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a b s t r a c t

Systematic and uniform monolayer formation of Photosystem I (PS I) onto self-assembled monolayer
(SAM) substrates to enable unidirectional electron transfer is crucial for its successful use in the fabrica-
tion of bio-hybrid solid-state electronic or photovoltaic devices. Yet, our recent studies (Mukherjee et al.,
2010) indicate that surface self-assembly of PS I from aqueous buffer suspensions onto alkanethiolate
SAM/Au substrates frequently leads to complex columnar structures due to solution phase protein aggre-
gations. We investigate the effect of two prototypical non-ionic detergents, n-Dodecyl-b-D-Maltoside
(DM) and Triton X-100 (TX-100), on protein–protein interactions via the protein-detergent interfacial
chemistry. Dynamic light scattering (DLS) experiments are used to demonstrate the impact of relative
protein/detergent concentrations on aggregation dynamics of PS I suspensions. In turn, the surface
attachment characteristics of PS I adsorbed from the aforementioned suspensions onto SAM/Au substrate
is examined by atomic force (AFM) microscopy. Our results indicate that relative concentration of PS I and
detergents (DM or, TX-100) with respect to their critical micelle concentrations (CMC) determines the
extent of self-association between PS I complexes driven by the screening induced by detergent micelles
and/or, inter-protein distances. Such interfacial phenomena during the PS I-detergent complexation pro-
cess drives the colloidal system through various regimes of phase separations, suspension and/or, de-
aggregation, wherein individual PS I complexes can exist in a frustrated state that prevents favorable ori-
entations for PS I–PS I interactions. The present study presents a novel strategy, heretofore not consid-
ered, for tailoring inter-protein distances and protein–protein interactions in solution phase, thereby
allowing a superior control on the surface attachment of PS I onto SAM/Au substrates.

Published by Elsevier Inc.

1. Introduction

Colloidal studies of photosynthetic or light harvesting protein
complexes such as Photosystems I and II (PS I and PS II), bacterio-
rhodopsin, LHC I and II, and Rhodobacter sphaeroides offer specific
structural and functional challenges since they are integral mem-
brane proteins. Hence, a better understanding of the complex
structure and functionality of these classes of proteins can enable
their applications in biomimetic or, biomolecular devices or mate-
rials [1–4]. Specifically, the growing interest in photosynthetic
membrane proteins as natural resources for photo-activated mac-
romolecules have encouraged recent studies based on the concepts
of colloidal science and soft matter physics to improve the utiliza-
tion of these proteins in the aforementioned applications through
their stabilization with various detergents [5]. Thus, while past
research efforts have been directed towards tailoring

protein–detergent complexes to monitor the structural and
functional activities of light harvesting chlorophyll a/b-protein
complexes [6] or, crystallize photochemical reaction centers from
R. sphaeroides [7,8], recent years have also seen similar efforts in
characterizing the stability of bacteriorhodopsin [9] and LHC II
[10]. To this end, detailed characterization of membrane protein
interactions with non-ionic detergents typically used for their sol-
ubilization and stabilization in solution phase becomes critical in
understanding the complexation processes involved in the replace-
ment of phospholipids on the hydrophobic segments of membrane
proteins by the hydrophobic moiety in the detergents [11,12] that
closely mimic the native biological membrane of these proteins.

The aforementioned interest in the colloidal science of mem-
brane protein suspensions has prompted studies aimed at develop-
ing a fundamental understanding of the solution phase aggregation
of this class of proteins when stabilized with various anionic, cat-
ionic, zwitterionic or non-ionic detergents (or, surfactants). In par-
ticular, significant efforts have been focused on elucidating the
complex interfacial chemistry in protein–detergent–lipid interac-
tions that dictate the stability and mechanism of conformational
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changes, or solution phase aggregations [13–18]. Specifically, de-
tailed spectroscopic and/or scattering (both light and neutron)
studies have been carried out to characterize the structural, inter-
facial and thermodynamic properties of two commonly found
non-ionic amphiphilic detergents, Triton X-100 or TX-100 (octyl-
phenol-polyethylene glycoether) [19–21] and DM (n-Dodecyl-
b-D-Maltoside) [22–25] mainly due to their sensitivity and
compatibility in isolating membrane proteins. While analytical
centrifugation and sedimentation measurements in the past have
revealed that the self-association behavior of myelin basic protein
gets enhanced at low TX-100 concentrations [26], more recent pro-
tocols with gel filtration chromatography techniques have been
specifically developed to analyze detergent binding and aggrega-
tion processes of membrane proteins using radiolabeled DM [27].
Moreover, small angle X-ray (SAXS) and neutron (SANS) scattering
techniques have been extended to investigate the size and shape of
pure DM micelles [28] as well as analyze and compare the struc-
tural organization of mixed membrane protein/detergent micelles
in solution or in crystalline phase for both TX-100 and DM [29].

