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Protein cages architectures can be used as nanoscale building blocks to fabricate
higher order structures. We show here that in-plane ordering can be induced in
films of a genetically engineered viral protein cage bound electrostatically to a pla-
nar surface. Surface pressure measurements were used to follow the kinetics of
adsorption of the virus nanoparticle at the air-water interface for a range of
sucrose and nanoparticle subphase concentrations. Atomic force microscope
(AFM) images indicated that with optimal subphase conditions films transferred
to solid supports exhibited regions of hexagonal packed 2-D arrays. Potential
applications of these monolayer assemblies of protein cage architectures include
their use as scaffolds to immobilize functional groups at a surface or as templates
for building multilayer films.
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INTRODUCTION

Protein cages are natural spherical nanoparticles composed of symme-
trically arranged monomeric protein subunits [1,2]. Protein cages have
been used as targeted delivery vehicles for drugs [3] and imaging
agents [4–7], and as spatially defined templates for synthesis of a vari-
ety of materials [4,8–16]. From the perspective of fabrication of solid
state devices, a protein cage shell enclosing a chosen material is a
building block that can be used for assembling higher order structures
that determine nanoscale properties of the bulk material [17].

Protein cage architectures have been organized into higher order
structures by Au-thiol interactions [18], layer-by-layer assembly
[19,20], dip pen lithography [21], complementary biological interac-
tions [22], and three-dimensional crystallization [23]. Adsorption at
the air-water interface provides a means to assemble monolayers of
protein cages that exhibit in-plane ordering [24,25]. Potential applica-
tions of these two-dimensional arrays include interfacial components of
sensors, catalytic surfaces, electrochemical, and photovoltaic devices.

Cowpea chlorotic mottled virus (CCMV) is an icosahedral protein
cage composed of 180 identical monomeric protein subunits with a
diameter of 28 nm [26]. In its natural state, each monomeric subunit
projects a disordered N-terminal chain into the interior cavity. Basic
residues (6 arg and 3 lys) are thought to stabilize incorporation of its
RNA cargo through electrostatic interactions. We designed a genetic
construct (subE) in which nine basic residues at the N-terminus were
replaced by glutamic acid residues. The subE mutant assembles into a
viral cage identical in structure and size to wildtype CCMV and was
shown to nucleate the formation of iron oxide nanoparticles selectively
in the interior compartment of the protein shell [10]. Here, we show
that two-dimensional ordered arrays of an exceptionally stable, cross-
linked form of subE (subE X) can be induced to assemble on a posi-
tively charged solid support by initially concentrating the virus
particle at the air-water interface under optimal subphase conditions.

METHODS

Protein Cage Preparation

The construction of subE, in which nine basic residues at the N-
termini (6 arg and 3 lys) were replaced with glutamic acid has been
described [10]. SubE was cross-linked (subE X) with glutaraldehyde
by reacting a 0.5mg=mL solution of subE with a 5% solution of glutar-
aldehyde in 100mM HEPES (Sigma-Aldrich, St. Louis, MO, USA)
buffer at pH 7.0 for 20h with stirring at room temperature. The
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reaction was quenched with 1M TRIS (pH 7.0) (Sigma-Aldrich). The
cross-linked protein was purified by size exclusion chromatography
(Superose 6 column, GE Healthcare, Bioscilaces AB, Upsala, Sweden)
and dialysis (12–14 kDa membrane). Cross-linked subE (subE X)
maintains its structure upon heating to 70�C (data not shown).

Surface Pressure Measurements

Surface pressure changes in 500mL drops of aqueous solution were mea-
sured using aMicroTroughXL tensiometer (Kibron Inc., Espoo, Finland).
Aliquots of subE X at 500mg=mL were injected into the subphase of
drops using a Hamilton syringe (Hamilton Syringe, Reno, NY, USA).

Preparation and Characterization of SubE X Films
on Solid Supports

Poly-L-lysine (plys) (Sigma-Aldrich) coated Si <100> wafers (Virginia
Semiconductor Inc., Fredericksburg, VA, USA) were prepared by
adsorbing plys from a 1mg=mL aqueous solution for 1h followed by
rinsing in nanopure water and drying in a stream of nitrogen.

AFM imaging was performed using tapping mode on a Nanoscope
III Multimode SPM (Digital Instruments, Inc., Santa Barbara, CA,
USA). The probes used were Tap300 cantilevers (NanoDevices, Santa
Barbara, CA, USA). The resultant images were then processed with
Nanoscope III (Digital Instruments) and WSxM (Nanotec Electronica,
Madrid, Spain) software packages.

RESULTS

Injection of subE X into a water subphase or at the air-water interface
produces a transient increase in surface pressure which then relaxes
to near baseline levels (Fig. 1). An immediate increase in surface pres-
sure is obtained by merely injecting an aliquot of water containing no
subE X into the subphase (Fig. 1a). The presence of subE X in the
injected aliquot appears to reduce the rate of decline in surface pres-
sure (Fig. 1b), but there is no indication of a stable change in surface
pressure that is maintained above the baseline even upon injection of
an additional aliquot containing subE X into the subphase (Fig. 1c).
The decline in surface pressure is even more rapid upon injection of
an aliquot containing subE X at the air-water interface (Fig. 1d).

Surface pressure changes upon injection of subE X into a 3%
sucrose aqueous solution are similar to those obtained in pure water
(Fig. 2a). This is in contrast to surface pressure changes upon injection
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FIGURE 2 Surface pressure changes upon injection of subE X into an
aqueous subphase containing sucrose; the subphase concentration of subE X
was 50 mg=mL. a) 3% sucrose; b) 5% sucrose; c) 10% sucrose.

