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Morphological variations of Photosystem I (PS I) assembly on hydroxyl-terminated alkanethiolate self-assembled
monolayer (SAM)/Au substrates with various deposition techniques is presented. Our studies indicate that deposition
conditions such as PS I concentration and driving force play a central role in determining organization of immobilized
PS I on thiol-activated Au surfaces. Specifically, atomic force microscopy (AFM) and ellipsometry analyses indicate
that gravity-driven deposition from concentrated PS I solutions results in a large number of columnar PS I aggregates,
which assemble perpendicular to the Au surface. PS I deposition yields much more uniform layers when deposited at
lower concentrations, suggesting preassembly of the aggregate formation in the solution phase. Moreover, in electric-
field assisted deposition at high field strengths, columnar self-assembly is largely prevented, thereby allowing a uniform,
monolayer-like deposition even at very high PS I concentrations. In situ dynamic light scattering (DLS) studies of
solution-phase aggregation dynamics of PS I suspensions in both the presence and absence of an applied electric field
support these observations and clearly demonstrate that the externally imposed electric field effectively fragments large
PS I aggregates in the solution phase, thereby permitting a uniform deposition of PS I trimers on SAM/Au substrates.

Introduction

In nature, plants and algae have evolved an advanced photo-
synthesis mechanism that harnesses solar energy in a highly effi-
cient manner with nearly 100%quantum efficiency. Photosystem
I (PS I) is a supramolecular protein complex1 which functions as a
biological photodiode2 and undergoes photochemical charge
separation resulting in unidirectional electron transfer between
the reaction center (P700) electron donor on the lumenal side and
Fe-S clusters (FA, FB, FX)

3 at the stromal side. For PS I isolated
from the thermophilic cyanobacteria,Thermosynechococcus elon-
gatus (TE), the structural and dimensional characteristics of PS I
are well-documented4 (see Figure 1 for details). These structural
properties combined with the strong electrochemical properties
makes PS I an ideal candidate for incorporation into solid-state
bioelectronic or hybrid photovoltaic devices.5-8 However, ra-
tional design and optimization of these devices require clear
elucidation of the surface attachment dynamics and properties
of these protein complexes on various substrates.

Gravity-driven sedimentation of detergent-solubilized PS I onto
alkanethiolate self-assembled monolayer (SAM)/Au surfaces9,10

has received attention in recent years. More recently, assisted
deposition techniques including attachment of PS I layers on Au
electrodes using solvent evaporation under vacuum11 has been
explored. The main limiting step in converting these relatively
simple, lab-based concepts into practical, optimized devices lies in
the difficulty of producing a uniform and densely packed PS I
monolayer on organic/inorganic interfaces. Earlier studies have
suggested that PS I attaches favorably ontoOH-terminated thiols
without denaturation9-11 andwith∼70%of the electron-transfer
vectors pointing outward.12 Among earlier attempts toward
direct attachment of PS I to Au substrates for photovoltaic
applications, chemical platinization of PS I to facilitate PS I
welding to Au via PS I-Pt-Au bonding13 affinity is note-
worthy. However, the fact that the mechanism for such chemical
“welding” is not very well understood raises questions about the
repeatability and uniformity of deposition in these more complex
approaches. Other immobilization approaches have utilized
bioengineered polyhistidine tags that can self-assemble onto a
thiol-coupled Ni-NTA complex on Au surface. However, this
system results in a relatively large PS I-Au distance with an
inverted electron transport vector facing inward toward the gold,6

thereby making the electron transport process more challenging,
added to the fact that the relatively low affinity of aHis-tag for the
NTA makes it difficult to achieve a uniform surface coverage.
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Also, this systemwas not utilizing the trimeric PS I complex from
cyanobacteria, whichmay behave differently thanmonomeric PS
I complexes from higher plants.14 The demonstration of extreme
thermostability of PS I isolated from TE makes this complex of
great interest for future applied work.15,16

Although the aforementioned studies have provided valuable
information regarding PS I interfaces with various organic/
inorganic substrates, none of them provide conclusive evidence
of a uniform monolayer formation on the substrate. Hence,
researchers interested in utilizing PS I/SAM/Au systems for
biosensors, biohybrid photovoltaic applications, or bioelectronic
devices are armedwithminimal guidance regarding the formation
of PS I monolayers on substrates of interest. Experimental results
from the present study indicate that PS I solution-phase concen-
tration and deposition technique control protein-protein and
protein-surface interactions during PS I adsorption on to SAM/
Au substrates. Hence, optimal experimental conditions that lead
to uniform surface morphology of PS I with various deposition
techniques have been identified.

