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ABSTRACT
Integrated Nanosystems Templated by Self-assembled Virus Capsids

by

Nicholas Stephanopoulos

Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Matthew B. Francis, Chair

 This dissertation presents the synthesis and modeling of multicomponent nanosystems 
templated by self-assembled virus capsids. The design principles, synthesis, analysis, and future 
directions for these capsid-based materials are presented.
 Chapter 1 gives an overview of the literature on the application of virus capsids in constructing 
nanomaterials. The uses of capsids in three main areas are considered: 1) as templates for inorganic 
materials or nanoparticles; 2) as vehicles for biological applications like medical imaging and 
treatment; and 3) as scaffolds for catalytic materials. In light of this introduction, an overview of 
the material in this dissertation is described.
 Chapters 2-4 all describe integrated nanosystems templated by bacteriophage MS2, a spherical 
icosahedral virus capsid. MS2 possesses an interior and exterior surface that can be modified 
orthogonally using bioconjugation chemistry to create multivalent, multicomponent constructs 
with precise localization of components attached to the capsid proteins.
 Chapter 2 describes the use of MS2 to synthesize a photocatalytic construct by modifying 
the internal surface with sensitizing chromophores and the external surface with a photocatalytic 
porphyrin. The chromophores absorbed energy that the porphyrin could not, and transferred it to 
the porphyrin via FRET through the protein shell. The porphyrin was then able to utilize the energy 
to carry out photocatalysis at new wavelengths.
 In Chapter 3, porphyrins were installed on the interior surface of MS2 and DNA aptamers 
specific for Jurkat leukemia T cells on the exterior surface. The dual-modified capsids were able 
to bind to Jurkat cells, and upon illumination the porphyrins generated singlet oxygen to kill them 
selectively over non-targeted cells.
 Chapter 4 explores integrating MS2 with DNA origami in order to arrange the capsids at larger 
length scales. Capsids modified with fluorescent dyes inside and single-stranded DNA outside 
were able to bind to origami tiles bearing complementary DNA probes. The tiles could then be 
used to arrange the capsids in a one-dimensional array with dimensions far exceeding those of 
individual MS2 particles.
 In Chapter 5, the use of a different capsid, that of the tobacco mosaic virus (TMV) is described. 
The defect tolerance of light harvesting systems built using TMV as a scaffold was investigated 
using a kinetic Monte Carlo model to simulate the energy transfer processes. The results of the 
simulation were used to understand and explain experimental results obtained from the system. 
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CHAPTER 1: Self-assembled virus capsids for the 
construction of nanomaterials

Abstract: Biology has evolved a great deal of complex behavior without outside intervention or 
design. As a result, it has relied extensively on self-assembly to guide the construction of complex, 
adaptable systems. Virus capsids represent one of the most elegant ways that nature has constructed 
regular geometric objects by using noncovalent interactions between protein monomers. By taking 
advantage of the multivalent nature of capsids, as well as the multiple geometries available (e.g. 
spherical vs. rod-like) to scaffold other components, a range of fascinating nanomaterials has been 
constructed. This chapter reviews the progress over the last decade in three main areas where virus 
capsids have found use: 1) as templates for inorganic materials or nanoparticles; 2) as carriers for 
biological or biomedical applications like imaging or drug delivery; and 3) as scaffolds for photo- 
and chemically catalytic groups. The advantages of virus capsids and the new materials whose 
construction they allow will be highlighted throughout, and an overview of this dissertation will 
be presented.

1.1 Introduction

1.1.1 Motivation for using biological molecules in nanotechnology

 The field of nanotechnology strives, in a general sense, to control matter at the nanometer 
scale and to build increasingly complex constructs with precision at the level of several to several 
thousand molecules. The first, oft-cited manifestation of this idea comes from Richard Feynman’s 
classic 1959 speech “There’s Plenty of Room at the Bottom,”1 where he posited that it should be 
possible to control the exact placement of molecules to create tiny structures or devices, to the 
point where one could “write the entire 24 volumes of the Encyclopedia Britannica on the head 
of a pin.” Feynman noted that at this scale, molecular forces would control interactions between 
components: forces such as electrostatics, van der Waals interactions, hydrogen bonding, and the 
hydrophobic effect. In the past 20 years, two basic paradigms have emerged for the practical 
realization of nanotechnology. The first is the so-called “top-down” approach, where traditionally 
macroscopic processes such as lithography or stamping are miniaturized to create ever smaller 
features. The second has been termed the “bottom-up” methodology, whereby components self-
assemble into the desired nanostructure based on inter- and intra-molecular forces, without any 
direct manipulation. In this approach, the information to create a given nanostructure is already 
“coded” into the components that comprise it; this information, along with the external conditions 
(e.g. solvent, temperature, pH) is sufficient to create complex and often adaptable systems.
 Without a doubt, the most impressive example of bottom-up self-assembly in the natural world 
comes from biology. Biological systems can, at the most abstract level, be considered a collection 
of covalent molecules (including polymers like DNA and proteins, or other molecules like lipids, 
inorganic complexes, and organic cofactors) that self-assemble into a hierarchical, functional, 
and continuously adaptable self-assembled system. The creation of a lipid bilayer that surrounds 
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cells; the double-helical structure of DNA; the action of motor proteins like actin and myosin; the 
assembly of large, multi-component complexes like the ribosome; the self-assembly of capsid 
proteins around a virus’s genetic material; the transcription of DNA to RNA by polymerase 
enzymes; the multi-protein complexes involved in signaling cascades: all these and countless more 
examples from biology rely on self-assembly for both structural and functional performance, and 
for both static and dynamic properties.
 What makes biological self-assembly all the more fascinating is that it has not occurred as a 
result of directed design, the way that human technology has. Rather, biology has emerged due 
to evolution, essentially a long process of trial-and-error, driven by natural selection to produce 
complex, interacting, and adaptive systems that can carry out breathtakingly sophisticated tasks. 
Although science has unveiled many of the basic design principles of self-assembly, allowing 
for the rational construction of ever increasingly complex systems, we are still a long way from 
designing a self-assembling system that approaches the complexity of a cell, to say nothing of a 
multi-cellular organism like a human. Biology, however, has evolved self-assembly principles for 
its own goals (e.g. reproduction, metabolism, structural support etc.), whereas humans would often 
like to co-opt the flexibility and functionality of self-assembly for quite different ends.
 As a result, a great deal of effort in recent decades has focused on using biological molecules 
for increasingly non-biological purposes. By directly using the molecules developed by nature, in 
conjunction with understanding the fundamentals of their assembly, it should be possible to create 
hybrid materials with novel function without having to reverse engineer the full complexity of their 
behavior. Although this approach limits the types of molecules used to a few basic categories (e.g. 
proteins, lipids, DNA), it serves as a fertile starting point for creating complicated self-assembled 
systems until our ability to design such features de novo (and thus from potentially more versatile 
materials) catches up. The limitation to the aforementioned set of molecules is even less restrictive 
if the resulting materials are ultimately to be used in a biological context, such as drug delivery or 
tissue imaging.

1.1.2 Virus capsids as attractive nanoscale scaffolds

 A number of diverse types of biological molecules have been used for nanotechnology, 
materials, or medical purposes. Peptides have been employed extensively for a wide range of 
applications due to their diverse functionality and often sophisticated self-assembly behavior.2-5 
DNA, with its intrinsically programmable nature and ease of synthesis, represents another highly 
promising class of biomolecule for controlling matter at the nanoscale (see Chapter 4 for a more 
in-depth discussion).6,7 Other biomolecules, such as proteins or lipids, have also been used in many 
different fields, and their applications are far too numerous to review even superficially here.
 One field of protein-based materials construction that has found increasingly widespread use 
in the past decade uses virus capsids as nanoscale scaffolds for templating various components.8-17 
Capsids are the protein shells that surround the genetic material of viruses, both to protect it 
from degradation, as well as to effectively deliver it to the host cell by binding to its surface and 
facilitating internalization.18 Viruses have, as a general rule, evolved to be as efficient as possible 
in their reproduction. One strategy they employ to this end is to minimize the number of sequence-
unique proteins necessary to comprise them. Simply put, the more different proteins that make 
up a virus capsid, the longer its genome needs to be in order to code for them. However, a longer 
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genome requires more proteins to effectively encapsulate it. As a result, virus capsids have evolved, 
by and large, to use multiple copies of one, or a small number, of proteins to package their genome. 
By using proteins that can self-assemble into the capsid shape (often, but not always, initiated by 
interaction with the genome), they are able to minimize the number of different sequences that 
need to be expressed in the host, and thus increase their replication and assembly efficiency.
 As a byproduct of this evolution process virus capsids are, in general, highly regular nanoscale 
objects with a great degree of symmetry due to the protein-protein interactions, the protein-genome 
interactions, or both. Two of the most common “simple” capsid geometries are icosahedral and 
helical (Figure 1-1). Icosahedral capsids are comprised of a multiple of 20 monomers that self-
assemble to form a spherical structure with icosahedral symmetry; in practice, no virus has only 
20 units, and 60 is the smallest number of monomers observed. The cowpea chlorotic mottle 
virus (CCMV; Figure 1-1A), the cowpea mosaic virus (CPMV), and bacteriophage MS2 are three 
examples of viruses with icosahedral capsids. Helical capsids are formed of many monomers 
assembled in a helix around the genome, giving rise to rod-like capsid geometries. The tobacco 
mosaic virus (TMV; Figure 1-1B) is a prime example of this geometry, with 2,130 monomers 
assembled into a helix with a periodicity of 16.33 around the viral RNA.19,20 Other helical viruses, 
such as bacteriophage M13 (Figure 1-1B), have more complex structures comprised of multiple 
protein subunits, but often have the majority of their proteins arranged in a helical fashion.
 Given the ability of multiple (often hundreds to thousands) of virus protein monomers to self-
assemble into structures with a high degree of symmetry, virus capsids present an attractive scaffold 
for ordering materials at the nanoscale. The distance between monomers is generally in the range 
of a few nanometers, and the distance relations between them are enforced by the overall capsid 

FIGURE 1-1: The two principal virus capsid geometries. A) Icosahedral capsids self-assemble from a multiple of 
60 protein subunits into a spherical shape that encapsulates their genetic material. The cowpea chlorotic mottle virus 
(CCMV) is one commonly used icosahedral virus, and assembles from 180 identical monomers. The capsid protein 
surface is shown on the left, and the arrangement of the monomers on the right (the triangles indicate the 60 subunits, 
containing 3 monomers each, that make up the capsid). B) Helical capsids assemble around the genome to form a 
long, rodlike structure. Some, like the tobacco mosaic virus (TMV) assemble from a single type of protein (three of 
which are highlighted in different colors in the figure), while others like bacteriophage M13 are comprised of multiple 
different proteins. [(A): left image from Young et al.17 and right image from http://predictor.scripps.edu/]
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structure. It is extremely difficult to create, using alternate synthetic methods (such as organic 
synthesis or inorganic crystallization), a structure that can maintain such precise periodicity over 
large dimensions, and in such a way as to produce a single, monodisperse object. Also, because 
capsid monomers are proteins, it is possible to use the rich scope of bioconjugation chemistry 
to functionalize them with artificial components (sometimes more than once) in order to build 
synthetic materials. Many viruses are amenable to recombinant production, allowing an even 
greater degree of control by changing the amino acid sequence to make subsequent bioconjugation 
strategies more efficient or selective. Finally, some viruses allow for rational control over the self-
assembled state: TMV can be assembled into either disks or rods, for example (see Section 5.1.2 
for more info),19,20 the capsid size of the brome mosaic virus (BMV) can be changed depending on 
the size of a gold nanoparticles it’s assembled around (see Section 1.2.1 below for more details),21 
and the length of bacteriophage M13 can be changed by altering its genome length.22

 As a result of the features mentioned above, virus capsids provide three main advantages 
as scaffolds for nanomaterials. The first is the well-defined spatial relationships between the 
components attached to their surfaces. By functionalizing the amino acids that make up their 
monomers, it is possible to bring different components into close proximity with a great degree 
of control over the distance between them. The second advantage is multivalency. Because virus 
capsids are comprised of hundreds or even thousands of monomers, a large number of a given 
component can be attached to their surface, making them particularly useful for drug delivery 
or catalytic purposes. Third, capsids provide a robust and often monodisperse geometrical 
nanoparticles that can be used as a template for other materials, such as inorganic components, 
whose structure can not be effectively controlled at that size scale.
 This chapter will review some of the progress in the past decade using virus capsids for 
materials construction. It is not intended to be comprehensive, but rather to give a wide overview 
of the diverse areas where virus capsids have found use as templates and scaffolds for novel 
materials. The section will be divided into three main categories that should cover the three broad 
areas where capsids have found use in chemistry, biology, and materials science: 1) as templates 
for inorganic materials and nanoparticles; 2) as carriers for biological applications, such as medical 
imaging or drug delivery; and 3) as scaffolds for the construction of photo- or chemically catalytic 
materials. A number of efforts using capsids, especially some of the original investigations, do not 
fall neatly into one of these categories, but an effort will be made to place them appropriately and 
point out their role in stimulating follow-up research.
 Finally, it should be noted that there exist a number of other scaffolds that mimic virus capsids 
in their self-assembly into a monodisperse shape from multiple subunits. Although technically not 
capsids (since they do not belong to any virus), they enjoy many of the same advantages and have 
been used for a number of the same purposes in materials construction. For example, cages formed 
from the self-assembly of heat shock proteins can be chemically modified,23 or used as templates 
to grow and control the size of iron oxide23 and catalytic platinum nanoparticles,24 or branched 
polymers.25 Similarly, ferritin cages (whose natural job is to sequester toxic iron in the body) can 
be used for the templated growth of magnetic iron oxide26 and cobalt oxide27 nanoparticles, or 
copper colloids.28 Furthermore, both heat shock protein and ferritin cages are being investigated for 
targeted imaging and drug delivery.8 Indeed, although there are a number of self-assembled protein 
cages that can potentially be used for many of the applications described below, this chapter will 
be limited to virus capsids, which alone present a rich catalogue of nanomaterials applications.
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1.2 Virus capsid-based materials

1.2.1 Virus capsids as templates for inorganic materials

 One of the earliest and most actively pursued areas in which virus capsids have been used 
is for the templated growth of inorganic materials. Their often monodisperse size, well-defined 
shape, and their tolerance to a range of conditions makes them attractive scaffolds for depositing 
metals or other inorganic components; this approach can result in nanowires for rod-like viruses 
or spherical particles for icosahedral viruses. Furthermore, hollow viruses can serve as molecular 
containers to encapsulate nanoparticles or even grow them from soluble precursors, with the latter 
approach allowing a novel way to control the particle size due to the fixed volume of the cavity. For 
the growth of inorganic components from soluble components, the multivalency afforded by the 
multiple monomers that make up the capsids allows for a large number of metal ions to bind to the 
capsid surface (e.g. via electrostatic interactions), facilitating nucleation and growth of insoluble 
species.

 Cowpea chlorotic mottle virus (CPMV): The first example of using a virus capsid as a 
nanoscale scaffold to build a novel material came from Trevor Douglas and Mark Young in 1998 
when they used the capsid of the cowpea chlorotic mottle virus (CCMV; see Figure 1-1A) as a 
template for mineralization of inorganic materials, as well as encapsulation of a polymer (Figure 
1-2A,B).29 CCMV capsids self-assemble from 180 identical monomers into capsids 28 nm in 
diameter, with an inner cavity 18 nm across. Furthermore, they can be assembled from the purified 
monomers into capsids devoid of genetic material, affording an empty, roughly spherical cavity 
lined with positive charges that can be used to bind inorganic ions. CCMV also possesses the 

FIGURE 1-2: Inorganic templating using the CCMV virus. A) At pH values above 6.5, the CCMV capsid swells, 
allowing access to the interior through 60 new openings. B) Paratungstate nanoparticles could be formed inside 
CCMV, and their size was controlled by the size of the inner cavity. Without stain only the nanoparticles could be seen, 
whereas with stain the surrounding capsids became visible as well. C) Mutant CCMV capsids gave a distribution of 
capsid sizes (top left), whereas capsids that formed around gold nanoparticles had a monodisperse size distribution 
(bottom images). [(A) and (B) from Douglas and Young29; (C) from Aniagyei et al.31]
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ability to swell and become more porous at pH > 6.5, allowing materials to enter, which can then 
be trapped by contraction of the capsids after the pH is dropped below 6.5 (Figure 1-2A).
 Douglas and Young used this pH dependent swelling to let soluble tungstate (WO4

2-) ions 
from the external solution into the capsids. Dropping the pH then trapped the tungstate ions and 
the acidic conditions simultaneously resulted in an oligomerization of the tungstate to insoluble 
paratungstate (H2W12O42

10-) nanoparticles confined to the inside of the capsid (Figure 1-2B). The 
same approach could be used to template the mineralization of vanadate (V10O28

6-) from soluble 
precursors. The large positive charge (there are 1,620 basic residues inside CCMV) nucleated 
nanoparticle formation by accumulating a high concentration of inorganic anions, and the capsids 
constrained the size of the particles formed. The positive charge inside the capsids could also be 
used to trap a poly-anionic polymer (poly-anetholesulfonic acid) in a similar fashion. This seminal 
report demonstrated, in the authors’ own words, an “entirely synthetic manipulation of the cage-
like properties of the virion” and opened the door to a host of other similar approaches using a 
variety of inorganic materials and a host of different capsids.
 CCMV itself was used again as a cage for the nucleation of other inorganic materials. In another 
report Douglas, Young, and coworkers sought to use the capsids to nucleate iron nanoparticle 
formation, much the way ferritin does in the body.30 To achieve this goal, they needed to create a 
negatively charged environment inside the capsid (to bind cationic iron species), so the authors 
mutated nine basic residues to glutamic acid in order to create a highly anionic environment. As 
a result, the capsids sequestered Fe(II), which subsequently reacted with oxygen to form iron 
oxide nanoparticles whose size was again constrained by the capsid volume. In a separate report, 
Dragnea and coworkers (including Douglas and Young) trapped gold nanoparticles inside of 
CCMV by assembling them with the capsid monomers (Figure 1-2C).31 The authors used a CCMV 
mutant that lacked 34 N-terminal residues, and whose monomers formed a range of capsid sizes 
upon assembly. However, by using gold nanoparticles to help template and guide the assembly, a 
monodisperse population of capsid sizes was formed with the nanoparticles inside. This approach 
was conceptually complementary to the templated mineralization of soluble precursors: rather than 

grow materials inside the capsids, 
a pre-formed nanoparticles was 
used to guide assembly of the 
monomers around it.

