as BL, BR, TL and TR) from the Alexa Fluor 546 labeled PS Is deposited via (B) electric-field assisted and (C) gravity driven techniques; (D) Net
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uorescence signal intensities as obtained from the 4 substrate quadrants (BL, BR, 

xplaining the variations in signal intensities as a result of the accessibility of fl
rrangements on SAM/Au substrates arising out of electric-field assisted and gravit

.2. Adsorption characteristics for different PS I concentrations in
uffer

Surface topography AFM images recorded for gravity driven sur-
ace immobilization from different PS I concentrations (described
n the earlier section) have been shown in Fig. 3A–C. These images
ndicate that at higher concentrations, as also observed from our
arlier studies [1], the protein complexes tend to aggregate thereby
dsorbing as clusters onto the SAM/Au substrate whereas as the
oncentration lowers the clusters dissipate into more uniform lay-
rs of PS I adsorption. We  notice that depositions from higher PS I
oncentration of 7.2 × 10−5 mM (200× dilutions) result in colum-
ar clusters whose heights are of the order of ∼100 nm as indicated
y the scale of the AFM image in Fig. 3A. Also, these structures are
ot uniformly distributed and tend to have a large distribution of
izes on the surface. Upon further dilution i.e. PS I concentration
f 3.6 × 10−5 mM (400× dilution), the depositions show a disrup-
ion of the columnar structures although the PS I adsorptions still
orm large crusts of multiple layers (∼20–30 nm)  as seen from the
cale of Fig. 3B. In comparison to this, deposition from extremely

ow PS I concentration of 1.8 × 10−5 mM (800× dilution) result in

 complete breakdown of the larger structures, thereby indicating
 uniform, homogeneous layer of PS I trimers (thickness ∼10 nm)
ispersed more evenly across the substrate (Fig. 3C).
 TR) for both electric-field assisted and gravity driven depositions; (E) Schematics
hore tagged antibodies to psaD and psaE sub-units of PS I due to their possible
en deposition techniques.

This can be explained by the fact that high protein con-
centrations promote large scale aggregation due to enhanced
protein–protein interactions in the solution phase. Added to this,
the effective inherent dipole moment of the PS I trimer pointing
from the lumenal (negative) towards the stromal (positive) side
(see Fig. 6C), favors the PS I complexes to undergo the top–bottom
alignments resulting in streamer like clusters that rapidly settle
onto the substrate due to gravity. On the other hand, lower PS I con-
centration results in weaker protein–protein interactions, thereby
significantly reducing the possibilities of aggregation and hence
resulting in relatively uniform adsorbed layers. The aforemen-
tioned phenomenon has been extensively studied and presented
in great details in our recent work [1].

3.3. Adsorption characteristics at different immobilization
temperatures

In the second stage of experiments, PS I trimers are immobilized
onto SAM/Au substrates at different temperatures as described ear-
lier in Section 2.3. Based on the results from our earlier section,

we used the lowest PS I concentration of 1.8 × 10−5 mM (800×) in
buffer to minimize the solution phase aggregations. The experi-
ments are run with 4 different bath temperatures of 10 ◦C, 22 ◦C,
40 ◦C, and 60 ◦C. Our results indicate that the protein complexes
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Fig. 3. Surface topology from AFM images scanned over PS I/SAM/Au substrates prepared from surface adsorption of PS I from different concentrations of (A) 7.2 × 10−5 mM
(200×); (B) 3.6 × 10−5 mM (400×) and (C) 1.8 × 10−5 mM (800×) prepared from a base concentration of CB = 1.427 × 10−5 mol/L (x being the dilution factor in each case) in
200  mM Na-Phosphate buffer solution, 0.02% w/v Triton X-100. AFM images collected with a tip of spring constant ∼ 34 N/m in tapping mode.

Fig. 4. Typical AFM images indicating surface topographical characteristics of PS I adsorbed from 200 mM Na-Phosphate buffer suspension (pH 7.0, 0.02% w/w Triton X-100)
with  a PS I concentration of 1.8 × 10−5 mM (800× dilution) under different bath temperatures TBath of: (A) 10 ◦C; (B) 22 ◦C; (C) 40 ◦C and (D) 60 ◦C.
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Fig. 5. (A–B) Typical AFM images for PS I monomers extracted from Thermosynechococcus elongatus species and adsorbed onto SAM/Au substrate from 200 mM Na-Phosphate
buffer solution, 0.02% w/v  Triton X-100 with PS I concentration of 3.6 × 10−8 mol/L (Dilution factor, X = 400). (C) Schematic representation of typical monomers extracted
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rom the trimer configuration of PS I and its aggregation dynamics due to the two
endrite or fractal like structures.