Materials and Methods

A. Chemicals and Materials Used. Commercial gold-
coated silicon wafers with titanium adhesion layer (Au thickness
∼100 nm) were purchased from Platypus Technologies. Dibasic
(Na2HPO4) and monobasic (NaH2PO4) sodium phosphate with
>99%assaywere purchased fromFisher Scientific to prepare the
aqueous buffer solutions of 200 mM Na phosphate with pH =
7.0.Concentratedhydrochloric (HClwith∼38%assay) andnitric
(HNO3 with ∼69.2% assay) acids purchased from Fisher Scien-
tific were used to prepare fresh Aqua Regia. Ethanol (>99%
purity) purchased from Decon Laboratory Inc. was used as the
organic solvent to prepare thiol solutions and isopropanol
(electronic grade with >99% purity) from Acros Organic was
used as the organic cleaning reagent for all the substrates. Con-
centrated 11-mercapto-1-undecanol (5 mM in ethanol with 97%
purity), lysozyme (∼95% protein assay), and calcium chloride
(CaCl2, 99%) were purchased from Sigma-Aldrich. Magnesium
chloride (MgCl2 crystals, >99%) and 2-(4-morpholino)-ethane
sulfonic acid (MES with >98% purity) were obtained from
Fisher Scientific. Sodiumbromide (NaBr) andmagnesium sulfate
(MgSO4, 99% purity) were from Mallinckrodt. Dodecyl malto-
side (DM) was purchased from Glycon Biochemicals GmbH
(Luckenwalde, DE), whereas Triton X-100 (TX-100, 10% w/v
aqueous solution) was obtained from Anatrace. Sorbitol
(D-Sorbitol, 97%) was obtained from Acros Chemicals.

B. Methods. 1. Growth of T. elongatus and Prepara-
tion of Photosystem I. The thermophilic cyanobacterium Ther-
mosynechococcus elongatus BP-1 was grown in 2 L airlift
fermenters (Bethesda Research Laboratories, Bethesda, MD) in

NTAmedia.17The temperaturewasheldat 56 �Cwith continuous
illumination by fluorescent lights. The light level was increased as
the cultures approached higher densities to a maximum of 50 μE/
m2/s. Cells were collected during late log phase by centrifugation
for 10min at 7000 g andwashedonce inwash buffer, 20mMMES
pH 6.5, 5 mMMgCl2, and 5 mMCaCl2 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 aChl a content of
1 mg/mL17 and homogenized using a Dounce homogenizer.
Lysozyme was added to 0.2% (w/v) and the mixture was incu-
bated 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 theChl a concentrationwas1mg/mL; themixture
was then lysed in a French press at 20000 psi (g) twice. The highly
fluorescent lysate was centrifuged at 20000 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 3MNaBr,
then twice in the initial wash buffer. The final washed membrane
fragmentswere adjusted to aChl a concentrationof 1mg/mL, and
dodecyl maltoside (DM) was added to a final concentration of
0.6% w/v and the mixture was incubated for 20 min at 20 �C in
darkness with gentle stirring. The insoluble material was removed
from the solubilized membrane mixture by centrifugation in the
SS-34 at 20000 rpm (∼50000 g) for 30 min. The supernatant was
separated immediately from the pellet and then loaded onto
10-30% sucrose gradients with 60% cushion; all solutions in
the gradient also contained 20mMMESand 0.03%DM.Density
gradient centrifugation was performed at 24 000 rpm in an SW28
rotor at 10 �C for 16 h. The lowest green band contained the
trimeric PS I complex; these bands were collected and pooled
using a large syringe. Pooled PS I samples were slowly diluted
5-foldbyadditionofMESpH6.5with0.03%DM(w/v), and then
loaded onto a POROS 20HQ (Applied Biosystems) anion ex-
change column and eluted with MgSO4 in a minimal volume.
Finally, the MgSO4 was removed by dialyzing against 20 mM
MESpH6.5, 500μMCaCl2, 500μMMgCl2, and 0.03%DM, and
based on spectrophotometer measured chlorophyll concentra-
tions, PS I concentration in thebuffer solutionwas estimated tobe
around CB = 1.42� 10-5 mol/L. PS I were frozen and stored in
aliquots of 1.5 mL at -80 �C until used.