Our specific interest in the present study stems from the enor-
mous potential of incorporating cyanobacterial PS I, that undergoes
spontaneous charge separation to facilitate unidirectional electron
transfer [30] upon exposure to light, into bio-hybrid solid-state
electronic devices [1–3,31]. However, harnessing this potential re-
quires development of robust techniques for the assembly of uni-
form and homogeneous films of photoactive PS I on suitable
organic/inorganic substrates. In an effort to develop highly repro-
ducible deposition strategies, one must address the frequently
encountered problem in protein solutions, namely, solution phase
aggregation. To this end, our recent studies have revealed that pro-
tein concentrations and driving forces play a significant role in
altering the morphological assembly of PS I on SAM substrates
when adsorbed from aqueous buffer solutions using gravity driven
or electric field assisted directed deposition [4]. Commonly used
self-assembly of PS I from buffer solutions onto hydroxyl-termi-
nated alkanethiolate SAM/Au surfaces [3,32–35] and a few directed
attachment of PS I to Au substrates using platinization techniques
[36] have analyzed the attachment dynamics based on surface
characterizations using microscopy (AFM) or spectroscopic tech-
niques. Yet, our recent dynamic light scattering (DLS) data have
demonstrated that the complex surface morphologies observed
in most of these studies mainly arise due to protein–protein inter-
actions in the solution phase [4]. Hence to develop robust tech-
niques for deposition of PS I monolayer on various substrates, a
much better understanding of the dynamics of colloidal suspension
of PS I in prototypical non-ionic detergents such as TX-100 and DM
is required.

Systematic characterization of the morphology and aggrega-
tion behavior of cyanobacterial PS I [37] or, the structural and
conformational changes of PS I and PS II [38] when solubilized
in TX-100 have provided useful insight into the thermostability
and functional robustness of PS I and II outside their natural thy-
lakoid membranes. Added to this, studies on membrane protein
crystallization have begun to consider the role of critical micellar
(CMC), solubilization (CSC) and aggregation (CAC) concentrations
of various n-alkyl-b-D-Maltoside detergents in dictating the solu-
bilization of trimetric PS I extracted from Thermosynechococcus
elongatus (T. elongatus) [39]. Although such studies reveal the
complexity of protein/detergent interaction studies, they fail to
characterize the role of protein/detergent concentrations in
tailoring the PS I–PS I interactions in colloidal phase in a way
that they can be translated into a successful and uniform surface
immobilization of PS I trimeric complexes. Such efforts, not being
fully understood and implemented to date, are of great interest
to the colloidal community working with biomolecules at
interfaces.

To this end, the present study investigates the relative roles of
non-ionic detergent molecules/micelles concentrations (i.e., CMC,
CAC or CSC) and protein concentrations in tuning the solution
phase protein aggregation behavior, thereby enabling a systematic
control on the uniform monolayer of proteins adsorbed onto SAM/
Au substrates from aqueous buffer solutions. Specifically in this
study, we use the cyanobacterial PS I from T. elongatus as the inte-
gral membrane protein complex solubilized with two different
non-ionic detergents, TX-100 and DM in 200 mM sodium phos-
phate buffer solution with pH = 7.0. Results are presented in terms
of solution phase characterizations of PS I–detergent complex
using DLS, along with specific AFM images to highlight the effect
of PS I-detergent colloidal interactions on the surface topography
of PS I complexes deposited from buffer solutions onto SAM/Au
substrates.

2. Materials and methods

2.1. Chemicals and materials used

Commercial gold coated silicon wafers with titanium adhesion
layer (Au thickness �100 nm) were purchased from Platypus Tech-
nologies. Dibasic (Na2HPO4) and monobasic (NaH2PO4) sodium
phosphate with >99% assay were purchased from Fisher Scientific
to prepare the aqueous buffer solutions of 200 mM Na-Phosphate
with pH = 7.0. Concentrated hydrochloric (HCl with �38% assay)
and nitric (HNO3 with �69.2% assay) acids purchased from Fisher
Scientific were used to prepare fresh Aqua Regia. Ethanol (>99%
purity) purchased from Decon Laboratory Inc. was used as the or-
ganic solvent to prepare thiol solutions and isopropanol (electronic
grade with >99% purity) from Acros Organic was used as the organ-
ic cleaning reagent for all the substrates. Concentrated 11-mer-
capto-1-undecanol (5 mM in ethanol with 97% purity) was
purchased from Sigma–Aldrich, n-Dodecyl-b-D-Maltoside (DM)
was purchased from Gold Biotechnology whereas Triton X-100
(10% w/v aqueous solution) was obtained from Anatrace.