an undergo severe morphological and phase transitions depend-
ng on the immobilization temperatures (see Fig. 4A–D). Thus, at
0 ◦C, we see that the images indicate typical concentric ring like
tructures that encapsulate the proteins (Fig. 4A). These structures
isappeared at the room temperature, i.e. 22 ◦C, and gave way to
ore uniformly dispersed PS I adsorbed on the substrates as seen

n Fig. 4B.
Upon  raising the bath temperature to 40 ◦C during the surface

mmobilization step, PS I adsorbs onto the surface with unique fea-
ures wherein the protein layers on the surface become entrapped
n circular phase separated zones (Fig. 4C). A plausible explana-
ion of this behavior is the onset of a phase separation wherein
ipid membranes from the proteins separate and form the amor-
hous circular band, ultimately trapping the proteins inside. This
lso suggests the onset of denaturing of PS I, thereby indicating
hat temperature variations in the surface adsorption experiments
re limited to temperatures where the functionality of PS I remains
naffected. Thus, finally upon raising the adsorption temperature to
0 ◦C, (Fig. 4D) PS I undergoes complete phase separation in which
he lipid membranes forms amorphous circular patches whose
oundaries distinctly separate from the bare proteins that occupy

he intermediate spaces. At this temperature, PS I is potentially
enatured, thereby losing its light absorbing and photoelectro-
hemical functionalities. The AFM images of denatured PS I at
emperature ranges ∼60 ◦C is also consistent with our recent work
phobic surfaces across each monomer that enhance preferential attachment into

on  PS I mediated hydrogen production [15] indicating that the pho-
toelectrochemical activity of PS I is diminished at temperatures
above 55 ◦C.

Cyanobacteria respond to changes in temperature by adjust-
ing the degree of unsaturation in their fatty acids [43], and thus
the phase transition behavior of their membranes is adjusted
appropriately [44]. Specifically, the saturation of the galactolipid,
monogalactosyl-diacylglycerol (MGDG), has been demonstrated to
be  regulated in response to temperature by increasing the degree
of saturation [45]. Since the organism in this work is thermophilic,
the fatty acids of the thylakoid lipids are largely saturated with
an elevated transition temperature. Interestingly, the isolated PS
I complex of T. elongatus has at least four tightly bound lipids as
well as unresolved density between adjacent monomers that likely
contain lipids [46]. Although no detailed analysis of PS I-associated
detergent/lipids is available, recent work indicates that the dimeric
PS II complex of T. elongatus is surrounded by 20 lipids and 220
detergent molecules [47]. The higher resolution crystal structure
of PS II resolves 14 tightly bound lipids [48]. Of these, 13 are galac-
tolipids, including MGDG, as well as 3 detergent molecules. All of
these molecules are found at the interface of the PS II monomers.

Although we do not have this level of structural insight into iso-
lated PS I particles, its associated lipids are also likely to occupy
regions at the subunit interfaces. Differential scanning calorimetry
studies of MGDG isolated from a thermophilic cyanobacteria grown
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Fig. 6. (A–C) Isopotential surfaces of +1 kcal/mol e− and −1 kcal/mol e− represented
in  blue and red respectively on: (A) stromal (top) and (B) lumenal (bottom) faces
of PS I trimer; (C) Schematic of the dipole moment vector as estimated from com-
putational modeling for charge distribution within PS I trimer (described in text
under Sections 2.6 and 3.5) with the small yellow arrows indicating vectors for each
monomer (represented in orange, gray or red ribbons), and a large yellow arrow
for  the entire complex. Figure was composed using the molecular graphics software
program VMD  [53]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web  version of the article.)
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Fig. 7. AFM images of topographical arrangements of PS I adsorbed onto SAM/Au
substrate  from 200 mM Na-Phosphate buffer solution with 0.05% w/w DM as the
detergent (PS I concentration of 3.568 × 10−8 mol/L, dilution factor of X = 400) and
two  different pH values of (A) pH 6.0 and (B) pH 7.0 to show the role of detergents

with two  different pH values of 6.0 and 7.0 (Fig. 7A). Our AFM
results indicate that the surface topology show similar patterns
of large columnar aggregated structures for the case of PS I depo-
t 38 ◦C, indicate that this lipid undergoes its transition at ∼38 ◦C
49]. When the PS I particles are adsorbed at elevated temperatures
uch as 40 ◦C and 60 ◦C they may  be above their transition tem-
erature and behave as a liquid crystal phase. Deposition at these
emperatures may  allow the lipids/detergent molecules in a liquid-
rystal phase to dissociate from the PS I complex and coalesce into a
ulk liquid-crystalline phase. The observation of a clear bulk phase
eparation following deposition at elevated temperatures suggests
hat lipid phase transitions of the PS I-associated lipid/detergents
an modulate and influence the macroscopic organization of PS I
omplexes during deposition (Fig. 4A–D).