2. Preparation of Alkanethiolate SAM/Au Substrates.
Commercial Au coated Si wafers were dipped in Aqua Regia
(HNO3 and HCl acids in volumetric ratio of 1:3, respectively).
In turn, these freshly etched Au substrates (Au thickness ∼60-
70 nm) were immersed in 1 mM 11-mercapto-1-undecanol
(∼24-36 h) at room temperature in a chamber filled with inert
dry N2. Thiolated Au substrates were washed in isopropanol,
deionized water, and finally dried in dry N2 stream. Monolayer
formation was confirmed bymeasuring the thiol thickness on Au
substrates at multiple spots using an ellipsometer. For the alka-
nethiol with C11 chain length used in this study, the thicknesses
were measured to be around 0.9-1.1 nm.

3. Preparation of PS I/SAM/Au Substrates. The alka-
nethiolate SAM/Au substrates were immersed in different con-
centrations ofPS I preparedbydiluting concentratedPS I samples
in 200mMNaphosphate aqueous buffer solutionswith pH=7.0
and balanced with 0.02% TX-100 as the detergent for bulk
suspension of PS I. Surface immobilization for gravity-driven
deposition on thiolated Au substrates was carried out for 5 min.

Electric field assisted depositions were carried out by using
an in-house parallel plate electrode assembly (details shown
in Figure 2) connected to a stable constant voltage power source

Figure 1. Schematic of Photosystem I (PS I) showing dimensions
and directionality of photoinduced electron transfer.
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meter (make, Keithley; model, 2400) to generate the desired
electric field across the aqueous buffer solution of PS I. Due to
lack of surface charge distribution data for the protein complexes,
SAM/Au substratesweremountedonbothpositive (cathode) and
negative (anode) plates, and preliminary experiments were per-
formedwith dilute PS I suspensions (400 times diluted case) as the
electrolyte.Avoltage of 2.25Vwas applied for 5min across thePS
I suspension. The substratemounted on the cathodewas found to
be completely devoid of any PS I, whereas the substrate on the
anode showed uniform but sparse deposition of PS I protein
complexes.The significant depositionon the anodic substrate also
substantiates a net positive surface charge on the protein for the
particular ionic strength of the buffer used, which is in agreement
with earlier works.12,18 Thus, for the electric field-assisted deposi-
tion experiments, SAM/Au substrates were always mounted on
the anodic plate, and a constant voltage of 2.25 V was applied
across the electrodeswhich generated a current of around 0.4-0.5
mA for the specific arrangements of our electrodes as shown in
Figure 2. The low voltage also ensured optimal current density
thatwouldnot denature theproteinsordamage the substrate. PS I
immobilized SAM/Au substrates were finally washed in buffer
solution and deionized water and dried under N2 stream.

4. Ellipsometry. All thicknesses for alkanethiol monolayer
and protein layers on the SAM/Au substrates were measured
using a Gaertner Scientific Corp. make Stokes ellipsometer
(model L116S F300) operating with a laser wavelength of 632.8
nm at an angle of incidence of 70� and a polarizer angle of 45.54�.
All thicknesses estimated from the ellipsometer data were derived
using a two-layer model. The alkanethiol monolayer was mea-
sured to be around 0.9-1.1 nm using a refractive index value of
1.33 for 11-mercapto-1-undecanol layers.19 The PS I layer thick-
nesses were measured assuming thiol monolayer thickness to be
∼0.9 nm and the refractive index of PS I to be around 1.45, which
corresponds to the most commonly found refractive indices of
typical proteins.20,21 Themean thicknesses and the corresponding
uncertainties at a 95% confidence interval were determined from
the standard deviations obtained by making measurements at
10 different spots on each of the samples of the PS I/SAM/
Au substrates.