2.2. Methods and experimental set-up

2.2.1. Growth of T. elongatus and preparation of Photosystem I
The thermophilic cyanobacterium T. elongatus BP-1 was grown

in 2L airlift fermenters (Bethesda Research Labs, Bethesda MD) in
NTA media [40]. The details for the extraction and purification of
the trimeric PS I complex from the grown T. elongatus cells are pro-
vided in our earlier work [4]. Based on spectrophotometer mea-
sured chlorophyll concentrations, the concentration of the
extracted PS I trimers was estimated to be around
CB = 1.42 � 10�5 mol/L. PS I trimers were stored in aliquots of
1.5 mL at �80 �C for future use.

2.2.2. Preparation of alkanethiolate SAM/Au substrates
Commercial Au coated Si wafers were freshly dipped in Aqua

Regia (HNO3 and HCl acids in volumetric ratio of 1:3 respectively).
In turn, these freshly cleaved Au substrates (Au thickness �60–
70 nm) were immersed in 1 mM 11-mercapto-1-undecanol
overnight (�24–36 h) at room temperature in a chamber filled
with inert dry N2. Thiolated Au substrates were washed in
isopropanol, de-ionized water, and finally dried in dry N2 stream.
Monolayer formation was confirmed by measuring the thiol thick-
ness on Au substrates at multiple spots using an ellipsometer. For
the alkanethiol with C11 chain length used in this study, the
thicknesses were measured to be around 0.9–1.1 nm.
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2.2.3. Preparation of colloidal suspension of PS I in buffer solutions
To investigate the effect the detergent concentrations on solu-

tion phase characteristics, colloidal solutions of PS I in 200 mM so-
dium phosphate buffer (pH = 7.0) were prepared with PS I
concentrations of 7.2 � 10�5 mM in buffer solutions stabilized with
different concentrations of the non-ionic detergents, DM and TX-
100 with respect to their respective CMC values of 0.18 (CMCDM)
and 0.24 (CMCTX) mM respectively. Detailed technical specifica-
tions regarding the physical properties of DM and TX-100 are pro-
vided in Table 1.

Specifically, for the studies focused on the role of DM in control-
ling the PS I structures in solution, solution phase characterizations
were carried out for varying concentrations of PS I suspensions in
buffer solutions stabilized with fixed DM concentrations of: (1)
0.02% w/v (�0.4 mM, i.e., 2.2CMCDM) and (2) 0.002% w/v
(�0.04 mM i.e., 0.2CMCDM) in different PS I concentrations as dis-
cussed later in details in Section 3. PS I concentrations ranging be-
tween CPSI = 9.1 � 10�6 mM (1600� dilution) � 5.4 � 10�4 mM
(25� dilution) were chosen for sample preparations. The dilutions
indicated within bracket next to the CPSI values, as shall be re-
ported in the rest of this article, are with respect to the base con-
centrations of CB = 1.42 � 10�5 mol/L for the extracted and
purified PS I samples as reported earlier.

2.2.4. Preparation of PS I/SAM/Au substrates
Surface immobilization of PS I used the solution phase self-

assembly techniques [4] of immersing the alkanethiolate SAM/Au
substrates for 5 min. in different PS I concentrations
(9.1 � 10�6 mM to 5.4 � 10�4 mM) prepared with 200 mM Na-
Phosphate aqueous buffer solutions (pH = 7.0) and specifically sta-
bilized with DM concentrations of 0.02% w/v (i.e.,2.2 CMCDM) to
demonstrate the effectiveness of DM in controlling PS I–PS I inter-
actions (discussed in Section 3).

2.2.5. Atomic Force Microscopy (AFM)
All surface topography images were collected on an Asylum Re-

search Inc. make Atomic Force Microscopy (AFM) instrument
(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.

2.2.6. Dynamic light scattering (DLS)
Dynamic light scattering data used to analyze PS I aggregation

and individual sizes were collected using a Malvern Instruments
make Zetasizer operating with a laser of 632.8 nm wavelength.
All size distributions obtained from DLS data were collected using
a 178� backward scattering and averaged over six experimental
runs each of which were summed up over 12–13 time correlo-
grams fitted by the in-built software of the Zetasizer. All sizes re-
ported in the size distribution data are the equivalent spherical
hydrodynamic radius as estimated from Stokes–Einstein relation
wherein the effective thermo physical properties of 200 mM Na-

Phosphate aqueous buffer solutions with pH = 7.0 were taken into
consideration.