 Chilo iridescent virus 
(CIV): In a different approach 
from those used for CCMV, 
the chilo iridescent virus (CIV) 
capsid was used by Radloff 
and Vaia to create a shell of 
inorganic material templated 
on the capsid surface.32 CIV is 
not a simple icosahedral virus, 
but rather consists of a double-
stranded DNA and protein core, 
surrounded by a lipid bilayer, 
which is then encapsulated by a 

FIGURE 1-3: Nucleation of gold shells using the CIV capsid. A) 
The native CIV capsid is around 140 nm in diameter. B) The CIV 
capsids associated with gold nanoparticles and the coverage could be 
controlled from dilute (left) to dense (right) coverage. C) Electroless 
deposition of gold on the nanoparticle-seeded capsids resulted in a gold 
shell, and the thickness of the shell could be changed by adjusting the 
ratio of capsids to gold.  [from Radloff et al.32]
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proteinaceous capsid 140 nm in diameter. The authors first immobilized 2-5 nm gold nanoparticles 
on the exterior surface using electrostatic effects. The nanoparticles were used as nucleation sites 
for the electroless deposition of gold, resulting in a shell of gold surrounding the capsid (Figure 
1-3). Although the shell was not uniform, its thickness could be controlled by the ratio of capsids 
to gold added. In this way, the outer (as opposed to inner) surface was used to nucleate inorganic 
materials and create hollow gold shells.

 Cowpea mosaic virus 
(CPMV): The cowpea mosaic 
virus (CPMV) has also been 
investigated as a scaffold 
for materials construction. 
Although it has found greater 
use in medical imaging and 
delivery (see Section 1.2.2 
below), it too has been used 
as a template for inorganic 
materials. CPMV capsids 
are 30 nm in diameter and 
assemble from 60 copies 
of two different protein 
subunits.33 Furthermore, the 
capsids can be crystallized 
into a body-centered cubic 
solid, with ~50% void volume 

between the capsids, which Colvin and coworkers used to nucleate and template metal deposition.34 
By soaking CPMV crystals in buffers containing Pd(II) and Pt(II) ions (which associate with 
the basic residues on the capsid surfaces), a catalytic cycle was established resulting ultimately 
in palladium metal filling the channels between capsids (Figure 1-4). This approach differed 
conceptually from the CCMV results mentioned previously because it used a fully formed crystal 
of capsids to serve as the nucleating element, but the basic idea of using a virus capsid to sequester 
and template the formation of inorganic materials remains the same.
 
 Brome mosaic virus (BMV): Another virus capsid that has been used to encapsulate 
nanoparticles is the brome mosaic virus (BMV), which also has a spherical icosahedral capsid 
around 17-18 nm in diameter. Bogdan Dragnea and coworkers attempted to assemble the capsid coat 
proteins around gold nanoparticles (similar to the CCMV report mentioned above), but obtained 
only a very low degree of encapsulation.35 By coating the gold nanoparticles with tetraethylene 
glycol (TEG) to prevent nonspecific protein association or nanoparticle aggregation, however, 
a higher concentration of gold could be used. Modifying the association procedures to prevent 
empty capsid formation then allowed for efficient capsid formation around the nanoparticles. The 
authors proposed that the monomers first associated nonspecifically on the spherical particles, after 
which a “crystallization” phase occurred in which they locked together to form capsids (Figure 
1-5A,B). Using a similar approach, quantum dots could also be incorporated into BMV capsids.36

 In a follow-up publication to the original gold nanoparticle work, the Dragnea lab was able to 

FIGURE 1-4: Metallation of crystals of CPMV capsids. A) CPMV 
crystals were employed as a template for inorganic material by filling in the 
space between the capsids. L-R: the void space in the crystal, SEM image 
of the metallated crystal, the Pd and Pt metal distribution showing a large 
amount of Pt but only a small amount of Pd. B) TEM images and schemat-
ics of the (110) and (111) crystal planes (left and right, respectively) 
confirmed the structure of the material.  [from Falkner et al.34]
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control the size of the capsids formed by changing the nanoparticle size. By increasing the size of 
the gold core (from a range of 6 nm to 18 nm) the authors could form capsids with T numbers of 
1, 2,or 3 (corresponding to capsids with 60, 120, or 180 monomers, respectively) that vary in size 
from 21-22 nm to 32 nm (Figure 1-5C).21 This approach makes the capsid an active participant in 
self-assembly, whose own properties can be modulated by external components, and allows for 
rational design of non-natural capsids, a feat not usually possible with most viruses. 

 Red clover necrotic mosaic virus (RCNMV): Another virus capsid that has been used to 
encapsulate gold nanoparticles, is the red clover necrotic mosaic virus (RCNMV), an icosahedral 
virus that assembles from 180 subunits into a capsid roughly 35 nm in diameter. As with CCMV, 
the virus can swell at pH values above 6.5, and it will eventually disassemble in highly basic 
conditions.37 Starting with monomers at high pH, it is possible to form intact capsids by slowly 
lowering the pH to 5.5. The assembly is possible even without the RNA genome, though the 
ultimate capsid size is smaller (~30 nm) than the native virus. In order to encapsulate (or, as the 
authors term it, “encapsidate”) gold nanoparticles using RCNMV, Franzen and coworkers first 
attached a DNA strand to the gold nanoparticle with a section complementary to one of the virus’s 
two RNA genome strands. The RNA can then hybridize to this DNA strand, and adding the coat 
protein and dropping the pH results in nucleation of capsid assembly around the nanoparticle 
(Figure 1-5D,E).37

FIGURE 1-5: BMV and RCNMV encapsulation of gold nanoparticles. A) BMV coat proteins adsorbed on a 
PEG-covered gold nanoparticle and were able to assemble into an intact capsid. B) The majority of the BMV capsids 
thus formed surrounded 12 nm gold nanoparticles. C) The size of BMV capsids could be controlled by the size of 
nanoparticles around which they are assembled. D) Gold nanoparticles were modified with DNA complementary to 
one of the RNA genome strands; subsequent RNA binding resulted in nucleation of capsid formation upon addition of 
the coat protein. E) A TEM image of capsids assembled around the nanoparticles confirmed the incorporation of the 
gold using this method. [(A) and (B) from Chen et al.35; (C) from Sun et al.21; (D) and (E) from Loo et al.37]
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 Interestingly, the capsids could surround gold nanoparticles of a variety of sizes, from 5 to 15 
nm; going higher (to 20 nm), however, prevented the formation of stable capsids, which was not 
surprising given that the inner diameter of the capsids is around 17 nm. In a follow-up study, different 
sizes (from 4 to 15 nm) of CoFe2O4 nanoparticles and 4 nm quantum dots were encapsulated in the 
RCNMV using the same approach, demonstrating the versatility of the method.38 These examples 
were fundamentally complementary to the CCMV and BMV examples in that they used the natural 
virus assembly (nucleated by the RNA strand) as the driving force for encapsulation.

 Bacteriophage M13: All the aforementioned examples have utilized spherical, icosahedral 
viruses to either nucleate or encapsulate inorganic materials. Filamentous and rod-like viruses 
have also been employed extensively towards this goal, however. Due to a fundamentally different 
geometry, aspect ratio, and assembly behavior, however, the constructs that can be formed from 
these capsids are intrinsically different, and complementary to those formed from icosahedral 
capsids. Bacteriophage M13 was one of the first, and most extensively used filamentous viruses 
due to its long aspect ratio (880 nm in length, and only 6.6 nm in width for the native virus) 
and the ability to evolve its coat proteins to bind a range of materials through the phage display 
technique.39,40 Unlike icosahedral capsids, the structure of bacteriophage M13 and its variants is 
more complicated (see Figure 1-1B): the genome is encased by a helical capsid comprised of a 
large number (2,700 in the native virus, more in longer variants) copies of a protein called p8. At 
the end of the virus, there are five copies of a protein called p3. Either of these proteins can be 
evolved for novel binding activity through repeated rounds of mutagenesis (to generate sequence 
diversity), selection, and amplification of viruses that bind the desired target. The ability of the 
virus to be propagated in E. coli, as well as the fact that the virus encapsulates the DNA (which 
encodes the sequence of the evolved protein) greatly facilitates the whole process.
 The lab of Angela Belcher has pioneered the use of M13 as a scaffold for different inorganic 
materials by evolving the virus to bind (with either the p3 or p8 protein) to the material in question. 
The first demonstration of this concept was reported in 2000, when the Belcher group used phage 
display to evolve the M13 for binding to semiconductor crystals.41 The authors generated large 
libraries (~109 members) of phage containing different peptide sequences fused to the p3 protein 
of M13, and screened these phage for binding against several single-crystal semiconductors, like 
GaAs(100), InP(100), or Si(100). Any phage that bound were eluted, amplified, mutated, and re-
screened under more stringent conditions. After several rounds of selection, they were able to 
find peptides that bound specifically to one type of semiconductor composition (e.g. GaAs over 
Si), as well as peptides that bound specifically to one crystalline face of the same semiconductor 
(e.g. GaAs(100) over GaAs(111)B). As shown in Figure 1-6A, the selectivity of phage for highly 
similar semiconductor surfaces could be demonstrated, even when the two surfaces were in close 
proximity.
 The ability to evolve M13 to bind inorganic materials, combined with its high aspect ratio, 
has led to a range of interesting applications that have been demonstrated by the Belcher group 
in the decade since the first report. Two years later, Belcher and coworkers used the same system 
to evolve peptides on the p3 protein for binding ZnS quantum dots.42 Due to the great length 
of the M13 phage (880 nm), the capsids bound to quantum dots could be arranged into a liquid 
film by aligning them along their axis, resulting in domains that remained ordered over length 
scales approaching a centimeter (Figure 1-6B). The phase of the liquid crystal could be altered 
by applying an external magnetic field, further demonstrating the utility and adaptability of the 
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materials. Thus, the phage served a dual use: 1) binding of nanocrystals at their end and 2) aligning 
those nanocrystals due to the filamentous nature of the capsids.
 The p8 protein of bacteriophage M13 can be evolved in a similar manner to the p3 protein, 
resulting in 2,700 metal binding sites along the long axis of the capsid. In contrast with p3-based 
strategies, this approach results in nucleation of inorganic material along the length of the phage, 
generating nanowire structures. By evolving p8 proteins to bind ZnS, CdS, CoPt, or FePt materials, 
the Belcher group was able to create one-dimensional nanostructures using these materials (Figure 
1-6C).43 Schaak and coworkers modified this methodology by using M13 to bind cationic salts on 
the naturally anionic p8 proteins (similar to the original Douglas and Young work with CCMV), 
allowing for chemical reduction and formation of rhodium, palladium, or ruthenium nanoparticles 
along the length of the virus without necessitating labor-intensive genetic manipulation and 
evolution.44

 Because the evolution of inorganic binding peptides on the p8 coat protein allows for the 
creation of high aspect ratio nanowires, novel materials can be made with higher mechanical 
flexibility. The Belcher group used peptides engineered with an anionic tetraglutamate motif to 
bind cobalt oxide (Co3O4) and form nanowires upon reduction with sodium borohydride.45 These 
structures could then be used to as the anode for novel high-capacity, yet flexible lithium ion 
batteries (Figure 1-6D). By incorporating a second, gold-binding peptide (discovered using phage 
display) into the p8 protein alongside the Co3O4 binding motif, phage were able to bind gold 
nanoparticles as well as cobalt, improving the battery capacity. In a related report, phage were 

FIGURE 1-6: Evolution of bacteriophage M13 to bind inorganic materials. A) M13 phage (labeled red) evolved 
to bind GaAs adhered to stripes of the semiconductor selectively. B) The p3 protein of M13 was evolved to bind quan-
tum dots, and the long aspect ratio of the virus allowed its arrangement into a liquid crystal. C) Nucleation of inorganic 
material on the M13 p8 protein resulted in nanowires: ZnS (left) and annealed FePt (right). D) M13 phage were 
evolved to bind gold nanoparticles on their p8 protein, as well as to present a peptide for nucleating Co3O4. Phage 
integrating the two components were components in efficient electrodes for lithium ion batteries. [(A) from Whaley 
et al.41, (B) from Lee et al.42, (C) from Mao et al.43, (D) from Nam et al.45]
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evolved to bind amorphous iron phosphate (a-FePO4) along the long axis (at the p8 protein), and 
carbon nanotubes using the p3 protein at the end of the capsid.46 Lithium ion batteries constructed 
from this dual-modified phage displayed high capacities and conductivities usually unattainable 
using bulk a-FePO4, demonstrating the utility of the material nanostructuring permitted by the 
capsid surface.

 Tobacco mosaic virus (TMV): Aside from M13, another rod-shaped virus that has been used 
extensively to template inorganic materials is the tobacco mosaic virus (TMV). In its native form, 
2,130 identical monomers assemble around the RNA genome in a helical structure 300 nm long 
and 18 nm in diameter, with a cylindrical pore 4 nm in diameter running down the center (see 
Figure 1-1B). The Mann laboratory (in collaboration with Douglas and Young) used the native 
charged residues on TMV to template the formation of CdS and PbS nanoparticles, a silica shell 
(via a sol-gel method), or iron oxide mineralization (Figure 1-7A,B).47 The exact morphology of 
the resulting structures varied, but they were all effectively templated by the TMV rod to create 
nanowire-like materials. In a separate approach, Demir and Stowell functionalized TMV capsids 
with cascade blue, then used the dye to effect a photoreduction of Cu(I) upon irradiation with 
UV light, resulting in an electron-dense coating of the rods.48 TMV could also be used as an 
inorganic template by employing liquid crystals formed from the capsids (with the rods aligned 
along the long axis). The liquid crystals could be used to form a porous silica solid by filling in the 
space between capsids (analogous to the aforementioned approach with CPMV crystals) to create 
a mesostructured material (Figure 1-7C).49

FIGURE 1-7: Templating inorganic materials on TMV. A) A range of inorganic materials were templated on the 
surface of TMV by changing the reagents and conditions. B) CdS could be efficiently nucleated on TMV, giving a 
dense coating of the inorganic material. C) TMV-silica mesostructures were formed by nucleating inorganic material 
on a TMV liquid crystal. The void spaces indicate where the capsids were located. D) Silver nanoparticles (indicated 
by the arrays) could be formed in the central pore of TMV capsids. E) Electroless deposition of copper in the TMV 
pore resulted in the formation of a nanowire constrained by the cylindrical channel. F) Cysteine residues genetically 
introduced into the TMV coat protein improved the deposition of metal clusters on the capsid surface. G) Ni-coated 
TMV capsids could be oriented perpendicular to a gold surface to create an improved battery electrode due to the 
increase in metal surface area. H) TMV rods aligned by shear were metallated in subsequent steps to create aligned 
nanowires.  [(A) and (B) from Shenton et al.47; (C) from Fowler et al.49; (D) from Dujardin et al.50; (E) from Balci et 
al.52; (F) from Lee et al.53; (G) from Royston et al.54; (H) from Kunicky et al.57]
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 The central channel of TMV can also be used as a separate surface for the nucleation of inorganic 
materials. Unlike the outside of the capsids (which can nucleate, but not constrain the deposition 
of materials), the inner channel of TMV is only 4 nm in width, and thus limits the diameter of any 
material deposited on its surface, much the way that icosahedral capsids can template monodisperse 
nanoparticles in their interior. Culver, Mann, and coworkers used this approach to nucleate 
silver nanoparticles in the central channel of TMV (in addition to nucleating gold or platinum 
nanoparticles on the outside surface), as shown in Figure 1-7D.50 Although this report was limited 
to nanoparticle synthesis in the channel, follow-up work by Bittner and coworkers demonstrated 
the formation of continuous nickel and cobalt nanowires only a few atoms in diameter within the 
TMV channel.51 Using an electroless deposition method, copper nanowires could also be formed 
in the central channel of TMV by a similar methodology (Figure 1-7E).52

 In order to improve the metal cluster deposition on TMV, the Culver group turned to genetic 
engineering of the TMV coat protein. By introducing two new cysteine residues onto the outer 
surface of the capsid, they were able to improve the deposition of gold, silver, and palladium 
clusters due to the interaction of these metals with the thiol moiety (Figure 1-7F).53 Culver and 
coworkers also used TMV with a genetically introduced cysteine to align the rods perpendicular 
to a gold surface (due to the gold-thiol interaction).54 The capsids could then be metallated with 
nickel or cobalt to produce a perpendicularly-oriented array of metal nanowires attached to the 
gold surface (Figure 1-7G). When incorporated into a nickel-zinc battery system, the virus-based 
electrodes showed a twofold increase in capacity, demonstrating the utility of virus-templated 
inorganic nanostructures in forming electronic materials. In a different approach, Ozkan, Yang, 
and coworkers deposited platinum nanoparticles on TMV and were able to create components for 
a digital memory device, again showing the utility of virus nanostructures for device fabrication.55 
The Yamashita group used genetic engineering on a virus related to TMV, the tomato mosaic virus 
(ToMV), to generate aligned magnetic nanoparticles in the core.56 
 The high aspect ratio of TMV allows for it to be aligned upon application of shear stress, much 
the way that M13 allowed for formation of liquid crystals as mentioned above. The Velev lab was 
able to create a shear gradient on a TMV solution by simply dragging the meniscus of the solution 
between two glass plates; the shear force generated aligned TMV capsids along their rod axis 
over large distances (Figure 1-7H).57 Controlling parameters like the speed at which the meniscus 
was withdrawn and the contact angle of the solution resulted in different final morphologies of 
the aligned capsids. Subsequent attachment of NHS-modified gold nanoparticles to the capsid 
surface allowed for electroless silver deposition on the aligned capsids (using the gold particles as 
nucleation sites), resulting in aligned silver wires spanning several centimeters.
 Although the majority of the examples in the literature use virus capsids to nucleate and 
template inorganic materials, it is also possible to template organic components on their surface. 
Qian Wang and coworkers used the TMV capsid as a scaffold to bind, and polymerize conducting 
polypyrrole and polyaniline nanowires.58 Using the capsid as the scaffold allowed for the creation 
of well-defined constructs with a low polydispersity, high processibility, and high aspect ratio. 

 The previous examples all show the great range and utility of virus capsids as templates for 
inorganic materials. A number of approaches exist: nucleation and reduction of materials on 
amino acid residues; RNA-mediated encapsulation of nanoparticles; assembly of capsids around a 
nanoparticle; evolution of capsids with inorganic binding components, and others. However, in all 
cases the geometry of the virus, along with its protein coat or assembly behavior were all exploited 
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to create novel and interesting arrangements of inorganic materials or nanoparticles that would not 
be possible using alternate methodologies.