5. Atomic Force Microscopy (AFM). All surface topogra-
phy images were collected on an Asylum Research Inc. make
atomic force microscope (AFM, model MFP-3D-BIO) in the
tapping mode. All topographical images were recorded using a
silicon tip compatible with softer biological materials (make,
Olympus; model AC240TS) having a force constant of 2 N/m
and a resonant frequency of 70 kHz.

6. Dynamic Light Scattering (DLS). Dynamic light scatter-
ing (Zetasizer, Malvern Instruments, Worcestershire, UK) oper-
ating with a laser wavelength of 632.8 nmwas used tomeasure the
size distribution of PS I in solution. In addition, to gain insight
into the aggregation dynamics of PS I solutions, real-time DLS
characterization of PS I suspensions under the influence of
externally applied electric fields were performed by mounting
the in-house parallel plate electrode assembly inside the DLS
setup. All size distributions obtained from DLS data were col-
lected using 178� backward scattering and averaged over six
experimental runs each of which was averaged over 12-13 time
correlograms fitted by the in-built software of the Zetasizer. All
sizes reported in the size distribution data are the equivalent
spherical hydrodynamic radii as estimated from Stokes-
Einstein relation wherein the effective thermophysical proper-
ties of 200 mM Na phosphate aqueous buffer solutions with
pH= 7.0 were taken into consideration.

Results and Discussion

A. Gravity-Driven Self-Assembly Technique. Surface to-
pography AFM images (Figure 3A-E) of PS I deposition from
higher concentration solutions (Figure 3A-C) indicate large
columnar clusters on SAM/Au substrates that dissipate intomore
uniform layers at lower concentrations (Figure 3D,E). Corre-
sponding ellipsometry data in Figure 3F depicting mean PS I
thicknesses on SAM/Au substrates for different concentrations
(marked a-e) also support this observation. At the highest
concentration case (a), a mean thickness of 63.2 ( 3.3 nm is
observed. As the PS I concentration is reduced, the film thickness
also decreases to 35.4 ( 5.4 nm and 29.8 ( 5 nm (b and c,
respectively). At lower concentration cases (d and e), much lower
thicknesses of 14.2 ( 0.5 nm and 12.7 ( 1.3 nm are observed.
Large error bars in the thicknesses for depositions from high PS I
concentration cases of 2.9 � 10-4 mM (50�), 7.2 � 10-5 mM
(200�), and 3.6 � 10-5 mM (400�) (a, b, and c in Figure 3F)
indicate wide variations in the columnar structures across the
surfaces as compared to the relatively homogeneous PS I dis-
tributions indicated by the smaller error bars for lower concen-
tration cases (d and e in Figure 3F). The bracketed values next to
the concentrations reported indicate the amount by which the
concentrated PS I samples are diluted, andX is the dilution factor
with respect to the base concentration of 1.427� 10-5 mol/L.
These images and the corresponding film thicknessmeasurements
clearly indicate the complexity of themorphologies obtained from
gravity-driven deposition of PS I on SAM/Au substrates.

One of the challenges of creating a uniform PS I monolayer
with this deposition technique lies in the formation of large PS I
aggregates in the solution, which in turn results in columnar
clusters of deposited proteins. To clearly demonstrate the inter-
relation between aggregate formation in the bulk and the surface
morphology of PS I thin films, DLS experiments have been used
to approximate particle size distribution (PSD) for the represen-
tative PS I solution concentrations of 7.2 � 10-5 mM (200�),
3.6 � 10-5 mM (400�), and 1.8 � 10-5 mM (800�). Figure 4
depicts our principal findings, namely, at high bulk protein con-
centration of 7.2� 10-5mM (i.e., 200� dilutions) large structures
(>2000 nm) are observed. As the PS I solution concentration
is reduced to 3.6 � 10-5 mM and 1.8 � 10-5 mM (i.e., 400� and
800� dilution, respectively), the cluster sizes clearly shift to smaller-
sized bins (<1000 nm) and secondary peaks of smaller cluster sizes
(<400 nm and even, 100 nm) emerge. Hence aggregate formation
is clearly suppressed due to reduction of PS I solution concentra-
tion in the bulk phase.