.4. Adsorption characteristics for PS I monomeric complexes

The  PS I monomers extracted as per the procedures described
n Section 2 earlier were matched to a 400× dilution (i.e.,
.6 × 10−5 mM)  as used in PS I trimer adsorption studies to enable
lucidation of the surface morphology of PS I monomers upon
ravity driven immobilization on SAM/Au substrates. Interestingly,
he surface topography of PS I monomer attachments on SAM/Au
ubstrates exhibit enhanced agglomeration resulting in bulky
ractal-like structures as seen from Fig. 5A and B. This morphology

ay be explained by the fact that the “pie-shaped” monomer sector
xtracted from the original trimer arrangement of the protein, as
ndicated by the schematic in Fig. 5C, offers two hydrophobic sur-
aces across which the PS I can preferentially attach to each other.
his increases the surface area available for the protein–protein
nteractions thereby resulting in an enhanced aggregation process
hat can lead to chain-like or fractal-like arrangements as demon-

trated schematically in Fig. 5C.
in  the aggregation dynamics of PS I. The marked areas indicate the distribution of
PS I in the intermediate areas between the columnar structures deposited on the
SAM/Au substrates.

3.5. Adsorption characteristics for PS I suspended with DM as
detergent

Finally,  PS I deposition onto SAM/Au substrates were carried
out from the aqueous buffer solution of PS I with DM as the deter-
gent (details regarding the concentration is described in details
in materials and methods section) to further investigate the role
of buffer mediated solution phase protein-protein interaction in
driving PS I aggregation dynamics on the surfaces. The experimen-
tal conditions chosen were 200 mM Na-Phosphate buffer solutions
sition from a DM based buffer solution with pH of 6.0. However,
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he PS I deposition from buffer with pH 7.0 and a concentration of
.6 × 10−5 mM (dilution factor, X = 400) created more uniform lay-
rs with less aggregated protein masses on the substrate as clearly
een from Fig. 7B. It should be noted that previous studies have also
bserved that the secondary structures of PS I are more prone to
enaturation when stabilized with Triton X-100 as the detergent
50]. Additionally, micelle size and concentration of Triton X-100
nd DM may  affect protein-detergent interactions, thereby altering
he aggregation dynamics of PS I in solution phase, which in turn
ffects the surface attachment dynamics. Our on-going studies have
ndicated a strong correlation between the relative concentrations
f PS I complexes/detergent used to prepare the colloidal buffer
uspension and the aggregation behavior of PS I in solution phase
hich has been exclusively studied elsewhere [51] for a detailed
nderstanding of the phenomenon.

Also,  in Fig. 7A and B the indicated areas demonstrate the uni-
ormity of PS I deposition in between the aggregated columnar
tructures. There is no evidence of PS I deposition on the sub-
trate surfaces surrounding the columnar structures at the lower
H (Fig. 7A) implying that the majority of the PS I complexes
ave arranged themselves into the aggregated structures. In com-
arison to this, Fig. 7B shows large number of individual protein
omplexes distributed uniformly over large areas of the substrate
hereby proving the decreased affinity to self-assemble into colum-
ar aggregates even at the same dilution range (X = 400) for which
e had noticed substantially increased aggregation in our earlier

ase studies (Fig. 3B) with Triton X-100 as the detergent.

.  Conclusion

The results presented here demonstrate that while OH-
erminated thiols facilitate the preferential adsorption of PS I
rom buffer solutions onto the SAM/Au substrates, the topograph-
cal morphology of PS I is controlled by various experimental
arameters and deposition dynamics, i.e., bulk aggregation in self-
ssembly depositions or external electric-field mediated disruption
f the aggregates via interactions with inherent PS I dipole moment
1]. At high concentrations enhanced protein–protein interactions,
acilitated by the inherent dipole moment of the PS I trimers,
romote their top-bottom alignments forming clusters that even-
ually sediment out on the substrates as large columnar aggregates.
n the lower concentration cases, weaker protein–protein inter-
ctions result in smaller sized PS I clusters to deposit onto the
ubstrates, thereby resulting in nearly uniform PS I monolay-
rs. Immunofluorescent detection of PS I trimers adsorbed on to
AM/Au substrates using electric field assisted deposition, when
ompared to the ones from gravity driven depositions, provide
reliminary proofs for their directional attachments. Our results
ualitatively suggest that, under external electric field, PS I trimers
referentially attach with the lumenal surface on the anodic elec-
rode. Such an alignment is in agreement with our preliminary
tructure based semi-quantitative computational modeling for the
S I dipole moment and charge distribution.

Furthermore, PS I isolated from the thermophilic cyanobac-
erium T. elongatus carry a significant complement of the native

embrane lipids, which form different temperature-dependent
hases,  thereby generating various surface topographies when
eposited under different ambient temperatures. Deposition at
40 ◦C results in the onset of the separation of lipid membranes
rom the protein complexes, whereas for temperatures ≥60 ◦C, PS

 undergoes complete phase separation from the lipid membranes

esulting in possible denaturing of the protein and hence break-
own of its photo-electrochemical properties. However previous
tudies indicate that detergent solubilized PS I is functional at these
emperatures [52], thus further investigation is required. Experi-

[
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ments  run by replacing Triton X-100 with DM as the detergent in
buffer solutions containing identical concentrations of PS I with a
pH of 7.0 indicated reduced aggregations and hence, more uniform
depositions. Although for the lower pH of 6.0 we  observe a higher
degree of aggregation similar to the Triton X-100 case study.
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