1.2.2 Virus capsids for biological and medical applications

 A second broad area where virus capsids have found utility is in the construction of materials 
for biological applications such as medical imaging and treatment. Indeed, a virus by definition 
has evolved to package a cargo and effectively deliver it to cells, so it is not surprising that 
one of the first and most actively pursued applications for capsid materials was for delivery of 
either imaging agents or drug molecules. One approach to this end utilizes viruses as they were 
originally intended: to deliver genetic material efficiently into cells. The field of gene therapy, for 
example, often uses genetically engineered viruses to deliver nucleic acids to cells, with the hopes 
of reprogramming them for therapeutic purposes.59-61 Virus capsids have also been explored as 
synthetic vaccines to present certain antigens in order to stimulate the immune system.62,63 These 
“biological” approaches are each their own broad and fascinating topic, and beyond the scope of 
this work; this section will focus on the more “chemical” approach of synthetically modifying 
virus capsids for imaging or treatment purposes. For the same reasons, the evolution of peptides 
or proteins for biological purposes using bacteriophage M13 (the phage display method discussed 
briefly in Section 1.2.1), will not be covered in this section, and has been reviewed elsewhere.39,40 
 One of the most attractive aspects of virus capsids for biological and medical purposes is 
their multivalency. The multiple monomers that make up a capsid allow for the attachment of 
both multiple drug molecules, but also multiple targeting groups, potentially resulting in enhanced 
binding and affinity.64 The size of capsids also allows selective accumulation in tumor tissue (which 
has “leaky” vasculature) via the enhanced permeation and retention (EPR) effect.65,66 Because of 
these benefits, a great deal of effort has been invested in the modification of virus capsid with 
both imaging groups and drug molecules. Whereas inorganic materials are generally templated on 
amino acid residues (either native or genetically introduced) or via the capsid-genome assembly, 
medical applications usually require the use of organic chemistry to attach imaging agents, targeting 
moieties, or drug molecules onto the capsid surface. As a result, many of the original reports using 
bioconjugation chemistry to modify virus capsids did so with the eventual goal of using them for 
medical purposes (although a range of other uses were also proposed, or eventually implemented). 
Thus, some of the early fundamental work on capsid bioconjugation (which does not fit neatly into 
any of the three categories in Section 1.2) will be presented here, especially since this work is the 
foundation for follow-up applications in the medical or biological field.

 CPMV: One of the first examples of bioconjugation chemistry on a capsid came in 2002, when 
the laboratories of M.G. Finn and Jack Johnson at Scripps modified the CPMV capsid in order 
to explore its use as a nanoscale scaffold.33 As mentioned in Section 1.2.1, CPMV capsids are 
spherical, 30 nm in diameter, and self-assemble from 60 copies of two different protein subunits. 
In order to explore the use of CPMV as a nanoscale scaffold, Finn and coworkers exposed the 
native capsids to 5-maleimidofluorescein, and showed that it labeled the capsid roughly 60 times, 
suggesting the presence of a single reactive cysteine per icosahedral asymmetric unit (Figure 1-8A). 
They then introduced a more solvent-exposed cysteine by inserting a GGCGG sequence on the 
exterior of the capsid; this cysteine modified more quickly and reliably using maleimide reagents. 
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As a result, the exposed cysteine could be modified selectively under moderate conditions, and the 
native cysteine modified with a different maleimide dye in a second step that used more forcing 
conditions. The cysteine could also be labeled with a maleimide-containing gold nanoparticle, and 
the conjugate characterized by cryo-electron microscopy.
 In two back-to-back follow-up papers in the same issue of the same journal, Finn, Johnson, and 
coworkers expanded on this work and explored modification of additional residues on CPMV. They 
were able to modify a lysine residue on the capsid selectively, installing up to 60 copies of an NHS-
ester dye on the surface; under more forcing conditions (more equivalents of dye), up to four dyes 
per monomer could be introduced.67 Furthermore, biotin-NHS could be used to coat the capsids 
with biotin (Figure 1-8B), resulting in them forming extended aggregates in the presence of avidin 
(Figure 1-8C). In the second of the paired reports, Finn and coworkers modified an introduced 
cysteine separately from the aforementioned lysine, showing the possibility for installing multiple 
groups on a capsid through orthogonal bioconjugation chemistry.68

 This fundamental work with CPMV demonstrated its utility as a nanoscale scaffold, but did not 
utilize it for any direct medical applications (although capsids modified with fluorescent dyes have 
been used by a number of groups since to track the biodistribution of capsids). In order to create a 

FIGURE 1-8: CMPV bioconjugation. A) An image of the CPMV capsid shows the location of the inserted, reactive 
cysteine residue in red (bottom right image). By modifying this residue with maleimide reagents, multiple copies of a 
given molecule can be installed on the capsid surface. B) Lysine residues on CPMV were modified with NHS esters 
like biotin-NHS. C) A TEM image of CPMV-biotin without avidin showed dispersed capsids; addition of avidin 
(right) resulted in their aggregation. D) The surface of CPMV was decorated with carbohydrates to afford multivalent 
presentation of the sugars. E) The lysines of CPMV were functionalized with azides or alkynes for subsequent modifi-
cation using the copper-catalyzed click reaction. F) A wide range of molecules, including more challenging molecules 
like peptides or transferrin, could be appended to CPMV using an improved click reaction. G) Reconstruction of the 
morphology of CPMV modified with the LRR-InlB protein (from electron micrographs) showed a change in structure 
due to the addition of the proteins. [(A) from Wang et al.33; (B) and (C) from Wang et al.67; (D) from Raja et al.69; (E) 
from Wang et al.71; (F) from Sen Gupta et al.72; (G) from Chatterji et al.73]

A
C

B

D

E

GF

unmodified CPMV

CPMV with LRR-InlB



15

more biologically relevant construct, the Finn group used isothiocyanate chemistry to modify the 
lysine residues of CPMV with sugars to create a polyvalent carbohydrate display platform (Figure 
1-8D).69 The rigid structure of CPMV allows for control of the carbohydrate density by tuning 
the level of functionalization, and the modified capsids were able to aggregate in the presence of 
lectins (sugar-binding proteins), demonstrating the accessibility of the sugar groups. In order to 
further develop CPMV for biological applications, Finn and coworkers modified it with an NHS 
ester of polyethylene glycol (PEG) in order to shield it from anti-CPMV antibodies and showed 
that the polymer-modified capsids raised a markedly lower immune response.70

 In order to expand the bioconjugation toolkit available for modifying CPMV, the Finn 
group explored the use of the then-nascent technique of copper-catalyzed “click chemistry” to 
functionalize the capsid.71 The [3+2] Huisgen cycloaddition between an alkyne and an azide, 
catalyzed by copper(I) salts, is a widely used and extremely versatile strategy for incorporating 
novel functionality on biological molecules. The reaction is highly specific for the functional 
groups mentioned and is orthogonal to other bioconjugation reactions. The lysine or cysteine 
residues of CPMV were modified with either alkynes or azides (via NHS-ester or bromoacetamide 
modification, respectively); exposing the modified constructs to a dye bearing the complementary 
component (either alkyne or azide) and copper resulted in selective modification with high yield 
(Figure 1-8E). In a follow-up report, Finn and coworkers used a tris(triazol)amine ligand to 
accelerate the click reaction, allowing them to attach a wide range of challenging substrates to the 
capsid surface, including carbohydrates, PEG, or even transferrin (Figure 1-8F).72

  To extend the range of materials that could be scaffolded on the CPMV capsid, the group 
of Jack Johnson used the lysine reactivity described above to attach full-length proteins on the 
capsid.73 Although CPMV is somewhat tolerant to genetic insertions to its coat protein, such 
manipulation is limited to 30 amino acids, far less than necessary to attach a full-length protein. A 
CPMV mutant containing only a single reactive lysine (the other lysines were mutated to arginines) 
and with a reactive cysteine introduced allowed for selective modification of either residue with 
NHS esters and maleimide reagents, respectively. The authors then made a cysteine mutant of the 
LRR-InlB protein, which has been shown to promote internalization of appended components into 
mammalian non-phagocytic cells. By modifying this mutant with a heterobifunctional maleimide 
linker, they were able to modify its cysteine, and then attach the other end of the linker to the 
reactive cysteine on CPMV. The attachment of the protein could be verified by western blotting 
and electron microscopy (Figure 1-8G), and the authors hoped that it will allow specific uptake of 
CPMV capsids in targeted delivery schemes.
 In the same report, Johnson and coworkers attached T4 lysozyme to the capsids by using a 
heterobifunctional NHS-maleimide linker to target the lysine residue on CPMV, creating in effect 
a platform with a number of lytic enzymes displayed. They were able to show that this multivalent 
platform effectively lysed cells, demonstrating that immobilization of the enzyme on the virus 
surface did not affect its activity. Using slightly modified chemistry, the authors also attached the 
Int8 module of Herstatin, a group shown to promote uptake by cancer cells, to CPMV. All these 
studies showed that full-length, functional proteins can be displayed on virus capsids, opening the 
door for a range of targeting and therapeutic applications.
 Given the extensive efforts used to modify CPMV as a drug delivery vehicle, as well as its 
use in vaccine-based strategies (which will not be covered here), a number of researchers became 
interested in tracking the virus’s fate after injection in vivo. Marianne Manchester (in collaboration 
with M.G. Finn) and coworkers fluorescently labeled the capsid, injected it into a mouse, and 
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tracked its fate over the 
course of the next several 
days.74 The virus was found 
in a number of different 
organs, like the spleen, 
kidneys, liver, lungs, brain, 
and lymph nodes. Both the 
virus capsid proteins and 
the RNA could be detected 
as well in these organs, 
demonstrating that the 
capsids remained largely 
intact and suggesting 
that they would be good 
targeted delivery vehicles. 
In a separate report, the 

Manchester and Stuhlmann labs used fluorescently labeled CPMV to image the vasculature in 
mouse and chick embryos, up to a depth of 500 μm (Figure 1-9).75 The internalization of the 
capsids into cells was blocked by attachment of PEG (increasing their circulation time), and the 
labeled capsids could be used to image the vascular changes associated with tumor formation 
(such as angiogenesis), indicating their utility in medically-related applications.
 The diversity of materials that can be appended to the CPMV coat protein using click 
chemistry was demonstrated when the Finn and Manchester labs attached fullerenes (also known 
as “Buckyballs”) to the exterior surface of the virus.76 By using click chemistry, the hydrophobic 
C60 molecules could be attached to both the CPMV capsid, as well as the capsid of Qβ (a similar 
icosahedral virus), allowing for solubilization of the highly hydrophobic fullerene. The modified 
capsids were readily taken up by cells, and the authors proposed that the Buckyballs could be used 
as photosensitizers for cancer therapy in future applications.

 CCMV: The capsid of CCMV has also been investigated for medical imaging and targeting. 
Trevor Douglas and Mark Young modified the virus capsid with fluorophores by targeting lysines 
(via NHS esters), aspartates and glutamates (using an EDC-based coupling reaction with amine 
dyes), and an engineered cysteine (via maleimides).77 They were also able to attach a 24 amino acid 
peptide containing a cysteine to the cysteine on the capsid via disulfide formation using a CuSO4 
oxidant. The particles remained intact and the expected shape after the modification, indicating the 
utility of robust virus capsids as scaffolds for multiple groups.
 Douglas and Young extended this work a few years later by converting CCMV into a targeted 
vehicle for photodynamic therapy in a report that remains one of the few demonstrations of 
targeted cell killing (as opposed to imaging, or non-targeted killing) using a virus capsid.78 They 
attached a phenanthroline ligand bearing an iodoacetamide group to a ruthenium bipyridine 
complex, allowing them to append the complex onto an engineered cysteine residue (Figure 1-10). 
This group generates singlet oxygen upon illumination with light, damaging membranes and 
leading to cell death (see Chapter 3 for more details). The authors wanted to target the capsids to 
Staphylococcus aureus bacteria, allowing them to kill antibiotic-resistant pathogens through the 
use of the ruthenium photosensitizer.

FIGURE 1-9: Imaging with fluorescently modified CPMV. A) Fluorescently 
labeled CPMV was used to image animal vasculature; the location of CPMV 
lysine residues potentially labeled by fluorophores are indicated in red. B) 
Angiogenesis in tumors could be visualized after 48 hours with CPMV modi-
fied with a red dye (left images); 24 hours later, the same tumor was imaged 
using capsids labeled with a green dye (right images) to track angiogenesis 
(white arrows and triangles). [from Lewis et al.75]
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 In order to target the modified capsids to the S. aureus cells, two avenues were explored. In 
the first approach, simple electrostatic interactions were employed: the cationic polymer poly-L-
lysine (PLL) was associated with the negatively charged capsids, and was used to bind them to the 
negatively charged cells. For more selective targeting, a reactive lysine on the surface of CCMV 
was modified with biotin-NHS; the cells were modified with biotinylated antibodies against S. 
aureus, allowing association of the components upon addition of streptavidin. Scanning electron 
microscope images of the cells clearly showed the association of capsids on their surface (Figure 
1-10C), and upon illumination the cells were effectively killed by the conjugate (Figure 1-10D). 
This example demonstrated the utility of virus capsids to both attach multiple components, as well 
as multiple copies of those components, and deliver them selectively to cells for targeted treatment. 
In a separate report that same year, the Douglas and Young labs tracked the biodistribution of 
fluorescently labeled CCMV, showing that the capsids were promising as delivery agents in 
animals.79

 Bacteriophage MS2: Another icosahedral virus that has been used extensively in recent years 
for targeted delivery applications is bacteriophage MS2. The virus is comprised of 180 identical 
monomers that assemble (upon association with the RNA genome) into a sphere 27 nm in diameter. 
There are 32 holes, 2 nm in diameter, on the outside surface of the virus that allow access to the 
capsid’s interior. Although some initial studies genetically inserted peptides into the capsid coat 
protein,80 the use of bioconjugation chemistry to create novel capsid conjugates was pioneered by 
the group of Matt Francis at UC Berkeley. In 2004, the Francis lab demonstrated the production 
of empty MS2 capsids by hydrolyzing the RNA genome at high pH, resulting in hollow spherical 
particles with a well-defined inner and outer surface (Figure 1-11A).81 In order to modify the 
capsids, a diazonium salt was used to target a tyrosine residue on the inner capsid surface. Although 
MS2 possesses four tyrosines, only one (at position 85) appeared to be exposed to solvent based 
on the crystal structure. Exposure of the empty MS2 capsids to the diazonium salt of p-nitroaniline 
resulted in selective modification of Y85, and the azo bond formed could be reduced to a p-amino 

FIGURE 1-10: Photodynamic therapy with CCMV. A) The CCMV capsid nanoparticle (NP) was modified with a 
ruthenium-based photosensitizer (PS) at a mutagenically introduced cysteine (Cys). B) Targeting capsids to pathogens 
could be achieved by using electrostatic interactions with the cationic PLL polymer (left) or antibody-mediated recog-
nition (right). C)  A scanning electron microscope image of S. aureus targeted by CPMV capsids using the antibody 
recognition clearly demonstrated the capsids adhered to the surface of the cells. D) Capsids targeted to S. aureus killed 
a much larger number of cells upon illumination (left) than non-targeted capsids (right). [from Suci et al.78]
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phenol moiety and further elaborated (Figure 1-11B).
 In a separate report, the Francis lab modified the inside of the capsids with a fluorescent dye (as 
a model drug cargo) using the Y85-targeted diazonium reaction, and modified lysine residues on 
the external surface of MS2 with a PEG-NHS ester (Figure 1-11C).82 These dual-surface modified 
capsids serve as excellent mimics for targeted drug delivery vehicles; the drug cargo is protected 
on the interior surface of MS2, while the external surface can be used to attach targeting groups 
or PEG for passivation against immune recognition. Indeed, the PEG-modified capsids showed 
a 90% reduction in recognition by anti-MS2 antibodies using an ELISA assay, demonstrating 
the possibility of evading the immune system in vivo. By modifying MS2 with PEG-NHS esters 
bearing an alkoxyamine at one end, the capsids could then be functionalized with aldehyde-
containing molecules, paving the way for attaching targeting groups to the capsids as well.
 Although it was possible to modify the exterior surface of MS2 using NHS ester chemistry, 
the presence of two reactive lysines rendered site-selective modification impossible. Furthermore, 
there are four additional lysines on the capsid in addition to the N terminus, so specificity is 
more difficult to achieve as more equivalents of an NHS ester are added. To circumvent these 
limitations, the Francis group decided to use site-directed mutagenesis to create recombinant MS2 
capsids; expression in E. coli was then found to afford fully assembled capsids devoid of genetic 

FIGURE 1-11: Bioconjugation on bacteriophage MS2. A) Empty MS2 capsids present two distinct surfaces for 
modification; the interior modification site (Y85) is indicated in green. B) Exposure of empty MS2 capsids to a diazo-
nium salt resulted in modification of Y85. Reduction of the azo bond to the p-aminophenol allowed for further elabo-
ration of this residue. C)  MS2 could be modified on both surfaces by targeting Y85 inside, and two reactive lysines 
(as well as the N terminus) on the outside. Modification of the outside with bis-functionalized PEG prevented recogni-
tion by anti-MS2 antibodies, and could allow for subsequent coupling of cell-targeting groups. D) MS2 capsids 
containing the unnatural amino acid p-aminophenylalanine (paF) were modified with peptides using an oxidative 
coupling reaction selective for the paF residue. E) A reactive cysteine residue was introduced at position 87 of the 
MS2 coat protein, allowing for efficient modification of the interior capsid surface with maleimide reagents. A range 
of molecules, like the cancer drug taxol, could be thus attached to the capsid by functionalization with a maleimide 
handle. F) PET imaging of rats injected with [18F]-modified MS2 capsids allowed for time-dependent determination 
of the capsid biodistribution. [(A) and (B) from Hooker et al.81; (C) from Kovacs et al.82; (D) from Carrico et al.83; (E) 
from Wu et al.85; (F) from Hooker et al.87]
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material.83 To create a uniquely targeted residue on the external surface, Francis and coworkers 
used the Schultz amber codon suppression methodology to install the unnatural amino acid 
p-aminophenylalanine (paF) at position 19 in the MS2 monomer. This residue could be selectively 
targeted using N,N-dialkyl phenylene diamine containing molecules using a periodate-mediated 
oxidative coupling reaction (Figure 1-11D).83,84

 The oxidative coupling reaction on paF proved to be fast, high-yielding, and did not affect any 
of the natural amino acids, allowing for the attachment of a variety of peptides to MS2 (Figure 
1-11D), and provided a fundamentally new category of bioconjugation “click” reaction. In order 
to modify the interior surface of the capsid without having to form a diazonium salt (which 
necessitates acidic conditions incompatible with many reagents), the Francis group engineered 
a highly reactive cysteine at position 87; although the capsid has two native cysteines, they are 
not nearly as reactive, allowing for selective modification of the internal surface with maleimide 
reagents (see Section 2.2.1 for more details).
 The C87 capsids were used to attach a taxol maleimide to MS2, functionalizing the interior 
surface of the capsids with around 110 copies of the drug (Figure 1-11E).85 This strategy allowed 
for solubilization of the highly hydrophobic molecule, and exposure of the modified capsids to the 
MCF-7 breast cancer cell line resulted in as efficient killing as taxol itself. In a separate report, MS2 
bearing both C87 and the paF unnatural amino acid was used to create capsids with fluorescent 
dyes inside and aptamers specific for Jurkat leukemia T cells on the outside (see Section 3.1.3 
and Figure 3-1 for more details).86 The dual-modified capsids bound to Jurkat cells selectively, 
demonstrating the potential for directed drug delivery; Chapter 3 describes this system in much 
greater detail and extends it to targeted therapy.
 The Francis group has also explored the use of MS2 in positron emission tomography (PET) 
imaging, whereby the positrons emitted by a radioactive isotope like 18F can be used to image the 
inside of the body with low background and high sensitivity. The diazonium chemistry described 
above was used to modify MS2 at Y85 with an aldehyde moiety; a bifunctional aminooxy linker 
was then used to attach [18F]-fluorobenzaldehyde to the interior surface of the capsids (Figure 
1-11F).87 Additional molecules (to mimic drug cargo) could be attached to unmodified sites on 
the internal surface of MS2, and the biodistribution of the labeled capsids could be followed by 
PET after injection into rats. Current work in the Francis group is adapting faster variants of the 
oxidative coupling reaction to introduce 18F more quickly (which is critical to prevent loss of signal 
due to radioactive decay), as well as incorporating targeting groups on the outside of the capsids in 
order to direct them to tumors.