These observations also support our surface film morpholo-
gies, namely, the formation of large columnar structures at high

Figure 2. Schematic showing the arrangement and dimensions of
the in-house parallel plate electrode assembly used for dielectro-
phoresis assembly of Photosystem I (PS I) on SAM/Au substrates.
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PS I concentrations. It should be noted that the agglomerates
have columnar structures due to preferential top-bottom align-
ment of PS I that results from steric hindrance effectively caused
by the dipole screening as a result of the attachment of detergent
molecules to the protein rim.22 As the dilution is increased,
protein-protein interactions are weakened thereby preventing

agglomeration and, in turn, resulting in relatively uniform layers
of PS I on the substrate.However, in the dilution range studied PS
I clustering could not be completely eliminated. In fact, we
observe a minimum cluster size beyond which the formation of
PS I aggregates cannot be thwarted any further as indicated by the
DLS data in Figure 4.Hence, this approach of decreasing the PS I
layer thicknesses on the substrates through systematic solution-
phase dilution might not necessarily be an efficient way to gen-
erate a uniform monolayer of PS I on the substrate.
B. Electric Field Assisted Directed-Assembly Technique.

To overcome solution-phase aggregation, a directed assembly
technique using electric field of various strengths is employed. The
technique essentially makes use of the interactions of the electric
field with the inherent dipole moment of the PS I molecules in the
direction perpendicular to the central axes of the aggregated
columnar structures. Encouraged by the preliminary results
indicating a net positive charge of PS I,12 we designed a series
of experiments using various incubation times and PS I concen-
trations to monitor protein deposition under external electric
fields applied to deaggregate the proteins in solution phase as well
as driving the deposition.

The mechanistic role of electric field in PS I deaggrega-
tion process in solution phase is elucidated with the aid of PSDs
measured using in situ DLS experiments on a fully agglomerated
system of PS I suspension in buffer solutions under various

Figure 3. Surface topographicalAFM imagesofPS I/SAM/Au substrates prepared fromdifferent PS I concentrations of (A) 2.9� 10-4mM
(50�); (B) 7.2� 10-5mM(200�); (C) 3.6� 10-5mM (400�); (D) 1.8� 10-5mM (800�); and (E) 9.1� 10-6mM (1600�) (bracketed values
indicate dilutions, X being the dilution factor) obtained by diluting base concentration of CB = 1.427 � 10-5 mol/L with aqueous buffer
solutions (as described in the article). (F) Elipsometry data indicating mean thicknesses (nm) of PS I adsorbed onto SAM/Au substrates
corresponding to the AFM iamges (A-E) (indicated as a-e on the figure). Error bars indicate uncertainties in data for multiple readings
collected. The gray dashed line indicates the best curve fitted to the experimental data. All AFM images collectedwith a tip of spring constant
2 N/m in tapping mode.

Figure 4. Representative particle size distribution data from dy-
namic light scattering (DLS) measurements of PS I suspen-
sions with 7.2 � 10-5 mM (200�), 3.6 � 10-5 mM (400�), and
1.8 � 10-5 mM (800�) concentrations in 200 mM Na phosphate
buffer solutions (0.02% w/v TX-100 as detergent).
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applied voltages (VApp). PS I concentration of 7.2 � 10-5 mM, i.
e., 200� dilution along with 0.02% w/v TX-100 as detergent was
used for this study. Typical results (VApp= 0, 0.5, 1.5, and 2.5 V)
of the scattering studies are shown in Figure 5A. Large clusters of
PS I aggregates (peak diametersg1000nm) formed in the absence
of an electric field (VApp = 0 V) break down to form smaller
clusters with increasing VApp as suggested by the suppression of
the 3000 nm peak accompanied by a corresponding emergence of
smaller peak (∼500 nm) at VApp = 0.5 V. The smaller-sized
clusters increase in volume asVApp is further increased to 1V, and
eventually at VApp = 3 V, the bimodal distributions completely
shift into a single peak at 200-300 nm. This systematic break-
down of PS I aggregates is clearly observed in Figure 5B showing
the variation of volume-averaged hydrodynamic diameters,DHyd

(estimated from similar PSDs collected over awide range ofVApp)
normalized by equivalent spherical diameter of single PS I
trimer, DPS I (∼28 nm as estimated from shape factors for oblate
spheroids with dimensions given in Figure 1) as a function of
increasing applied voltages. This phenomenon is attributed to the
applied electric field effectively interacting with the intrinsic
dipole moment of PS I to create a force field that eventually
overcomes the PS I-PS I bonding in the aggregates, thereby
resulting in smaller clusters of PS I being fragmented and released
from the aggregates that get directed onto the substrate under the
applied field. In this process, individual PS I trimers with higher
dielectrophoreticmobilitywill have a higher propensity to quickly
migrate to the electrode surface, thereby resulting in a relatively
uniform PS I layer on the substrate. It should be noted that the
PSDs obtained here from DLS experiments were collected for

voltages applied across the PS I suspension in buffer for
2-4 min.