3. Results and discussion

3.1. Different detergent concentrations at fixed PS I concentrations

The particle size distributions (PSD in terms of volume distribu-
tion, %) from DLS measurements on solution samples with fixed PS
I concentration of CPSI = 7.2 � 10�5 mM (Figs. 1A–C and D–F) dem-
onstrate the aggregation behaviors of PS I complexes, when stabi-
lized with TX-100 and DM respectively, for different detergent
concentrations (indicated by C=CMCjTX and C=CMCjDM values in
Fig. 1). In conjunction to the PSD, the corresponding normalized
volume averaged hydrodynamic diameters (DHyd/DPSI) plotted
against detergent concentrations normalized by their respective
CMC values (CDetergent/CMC) is shown in Fig. 2. These two figures
clearly demonstrate the evolution of mean cluster sizes due to PS
I aggregation in relation to the respective CSC and CDC values for
TX-100 and DM. It is noted that DHyd is estimated from respective
PSDs in Fig. 1 and the equivalent hydrodynamic diameter of single
PS I trimer, DPSI � 21 nm is estimated based on its shape factor, i.e.,
an oblate spheroid [41] with dimensions: 30 nm diameter � 9 nm
height (refer to Fig. 4; details provided in our earlier work [4]).

The large aggregation observed for C=CMCjTX = 0.5 (<CMCTX)
and 1.0 (�CMCTX) in Fig. 1A, is related to the inability of the deter-
gents to solubilize the proteins. This phenomenon persists as TX-
100 concentration is increased to C=CMCjTX = 1.5, as indicated by
DHyd/DPSI � 70–90 for the respective C=CMCjTX cases in Fig. 2 (gray
dotted line on x-axis indicates the respective CDetergent = CMC for
TX-100 or DM). Visual inspection of the respective solution sam-
ples in each of these cases indicate heavy precipitation, and hence
phase separation, of the PS I complexes thereby supporting our
earlier observation (typical inset photographs representing each
of the cases in Fig. 1A). As the detergent concentration is increased
to C=CMCjTX = 1.8, the PSD (Fig 1B) indicates a disintegration of the
large peaks centered on the size bins P1000 nm into sizes widely
distributed across 100–1000 nm ranges. As expected, in conjunc-
tion with this shift, a marked drop in mean cluster sizes (DHyd/
DPSI � 3 in Fig. 2) is also observed. It should be pointed out that vi-
sual inspection of all the samples beyond C=CMCjTX = 1.8 indicated
complete solubilization of the PS I complexes in the buffer solu-
tions even after weeks of incubation (typical inset photographs,
each set of which represents the respective cases in Fig. 1B and
C). Thus, C=CMCjTX = 1.8 marks the onset of solubilization (i.e.,
CSCTX� CMCTX as marked in Fig. 2), wherein TX-100 detergent
molecules, in addition to undergoing attachment with PS I, physi-
cally screen the protein clusters from each other that allows the
suspension of aggregated PS I clusters in the buffer solutions. A fur-
ther increase in TX-100 concentration (C=CMCjTX = 2.0) results in a
complete shift of the PSD to a single uniform peak at �18–20 nm
that corresponds to the equivalent hydrodynamic diameter of a
single PS I trimeric complex (DPSI � 21 nm) and is corroborated
by DHyd/DPSI � 1.0 in Fig. 2 (gray dotted line on y-axis indicates
DHyd = DPSI). Thus, C=CMCjTX = 2.0 marks the onset of de-aggrega-
tion of PS I clusters into individual trimeric complexes (i.e.,
CDCTX� CMCTX as marked in Fig. 2) wherein TX-100 molecules,
in excess of the ones associated with the PS I, form spherical mi-
celles that physically screen the PS I trimers from each other. This
impedes the favorable top–bottom PS I–PS I associations due to the
favorable electrostatic interactions arising due to the inherent di-
pole moment [42] of the PS I complexes that otherwise lead to
the columnar structures [4]. Higher detergent concentrations
(C=CMCjTX � 2.6–5.1) result in PSDs (Fig. 1C) that exhibit large
scatter over a wide range of size domains ranging from <1 nm (less

Table 1
Physical properties of the detergents, DM and TX-100.

Chemical name DM TX-100
n-Dodecyl-b-D-
Maltoside

Octylphenolpoly
(ethyleneglycolether)x

Molecular weight (g/mol) 510.6 650
Critical micelle concentration

(CMC, mM)
0.18 0.24

Eqvt. hydrodynamic
diameter (nm)

5.5–6.0 7.5–8.0

D. Mukherjee et al. / Journal of Colloid and Interface Science 358 (2011) 477–484 479
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than TX-100 micelle diameter �6–7 nm) up to >100 nm
(>DPSI � 21 nm). This can be attributed to the possible disintegra-

tion or denaturation of the membrane protein into smaller frag-
ments of varying sizes, a phenomenon reported in an earlier
work for higher detergent concentrations of TX-100 [38].