 Canine parvovirus (CPV): Most of the icosahedral viruses mentioned in this section (CPMV, 
CCMV, MS2) have evolved for a certain host (the cowpea plant, E. coli) and no natural affinity for 
cells that one would like to target. As a result, targeting groups have to be incorporated chemically 
using bioconjugation chemistry. A recent report from the Manchester group, by contrast, explored 
the canine parvovirus (CPV) as a targeted delivery vehicle due to the capsid’s natural affinity 
for transferrin receptors.88 These receptors are overexpressed on the surfaces of many tumors, 
making CPV an attractive scaffold for drug delivery because the targeting is already “built in” 
by evolution. The CPV capsids are comprised of 60 identical monomers that assemble into the 
expected icosahedral (T = 1) geometry. Six lysines appear surface-accessible from the crystal 
structure, and the Manchester group was able to modify them with NHS-ester fluorescent dyes, 
attaching up to 100 dyes per capsid. Most importantly, the authors were able to show that the dye 
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modification did not affect the uptake of labeled CPV capsids into several tumor cell lines (Figure 
1-12), demonstrating the possibility for using these capsids as “natural” tumor targeting groups by 
appending a drug in lieu of the dye.

 M13: Bacteriophage M13 has been used extensively to evolve peptides for binding to various 
biological targets; as mentioned above, these experiments will not be described herein. However, 
current efforts in the Francis group are focused on the chemical modification of targeted M13 
to create a novel class of targeted capsid therapeutics. One other area in the biomedical field 
where M13 has found use, however, is as a scaffold for cell immobilization and proliferation. As 
described in Section 1.2.1 above, the long aspect ratio of the capsid allows the virus to be oriented 
in liquid films and gels. The ability to introduce cell adhesion peptides into the p8 coat protein can 
thus allow for the creation of oriented biomaterials that can bind cells and direct their growth.
 The lab of Seung-Wuk Lee (who was himself one of Angela Belcher’s first grad students and 
performed the M13 quantum dot experiments mentioned in Section 1.2.1 and Figure 1-6B) has 
explored the use of genetically modified bacteriophage M13 as a cellular scaffold. Phage were 
created bearing one of two cell-adhesion peptide sequences in their p8 protein: RGD (an integrin 
binding motif), or IKVAV (a laminin-binding peptide shown to promote neuron adhesion and 
neurite outgrowth).89 The M13 phage could be incorporated into a three-dimensional gel, and the 
capsids were aligned along their long axis by the application of shear force. The gel provided a 
favorable, nontoxic environment for culturing and differentiating neural progenitor cells, and the 
cells demonstrated neurite outgrowth along the direction of the M13 alignment (Figure 1-13). A 

FIGURE 1-12: Use of fluorescently labeled CPV as a delivery vehicle. A) Analysis of the structure of CPV showed 
a number of lysines (blue) available for possible modification. B) Intact capsids were assembled from recombinantly 
produced CPV monomers. C) Fluorescently-modified CPV capsids (green) were delivered to HeLa cancer cells. 
Transferrin is stained in red, and the overlay image shows co-localization of the capsids and the receptors (in yellow). 
[from Singh et al.88]
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FIGURE 1-13: Oriented gels of bacteriophage M13 for guiding neuron growth. A) M13 phage were engineered 
to express either the IKVAV or RGD peptide sequence in their p8 protein. Applying a shear force to the capsids 
resulted in them aligning along their long axis, and facilitating the differentiation and growth of neural progenitor 
cells. B) Cells cultured on films of RGD- or IKVAV-containing phage showed good neurite extension. C) Cells grown 
on aligned M13 gels displayed neurite outgrowth following the axis of phage alignment. [from Merzlyak et al.89]
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similar shearing method was used in a follow-up report to create aligned RGD-bearing M13 films, 
again displaying neuron adhesion and directional growth.90

 Icosahedral capsids for magnetic resonance imaging (MRI): One application that seems to 
be particularly promising for virus capsid-based medical applications lies in their use as magnetic 
resonance imaging (MRI) agents. Because a number of icosahedral viruses have all been explored 
for this goal within a few years of each other, the work involving them was omitted from previous 
sections in order that they might be directly compared and described here. As an imaging technique, 
MRI is based on the local relaxation of water protons; contrast agents like gadolinium(III) or other 
lanthanides can increase the relaxation rate and provide a detectable difference in the MRI signal 
wherever they are localized.91 A number of factors influence the degree of contrast (and thus signal) 
obtained, but one of the most interesting is tumbling rate: MRI compounds that tumble more slowly 
will have a greater relaxivity, and thus contrast. Thus, a number of researchers became intrigued by 
using virus capsids as MRI imaging agents; not only can many MRI contrast agents be appended 
per particle (giving a greater signal), but the large size of capsids should result in significantly 
slowed tumbling rates. Furthermore, integrating targeting ligands on the capsids could allow for 
directed imaging of different cell types (such as tumors).
 The first demonstration of a virus capsid used for MRI applications came from the Douglas 
and Young groups in 2005, when they used their workhorse CCMV to bind free Gd3+ ions.92 The 
CCMV virus has a natural affinity for Ca2+ ions at specific binding sites on the protein (the metal 
is in fact required for capsid assembly in vivo), and the authors were able to show that Gd3+ was 
also able to bind at these sites (Figure 1-14A). A FRET assay was used to determine the binding 
efficiency of Gd3+ by comparing it to the binding of Tb3+ (which undergoes FRET with tryptophan 
residues), as well as to the binding of Ca2+ using binding isotherms. Roughly 140 Gd3+ ions were 
bound per assembled capsid, directly demonstrating the advantage of multivalency, and the highest 
values of Gd3+ relaxivity obtained until that time were seen with the capsid-based contrast agents, 
both per Gd3+ (T1 relaxivity = 250  mM-1s-1) and for the overall construct (T1 relaxivity = 3.5 x 
104  mM-1s-1). Unfortunately, the dissociation constant of Gd3+ on the protein residues was 31 
μM, which is too large a value to be clinically useful (since Gd3+ is a highly toxic metal if free 
in the body). Thus, this report demonstrated the great potential in using virus capsids to slow the 
tumbling of MRI metals, but alternate strategies were necessary to obtain tighter Gd3+ binding.
 In order to decrease the dissociation constant of Gd3+ and prevent toxicity, the Douglas and 
Young labs next attached the chelating agent DOTA to the CCMV capsid using the NHS ester of 
the molecule to attach it to a reactive lysine (Figure 1-14B).93 Subsequent exposure of the DOTA-
modified capsids to GdCl3 resulted in metallation of the ligand the creation of the conjugates for 
MRI. The DOTA ligand has a dissociation constant of around 10-20 for Gd3+, making it bind the 
metal about 1015 times more strongly than the native capsid residues alone, and thus allowing the 
use of CCMV in vivo without fears of toxicity. The virus once again increased the relaxivity of Gd3+ 
due to the slowed tumbling rate by a factor of 10 compared with free Gd-DOTA (i.e. not bound 
to the capsid). However, the Gd-DOTA conjugates on the capsid did not give as high relaxivities 
as Gd3+ bound directly to the capsid residues, most likely because binding to the protein shell 
prevents rotation of the Gd3+ ion (whereas binding to DOTA does not, since the ligand can still 
rotate). Thus, the authors observed a tradeoff: the ligand allowed tight enough binding to permit 
use in vivo, but they had to settle for lower relaxivities (though they were still quite high overall).
 CPMV and Qβ have both also been used as MRI metal-binding scaffolds in order to leverage the 
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advantages mentioned above. The Finn and Manchester groups used their experience modifying these 
viruses with click chemistry to attach an alkyne-modified DOTA ligand to capsids functionalized 
with azides via NHS-ester chemistry (Figure 1-14C).94 Although the conjugates demonstrated a 
two- to three-fold increase in relaxivity (per Gd3+) over Magnevist, a clinically used MRI contrast 
agent, they did not demonstrate an increase over free Gd-DOTA. The authors hypothesized that 
this was due to decreased access of water to the complex, which counterbalanced the beneficial 
effects of slowed tumbling rate. However, in a follow-up report, the Finn and Manchester groups 
demonstrated the utility of the modified CPMV capsids by using MRI to track their fate, as well as 
to demonstrate that they were nontoxic in vivo, after injection into live mice.95

 Finally, bacteriophage MS2 has also been adapted for binding of Gd3+ for MRI applications. 
The Kirshenbaum laboratory reported the first use of this virus capsid for these purposes in 2006, 
attaching Gd-DTPA ligands (DTPA is the metal binding group used in Magnevist) modified with 
an isothiocyanate group to lysine residues on recombinantly produced capsids (Figure 1-14D).96 
The multiple reactive lysines available on each MS2 monomer resulted in over 500 Gd3+ groups 
attached, once again highlighting the utility of using a multivalent scaffold like a virus to attach 
multiple groups and obtain a greater overall effect. The increased relaxivity per Gd3+, combined 
with the multiple Gd-DTPA groups attached to MS2, resulted in an overall relaxivity of 7,200 mM-

1s-1 for the capsids at a field strength of 1.5 T, an increase of more than three orders of magnitude 
compared to a single Gd-DTPA ligand.

FIGURE 1-14: Icosahedral capsids used for MRI. A) CCMV capsids were shown to bind Gd3+ on their coat protein 
at several locations on the asymmetric unit (shown in red and yellow). B) Modification of CCMV with the Gd3+ 
binding ligand DOTA prevented the dissociation of the highly toxic metal. C)  CPMV and Qβ could be modified with 
Gd-DOTA ligands by using click chemistry. D) MS2 was labeled with Magnevist as well as a fluorescent dye. E) Both 
the exterior (top) and interior (bottom) surfaces of MS2 could be modified with aldehydes. F) Subsequent functional-
ization of aldehyde-bearing MS2 with a HOPO alkoxyamine allowed for the construction of Gd3+ binding capsids for 
MRI. [(A) from Allen et al.92; (B)  from Liepold et al.93; (C) from Prashun et al.94; (D) from Anderson et al.96; (E) and 
(F) from Hooker et al.97]
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 Based on their experience pioneering the covalent modification of MS2, the Francis group has 
also explored the use of this capsid for the construction of MRI agents. The capsid was modified 
with a novel hydroxypyridonate (HOPO) ligand developed by the laboratory of Ken Raymond, 
and which was shown to provide higher relaxivity values compared to commercial Gd3+ ligands.97 
MS2 has the advantage that both the interior and the exterior surface are unique addressable; 
to demonstrate this versatility Francis and coworkers modified the interior of the capsid using 
the diazonium chemistry targeting Y85, and the outside of the capsid using NHS-ester chemistry 
targeting the two reactive lysines (Figure 1-14E). For both surfaces, an aldehyde was introduced, 
which could subsequently be coupled to an aminooxy-functionalized HOPO ligand (Figure 1-14F), 
allowing subsequent insertion of Gd3+ upon treatment with GdCl3.
 Up to 90 Gd-HOPO groups could be installed on the capsids, and relaxivities of up to 3,900 
mM-1s-1 could be obtained at a field strength of 30 MHz. Interestingly, the highest relaxivity values 
were found when the Gd-HOPO groups were attached to the inside surface, most likely due to the 
decreased flexibility of the azo linkage to tyrosine compared with the “floppier” lysine side chain. 
Furthermore, modification of the interior surface allowed for solubilization of the hydrophobic 
Gd-HOPO complex; by contrast, increasing the conversion on the exterior surface resulted in a 
decrease in capsid solubility. Combined with the potential of incorporating targeting groups on 
the exterior surface of the MS2 capsids, the ability to modify the interior surface proved a highly 
promising strategy for subsequent constructs. In a follow-up report, the relaxivity properties of the 
Gd-HOPO modified capsids were explored in greater detail,98 and current efforts in the Francis 
group have shown promising results by trying to further rigidify the linker to the internal surface 
in order to decrease the Gd-HOPO tumbling rate even more.
  
 The previous examples all demonstrate the versatility of virus capsids (primarily of icosahedral 
geometry) for use as biomedical agents after appropriate functionalization using bioconjugation 
chemistry. A range of imaging and drug molecules have been attached to the surfaces (either internal 
or external) of virus capsids, and a number of different targeting groups have been appended to 
the exterior surface for directed delivery. The multivalent nature of virus capsids, combined with 
their exquisite stability in vivo and their size in the nanometer regime has made them attractive 
and highly promising scaffolds for the next generation of drug delivery and medical imaging 
constructs. 

 
1.2.3 Virus capsids as scaffolds for catalytic materials

 A third category of components that have been templated by virus capsids can be broadly 
categorized as molecules for catalytic purposes. This category is less well-defined than the previous 
two, but includes some extremely interesting applications where virus capsids have found a unique 
role. The fact that capsids are multivalent, and can thus template a large number of moieties 
simultaneously, makes them ideal for applications where the association of multiple components 
on a single scaffold is necessary. One area where this advantage has been used to great effect 
is in generating light harvesting and photocatalytic materials, for eventual integration into solar 
cells or other solar energy conversion devices. Photosynthesis has evolved to collect energy from 
across the incident solar spectrum and transfer it to the reaction center by scaffolding numerous 
chromophores in a rigid protein matrix (see Section 2.1.1 for a more detailed discussion). Virus 
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capsids, with their multiple subunits and tightly maintained distances between monomers, serve as 
particularly attractive scaffolds for integrating chromophores and photocatalytic components.

 TMV: Photosynthetic organisms use a protein matrix to arrange a large number of chromophores, 
with different spectral characteristics, in close proximity. This allows them to collect a large amount 
of light of different wavelengths, and transfer it between chromophores using Förster resonance 
energy transfer (FRET), as described in Section 2.1.1 and Figure 2-1. One virus capsid scaffold 
that has proved particularly useful for this purpose is TMV, which has been modified by the Francis 
group in its native form using diazonium chemistry to target a tyrosine residue on the outside 
surface, and carbodiimide chemistry to append amines to the internal channel surface.99 One aspect 
that makes this virus particularly attractive, however, is that its monomers can self-assemble into 
different nanoscale structures devoid of genetic material by adjusting the ionic strength and pH of 
the solution (see Section 5.1.2 and Figure 5-1A for more details).19 The capsids can assemble into 
either double-layer disks (each layer comprised of 17 monomers), or extended helical rods (with 
a periodicity of 16.33). The length of these genome-free rods cannot be controlled as with the 
native capsid (whose length is templated by the viral RNA), and can reach up to microns in length, 
incorporating many thousands of monomers.
 The main aspect that makes TMV such an attractive scaffold for light harvesting applications 
is the well-defined distances between monomers in the disks and rods. The capsid proteins 
self-assemble into a rigid scaffold that can maintain precise distance relationships between the 
monomers over microns (for the rods), a feat that is extremely challenging for non-capsid synthetic 
approaches. By functionalizing the monomers with dyes or other photocatalytic components and 
then assembling them into disks or rods, it should be possible to bring those components into close 
proximity (1-2 nm), allowing for energy transfer between them via FRET. Furthermore, it should 
be possible to tune the composition of TMV capsids by simply adjusting the fractions of monomers 
labeled with each dye. Assuming that modified monomers co-assemble equally efficiently, this 
approach should produce a highly controllable and tunable material.
 The first example of TMV being used to organize photoactive components was reported by 
the Majima group in 2006 when they modified the coat protein with pyrene.100 Using a genetic 
variant of TMV with a cysteine introduced at position 99 or 100 (residues facing towards the 
central channel of the assembled capsid), the authors were able to functionalize the monomers 
using a pyrene maleimide moiety (Figure 1-15A). Assembly of the modified monomers into rods 
resulted in the formation of a pyrene excimer (as monitored by both steady-state and time-resolved 
fluorescence), indicating association of the pyrene units by π-π stacking. Furthermore, that 
interaction allowed for the formation of longer TMV rods (compared with unmodified monomers), 
supporting the presence of a packed array of pyrene monomers in the TMV channel. Although a 
promising example of TMV-based integration of components, pyrene is not a particularly useful 
or promising chromophore for photovoltaic applications.
 In order to mimic true light-harvesting behavior using TMV, the Francis group modified 
the TMV monomers with either a donor (D) or acceptor (A) chromophore that were capable of 
energy transfer due to their overlapping emission and excitation spectra.101 A cysteine mutation 
was introduced at position 123, allowing for modification with maleimide chromophore dyes; 
upon assembly, the chromophores were predicted to fill the space normally occupied by the 
RNA genome, positioning them within ~1.5 nm and allowing for FRET between D and A dyes 
(Figure 1-15B). Furthermore, the D:A ratio could be tuned by simply mixing different ratios of 
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modified monomers, resulting in a highly flexible system. It was found that the chromophore-
modified monomers assembled efficiently and robustly into either double-layer disk or extended 
rod conformations (Figure 1-15C), with the latter containing many thousands of dyes, by adjusting 
the assembly conditions.
 As expected, assembly of the dye-modified TMV monomers into both disks and rods resulted 
in energy transfer between D and A. Furthermore, due to the small Stokes shift of the donor 
chromophore, it was capable of self-FRET, allowing energy to be transferred over large distances 
to an acceptor and giving a pronounced “antenna effect” much like the natural light harvesting 
system. Efficiencies of up to 47% were possible using this two-dye system; adding a third dye to 
fill in the spectral gap between D and A (to act, in essence, as an intermediate relay for the energy 
transfer), resulted in efficiencies over 90%. One of the great advantages of the system was its 
modularity: simply by changing the maleimide dye used, a different set of chromophores (with 
different fluorescence characteristics) could be employed without having to re-engineer any of the 
other parameters of the system.