FIGURE 1 Surface pressure changes upon injection of water or subE X into a
water subphase or at the air-water interface. a) 20 mL water; b) 20 mL of a
500mg=mL solution of subE X; c) 50 mL of a 500mg=mL solution of subE X;
d) 30 mL of a 500mg=mL solution of subE X deposited at the interface.
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of subE X into a subphase of 5% sucrose (Fig. 2b). In this case, the
surface pressure rises, eventually reaching a plateau value of approxi-
mately 8mN=m. This trend is reversed if more sucrose is added to
the subphase. Injection of subE X into a 10% sucrose solution results
in a slight gradual increase in surface pressure that plateaus at
approximately 1mN=m (Fig. 2c).

The kinetics of surface pressure changes upon injection of subE X
into a subphase containing 5% sucrose were measured for a range of
different subE X concentrations (Fig. 3a). The data curves were quan-
tified by fitting the data to a first order rate equation:

PðtÞ ¼ kð1� expðrtÞÞ; ð1Þ
where P is surface pressure, t is time, r is the rate constant (min�1),
and k is the projected plateau value for long times. Values for r and
k are presented in Figs. 3b and c, respectively.

We interpret the changes in surface pressure as reflecting adsorp-
tion of subE X at the air-water interface. The alternative possibility

FIGURE 3 Influence of subphase concentration of subE X on the rate and
extent of adsorption from a 5% sucrose aqueous solution; a) Fits (broken lines)
of Eq. (1) to the data curves (solid lines); b) rate constants for adsorption;
c) projected surface pressures for infinite time.
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that surface active contaminants are producing the changes in surface
pressure is unlikely since subE X was purified by both size exclusion
chromatography and extensive dialysis. In addition, there is no evi-
dence of adsorption of surface contaminants at the air-water interface
under the conditions used to obtain the results presented in Fig. 1.
Based on this interpretation, the data indicate that both the rate
and extent of adsorption were maximum at a subphase concentration
of 70 mg=mL.

Using results presented in Figs. 3b and c as a guide, we attempted
to transfer subE X adsorbed at the air-water interface to a positively
charged solid support using horizontal transfer from the air side. We
found previously that irreversible adsorption of CCMV onto a solid
support from an aqueous solution can be driven by electrostatic inter-
actions [27]. The subphase was 5% sucrose and the subphase concen-
tration was 70mg=ml. After transfer, 1� 1 mm2 areas on the surface
were examined using AFM. A representative image is shown in
Fig. 4. All locations on the film clearly exhibited regions of hexagonally
packed virus particles. There were also regions where the monolayer
structure was disrupted, either by formation of multilayers or absence

FIGURE 4 AFM image of a densely packed film of subE X transferred to a
p-lys coated Si solid support from a 70 mg=mL subE X aqueous solution in
5% sucrose. The image size is 1 mm� 1mm. The white bounded square high-
lights a region of hexagonally packed viral nanoparticles.
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of transfer. We are presently fine tuning conditions to attempt to
obtain films in which hexagonal close packing is extended over a
longer range.

DISCUSSION

We showed previously that the areal surface coverage of CCMV
obtained by adsorption from solution and driven by electrostatic inter-
actions was limited to less than 54.7% in accordance with the random
sequential adsorption (RSA) model [27]. Using the air-water interface
to first concentrate the nanoparticles and then transferring them to a
solid support via electrostatic interactions nearly doubles the surface
coverage (90.6% for a hexagonally packed array). This has significant
implications for surface modification using mono or multilayer films of
CCMV or genetic CCMV constructs. In addition, the induction
of adsorption at the air-water interface by sucrose is useful since it
allows assembly of a hexagonally packed film that consists only
of the virus particle with no surface active additives.

We attribute the formation of hexagonal packed arrays to a combi-
nation of the particles’ affinity for the air-water interface and their
mobility at that interface. Ordering of CCMV into both hexagonal
and square arrays has been demonstrated on freshly cleaved mica
[28]. In this case, the self-organization into ordered arrays was attrib-
uted to substrate-induced epitaxial growth.

The influence of sucrose on adsorption at the air-water interface is
interesting from a fundamental perspective. Although the greater den-
sity of 5% sucrose (1.018) compared with water may enhance adsorp-
tion by increasing the buoyancy of the virus particles, this cannot
explain the phenomenon since the buoyant density of the virus is
between 1.356 and 1.383 [26]. In addition, if an increase in the buoy-
ancy of the virus was a significant factor then adsorption should be
more pronounced at 10% sucrose than at 5% sucrose. It is unlikely that
the influence of sucrose depends on specific molecular properties of the
virus particle since osmolytes also enhance adsorption of other protein
cages (ferritin [25,29]) and proteins (bovine serum albumin [30]) at the
air-water interface.

It is possible that preferential hydration of the protein cage con-
ferred by sucrose makes adsorption at the air-water interface energe-
tically favorable, although we cannot provide a comprehensive
explanation. Co-solvents such as sugars and polyols are known to
stabilize proteins via a mechanism whereby the co-solvent is excluded
from the protein surface [31]. As a consequence, the protein tends
to retain its conformation. It may be that the loss of the structured
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water=protein preferential hydration shell that accompanies
adsorption at the air-water interface is sufficient to drive the process
entropically.

CONCLUSIONS

We have demonstrated that control of sucrose and viral particle con-
centrations in the subphase was vital for the formation of hexagonally
closed packed arrays at the air-water interface. Horizontal transfer of
these ordered arrays to a positively charged Si substrate was also per-
formed. These observations have clear implications for the creation of
ordered viral films to be used in applications ranging from sensors to
recording media.
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