In contrast, for PS I solutions stabilized with DM, the peak size
at �1000 nm only appear at C=CMCjDM = 0.2 (Fig. 1D) that corre-
sponds to DHyd/DPSI � 32 as shown in Fig. 2. As the DM concentra-
tion is increased to C=CMCjDM = 0.4 and 0.7 (Fig. 1E), the PSD peak
distinctly shifts to the much smaller size bins �18–20 nm (closer
to the estimated DPSI � 21 nm) with a corresponding DHyd/
DPSI � 1.0 (Fig. 2). It should be noted that, except for
C=CMCjDM = 0.2 (typical inset photograph is representative of the
particular case in Fig. 1D), visual inspection of the solution samples
with C=CMCjDM P 0.4 did not exhibit any precipitation (typical in-
set photographs represent each of the respective cases in Fig. 1E
and F). Hence, it is concluded that for PS I samples stabilized with
DM, C=CMCjDM = 0.4 marks the simultaneous onset of solubiliza-
tion (CSCDM) and de-aggregation (CDCDM) as marked by
CSCDM = CDCDM in Fig. 2. Any further increase in DM concentration
up to C=CMCjDM = 1.8 results in a continuous incremental shift in
the PSD to lower sized bins. Finally, with higher detergent concen-
trations (C=CMCjDM = 2.2–5.3 in Fig. 1F) the PSDs continue to exhi-
bit a steady decrease in the peak sizes to �15–17 nm for

Fig. 1. Particle size distributions (PSD in volume distribution, %) as obtained from dynamic light scattering (DLS) measurements on solution samples with fixed PS I
concentration of CPSI = 7.2 � 10�5 mM in 200 mM sodium phosphate buffer (pH = 7.0) stabilized with varying detergent concentrations of: (A–C) C=CMCjTX for TX-100 and (D–
F) C=CMCjDM for DM. (Insets: Sample photographs of PS I solutions representing each of the detergent concentration ranges where PS I complexes precipitate or, solubilize).

Fig. 2. Variation of volume averaged hydrodynamic diameters estimated from the
respective PSDs in Fig. 1 and normalized by the equivalent hydrodynamic diameter
of a single PS I trimer (DPSI � 21 nm), i.e., DHyd/DPSI as a function of different
detergent concentrations normalized by their respective CMC values, i.e., CDetergent/
CMC.

480 D. Mukherjee et al. / Journal of Colloid and Interface Science 358 (2011) 477–484
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C=CMCjDM = 2.2 and 2.8. Specifically, for C=CMCjDM = 4.3, the weak-
ening of the peak at �20 nm concurs with a corresponding
enhancement of the peak at �9–10 nm, which eventually shifts
to a single uniform peak centered on �6–7 nm for the
C=CMCjDM = 5.3. The emergence of the small secondary peaks at
�6–7 nm for C=CMCjDM = 1.0 and 1.8 (Fig. 1E) along with the stea-
dy shift in PSD to a more pronounced peak at �7 nm for
C=CMCjDM = 2.2–5.3 (Fig. 1F) is attributed to the larger volume frac-
tion of spherical DM micelles whose sizes are typically of the order
�6 nm (refer to Table 1). But, as seen from Fig. 2, due to the attain-
ment of CSCDM or, CDCDM values at CDetergent/CMC� 1, the PS I
complexes retain their individual trimetric form (DHyd/DPSI � 1.0)
in the colloidal suspension over a wide range of DM concentrations
(CDetergent/CMC � 0.4–2.2). This is further corroborated by the uni-
form and steady peak sizes centered on �18–20 nm (correspond-
ing to DPSI � 21 nm) in Figs. 1E and F for C=CMCjDM = 0.4
(�CMCDM) to 2.2 (>CMCDM).

These observations clearly suggest that DM, when compared to
TX-100, is a more effective and stable detergent for PS I colloidal
systems due to its higher affinity for PS I lipid membranes that pro-
motes an energetically favored PS I-DM interactions even at DM
concentrations <CMCDM. The aforementioned results turn the focus
of the present study in the subsequent section towards the roles of
relative concentrations of PS I and DM in driving the colloidal
chemistry needed to tune surfactant mediated PS I–PS I interac-
tions in aqueous buffer solutions of PS I.

3.2. Different PS I concentrations at fixed DM concentrations

PSDs from DLS measurements on solution samples with differ-
ent PS I concentrations (9.1 � 10�6 mM (1600� dilution) to
5.4 � 10�4 mM (25� dilution)), when stabilized with a fixed low
DM concentration of C=CMCjDM = 0.2 (�CMCDM, i.e., the first case
reported in Fig. 1D), are shown in Fig. 3A–C. Large scale PS I aggre-
gation is indicated by the wide scatter in the PSD (50 nm to
>1000 nm in Fig. 3A) for CPSI = 9.1 � 10�6 mM (1600�) and
1.8 � 10�5 mM (800�) that becomes aggravated when PS I concen-
tration is increased to 3.6 � 10�5 mM (400�) as indicated by the
peak shifts to larger sized bins. Eventually, at higher PS I concentra-
tions (CPSI = 7.2 � 10�5 mM (200�) to 1.4 � 10�4 mM (100�)), bulk
aggregations due to enhanced PS I–PS I interactions [4] result in a
complete shift of the size distributions to uniform peaks >1000 nm
(Fig. 3B). But, any further increase in CPSI up to �2.8 � 10�4 mM
(50�) shows a unique behavior wherein, instead of a higher degree
of agglomeration, the peak size shifts from >1000 nm (Fig. 3B) to
�45–50 nm (Fig. 3C). The same trend continues as PS I concentra-
tion is further increased to CPSI = 5.4 � 10�4 mM (25�) in Fig. 3C,
wherein the size distribution eventually equilibrates with the peak
size around �20–22 nm, in agreement with the equivalent hydro-
dynamic diameter of single PS I trimer (DPSI � 21 nm). This phe-
nomenon is indicative of the emergence of a high number
density of closely packed PS I trimeric complexes in the solution
samples wherein the inter particle distances (represented as RPSI–