FIGURE 1-15: Constructing light harvesting systems from TMV. A) Modification of the TMV pore with a pyrene 
maleimide allowed for stacking (and concomitant excimer formation) of the aromatic molecules down the central 
channel. B) A light harvesting system was created from recombinant TMV monomers by modifying them at a muta-
genically introduced cysteine with maleimide dyes. Assembly of the monomers into either disks or rods brought the 
chromophores into close proximity, allowing for FRET between donor and acceptor dyes. C) Both disk and rod assem-
blies could be formed from chromophore-modified TMV monomers. D) Modification of TMV with either a freebase 
or zinc porphyrin (via maleimide chemistry) resulted in a FRET system where energy was transferred from the zinc 
to the freebase porphyrin. E) Making a circular permutant of the TMV coat protein moved the N terminus to face in 
towards the pore of the assembled capsids rather than towards the exterior surface. By functionalizing this terminus 
with dyes, a novel FRET geometry can be achieved. F) Carbon nanotubes were solubilized in water using a pyrene-
PEG-alkoxyamine surfactant. The alkoxyamine on the surfactant could then react with the ketones introduced on 
TMV, aligning the two components for potential extraction of a photocurrent. [(A) from Endo et al.100; (B) and (C)  
from Miller et al.101; (D) from Endo et al.102; (E) from Dedeo et al.103; (F) from Holder et al.107]
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 Shortly after this report, the Majima group came out with a very similar design using donor 
and acceptor chromophores templated by TMV. Employing a cysteine mutation at position 127, 
they modified monomers with the maleimide form of either a donor zinc porphyrin or an acceptor 
freebase porphyrin (Figure 1-15D).102 Co-assembling these modified monomers into short rods 
resulted in energy transfer between the donor and acceptor dyes, confirmed by both steady state 
and time-resolved fluorescence spectra. Unlike the Francis report, the Majima donor chromophores 
were not capable of efficient self-FRET, and were thus unable to transfer energy over large 
distances. Their experiments, however, further confirmed the utility of using TMV to assemble, 
and bring into close proximity, multiple light harvesting components.
 The ability to genetically manipulate the TMV coat protein can allow for more than just 
site-directed mutagenesis in developing novel scaffolds for photocatalytic components. Francis 
and coworkers completely redesigned the gene for the TMV to make a circular permutant: the 
sequence was cut in two and the halves rearranged (Figure 1-15E).103 This manipulation resulted 
in the N terminus of the monomer facing into the central pore of the assembled capsids (either 
disks or rods), as opposed to facing the exterior of the capsids as in the native protein. By using a 
PLP-mediated transamination reaction that converts the N terminus into a ketone or aldehyde,104 
the authors were able to introduce aldehydes selectively into the pore of TMV disks or rods. The 
same C123 mutation used in their initial TMV report was used to attach donor chromophores; 
by using a second alkoxyamine chromophore to modify the interior pore, a FRET system could 
be constructed. Thus, by genetically changing the TMV sequence, a novel light harvesting 
architecture (and one that more accurately mimics the arrangement of chromophores in the natural 
light harvesting system; see Figure 2-1) could be constructed.
 One important next step in the generation of TMV-based photovoltaic materials is the ability to 
extract the energy harvested by the chromophores in a more useful form, such as excited electrons 
for chemical energy conversion or as a photocurrent. Carbon nanotubes, with their high electrical 
conductivity and ability to interface with a wide range of photocatalytic materials,105,106 represent a 
particularly attractive class of molecules to be integrated with virus capsid-based light harvesting 
systems. In order to eventually integrate TMV-based systems with carbon nanotubes (to extract 
electric current, for example), the Francis group developed a method to modify the native TMV 
capsids with pyrene, and used the pyrene-nanotube hydrophobic interaction to drive the association 
of the two components (Figure 1-15F).107 By using a diazonium reaction previously developed in 
the Francis group,99 a ketone was installed on the exterior surface of the capsids. Carbon nanotubes 
were then solubilized with a pyrene-PEG molecule that had an alkoxyamine one end; exposure of 
the nanotubes to the ketone-modified TMV resulted in alignment of the components upon oxime 
formation. Although the PEG polymer used was electrically insulating, and thus not ideal for 
electron transfer applications from the capsid to the nanotubes, the basic principle used paves the 
way for the integration of TMV and nanotubes with more conductive polymers in the future.

 M13: Bacteriophage M13 has also been investigated as a scaffold for dyes and catalysts to create 
integrated photocatalytic systems. Scolaro and coworkers used M13 as a scaffold to noncovalently 
associate cationic porphyrins on the surface of the capsid.108 They were able to demonstrate energy 
transfer between genetically introduced, solvent-exposed tryptophan residues and the porphyrin 
(Figure 1-16A). The energy transfer was not particularly efficient due to the poor overlap between 
the tryptophan emission and the porphyrin excitation bands, as well as the low ratio of porphyrins to 
amino acids, but this report did demonstrate the possibility of using M13 as a scaffold for photocatalytic 
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components.
  The Belcher group, 
which has extensive 
experience with 
bacteriophage M13 
(see Section 1.2.1), 
has also employed 
this capsid for the 
construction of 
components for 
eventual solar energy 
conversion. In a recent 
report, Belcher and 
coworkers attached a 
zinc porphyrin to the 
p8 protein of M13 by 
using carbodiimide-
mediated amide 
bond formation.109 
Each of the 2,700 p8 
monomers possesses 
two amines (a lysine 
residue and the N 

terminus), providing up to 5,400 available sites for porphyrin attachment. The short distances (1-
2.4 nm) between the possible attachment sites would bring the porphyrins into close proximity and 
allow for FRET between them (Figure 1-16B). Indeed, the authors found a quenched porphyrin 
emission and decreased fluorescence lifetime by transient pump-probe spectroscopy, indicating 
exciton delocalization throughout the porphyrins attached to the capsid. Shortly thereafter, the 
Belcher lab used a genetically modified variant of M13, discovered using phage display, capable 
of binding iridium oxide (IrO2) clusters and nucleating a shell of the material. The capsids could 
be modified with the zinc porphyrin, and subsequently with the inorganic material to integrate the 
components.110 The porphyrins absorbed light and transferred an electron to a sacrificial oxidant. 
The iridium clusters then transferred an electron to the porphyrin and used the resulting hole to 
oxidize water (Figure 1-16C,D), demonstrating the utility of virus capsids in generating integrated 
systems of interacting components.
 Although all these examples have utilized components for eventual photochemical applications, 
virus capsids have also been used to scaffold chemical catalysts that do not rely on illumination. The 
Belcher group has used genetically modified M13 capable of binding inorganic materials to scaffold 
more “traditional” catalysts. By using an M13 variant displaying an additional three glutamic acid 
residues per p8 protein (or 8,100 additional residues per capsid), Belcher and coworkers created a 
highly anionic virus capable of efficiently binding metal ions.111 This phage was used to nucleate 
the formation of CeO2 nanowires with purposefully introduced nickel and rhodium impurities 
(Figure 1-17A). These nanowires were capable of steam reforming ethanol into carbon dioxide and 
hydrogen gas (for eventual use in alternative energy schemes, for example). The phage-templated 
catalysts displayed a higher stability relative to the non-templated catalysts, purportedly due to 

FIGURE 1-16: Construction of photocatalytic systems on bacteriophage M13. 
A) Noncovalent association of cationic porphyrins on M13 resulted in FRET from 
tryptophan residues in the p8 protein to the porphyrins. B) Conjugation of multiple 
zinc porphyrins onto amines of M13 to bring them into close proximity and resulted 
in energy transfer and exciton delocalization between them. C) M13 functionalized 
with porphyrins and a peptide that binds IrO2 clusters allowed for integration of the 
two components. The porphyrins acted as a photosensitizer for the inorganic mate-
rial, which was then able to oxidize water. D)  The dual-functionalized M13 capsids 
were incorporated into a microgel to increase durability and allow them to be 
recycled. [(A) from Scolaro et al.108; (B) from Nam et al.109; (D) and (E)  from Nam 
et al.110]

C

D

B
A
Trp residue

porphyrin

6.5 nm

Zn porphyrin

microgel

M13

porph IrO2 nanocluster IrO2 layer



28

decreased phase separation, smaller catalyst 
pore size, and greater resistance to surface 
deactivation. Thus, the ability of the phage 
to nucleate inorganic material proved to be 
a promising approach towards the formation 
of improved nanostructured catalysts.

 CPMV and Hepatitis B virus 
(HBV): Aside from M13, CPMV has 
also been used to scaffold chemically 
catalytic groups. The capsid was used as a 
template to immobilize NHS-ester modified 
ferrocene groups, resulting in 240 copies 
of the molecule per capsid, or roughly four 
per monomer (Figure 1-17B).112 Cyclic 
voltammetry on the modified CPMV capsids 
indicated that the ferrocene units operated 
as isolated and independent electronically 
active units, demonstrating their utility 
as potential electron storage reservoirs 
or for effecting multi-electron transfers. 
The multivalent nature of the capsids was 
essential in obtaining such a large number of 
units (an almost fourfold increase of redox-

active moieties integrated on a single scaffold compared to the previous “record-holder,” which 
was a dendrimer), and indicates the utility of capsids in creating multi-catalyst systems. In a related 
report, the Finn group also explored the attachment of multiple catalysts to a virus surface. By 
genetically introducing a His6 tag onto the N terminus of the icosahedral hepatitis B virus (HBV) 
capsid, they were able to bind multiple iron protoporphyrin IX (also known as heme) groups on the 
capsid surface.113 The 30 nm capsids could be decorated with 80 site-isolated heme groups, which 
behaved as independent redox entities similar to the CPMV-based ferrocene immobilization.

 All these examples clearly demonstrate that virus capsids have great promise in scaffolding 
both photo- and chemically catalytic groups. The multivalent nature of the self-assembled shells 
allows for multiple groups to be integrated, and the precise distance relationships between 
monomers permits energy transfer systems to be constructed, or multiple site-isolated catalysts to 
be displayed. A number of interesting systems mimicking photosynthesis have been demonstrated, 
and the unique geometry of the capsids has been used to both arrange photocatalytic components 
as well as inorganic crystals. In the future, increasingly complicated integrated catalytic systems 
will be constructed on these unique self-assembled scaffolds, allowing for an ordering of matter 
impossible by other means and allowing for a host of fascinating applications.

FIGURE 1-17: Construction of chemically catalytic 
systems based on virus capsids. A) M13 was used as a 
scaffold to nucleate CeO2 catalysts with purposely 
introduced nickel and rhodium impurities for ethanol steam 
reforming. B) CPMV was used to bind multiple ferrocene 
units, which acted as independent electronically active 
units. [(A) from Neltner et al.111; (B) from Steinmetz et 
al.112]
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1.3 Conclusions and dissertation overview

 The examples described in this section showcase the utility of virus capsids as a unique scaffold 
for the construction of nanomaterials. Over millions of years, viruses have evolved proteins that 
spontaneously assemble, due to a variety of noncovalent effects, into well-defined, robust, and 
often monodisperse shapes that encapsulate, protect, and deliver their genetic material. The shapes 
can vary, from spherical to helical to filamentous, and some viruses use a single monomer while 
others are comprised of multiple distinct proteins. The common theme, however, is that they all 
assemble from multiple proteins into a shape with well-defined distance relationships between the 
monomers that comprise them. These two features (multivalency and precise nanoscale relations) 
make them extremely attractive as nanoscale scaffolds for the immobilization of artificial materials. 
Furthermore, the proteins that make up virus capsids often allow for nanoscale control over length 
scales that span from tens to over thousands of times the size of the individual monomers; such 
control is all but impossible with even the most sophisticated synthetic methods devised by 
chemists to date.
 This chapter has outlined the range of techniques that have been used to take advantage of virus 
scaffolds and convert them into useful materials. These methods include using the native amino 
acids of the capsids (to nucleate inorganic materials), using genetically introduced sequences, 
employing the assembly of the virus to encapsulate nanoparticles, directly scaffolding the assembly 
of proteins on an inorganic nanoparticle, and chemically modifying the proteins that make up 
viruses to introduce novel functionality using bioconjugation chemistry. In this way, virus capsids 
have been co-opted by chemists, biologists, and materials scientists to nucleate and bind inorganic 
materials, to create constructs for biological imaging and drug delivery, and to scaffold multiple 
catalytic moieties.
 One critical future direction for virus capsid-based materials is the ability to scaffold not just 
multiple copies of a molecule, but multiple types of molecules and integrate them together into a 
functional whole. A number of the examples have already demonstrated the utility of this approach 
(e.g. the TMV-based light harvesting system, the dual-surface modified MS2 capsids, and the 
porphyrin-inorganic water-splitting complexes on M13). Future developments will undoubtedly 
require ever more complex and ingenious ways of attaching materials to the protein shells. In 
addition, the ability to modify virus capsids at multiple locations, and especially on multiple 
surfaces, will be critical to further leveraging the advantages they provide. A number of viruses, 
including TMV, MS2, and M13 all provide more than one distinct surface that can be addressed 
to create targeted drug delivery vehicles or multi-component photocatalytic constructs. Achieving 
this goal, however, will require multiple, orthogonal bioconjugation reactions that can target 
different residues selectively and site-specifically.
 This dissertation will focus on the construction and modeling of novel virus-capsid based 
materials. By modifying the capsids multiple times, and sometimes in more than one distinct 
location, the range of conjugates that can be made will be expanded. In addition, the work described 
herein is intended to focus on the integration of multiple different groups using virus capsids 
as scaffolds, and will hopefully provide some of the basic design principles and inspiration for 
the future design of multi-component integrated systems based on virus capsids. The first three 
chapters will focus on using bacteriophage MS2, with orthogonal chemistry to modify the inside 
and outside surfaces site-selectively, to demonstrate the advantages of dual-surface modification.
 Chapter 2 uses bacteriophage MS2 to integrate sensitizing chromophores and photocatalytic 
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groups, akin to photosynthesis. The inside of the capsids were modified using fluorescent dyes and 
the outside surface with porphyrins capable of electron transfer from their excited state. The dyes 
can absorb energy that the porphyrins cannot and transfer it through the shell via Förster resonance 
energy transfer. Energy transfer was observed, and subsequently used to increase the wavelengths 
at which the porphyrin was capable of carrying out photocatalytic electron transfer chemistry. The 
dual-surface modification is critical in creating a spatially segregated and modular system that 
should allow for novel light harvesting and photocatalytic photosynthesis mimics in the future. 
Furthermore, the multivalent nature of the capsids was important in allowing the integration of 
multiple dyes and catalysts, allowing one to tune the degree of energy transfer.
 Chapter 3 builds upon one of the examples mentioned in Section 1.2.2 above, where MS2 
capsids were modified with aptamers specific for Jurkat leukemia T cells. In order to convert this 
system to a targeted therapy, the interior surface of the capsids was modified with porphyrins that 
can generate cytotoxic singlet oxygen upon illumination. The dual-modified capsids were able to 
selectively target and kill Jurkat cells upon exposure to blue light, even in the presence of non-
targeted cells. In this case, the two-surface strategy was critical once again in creating a segregated 
and modular system where the interior surface can be loaded with a drug cargo and the exterior 
surface used for targeting. Furthermore, the multivalency of the capsids allows for a large number 
of drugs to be delivered for each capsid that binds its target, as well as multiple targeting groups to 
increase the affinity of the delivery vehicle.
 Chapter 4 organizes MS2 capsids at larger length scales by using a DNA origami scaffold. By 
modifying the capsids with DNA on the exterior surface, they can be immobilized on DNA origami 
“tiles” with a high degree of site-specificity. Furthermore, the tiles can be organized at longer 
length scales by linking them together with short DNA strands, allowing the creation of a one-
dimensional array of capsids with precise nanoscale spacing between them. Another approach was 
also explored that allows for the creation of alternating tiles and capsids, again with a great degree 
of spatial control. The capsids can be modified on their internal surface, allowing for the one-
dimensional arrangement of any molecules thus immobilized, opening the way for the creation of 
well-defined and increasingly complex self-assembled devices by using biological molecules. This 
work should open the way for the integration of virus capsids with a wide range of existing DNA 
devices and scaffolds, and thus the creation of increasingly sophisticated nanoscale constructs.
 Chapter 5 is a departure from the previous three chapters; it develops a computational model 
to simulate the energy transfer in light harvesting systems constructed from TMV. A kinetic 
Monte Carlo model is developed to examine the energy transfer dynamics and dependence on 
photobleaching of TMV-based light harvesting systems, and the computational results are compared 
with experimentally derived results in order to understand the processes at play. The model 
confirms that multi-dimensional energy transfer confers a resistance to photobleaching in TMV-
based light harvesting systems and investigates the origin of experimentally observed differences 
in efficiency between disk and rod assemblies of chromophores. This chapter demonstrates the 
utility of using theory to help guide the design of complex systems constructed on virus capsids, 
and will hopefully set the stage for the interplay between simulation and experiment for the future 
engineering of these systems.
  Virus capsid scaffolds present unprecedented opportunities for controlling matter at the 
nanoscale. The work presented herein will hopefully build on the aforementioned work and serve 
as inspiration for the construction of new and complex integrated nanoscale systems.
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CHAPTER 2:  Integrating sensitizing 
chromophores with photocatalytic porphyrins 
using bacteriophage MS2

Abstract: The self-assembling protein shell of bacteriophage MS2 was used to build a system that 
integrates sensitizing chromophores with a photocatalytic zinc porphyrin. We introduced a cysteine 
into the coat protein sequence in order to put 180 donor chromophores on the interior surface of the 
hollow spherical capsid. To selectively modify the outside, we used a two-step procedure targeting 
an unnatural amino acid to attach up to ~120 zinc porphyrins. The proximity of the chromophores 
and porphyrins allowed Förster resonance energy transfer (FRET) through the protein shell, 
resulting in porphyrin excitation at previously inaccessible wavelengths. The porphyrins could 
then reduce methyl viologen when excited at the donor wavelengths, demonstrating the ability of 
the system to generate high-energy electrons for subsequent use. The modular synthetic strategy 
used to access these structures can be readily tailored to integrate a number of catalytic groups with 
sensitizing chromophores possessing any desired spectral characteristics.