In order to effectively ascertain the dynamics of the protein
dipole interactions with the applied voltage, PSDs were further
collected from real-time DLS experiments on PS I suspensions
being exposed to VApp=2.25 V (to minimize protein damage
possibly due to high current density at higher voltages applied for
longer times) for different time intervals. The results, as presented
in Figure 5C, immediately indicate that the normalized volume-
averaged hydrodynamic diameter (DHyd/DPS I) of PS I clusters, as
estimated from the PSDs, systematically decreases as their ex-
posure time to the electric field is increased from 0 to 30 min.
Interestingly, beyond 10-15 min of exposure to the field, PS I
aggregate sizes are barely 4-5 times that of a single PS I trimer.
This again reiterates the aforementioned phenomenon of frag-
mentation of the PS I aggregates wherein the trimers (due to their
highest mobility) quicklymigrate to the electrode surface, thereby
allowing the scattering data to only track the fragmented PS I
clusters left in the bulk solution. To further validate the afore-
mentioned mechanism of PS I deaggregation under electric field,
PS I cluster sizes are also monitored by carrying out real-time
DLS measurements on PS I suspension initially exposed to the
electric field (VApp = 2.25 V) for 9 min subsequently followed by
monitoring the cluster sizes in alternating absence and presence of
an applied electric field. The results reveal that initially under the
applied field DHyd/DPS I depicts relatively smaller clusters that
quickly increase in size when the applied voltage is switched off
(Figure 5D). Upon reapplication of the electric field, the cluster
sizes decline steadily, thereby indicating a systematic deaggrega-
tion of the PS I clusters.

Furthermore, the effect of PS I deaggregation induced by the
external electric field on the effective surface topography of PS I
deposited on SAM/Au substrates was systematically studied
using AFM and ellipsometry characterizations on electric field
assisted assembly carried out under various incubation time and
PS I concentrations. In the first set of experiments, the effect of
varying PS I concentrations in aqueous buffer solutions on the
deposition dynamics of electric field assisted assembly of PS I is
studied. Aqueous buffer suspensions with PS I concentrations
of 1.8� 10-5mM(800�), 7.2� 10-5mM (200�), 2.8� 10-4mM
(50�), 5.4 � 10-4 mM (25�), and 1.4 � 10-3 mM (10�) are
subjected to an applied voltage of 2.25 V. The incubation time is
fixed at 15 min based on our earlier experiments revealing that,
beyond this exposure time to the electric field, PS I aggregates
undergomaximumdeaggregation thereby leading to an increased
release of PS I trimeric complexes migrating to the electrodes. In
this case, AFM topographical images show minimal PS I deposi-
tion for the 1.8 � 10-5 mM (800�) case (Figure 6A). The small
circular spots of diameter∼30-40 nm represent the PS I trimers,
thereby indicating that most of them undergo surface attachment
on their luminal (bottom) side (see Figure 1). The density of
deposited proteins, although sparse, increases as the PS I con-
centration is increased to 7.2 � 10-5 mM (200�) and 2.8 � 10-4

mM (50�) (Figure 6B,C). Specifically, at PS I concentrations
of 5.4 � 10-4 mM (25�) and 1.4 � 10-3 mM (10�), the depo-
sition patterns indicate denser and, yet, uniform layers of PS I
(Figure 6D,E). Added to this, the ellipsometry data in Figure 6F
reveal thicknesses that support AFM observations for the differ-
ent concentration cases (represented as a, b, c, d, and e) by
indicating a negligible film thickness of 0.03( 0.07 nm for case a
(i.e., 0.3% surface coverage, based on the fact that PS I sitting on
its luminal side will have an effective maximum height of 9 nm).
This barely increases to 1.2( 0.2 nm (15% surface coverage) for
case b. On the other hand, the PS I deposition thicknesses