PSI in the schematic inset in Fig. 4) are on the order of the length
scales that prevent rotational diffusions (discussed in details later).
Such a situation thwarts the preferential alignments required for
protein aggregation, thereby leaving the individual PS I complexes
in a frustrated state leading to a jammed suspension.

To further investigate this phenomenon, normalized hydrody-
namic diameters, DHyd/DPSI (left y-axis in Fig. 4) as a measure of
PS I cluster sizes, is plotted in conjunction with the average in-
ter-protein distances in solution (RPSI–PSI in nm; right y-axis in
Fig. 4) as a function of varying PS I concentrations. It should be
noted that the average RPSI–PSI values in nm (indicated by the sche-
matic inset in Fig. 4) are estimated, based on the assumption of
uniform PS I distribution, from the volume fraction of PS I com-

plexes suspended in the solution phase prior to the onset of
agglomeration and the volume of a single PS I-detergent complex
(taking into account the detergent ring around the lipid membrane
belt of the PS I complex as shown in the inset in Fig. 4). With the
DM concentration fixed at C=CMCjDM = 0.2 (CDM� CMCDM), the in-
ter-protein distances RPSI–PSI in Fig. 4 exhibit a power law decay
with increasing PS I concentrations. In relation to this, aggregated
clusters (DHyd/DPSI � 30–40) are formed at lower PS I concentra-
tions (CPSI = 9.1 � 10�6 mM (1600�) and 1.8 � 10�5 mM (800�))
where RPSI–PSI � 270–350 nm. But with increasing CPSI, the cluster
sizes increase at CPSI = 3.6 � 10�5 mM (400�), and approach a pla-
teau region around DHyd/DPSI � 96–100 up to CPSI = 9.6 � 10�5 mM
(150�), thereby indicating heightened PS I–PS I interactions when
RPSI–PSI ranges �130–210 nm.

Beyond this point, a slow decrease in the cluster sizes (DHyd/
DPSI � 78–80) is observed as PS I concentration is increased to

Fig. 3. (A–C) Particle size distributions (PSD in volume distribution, %) as obtained
from dynamic light scattering (DLS) measurements on PS I solution samples with
CPSI = 9.1 � 10�6 mM (1600� dilution) to 5.4 � 10�4 mM (25� dilution) in 200 mM
sodium phosphate buffer (pH = 7.0) stabilized with a fixed low DM concentration of
C=CMCjDM = 0.2 (�0.04 mM DM� CMCDM).

D. Mukherjee et al. / Journal of Colloid and Interface Science 358 (2011) 477–484 481
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CPSI = 1.4 � 10�4 mM (100�), thereby indicating that the aggrega-
tion process is hindered. Finally, at higher concentrations of
CPSI = 2.8 � 10�4 mM (50�) and 5.4 � 10�4 mM (25�), a marked
drop in the cluster sizes to almost that of single trimers is observed
(DHyd/DPSI � 2 and 1.3 and a rapid drop in the respective RPSI–PSI

values to 100 and 79 nm respectively in Fig. 4). It should be noted
that the aforementioned phenomenon indicates bulk aggregation
at RPSI–PSI > 300 nm and an attractive potential that enhances
the aggregation processes between RPSI–PSI � 130–210 nm, both
of which are commonly observed in most protein solution
systems [43,44]. But the rapid reduction in cluster sizes at
RPSI–PSI < 100 nm is indicative of a jammed suspension wherein
PS I trimers find themselves in a frustrated state that thwarts
structural arrangements favorable for aggregation. Specifically,
one can approximate that the major diameter of the oblate
spheroid shaped PS I being �40 nm (inset in Fig. 4), an inter-pro-
tein distance of RPSI–PSI �80–100 nm could easily hinder any
rotational movements of PS I.