Portions of the work described in this chapter have been reported in a separate publication.1

2.1 Introduction

2.1.1 Photosynthesis

 Photosynthesis is one of the most remarkable processes in nature, and serves to harness solar 
energy and utilize it to make ATP, the functional energy source for cells.2,3 Incoming photons 
excite the electrons in a pair of chlorophyll molecules in photosystem II (PSII), sending those 
electrons down a transport chain of molecules with lower redox potentials and utilizing the energy 
to pump protons (H+) across the thylakoid membrane. The electrons are excited a second time 
by light in photosystem I (PSI) and ultimately transferred to NADP+ to form NADPH by the 
enzyme ferredoxin NADP+ reductase (FNR). The protons pumped into the thylakoid lumen are 
then allowed to exit via the ATP synthase complex, and the energy of their movement down the 
concentration gradient is used to generate ATP. The electrons lost from PSII are then regenerated 
by splitting water into H+ and O 2 by the oxygen-evolving complex.
 The pigments in PSI and PSII alone, however, are not particularly efficient at collecting light. 
The chlorophyll molecules that comprise them absorb around 700 and 680 nm, respectively, 
and the cross-sectional area available to absorb light is limited to the area of the complex.2 In 
order to increase the efficiency of light absorbance and utilization, photosynthetic organisms 
have evolved light-harvesting complexes comprised of multiple pigments (like chlorophylls or 
carotenoids) in order to absorb a greater cross-sectional area of light, as well as a wider spectrum 
of wavelengths.4,5 Figure 2-1 shows the crystal structure of the light-harvesting complex from 
purple bacteria. The light-absorbing chromophores (chlorophylls and carotenoids) are held in close 
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proximity (< 1 nm) and in a well-
defined geometrical relationship 
by the protein matrix, allowing for 
energy transfer between them in via 
the Förster resonance energy transfer 
(FRET) mechanism.6-8 Rings of 
chromophores are arranged in the 
LH2 complex, and multiple LH2 
complexes surround another ring of 
chromophores in the LH1 complex, 
which in turn surrounds the reaction 
center (RC).9

 This “antenna complex” 
allows for the collection of light 
across the solar spectrum (since 
the chromophores of the LH1 and 
LH2 complexes can have different 
absorbance characteristics), as well 
as over a greater surface area. This 
energy can then all be funneled 
efficiently to the reaction center, to 
be utilized in generating NADPH 
and ATP. The energy transfer 
occurs incredibly fast (femto- to 

picoseconds) and with efficiency approaching 100%. The efficiency and speed of these processes 
is largely due to the precise nanoscale arrangement of the chromophores by the protein matrix of 
the LH1 and LH2 complexes, which orient the chromophores in close (but not directly in contact) 
proximity, and in a geometry optimal for energy transfer.
 Numerous efforts have focused on directly incorporating the components that make up the 
photosynthetic system into artificial devices.10 In one report, a Langmuir-Blodgett film was used to 
place the reaction center directly on electrodes, resulting in a photoinduced electric current upon 
illumination.11 The orientation of the center could be controlled, furthermore, by the hydrophilicity 
of the surface. Reaction centers modified with His6 tags could bind Ni-NTA surfaces, generate a 
photocurrent, and then be removed by the addition of free imidazole.12 Photosystem I has also 
been immobilized on carbon nanotubes by functionalizing them with maleimides, allowing 
the cysteines of PSI to react.13 Carbon nanotubes are excellent electron conductors, so such 
nanostructured devices represent an attractive way to capitalize on the finely tuned molecular 
engineering of photosynthesis. In a separate report, PSI was integrated directly into a photovoltaic 
device by immobilizing it onto a gold surface using a His6 tag, resulting in ~12% efficiency.14 PSI 
has also been attached to carbon nanotubes using covalent bonds, hydrogen bonds, or electrostatic 
interactions, and it was found that maximum photocurrent was produced if the photosystem was 
arranged with its electron transport path perpendicular to the nanotubes.15 In yet a separate report, 
PSI was reconstituted onto a molecular wire pre-assembled on a gold surface, allowing injection 
of electrons into the surface.16 Aside from the photosystems, the ATP synthase complex, which 
generates ATP from the proton gradient generated by the electron transport chain, has also been 

FIGURE 2-1: The light harvesting complex from photosyn-
thetic bacteria. Multiple chlorophyll chromophores in the LH2 
complex absorb light from across the solar spectrum and transfer 
the energy using Förster resonance energy transfer (FRET) to the 
reaction center in the LH1 complex with picosecond speed and 
~100% efficiency. In this manner, the photosynthetic organism can 
collect light of many wavelengths and utilize the energy by funnel-
ing it to the reaction center, where it will be used to make NADPH 
and ATP. [Structures from: Prince et al., J. Mol. Biol. 1997, 268, 
412; Roszak et al., Science 2003, 302, 1969]
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utilized for solar energy conversion. Moore and coworkers embedded it into an artificial liposome 
along with a carotenoid-porphyrin-napthoquinone triad that, upon illumination, generated a 
charge separated state and allowed a separate quinone to shuttle protons across the membrane as 
it switched redox states.17 The higher concentration of protons generated inside the liposome was 
allowed to exit via the ATP synthase, generating ATP in the process.
 Although these approaches represent fascinating efforts to take direct advantage of photosynthesis 
in devices, any such efforts face some inherent challenges.18 Photosynthetic organisms have 
evolved elaborate repair and protection mechanisms to fix damaged components. Decoupled from 
this complex biochemical network, however, the photosynthesic components are not particularly 
robust and will quickly fail in a device setting. Second, photosynthesis does not have a particularly 
high power output, nor has it evolved to; plants and bacteria did not evolve for large-scale current 
generation, they evolved to generate enough excited electrons for the synthesis of NADPH and 
ATP. The basic molecular and chemical design principles of photosynthesis, however, are still 
applicable, and if combined with more robust and high-output synthetic components, could lead to 
a revolution in photocurrent generation.

2.1.2 Synthetic mimics of photosynthesis

 The efficiency, speed, and organization of photosynthetic components have inspired numerous 
efforts to mimic the natural light-harvesting system, and the resulting constructs have often been 
coupled to a reaction center mimic to use the energy collected.19,20 Critical to these efforts is the 
integration of multiple components on a scaffold that positions them with distances close enough 
to allow for FRET between them. This energy can then, in many cases, be used by a photocatalytic 
group to transfer an electron, with the ultimate goal of charge separation and utilization.
 Porphyrins represent one of the most popular and widely explored class of molecules for 
constructing artificial light harvesting and electron transfer systems due to their rich photocatalytic 
behavior and their ability to bind a wide range of metals to modulate their chemical properties.21-23 
Composed of four pyrrole units linked by sp2-hybridized carbon bridges, porphyrins can bind a 
wide range of metals, have several absorbance bands across the UV-Vis spectrum, and can engage 
in a range of diverse catalytic behavior. They can serve as highly effective dyes (with extinction 
coefficients in the range of 105 M-1cm-1), and their fluorescence properties allow for energy transfer 
to other chromophores or porphyrins. Zinc porphyrins, for example, can transfer energy to freebase 
porphyrins, allowing for construction of complex systems based on one core chemical structure. 
Just as importantly, porphyrins can serve as powerful reducing agents from their excited state, 
transferring electrons to a range of species. These include organic molecules like viologens, which 
can serve as important electron shuttles (see Section 2.3.4 below) to catalysts for the production 
of hydrogen gas, NADH and NADPH, lactic acid, or formic acid.23-26 Porphyrins can also donate 
electrons to inorganic surfaces in dye-sensitized solar cells (first described using ruthenium dyes by 
Michael Grätzel), resulting in a photocurrent upon illumination.27,28 Two other promising acceptors 
for porphyrin electrons are carbon nanotubes and fullerenes, which result in long-lived charge-
separated states and allow for potential use in nanostructured solar cells.29-37

 Noncovalent methods have been used to arrange porphyrins (or related molecules) in 
proximity, allowing for energy transfer between them.38-47 These methods rely on methods 
such as hydrogen bonding, π-π stacking, or metal coordination to arrange the light harvesting 



41

components, and the ease of assembly of multiple components by noncovalent effects makes 
their construction easier and more biomimetic. Furthermore, a rich literature exists on the ways to 
control the supramolecular orientation of porphyrins, and related molecules like phthalocyanines, 
using a variety of strategies.48,49 Alternatively, it’s possible to construct covalently linked arrays 
of porphyrins in different geometries (e.g. linear, radial, grid-like, “wheel-and-spoke”) using 
covalent techniques as well.50-60 Although these methods give rise to more well-defined constructs 
compared to noncovalent approaches, the resulting linked porphyrin arrays are more difficult to 
synthesize and a new scaffold must be made each time the chromophore composition needs to be 
changed. In all such studies, porphyrins can serve as either light harvesting components, electron 
transfer catalysts, or both. The effects of connectivity, orientation, and electronics on the rates of 
energy transfer have been examined, and a range of additional molecules (like fullerenes) have 
been integrated for electron transfer.
 Polymers, which are by definition comprised of multiple components, can be used to integrate 
multiple dyes and catalysts by functionalizing the monomers that comprise them. The Fréchet 
group sensitized a ruthenium bipyridine moiety using a coumarin dye by either copolymerization 
of monomers functionalized with the components, or by grafting on the ruthenium component post-
polymerization.61 The polymer brought the coumarin and ruthenium complex into close proximity, 
allowing for FRET between them with high efficiency (~70%). Another polymeric system used 
ruthenium dyes as both the energy and electron transfer components, again taking advantage of the 
polymer to bring multiple species into close proximity.62 In a separate report, electrostatic effects 
were exploited to template chromophores on an amylose polymer noncovalently and organize 
the components in space.63 Polypeptides have also been used to anchor multiple porphyrins in an 
alternative polymer-based approach towards artificial photosynthetic systems.64

 Dendrimers represent another interesting class of molecules for construction of light harvesting 
systems. Because they are branched polymers, extending from a central core, dendrimers offer a 
particularly attractive way to orient multiple chromophores at the periphery and transfer energy 
towards the center of the molecule (similar to the way that the reaction center receives energy from 
the surrounding light harvesting system). Fréchet and coworkers used a dendrimer to construct a 
two-photon sensitizer for a porphyrin via this effect.65,66 Also, because dendrimers can have several 
“generations” of functionalization moving outwards from the core, different dyes can be used at 
each step in order to cover multiple wavelengths, analogous to photosynthetic light harvesting.67 A 
number of other reports have used a similar approach to construct multi-component systems capable 
of energy transfer based on dendrimers.68-72 Aida and coworkers have used freebase porphyrins 
in the core along with multiple zinc porphyrins on the periphery of dendrimers, creating large, 
complex structures capable of energy and electron transfer.73,74 Porphyrins can also be integrated 
with fullerenes using dendrimers, allowing for stable and long-lived charge separated states upon 
photoexcitation.75,76

 However, one of the primary drawbacks of dendrimers is that, like other covalent approaches, 
they are difficult to synthesize and a new scaffold must be generated for each new set of dyes. 
In addition, they are often very hard to purify owing to minute differences between dendrimers 
missing one or two dyes, although these defects might ultimately have a great effect on energy 
transfer.
 Given the difficulties inherent in employing fully synthetic scaffolds to integrate the numerous 
components necessary to mimic photosynthesis, a great deal of effort has been expended to 
adapt biological molecules as the scaffolding elements. As discussed in Chapter 1, biomolecules 
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have evolved to have a range of structural, often self-assembled behavior that makes them ideal 
candidates to template synthetic materials. Polypeptides represent one of the simplest classes of 
biomolecules due to their ease of synthesis yet often predictable three-dimensional structure. Meyer 
and coworkers used a poly-proline molecule to organize electron donor, transfer, and acceptor 
molecules, allowing for charge separation upon irradiation.77 The polymer’s helical structure 
(enforced by the conformational restrictions of proline) was critical in enforcing the proximity of 
the components, but without requiring a complex protein backbone. The self-assembly of multiple 
peptides into a β-sheet structure was also employed as an alternate way to bring fluorophores into 
close proximity and allow FRET between them.78

 An elegant example by the Hamachi lab used a native protein, myoglobin, to bind a donor-
acceptor system and influence its energy transfer properties.79 A triad consisting of an iron or zinc 
porphyrin, a ruthenium bipyridine dye, and a cyclobis paraquat catenane moiety was added to apo-
myoglobin, which bound the porphyrin in the pocket left by removal of its native heme. Irradiating 
the ruthenium resulted in electron transfer to the catenane; the porphyrin then transferred an 
electron to the ruthenium, resulting in a long-lived charge-separated state. The myoglobin played a 
critical role in stabilizing that state both due to chemical effects (from its active site residues) and 
by enforcing a rigidity that inhibited reverse electron transfer.
 The aforementioned systems have come a long way towards integrating multiple components, 
but they still suffer from several critical drawbacks. First among these is rigidity: it is difficult to 
create a scaffold that will hold the various components (such as chromophores and catalysts) in 
a well-defined location, especially as the constructs become larger. This rigidity is necessary to 
enforce the correct distance between chromophores and catalysts, both to allow for efficient FRET 
and to prevent contact quenching or reverse electron transfer. Indeed, the natural photosynthetic 
apparatus has integrated many different molecules and enzymes over large distances while retaining 
their precise orientation. Self-assembling protein scaffolds serve as the optimal components for 
this purpose because they can self-assemble with high specificity into a structure that spans several 
length scales.
 A second limitation lies in the synthetic tractability of photosynthetic mimics. For most of the 
constructs mentioned above, a new system needs to be designed and synthesized in order to change 
a particular component. With a dendrimer, for example, a new molecule must be synthesized 
depending on the pendant chromophores or the central catalyst, and such syntheses are often 
laborious endeavors, involving many steps and difficult purifications. A scaffold that can not only 
position multiple components precisely, but that allows for facile switching of components, would 
be highly valuable in aiding the design of photosynthesis mimics.
 Third, the number of components that can be integrated is often limited by the scaffold used. 
Creating a synthetic molecular or supramolecular system that integrates tens to hundreds of 
separate molecules is very difficult; ensuring precise positioning of those components is even 
harder. Furthermore, integrating different types of components with a similar precision adds yet 
another layer of complexity because orthogonal chemical reactions are necessary to precisely 
install different molecules.
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2.1.3 Virus capsids as scaffolds for photosynthesis mimics

 Given the synthetic difficulties inherent in many of the previously mentioned approaches, virus 
capsids have emerged in recent years as an attractive way to organize different components. As 
introduced in Chapter 1, capsids are the protein shells that surround a virus’s genetic material; 
comprised of multiple protein subunits that assemble into a precise, nanoscale scaffold, they offer 
an attractive scaffold for light harvesting by functionalizing the monomers that make them up. 
Furthermore, because the self-assembly is already programmed into the monomers, laborious 
synthesis of a scaffold is not necessary, and the appended molecules can be arranged at length scales 
of tens to hundreds of nanometers. For a more detailed discussion of capsid-based photocatalytic 
systems see Section 1.2.3, but some of the basic advances will be summarized below. 
 The tobacco mosaic virus (TMV) has been used as a particularly promising scaffold for 
integrating multiple dyes and positioning them within a distance amenable to FRET. The Francis 
group modified TMV monomers with either a donor or acceptor chromophore and showed highly 
efficient energy transfer upon assembly into both the disk- and rod-like aggregates native to the 
virus (see Figure 1-15B,C for more details).80 By using a donor capable of self-FRET, energy 
could be transferred over large distances in the assemblies, resulting in a great deal of energy 
being funneled to the acceptor dyes. Furthermore, by tuning the spectral characteristics of the dyes, 
and using three different dyes for effective overlap, FRET efficiencies over 90% were attained. 
Shortly after this work, the Majima group reported a similar TMV-based system using a FRET 
pair comprised of a zinc and a freebase porphyrin (see Figure 1-15D), again relying on the TMV 
assembly to bring the components into close proximity.81

 Bacteriophage M13, a filamentous E. coli virus, has also been used to template light-harvesting 
groups. Cationic porphyrins were found to bind to the anionic capsid surface and tryptophan 
residues genetically introduced into the virus could transfer energy to the porphyrin’s Soret band 
(see Figure 1-16A), though this effect was small due to poor spectral overlap.82 Recently, two 
additional examples of M13-templated photocatalytic groups were reported by the Belcher group. 
Zinc porphyrins were attached covalently to the M13 capsid, allowing for energy transfer and the 
delocalization of excitons between them (see Figure 1-16B).83 In a follow-up report, Belcher and 
coworkers used phage evolved to bind iridium oxide hydrosol clusters to template both porphyrins 
and the inorganic material (see Figure 1-16C). The porphyrins were able to act as sensitizers, 
transferring an electron to an oxidant upon illumination, and transferring the resulting hole to the 
inorganic clusters to allow for sustained water oxidation.84

 With the exception of the last example (which was reported after the material described in 
this chapter), virus scaffolds have, in general, only been used to arrange one type of photo-active 
component. We thus became interested in using virus capsids as a scaffold to integrate multiple 
copies of different types of molecules, with the goal of mimicking the integrated light-harvesting 
complex and reaction center of photosynthesis. Rather than use the TMV virus scaffold as in the 
examples mentioned previously, we decided to use the hollow spherical capsid of bacteriophage 
MS2, which allows for selective chemical modification of the internal and external surfaces (see 
Section 2.2.1 below for more details). Our basic goal is summarized in Figure 2-2: fluorescent dyes 
would be attached to the interior surface of the capsids, and photocatalytic zinc porphyrins would 
be attached to the exterior surface using orthogonal chemistry. The dyes would be chosen such that 
their fluorescence emission would overlap with a porphyrin excitation band, allowing for energy 
transfer via FRET between them through the protein shell. The excited state of the porphyrin would 
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then be able to transfer electrons to a separate molecule that could then utilize those electrons to 
carry out chemistry. A reductant in solution would transfer an electron to the porphyrin cation to 
close the catalytic cycle. Thus, much like photosynthesis, light energy would be collected and 
funneled into a reaction center capable of transferring an electron to a final acceptor.
 We envisioned that this approach would have several distinct advantages inherent to virus 
capsid-based systems. First, multiple copies of both the sensitizing donor chromophores and the 
acceptor photocatalysts can be integrated together. Thus, a large number of dyes could (much like 
the light harvesting system in photosynthesis) funnel energy into a given acceptor catalyst. Second, 
the distances between residues on virus capsids (usually 1-3 nm), are short enough to allow for 
FRET between the components integrated. Third, targeting different residues on the interior vs. 
exterior surface of the capsid should allow for the attachment of different types of components. 
Fourth, the system should be highly modular and flexible; once the chemistry has been worked out 
to attach molecules selectively to the two surfaces, it should be easy to swap out one component 
for another (e.g. to switch between a red and green dye, or swap one catalyst for another). In 
effect, evolution has already figured out the “hard part”: creating a rigid, self-assembled scaffold 
of multiple components that spans a length scale 10-100 times the size of its constituent pieces. By 
judiciously choosing the components to be attached and developing the chemistry appropriate to 
do so selectively, it should be possible to create systems that mimic photosynthesis.