Figure 5. (A) Representative particle size distributions (PSD)
of PS I aggregate clusters in aqueous buffer solutions (200 mM
Na phosphate buffer with 0.02% w/v TX-100 as detergent) as
measured with in situ DLS experiments under applied voltages
ofVApp = 0.0, 0.5, 1.5, and 3.0 V. (B) Corresponding variation of
volume-averaged hydrodynamic diameter (DHyd, nm) as estimated
from real-time PSDs and normalized by equivalent spherical
diameter of single PS I trimer (DPS I ∼28 nm) over a complete
range ofVApp= 0-3 V. (C) Normalized volume-averaged hydro-
dynamic diameter (DHyd/DPS I) as estimated from real-time DLS-
based PSDs collected over PS I suspensions exposed to applied
electric field with VApp = 2.25 V for different time periods. (D)
Effect of the presence or absence of applied electric field on the nor-
malized volume-averaged hydrodynamic diameter (DHyd/DPS I) as
monitored in real time.
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gradually increase to 2.9( 0.2 nm, 3.8( 0.3 nm, and, finally, 7.1
( 0.2 nmcorresponding to 32%, 43%, and 79%surface coverage,
respectively (cases c, d, and e, respectively).

In the second set of experiments, a voltage of 2.25 V, applied
across the electrodes for incubation time periods of 2, 3, 5, 15, and
30min, is used to deposit PS I onto the SAM/Au substrate. Here,
a fixed and relatively high PS I concentration of 1.43� 10-3 mM
(i.e., 10� dilutions on the base concentration) is specifically
chosen to analyze the deposition pattern at an extremely high
PS I concentration. AFM topographical images of the substrates
in each of the cases reveal that a sparse, yet uniform, distribution
of individual PS I trimers devoid of any aggregation (as seen in
Figure 7A and B where the small circular spots of sizes ∼30-
40 nm represent the PS I trimers). However, increasing the incu-
bation time to 5 min increases the PS I deposition (Figure 7C),
which eventually turns into a dense and yet uniform layer of PS I
(Figure 7D,E) as the incubation time is further increased to 15 and
30 min, respectively. It is noted here that Figure 7C,D,E reveals
the depositions to be dense but devoid of any columnar structures
or aggregation, similar to the deposition patterns obtained earlier
for the higher-concentration cases (see Figure 6C,D,E). This also
corroborated by the thickness measurements from ellipsometry
experiments (represented as cases a, b, c, d, and e in Figure 7F). A
thin layer of PS I with an effective thickness of 1.0( 0.3 nm and
2.4( 0.2 nm is formed for the incubation times of 2 and 3 min (a
and b), which translates to a surface coverage of about 11% and
27%, respectively. On the other hand, increased incubation times
of 5, 15, and 30 min lead to deposition thicknesses 4.0 ( 0.7 nm,
7.1 ( 0.2 nm, and 7.5 ( 0.6 nm (c, d, and e, respectively), which
corresponded to much higher surface coverage of ∼45%, 79%,
and 83%, respectively. In both cases presented above, the maxi-
mum surface coverage of about 79-83% is consistent with the
packing density of oblate spheroid (or circular on 2D space)

particles with 9 nm height being, at the most, 0.9-0.91 for an
optimal hexagonal packing on the surfaces. These data are con-
sistent with the earlier solution-phase DLS measurements indi-
cating significant fragmentation of the PS I aggregates only
beyond 10 min of incubation time under an applied electric field
ofVApp= 2.25. Also, the variability in the measured thicknesses,
as indicated by the error bars accounting for multiple data
collections, does not indicate the same large variability in film
thicknesses as observed earlier in the ellipsometry data for the
gravity-driven cases, thereby implying that this deposition process
is more uniform and reproducible.