Furthermore, PSDs in Figs. 5A–C illustrate the PS I aggregation
behavior in buffer suspensions with different PS I concentrations
(CPSI = 9.1 � 10�6 mM to 2.8 � 10�4 mM) and a fixed high DM con-
centration of C=CMCjDM = 2.2 (�CMCDM). PSD for the lowest PS I
concentration (CPSI = 9.1 � 10�6 mM (1600�)), being largely
volume weighted by the DM micelles, indicates a single peak at
�6–7 nm (Fig. 5A) which coincides with the control peak size (rep-
resented with a dotted line) for DM micelles (DMicelles � 6 nm as
mentioned in Table 1; marked by the ‘‘dotted’’ arrow). The control
data was obtained from the PSD collected for blank buffer treated
with DM (C=CMCjDM = 2.2) but devoid of any PS I. Upon increasing
PS I concentration to CPSI = 1.8 � 10�5 mM (800�), the emergence
of the peak at �20 nm (commensurate with DPSI � 21 nm; the
‘‘long dash’’ arrow) in Fig. 5A can be rationalized by the increase
in the relative volume fractions of PS I trimers, while the decrease
in the peak size at �7 nm (�DMicelles) and the surge of the two
secondary peaks at �2–4 nm (<DMicelles; the ‘‘dash-dot’’ arrow)

suggest a simultaneous decrease in the number density of DM mi-
celles along with the creation of smaller sized DM clusters due to
the possible fragmentation of the micelles. This process is contin-
ued further for CPSI = 3.6 � 10�5 mM (400�) and 7.2 � 10�5 mM
(200�) until the major peak size increasingly shifts through inter-
mediate size ranges of �12–17 nm along with the PSD broadening
towards the 20 nm size bin (�DPSI; see Fig. 5B). In conjunction with
this, the micellar peak size (�DMicelles; the ‘‘dotted’’ arrow) shows a
rapid decay along with a simultaneous enhancement of the smaller
peak size (<DMicelles; the ‘‘dash-dot’’ arrow). Finally, while the PSDs
in Fig. 5C distinctly indicate a shift in the major peaks to �20 nm
(�DPSI; the ‘‘long dash’’ arrow) for both CPSI = 1.4 � 10�4 mM
(100�) and 2.8 � 10�4 mM (50�), the strong secondary peak at
�4–5 nm (<DMicelles; the ‘‘dash-dot’’ arrow) for CPSI = 1.4 �
10�4 mM (100�) eventually disappears for the CPSI = 2.8 � 10�4

mM (50�) case. Also, it is noted that the micellar peak (�DMicelles;
the dotted arrow) ceases to exist for both CPSI = 1.4 � 10�4 mM
(100�) and 2.8 � 10�4 mM (50�).

The aforementioned processes create an overall picture of a
dynamically evolving system in which the strong affinity of DM
molecules for the lipid membranes on PS I complexes results in
an energetically favored PS I-DM interactions over DM–DM inter-
actions in solution phase. To this end, an increasing PS I number
density in the buffer solutions promote fragmentation of DM mol-
ecules from micelles (the continuous decrease in peak size at DMi-

celles � 7 nm along with the simultaneous increase in smaller peak
sizes �2–4 nm in Figs. 5A–C) that preferentially attach to the PS I
trimers to generate a higher volume fraction of PS I–DM complexes
(the surge in the peak size around DPSI � 21 nm in Fig. 5C). Further-
more, when stabilized by a high DM concentration� CMCDM

(C=CMCjDM = 2.2), the solutions with a wide range of PS I concen-
trations (CPSI = 9.1 � 10�6 mM to 2.8 � 10�4 mM) never showed
any aggregation as evident from Figs. 5. A–C indicating no cluster
sizes >20–30 nm. This implies that the number density of DM mi-
celles being much greater than that for PS I trimers (�1500–2000
even for the highest PS I concentration of CPSI = 2.8 � 10�4 mM),
the PS I complexes are physically screened from each other. Such
observations also support our earlier explanation of jammed sus-
pensions where the PS I trimers co-exist in a frustrated state that
prevents favorable orientations for aggregation. Attainment of
such jammed states can bear serious implications in terms of con-
trolling the inter-protein distances in the solution phase itself,
thereby allowing superior control over driving individual PS I tri-
mers onto chemically tailored SAM/Au substrates to create uni-
form and homogeneous PS I monolayer devoid of any PS I–PS I
interactions.