2.2 Design considerations

2.2.1 Bacteriophage MS2 as a nanoscale scaffold

 For the virus capsid scaffold to be used to integrate the chromophores and porphyrins, we 
chose bacteriophage MS2 (Figure 2-3), a T = 3 icosahedral E. coli virus comprised of 180 identical 
monomers.85-87 The proteins that make up the shell are 129 amino acids in length and roughly 
13.7 kDa in size, and fold into a single alpha helix followed by five anti-parallel beta sheets. Two 
such monomers dimerize and bind the RNA genome, triggering a conformational change that 

FIGURE 2-2: Overview schematic of MS2-based photocatalysis. Sensitizing chromophores on the interior of the 
capsid absorb light and transfer the energy through the protein shell to porphyrin acceptors on the exterior surface. The 
excited state of the porphyrin can then transfer an electron to an exogenous acceptor molecule. Reduction of the 
porphyrin cation generated by a sacrificial reductant closes the catalytic cycle. In this way, energy that the porphyrin 
does not readily absorb (but that the donor dye does) can be utilized and new, previously inaccessible wavelengths can 
be used for photocatalysis.
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allows the remaining monomers to assemble into a spherical capsid 27 nm in diameter.88 However, 
recombinant expression of the capsid monomers results in their spontaneous self-assembly into 
hollow capsids devoid of any genetic material (perhaps initiated by binding of the monomers 
to adventitious RNA from the cell medium).89 Furthermore, recombinant expression allows for 
site-directed mutagenesis, so specific residues can be inserted into the sequence where desired for 
selective modification. The crystal structure of the intact capsid has been solved,86 allowing for 
rational design of modification sites and the calculation of distances between targeted residues. 
The capsids are also remarkably stable at pH values ranging from 3-10, and at temperatures 
approaching 60 °C, making them attractive scaffolds to template a variety of components.
 The self-assembled, intact capsid possesses 32 holes, roughly 2 nm in diameter, at its five- and 
six-fold symmetry axes. As a result, the interior surface of the capsid can be selectively targeted 
with small molecule reagents that can diffuse through these holes and functionalize amino acid 
side chains on that surface.90 The Francis group has previously targeted various native residues in 
order to functionalize the interior and exterior of the capsid (see Section 1.2.2 for more details). 
Although MS2 possesses six lysine residues in total, two on the exterior surface that are particularly 
accessible (K106 and K113) can be modified with NHS esters to install moieties like fluorophores 
or polyethylene glycol (PEG).90 The interior surface has been functionalized by targeting a native 
tyrosine residue (Y85) with diazonium salts.85,90

 Although the aforementioned chemistry is sufficient for labeling the two surfaces of the capsid, 
it has several drawbacks. First, there are two reactive lysines on the exterior surface of each of 
the 180 monomers, and it is impossible to modify one over the other selectively. Furthermore, 
although these two lysines are the most reactive, there are four more (in addition to the N terminus) 
that can potentially react with NHS esters. Thus, for the sake of site-selectivity and control over 
modification location, lysine-targeted NHS chemistry is not suitable. Although the interior 
modification chemistry targeting Y85 is highly specific for that residue, it suffers from the drawback 
that it requires the synthesis of a diazonium salt for the component to be integrated, which is not 
always trivial and requires acidic conditions that are incompatible with many molecules.

FIGURE 2-3: Bacteriophage MS2 as a self-assembled nanoscale scaffold. The virus capsid of bacteriophage MS2 
self-assembles from 180 identical monomers into a hollow protein shell 27 nm in diameter. Access to the interior is 
afforded by 32 holes 2 nm across. By functionalizing the amino acid residues that comprise the capsid, it is possible 
to functionalize the two surfaces of the capsid orthogonally. In this work, the interior of the capsid will be modified at 
(A) Cys87, and the exterior of the capsid will be modified by targeting (B) the unnatural amino acid paF19.

pore = ~2 nm27 nm
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 In order to design a more selective and versatile bioconjugation strategy, we decided to 
incorporate, and then target, novel amino acid residues in the MS2 monomers. Due to the ease of 
modification and wide range of maleimide reagents available, we decided to introduce a uniquely 
reactive cysteine into the interior of the capsids. Guided by the crystal structure of the capsid, 
Zac Carrico made a series of cysteine mutations and found that one at position 87 (the N87C 
mutant) was particularly reactive towards maleimide reagents. Figure 2-4A indicates that capsids 
possessing the N87C mutation showed a clearly fluorescent SDS-PAGE band corresponding to the 
protein monomer after modification with a maleimide dye, whereas wtMS2 capsids (not bearing the 
mutation) displayed virtually no fluorescence after exposure to identical modification conditions. 
It is interesting to note that the capsids do possess additional cysteine residues, but that these are 
not modified under the mild conditions used.
 In order to modify the exterior of the capsids with a high degree of site-selectivity, and orthogonally 
to the interior cysteine modification, Zac installed the unnatural amino acid p-aminophenylalanine 
(paF) at position 19 on the exterior of the capsid using the amber suppression method developed 
by the Schultz lab.91,92 Previous work in the Francis group has shown that anilines like paF can be 
modified with N,N-dialkyl phenylene diamine-containing molecules in the presence of aqueous 
periodate, forming the oxidative coupling linkage shown in Figure 2-4B.89,93 This linkage is stable 
over a range of temperatures and pH values, and is completely specific for the paF residue in the 
presence of all naturally-occurring amino acids. Zac subsequently discovered that more electron-
rich N,N-dimethyl anisidine derivatives underwent the oxidative coupling reaction much more 
quickly than the phenylene diamine derivatives, reaching completion in only 2 minutes rather than 
1 hour (Figure 2-5).

FIGURE 2-4: Dual-surface modification of MS2. A) The interior surface of the MS2 capsids was modified at C87 
using maleimide dyes. SDS-PAGE analysis of MS2-paF19 and MS2-paF19/N87C after reaction with 20 equivalents 
of Oregon Green maleimide for 10 minutes at room temperature confirmed the reactivity of the introduced cysteine. 
The fluorescence of MS2-paF19/N87C (lane 3) far exceeded that of MS2-paF19 (lane 2) after the maleimide coupling 
and a slight mass increase was observed by Coomassie staining corresponding to the ~500 Da Oregon Green 
maleimide addition (lane 3). Lane 1 is a ladder of molecular weight standards. B) The exterior surface of the capsids 
could be modified at paF19 using N,N-dialkylphenylene diamine derivatives. In this example, a shift of the paF19-
containing band was seen by SDS-PAGE, corresponding to the attachment of a phenylene diamine-modified peptide. 
No modification with peptide was seen for wtMS2 that lacks the paF residue.
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 Using the N87C/T19paF MS2 double mutant, it should be possible to functionalize the interior 
and exterior surfaces of the capsids to install multiple copies of two different chemical groups, 
creating the system shown conceptually in Figure 2-2. A closer look at the location of the C87 and 
paF19 residues on the capsid (Figure 2-3) reveals that the assembly of the monomers results in 
two C87 residues coming into quite close proximity (0.9 nm), with the next-nearest residue being 
3.7 nm away.86 These distances are well within the Förster radius for self-FRET for many dyes 
that possess small Stokes shifts, potentially allowing for energy transfer across large distances on 
the interior capsid surface (akin to LH1 and LH2). The distance between C87 and paF19 residues, 
through the protein shell, varies from 2.4 to 3.1 nm, again within the Förster radius for many 
chromophore pairs in order to allow for FRET through the capsid shell.

2.2.2 Water soluble porphyrin synthesis

 In photosynthesis, the light harvesting complex transfers energy to the “special pair” of 
chlorophyll molecules in the reaction center. For our reaction center mimic, we chose to use 
porphyrins, a well-studied class of redox-active molecules mentioned in Section 2.1.2. In order 
to integrate porphyrins with virus capsids, we needed to meet two important criteria.21-23 First, the 
porphyrin core is highly hydrophobic due to its extended conjugated π-system, so it was necessary 
to functionalize it to make it water soluble and integrate it with the capsid. Second, a bioconjugation 
handle needed to be introduced in order to react with a specific amino acid side chain on the capsid. 
To meet these goals, we decided to synthesize an asymmetrical porphyrin bearing both water 
solubilizing groups as well as a residue-specific bioconjugation moiety.
 The most reliable way to render a hydrophobic molecule soluble in water is by introduction of 
charged groups. Reports in the literature investigating porphyrin synthesis and bioconjugation found 
that a positive charge not only renders porphyrins water soluble, but also prevents the noncovalent 
association of their hydrophobic macrocycle with proteins.94 Figure 2-6A summarizes the main 
approach for introducing positive charge into the porphyrin periphery.95 An asymmetric porphyrin 

FIGURE 2-5: Optimization of the oxidative coupling reaction. A) The phenylene diamine derivative previously 
used for the oxidative coupling reaction (with a reaction time of 60 minutes) showed no reactivity within 2 minutes 
with T19paF MS2. B) Using N,N-dimethyl anisidine, complete reaction was observed in only 2 minutes.
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bearing three pyridyl groups and one carboxylic acid was constructed by condensation of pyrrole 
with a 3:1 mixture of 4-pyridine carboxaldehyde and 4-formylbenzoic acid. The carboxylic acid 
then served as the attachment point for a desired bioconjugation handle R, via amide formation 
with amine R-NH2. Finally, methylation of the pyridyl nitrogens with methyl iodide resulted in a 
porphyrin bearing three water-solubilizing positive charges and one attachment point for protein 
modification. The first step of this synthesis (the condensation of the aldehydes with pyrrole) was 
low-yielding (3-5% of the desired 3:1 species), but the different constitutional isomers could be 
readily purified by flash chromatography due to large differences in polarity between porphyrins 
bearing different numbers of carboxylic acids. 
 A second, complementary approach involved using negative charge to solubilize the porphyrin 
core (Figure 2-6B).96-98 In this method, commercially available tetraphenyl porphyrin (TPP) was 
first reacted with fuming nitric acid in chloroform to yield a mixture of porphyrins containing 
zero, one, and two nitro groups (the ratios depend on the amount of nitric acid added). The nitro 
group could be subsequently reduced to an aniline using tin chloride in neat hydrochloric acid as 
a solvent. While it was possible to separate the mono-nitrated porphyrin from those bearing zero 
or two nitro groups by flash chromatography, better chromatographic separation was obtained 
by carrying the crude reaction mixture from the first step into the tin-mediated reduction and 
purifying the mono-aniline compound at that step. The three non-nitrated phenyl rings could 
then be sulfonated by heating in neat sulfuric acid, yielding a tri-anionic, highly water soluble 

FIGURE 2-6: Synthetic strategies for cationic and anionic porphyrins. A) To synthesize a cationic porphyrin, a 
3:1 ratio of 4-pyridine carboxaldehyde and 4-formylbenzoic acid was condensed with pyrrole to form the tri-pyridine 
mono-carboxylate porphyrin. Using an amide coupling agent to attach an amine bearing bioconjugation handle R, and 
subsequent methylation of the pyridine groups with methyl iodide yielded the asymmetrical water soluble porphyrin 
shown. B) To synthesize an anionic porphyrin, tetraphenyl porphyrin (TPP; commercially available) was nitrated and 
then the nitro group was reduced to an aniline. Sulfonate groups were installed by reaction with neat sulfuric acid, and 
then a carboxylic acid bearing bioconjugation handle R’ was introduced using an amide coupling reagent. Conditions: 
a = nitrobenzene, glacial acetic acid; b = fuming nitric acid, chloroform; c = SnCl2, neat HCl.
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porphyrin. Functionalization of the single aniline via amide formation with a carboxylic acid 
bearing bioconjugation handle R’ yielded a negatively charged, asymmetric porphyrin for protein 
attachment.
 Some initial investigations with the tri-cationic N-methyl pyridinium porphyrins shown 
in Figure 2-6A showed a significant amount of porphyrin (as seen by its characteristic color) 
associating with MS2 capsids despite removal of small molecules by size exclusion gel filtration. 
We hypothesized that the positive charge of the porphyrin might be causing it to stick noncovalently 
to the predominantly negatively charged surface of the capsids. To investigate this possibility, we 
exposed wtMS2 capsids to either the meso-tetra(N-methyl-4-pyridyl)porphine (TMPyP) bearing 
four positively charged N-methyl pyridinium groups, or to meso-tetra(4-sulfonatophenyl)porphine 
(TPPS) bearing four negatively charged sulfonated groups. Excess TMPyP or TPPS was removed 
by gel filtration. The capsids thus purified were analyzed by reversed phase (RP) HPLC.
 MS2 capsids subjected to RP-HPLC analysis adhered to the C8 column used. As the percentage 
of acetonitrile in the mobile phase was increased, the capsids disassembled and the monomers 
denatured. Any porphyrin that was noncovalently associated with the capsids (due, for example, to 
electrostatic interactions) could be removed and observed as a separate species by HPLC (Figure 
2-7A). Capsids exposed to TMPyP showed a distinct peak corresponding to noncovalently bound 
porphyrin (Figure 2-7B), whereas capsids exposed to TPPS did not show any noticeable presence 
of that porphyrin (Figure 2-7C). We thus concluded that any attempts to attach a positively charged 
porphyrin to the capsids would be hindered by this nonspecific (and quite tenacious) electrostatic 
association, and our efforts focused exclusively on sulfonated porphyrins of the kind shown in 
Figure 2-6B.

FIGURE 2-7: Determination of noncovalent binding of cationic vs. anionic porphyrin. A) MS2 capsids were 
exposed to either TMPyP or TPPS  and purified by gel filtration to remove unbound porphyrin. To determine if any of 
the porphyrin was still noncovalently associated with the capsids, they were subjected to reversed phase (RP) HPLC 
chromatography. Under the conditions used, the capsids disassembled and the monomers denatured. Any porphyrin 
that had noncovalently associated with the capsids was removed and eluted at its characteristic time (usually around 
5-6 minutes). B) Positively-charged TMPyP adhered noncovalently to the surface of MS2, as evidenced by the 
pronounced peak that elutes at 5.6 minutes. C) By contrast, negatively-charged TPPS did not noncovalently associate 
with the capsids, and no porphyrin peak was seen at its expected elution time.
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2.2.3 Dual-surface modification strategy

 The overall modification strategy for installing donor chromophores inside the N87C/T19paF 
MS2 capsids is shown in Figure 2-8. We chose cysteine modification with the maleimide form of 
either Alexa Fluor 350 (2.1) or Oregon Green 488 (2.2) as shown in Figure 2-8B for the interior 
of the capsids for several reasons. First, the cysteine-maleimide conjugation reaction is highly 
efficient and proceeds under mild conditions. Second, the native cysteines on the capsids were not 
reactive under the same conditions used to modify C87 (Figure 2-4A), so we were confident that 
targeting C87 would site-selectively modify the interior of the capsids at a single location. Third, 
a wide variety of maleimide reagents are commercially available with highly tunable excitation 
and emission spectra, allowing us to easily change the sensitizing chromophore in order to match 
the FRET acceptor. In addition, molecules other than chromophores can be attached to the interior 
surface by choosing or synthesizing the appropriate maleimide.

FIGURE 2-8: Modification of N87C T19paF MS2. A) Two mutations (N87C and T19paF) were introduced into 
MS2 coat protein subunits. After capsid formation in E. coli, the interior and exterior surfaces were differentially 
modified using a multistep sequence. B) The interior of the capsid was modified at C87 (red) using either Alexa Fluor 
350 (2.1) or Oregon Green 488 (2.2) maleimide dyes. Up to 180 copies of each chromophore were installed. C) The 
exterior of the capsid was modified first via an oxidative coupling reaction to attach aldehyde 2.3 to the paF19 groups, 
and subsequently with aminooxy-containing porphyrin 2.4 to form stable oxime linkages. This design allows for 
energy transfer from the dye inside the capsid to the porphyrin on the outside via FRET.
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 In order to modify the exterior surface of the capsids with porphyrins, we chose a two-step 
modification strategy outlined in Figure 2-8C. First, the exterior surface of the capsids was modified 
using N,N-dimethyl anisidine derivative 2.3 via the oxidative coupling reaction described in Figure 
2-5B. Next, water soluble, negatively charged zinc porphyrin alkoxyamine 2.4 was added in order 
to form a stable oxime linkage with the aldehyde. We decided to pursue this two-step procedure 
(as opposed to directly coupling on a porphyrin-anisidine construct) for three reasons. First, it is 
difficult to control the extent of the oxidative coupling reaction by controlling the equivalents of 
anisidine derivative added. By contrast, formation of the oxime is a milder, more easily tunable 
reaction, allowing us to adjust the desired amount of porphyrin. Second, although the zinc 
porphyrin used in these experiments was stable to the concentration of periodate used (5 mM), 
other photocatalysts might not be. By first attaching the functional handle and then attaching the 
catalyst in a second, milder step, any sensitivity to periodate can be circumvented. Third, a range 
of alkoxyamine- or hydrazide-containing molecules has become commercially available (due to 
the expanding popularity of aldehyde-mediated bio-orthogonal coupling), making our system 
increasingly flexible for future optimization.