These results suggest the aforementioned phenomenon to be
a reversible process in which the imposed electric field during
assisteddepositionofPS I is able to break down thePS I columnar
aggregates into smaller clusters in solution phase, of which the
individual PS I trimeric complexes, with higher mobility, are
quickly driven toward the desired surfaces. On the other hand, in
the absence of the field, PS I trimers undergo rapid aggregation
and quickly assemble back into their aggregated clusters with PS
I-PS I homotypic interactions that are difficult to disrupt. Also,
PS I depositions with various incubation times and concentra-
tions in electric field assisted assembly indicate a controlled
process that starts with sparse and eventually ends in a uniform,
homogeneousmonolayer, thereby allowing excellent control over
PS I adsorption onto SAM/Au substrates. This conclusion is
based on our observations from both AFM studies and ellipso-
metric data. First, the error bars in Figures 6F and 7F indicate
relatively insignificant variations in the uncertainties of the
thicknesses measured by ellipsometry, thereby establishing the
homogeneity of the PS I depositions. Second, a sideways
attachment, or stacking arrangement of PS I on the surfaces,
would have resulted in the overall topography indicating an
average layer thickness of >10 nm (and e30-40 nm for a

Figure 6. Surface topographical AFM images of PS I/SAM/Au substrates prepared using electric field assisted directed assembly from
different PS I concentrations of (A) 1.8� 10-5mM (800�), (B) 7.2� 10-5mM (200�), (C) 2.8� 10-4mM(50�), (D) 5.4� 10-4mM(25�),
and (E) 1.4� 10-3 mM (10�) in aqueous buffer solutions for a fixed incubation time of 15 min (as described in the article). (F) Elipsometry
data indicatingmean thicknesses (nm) of PS I adsorbedontoSAM/Au substrates corresponding to theAFMimages (A-E) (indicated as a-e
in the figure). Error bars indicateuncertainties indata formultiple readings collected.The gray dashed line indicates the best curve fitted to the
experimental datawithR2=0.993 (discussed in detail in the article). All AFM images collectedwith a tip of spring constant 2N/m in tapping
mode.
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sparse PS I distribution), contrary to the average thicknesses
of e9 nm as observed from ellipsometry measurements of all
the cases studied here (see Figures 6F and 7F) along with the
effective circular shapes of 30-40 nm diameters as expected for
PS I trimers (see AFM images in Figures 5 and 6). These
observations clearly point toward a significant number of PS
I’s lying on their broader, circular base without being stacked
on top of each other thereby forming a uniform, homogeneous
monolayer of PS I on SAM/Au substrates.

Conclusion

The present studies on PS I deposition dynamics for simple
gravity-driven self-assembly and electric field assisted directed
assembly techniques indicate that, in the absence of an external
field, PS I suspension in buffer suffers frombulk aggregation,which
becomes predominant in suspensions with higher PS I concentra-
tions due to heightened protein-protein interactions. This coupled
with specific steric attachments favors the formation of columnar
structureswhich, in turn, deposit intact onto the substrate. In lower-
concentration cases, less frequent protein-protein interactions

reduce the tendency toward significant aggregation, thereby
enabling smaller PS I clusters to generate relatively uniform PS I
layers on the substrate. Finally, results from electric field assisted PS
I deposition demonstrate that externally imposed electric field is
able to effectivelybreakup the columnar aggregates ofPS I inbuffer
solutions, thereby driving individual trimetric PS I complexes to the
SAM/Au substrates with a mobility that is commensurate with the
applied electric field. This in turn allows a systematic and rapid
deposition of PS I monolayers on SAM/Au substrates. In light of
translating benchtop experiments to commercial fabrication of PS I
based bioelectronic devices or biosensors, the aforementioned
results could play a central role in the design of protein deposition
systems that enable systematic uniform monolayer formation
through directed/field assisted deposition.
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Figure 7. Surface topographical AFM images of PS I/SAM/Au substrates prepared using electric field assisted directed assembly
for different incubation times of (A) 2 min; (B) 3 min; (C) 5 min; (D) 15 min; and (E) 30 min from PS I concentration of 1.43 � 10-3 mM
(10� dilutions) in aqueous buffer solutions (as described in the article). (F) Elipsometry data indicating mean thicknesses (nm) of PS I
adsorbed onto SAM/Au substrates corresponding to the AFM images (A-E) (indicated as a-e in the figure). Error bars indicate
uncertainties in data for multiple readings collected. The gray dashed line indicates the best curve fitted to the experimental data with
R2 = 0.997 (discussed in detail in the article). All AFM images collected with a tip of spring constant 2 N/m in tapping mode.