AFM images in Fig. 5D–F for PS I trimers attached via gravity-
driven adsorption process from buffer solutions stabilized by DM
where C=CMCjDM = 2.2 further corroborate our observations. The
surface topographies, as attained for depositions from buffer solu-
tions with high PS I concentrations of CPSI = 1.4 � 10�4 mM (100�),
2.8 � 10�4 mM (50�) and 1.4 � 10�3 mM (10� dilution, i.e. at ex-
tremely high PS I concentrations), are devoid of any PS I aggregates.
In contrast to the highly aggregated columnar structures seen in
our earlier deposition studies of PS I on SAM/Au substrates from
buffer solutions with TX-100 as the detergent [4], the morpholog-
ical arrangements in Fig. 5D–F are very uniform. Thus, the popula-
tion density of PS I trimers (number of PS I/unit area) on the
substrate increases from very sparse distribution for
CPSI = 1.4 � 10�4 mM (100�) to a uniform, dense and homogeneous
distribution devoid of any aggregated structures even at very high
concentration cases of CPSI = 1.4 � 10�3 mM (10�), thereby allow-
ing systematic monolayer formation. These results point towards
a highly effective method of tailoring the morphology of PS I/
SAM/Au substrates by monitoring the detergent mediated pro-
tein–protein interactions in the solution phase.

Fig. 4. Variation of normalized volume averaged hydrodynamic diameters, DHyd/
DPSI (left y-axis) as estimated from the respective PSDs in Fig. 3 and the average
inter-protein distances in solution, RPSI–PSI (nm, right y-axis) as a function of varying
PS I concentrations, CPSI (mM). (Inset: Schematic showing the mean inter-protein
distance, RPS I–PS I (nm) as estimated from the volume fraction of PS I complexes
and the mean diameter of a single PS I trimeric complex on taking into account the
detergent molecules attached to the rim of the lipid membrane belt of the PS I
complex).
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4. Conclusion

Our findings demonstrate that detergents (or, surfactants) (TX-
100 and DM in this study) play an intricate role in tuning PS I–PS I
interactions through PSI-detergent colloidal chemistry, thereby
dictating the solution phase aggregation of PS I leading to complex
protein morphologies. The onset of PS I solubilization and
de-aggregation in buffer solutions stabilized with low DM concen-
trations (C=CMCjDM � 1) facilitates the existence of individual PS I
trimers over a wide range of DM concentrations, thereby suggest-
ing that DM, as compared to TX-100, is a more robust and stable
detergent that allows better control over solution-phase PS I–PS I
interactions. Furthermore, buffer solutions with low PS I concen-
trations (<CPSI = 1.8 � 10�5 mM) and large inter-protein distances
(RPSI–PSI > 300 nm), when stabilized with low DM concentrations
(C=CMCjDM 6 0.4), give rise to bulk aggregation that gets enhanced
for CPSI = 3.6 � 10�5 mM to 1.4 � 10�4 mM where RPSI–PSI � 100–
300 nm, thereby indicating an attractive PS I- PS I interactions.

For higher PS I concentrations (CPSI P 2.8 � 10�4 mM), where
RPSI–PSI � 80–100 nm, the close proximity of PS I trimers (major
diameter of PS I � 40 nm) can effectively inhibit rotational diffu-
sions and hence, prevent favorable orientations driven by the
inherent PS I dipole moment that facilitates the top–bottom PS I–
PS I associations. In such a situation, the PS I trimers are left in a
frustrated state that results in jammed suspensions. On the other
hand, PS I buffer solutions stabilized with high DM concentrations
(C=CMCjDM P 2.2) does not indicate any bulk aggregation for a
wide range of PS I concentrations, which can be attributed to a
large volume fraction of DM micelles physically screening the PS
I trimers from interacting with each other. Thus, relative concen-
trations of detergent micelles and PS I complexes can induce spe-
cific steric hindrances driven by the inter-protein distances, that
finally determines the nature of PS I–PS I interactions in solution
phase. The attainment of the aforementioned jammed suspensions
allow a systematic and uniform distribution of the individual PS I
trimeric complexes in the solution phase which, when driven to

Fig. 5. (A–C) Particle size distributions obtained from DLS measurements on PS I solution samples with CPSI = 9.1 � 10�6 mM (1600� dilution) to 2.8 � 10�4 mM (50�
dilution) in 200 mM sodium phosphate buffer (pH = 7.0) stabilized with a fixed high DM concentration of C=CMCjDM = 2.2 (�0.4 mM DM� CMCDM). CPSI = 0 mM represents
the control PSD collected for blank buffer treated with 0.4 mM DM; (D–F) AFM images of the surface topographies of depositions onto SAM/Au substrates from buffer
solutions with high PS I concentrations of CPSI = (D) 1.4 � 10�4 mM (100� dilution), (E) 2.8 � 10�4 mM (50� dilution) and (F) 1.4 � 10�3 mM (10� dilution) stabilized with
0.4 mM DM (C=CMCjDM = 2.2).
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SAM/Au substrates, are able to create uniform and homogenous
surface morphology devoid of PS I–PS I lateral interactions. Such
high-level of control on the surface morphology of PSI/SAM/Au
substrates attained by tuning the surfactant mediated solution
phase interfacial chemistry can be very promising for future work
on synthesis of advanced bio-interfaces for bio-hybrid photovol-
taic/electronic devices or sensors.
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