2.2.4 Spectral characteristics of the chromophores and porphyrin

 In order to obtain FRET from dyes on the interior of MS2 to porphyrins on the exterior, it is 
necessary to match the emission bands of the dye with the absorbance band of the porphyrin, and 
the better the overlap between these bands the more efficient the energy transfer (Figure 2-9). 
Porphyrins have two major set of absorbance bands: the Soret band, an intense peak at around 400 
nm (corresponding to excitation to the second singlet excited state) and four much less intense 
peaks called the Q bands around 500-600 nm (corresponding to excitation to the first singlet excited 

FIGURE 2-9: Comparison of the excitation and emission spectra for the chromophores used. The Alexa Fluor 
350 emission overlaps with the porphyrin Soret band, while the Oregon Green 488 emission overlaps with the first 
porphyrin Q band, allowing for FRET between the donor dyes and the porphyrin.
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state).21-23 Inserting a divalent metal (such as Zn2+) into the center of the porphyrin ring changes the 
intensity and location of the Soret band slightly, and reduces the number of Q bands from 4 to 2. 
However, the basic shape of the spectrum is unchanged. We decided to use a zinc porphyrin due to 
the increased efficiency of photoinduced electron transfer from the singlet state compared with the 
freebase form.23,24

 For our donor chromophores, we sought dyes that would absorb in a region of the spectrum 
where the zinc porphyrin did not have a significant excitation. We chose two dyes for this purpose: 
1) AlexaFluor 350 (AF, 2.1), which absorbs around 350 nm and emits at around 450 nm, which 
overlaps well with the strong Soret absorbance of the porphyrin (at 424 nm); 2) Oregon Green 
488 (OG, 2.2), which absorbs around 500 nm and emits around 525 nm, which overlaps with the 
first porphyrin Q band at 557 nm. Thus, it should be possible to “fill in the gaps” of the porphyrin 
absorbance at 350 and 500 nm using sensitized excitation by the dyes, and thus effectively increase 
the wavelengths of light at which the porphyrin can carry out catalytic activity. In addition, Oregon 
Green has a relatively small Stokes shift, allowing it to transfer energy to itself with a Förster 
radius of about 4.4 nm,80 which is below the distance between two C87 residues, allowing for self-
FRET.
 We chose to sensitize the porphyrin with two different dyes in order to illustrate the principle of 
modularity: once the chemistry for dual-surface modification of the capsids has been developed, it 
should be easy to change the spectral characteristics of the system by changing the dye and nothing 
else. In a single, simple step it should be possible to switch the effective excitation of the porphyrin 
from 350 nm to 500 nm.

2.3 Results and discussion

2.3.1 Synthesis of small molecules

 In order to realize the system shown in Figure 2-8, it was necessary to synthesize anisidine 
aldehyde 2.3 for the oxidative coupling onto N87C/T19paF MS2. Scheme 2-1 shows the 
basic synthetic procedure used. Reductive amination was carried out on 4-aminophenol (2.5) 
using formaldehyde and sodium borohydride to afford 4-(dimethylamino)phenol (2.6). This 
compound was then reacted in an SN2 reaction with 2-(2-bromoethyl)-1,3-dioxolane to produce 
4-(2-(1,3-dioxolan-2-yl)ethoxy)-N,N-dimethylaniline (2.7). The 1,3-dioxolane acetal was then 
removed using p-toluenesulfonic acid in a 1:1 mixture of water and acetone (the latter to trap the 

Scheme 2-1. Synthesis of oxidative coupling aldehyde 2.3
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ethylene glycol formed) to afford the desired 2-(4-(dimethylamino)phenoxy)acetaldehyde (2.3). 
This molecule oxidized to a black solid at room temperature and was thus stored as a 10 mM stock 
solution in DMF, at -20 °C to prevent this reaction.
 Based on the results of Figure 2-7, which showed that positively charged porphyrins stick 
noncovalently to MS2 but negatively charged ones do not, the general procedure outlined in 
Figure 2-6B was followed to synthesize the 5-(4-aminophenyl)-10,15,20-tris(4-sulfonatophenyl)
porphyrin 2.8 according to literature procedures.96-98 Scheme 2-2 shows the subsequent synthesis 
of zinc porphyrin alkoxyamine 2.4. To the aniline on porphyrin 2.8 was coupled 2-(tert-
butoxycarbonylaminooxy)acetic acid (2.9) using HATU as a peptide coupling reagent to give 
5-(4-(2-(tert-butoxycarbonylaminooxy)acetamido)phenyl)-10,15,20-tris(4-sulfonatophenyl) 
porphyrin 2.10. This reaction proceeded sluggishly, and a reaction time of 3 days at room 
temperature was necessary to reach completion (as monitored by MALDI-TOF MS). The Boc 
protecting group on the aminooxy moiety was removed using neat trifluoroacetic acid (TFA) to 
afford 5-(4-(2-aminooxyacetamido)phenyl)-10,15,20-tris(4-sulfonatophenyl) porphyrin 2.11, and 
zinc was inserted into the porphyrin by heating it with zinc(II) chloride in DMF to afford the final 
desired 5-(4-(2-aminooxyacetamido)phenyl)-10,15,20-tris(4-sulfonatophenyl) zinc porphyrin 2.4. 
It is important to note that the zinc in porphyrins is easily removed by acid, so it was necessary to 
remove the acid-labile Boc group before metal insertion. Final porphyrin product 2.4 was readily 
soluble in water and all biological buffers, and was stored frozen as a 25 mM solution in 10 mM 
phosphate buffer, pH 7 for subsequent use.
 It is often difficult to separate charged molecules like the anionic porphyrins used herein 
by traditional (normal phase) chromatography because of their high affinity for the stationary 
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phase. Thus, to purify the tri-anionic porphyrins (starting with 2.8), we turned to weak anion 
exchange chromatography using polyamine resins. The protonated resins will bind tightly to 
anionic molecules until a basic eluant is used to remove them. The advantage of this procedure is 
that, much like solid-phase synthesis techniques, a large excess of reagents can be used and then 
rinsed off while the desired molecule is still bound to the resin. Thus, in the synthesis of porphyrin 
2.10 we were able to add 10 equivalents of HATU and 2.9 without worrying about a laborious 
separation.

2.3.2 Synthesis and characterization of dual-modified MS2 capsids

 In order to modify the capsids with dyes inside and porphyrins on the outside, we carried out 
the three-step modification procedure outlined in Figure 2-8B,C. As a first step, a sample of N87C/
T19paF MS2 was modified with either AlexaFluor 350 (2.1) or Oregon Green 488 (2.2). Exposure 
of the capsids to 20 equivalents of the maleimide dye for 2 h at pH 7 and subsequent purification 
by gel filtration and spin concentration yielded a sample of capsids bearing the dyes on C87. Figure 
2-10 shows the electrospray ionization (ESI) mass spectra of (A) the MS2-2.1 or (B) the MS2-2.2 
conjugate. In both cases, only a single peak corresponding to the singly-modified conjugate was 
seen, with the expected mass for the modification of cysteine with the maleimide dye and virtually 
no unlabeled protein. The high efficiency of this reaction was the reason that N87 was chosen as 
the location for the cysteine mutation (other mutants gave either insoluble protein or decreased 
bioconjugation efficiencies). The virtually 100% conversion was desired in order to install the 
maximum number (180 in this case) of sensitizing chromophores on the interior of the capsid 
surface in order to collect as much light as possible at a given wavelength and transfer it to the 

porphyrin. It should be noted that the close proximity of adjacent C87 residues (~ 0.9 nm) resulted 
in a noticeable amount of fluorescence quenching of appended 2.2 donor molecules. Whether this 
effect was due to contact quenching or self-FRET between donors is not currently known.
 The batches of MS2 modified with either 2.1 or 2.2 were then subjected to oxidative coupling 
conditions with anisidine aldehyde 2.3 in order to modify the paF19 residues with the aldehyde. 
Roughly 10 equivalents (500 μM) of 2.3 relative to MS2 were added, and the solution was exposed 

FIGURE 2-10: Modification of C87 with maleimide dyes. ESI-MS spectra demonstrated complete modification of 
MS2 C87 with either (A) Alexa Fluor 350 (expected mass of conjugate = 14,257 amu) or (B) Oregon Green 488 
(expected mass of conjugate = 14,243 amu) maleimide. In both cases, only the mass corresponding to single protein 
modification was seen, with virtually no unmodified protein observed.
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to 5 mM sodium periodate for 10 minutes. Upon the addition of periodate, the solution turned a light 
pink and then purple, most likely due to self-coupling oxidation reactions of anisidine aldehyde 
2.3. After 10 minutes, tris(2-carboxyethyl)phosphine (TCEP) was added to a concentration of 
25 mM to quench the periodate, and the purple color disappeared. It was not possible to obtain a 
good ESI-MS spectrum for the product of this reaction for reasons that remain unclear, so we were 
unable to quantify the conversion using mass spectrometry. Previous attempts to characterize this 
reaction had also failed, perhaps due to oxidation of other side chains by periodate. However, no 
ESI-MS peak corresponding to the MS2-dye conjugate without the aldehyde 2.3 was observed, 
and previous experiments with N,N-dimethyl anisidine (which is similar in size to 2.3) showed 
complete conversion by ESI-MS. We were therefore confident that the reaction had gone to high 
conversion, installing close to 180 aldehydes on the surface of the capsids.
 In order to see if we could tune the degree of modification (and thus energy transfer) to the 
porphyrin, we split the sample of MS2-dye-2.3 (where the dye was either 2.1 or 2.2) into four 
smaller samples, added a different amount of porphyrin alkoxyamine 2.4 to each (20 μM, 100 μM, 
500 μM, or 2.5 mM), and allowed the oxime formation to proceed overnight. After removal of 
excess porphyrin by gel filtration, the samples were analyzed by UV-Vis spectroscopy, Figure 2-11. 
The dye absorbance peaks (350 nm for 2.1 and 500 nm for 2.2) were clearly visible, and because 
all four samples came from the same initial batch of MS2-dye (modified to ~100%), these spectra 
were normalized at the dye’s absorbance maximum in order to compare the degree of porphyrin 
modification. As is evidenced from Figure 2-11A (for MS2-2.1-2.4 conjugates) and 2-11B (for 
MS2-2.2-2.4 conjugates), adding an increased amount of porphyrin resulted in a greater amount of 

FIGURE 2-11: UV-Vis spectra of dual-modified capsids. The UV-Vis spectra of the (A) MS2-2.1-2.4 and (B) 
MS2-2.2-2.4 systems were measured and normalized at the absorbance maximum of the donor dye.  C) The ratio of 
donors to porphyrins was calculated by comparing the absorbance ratios and using the extinction coefficients listed in 
Figure 2-9. The number of porphyrins per capsid was calculated by assuming complete dye conversion and dividing 
the total number of dyes (180) by the number of dyes per porphyrin.
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porphyrin absorbance, as measured by the Soret band. In order to quantify the degree of porphyrin 
conversion, the relative extinction coefficients of porphyrin 2.4 (εSoret = 440,000 M-1cm-1) and dye 
(εAF = 19,000 M-1cm-1, εOG = 81,000 M-1cm-1) were used with the relative absorbance values from 
the UV-Vis traces in order to determine the ratio of porphyrin to dye. Assuming ~180 dyes/capsid, 
this number could then be converted into the number of porphyrins/capsid (Figure 2-11C). Overall, 
the number of porphyrins/capsid could be tuned from around 20 to 120 by changing the amount 
of 2.4 added. It should be noted that we made the assumption that the extinction coefficients of 
the donor dyes and the porphyrin were not changed by conjugation to the virus capsid; this simple 
assumption might not be accurate, however, and needs to be verified or adjusted to obtain a more 
accurate value for the modification level.
 To verify that the capsids were still intact and that they possessed the expected shape after 
the three-step modification, we analyzed them with size exclusion chromatography (SEC) and 
transmission electron microscopy (TEM). Figure 2-12 shows the SEC-HPLC traces of the MS2-
2.1-2.4 and MS2-2.2-2.4 conjugates. Intact capsids typically elute at the void volume (3.4 minutes), 
while smaller aggregates and monomers elute from 4-6 minutes. The traces clearly showed that the 
capsids were intact, and the UV-Vis spectra of the peaks showed the absorbance of both dye and 
porphyrin. Further confirmation of capsid integrity was obtained by TEM, Figure 2-13. Examining 
a sample containing 180 copies of 2.2 and 72 copies of porphyrin 2.4 clearly showed intact, hollow 
capsids that were 27 nm in diameter, as expected. Thus, we were confident that the capsids were 
properly maintaining the expected distances between the sensitizing dyes and the porphyrins.
 Since we were unable to obtain satisfactory ESI-MS spectra of the capsids after the oxidative 
coupling reaction, we turned to alternate characterization methods in order to demonstrate that the 
porphyrins were covalently attached. We investigated the dual-functionalized capsids by RP-HPLC 
chromatography. As described in Section 2.2.2 and Figure 2-7A, under the conditions used for 
reversed phase chromatography the capsids disassemble, and only porphyrins that are covalently 
attached to the capsids should elute with the protein peak. Figure 2-14A and 2-14B show the 
UV-Vis absorbance of the protein peak for MS2-2.1-2.4 and MS2-2.2-2.4, respectively, under RP-
HPLC conditions. The porphyrin absorbance was clearly seen, confirming that 2.4 was covalently 
attached to the protein. Capsids that were not modified with aldehyde 2.3, but that were exposed 

FIGURE 2-12: Confirmation of capsid integrity by size-exlusion chromatography (SEC). SEC-HPLC analysis 
of the capsids confirmed assembly. Intact capsids elute around 3.4 minutes, while smaller aggregates (partially disas-
sembled capsids or monomers) typically elute from 4-6 minutes. Representative SEC-HPLC results, in this case for 
the samples exposed to 500 µM porphyrin, but all samples showed the same results. Capsids modified with (A) donor 
2.1 and 500 µM porphyrin 2.4 or with (B) donor 2.2 and 500 µM porphyrin 2.4. Both samples showed a peak corre-
sponding to intact capsids only. The insets show the UV-Vis traces of the peaks, indicating the presence of both donor 
dye and porphyrin. All other samples showed similar capsid integrity.
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to porphyrin 2.4 show virtually no porphyrin absorbance (Figure 2-14C), strongly suggesting that 
the covalent attachment was due to oxime formation.
 Unlike Figure 2-7, where the noncovalently bound TMPyP and TPPS porphyrins eluted 
separately from the protein peak, it was found that free porphyrin 2.4 did not appear on the RP-
HPLC traces, perhaps because it adhered too strongly to the stationary phase used. Thus, it was not 
possible to confirm the total absence of noncovalently bound porphyrin by RP-HPLC. As a result, 
we turned to a series of experiments described in Figure 2-15. MS2 capsids bearing aldehyde 2.3 
were exposed to ZnTPPS, and free porphyrin was removed by gel filtration and spin concentration. 
The UV-Vis spectrum of the capsids showed no significant porphyrin absorbance (Figure 2-15A), 
indicating that there was minimal association of the porphyrin when the alkoxyamine bioconjugation 
handle was absent. Similarly, MS2 capsids that did not have aldehyde 2.3 oxidatively coupled 
to the paF19 residues but that were exposed to porphyrin 2.4 showed only a small amount of 
noncovalently associated porphyrin (Figure 2-15B). The increased amount relative to ZnTPPS 
may be because 2.4 has only three sulfonate groups compared with four for ZnTPPS, rendering 

FIGURE 2-13: Transmission electron microscopy images of dual-modified capsids. MS2 capsids containing 180 
copies of dye 2.2 and 72 copies of porphyrin 2.4 were analyzed by TEM. Even after three rounds of chemical modifi-
cation the capsids were spherical, intact, and the expected size (27 nm diameter), confirming the size-exclusion 
chromatography results in Figure 2-12.

100 nm 100 nm 50 nm

FIGURE 2-14: Reversed phase analysis of MS2 conjugates. MS2 capsids disassemble upon reverse phase analysis 
and only covalently bound porphyrin should be observed. In the UV-Vis traces of the reversed phase MS2 peaks 
containing either (A) donor 2.1 or (B) donor 2.2 and porphyrin 2.4, the porphyrin absorbance can be seen clearly. 
These samples were exposed to 2.5 mM of 2.4. C) MS2 not containing aldehyde 2.3 and exposed to porphyrin 2.4 
showed no porphyrin absorbance upon reversed phase analysis, indicating that both the aldehyde and the porphyrin 
were necessary for covalent attachment. In (B) the absorbance of dye 2.2 could not be seen because under the acidic 
(pH = 3) conditions of the reversed phase HPLC, the absorbance maximum both decreased in intensity and blue-
shifted, becoming obscured by the porphyrin Soret band.
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it slightly more hydrophobic. Finally, capsids bearing aldehyde 2.3 but exposed to 2.4 where the 
alkoxyamine handle had been capped with a large excess of formaldehyde (Figure 2-15C) showed 
a similar amount of porphyrin absorbance to Figure 2-15B. From these experiments, we could 
conclude that while it was possible that a small amount of porphyrin was noncovalently associated 
with the capsids, the majority of the porphyrin absorbance was due to covalent attachment via the 
oxime linkage to aldehyde 2.3.

2.3.3 Energy transfer between dyes and porphyrins

 In order to probe whether the dual-modified capsids could transfer energy from the dyes on the 
interior to the porphyrins on the exterior surface, we obtained fluorescence excitation spectra for 
the four samples of capsids modified with dye (either 2.1 or 2.2) and porphyrin 2.4, Figure 2-16. 
These spectra were compared with the excitation spectrum of free porphyrin 2.4 in order to see 
the new excitation bands due to the donor dyes. The spectra were normalized at the wavelength 
targeted by the donor dye (the Soret band for systems containing donor 2.1 and the first Q band for 
systems containing donor 2.2) in order to compare the relative amount of porphyrin excitation.
 For the MS2-2.1-2.4 system, the porphyrin excitation was monitored at its first emission band 
at 602 nm. A new excitation at 350 nm could be clearly seen compared to the free porphyrin 
(Figure 2-16A), confirming increased porphyrin fluorescence at this wavelength due to the energy 
transfer from 2.1. In a similar manner, a new excitation band for the MS2-2.2-2.4 system was 
observed around 500 nm relative to the free porphyrin (Figure 2-16B), suggesting energy transfer 
from 2.2. In order to minimize residual emission from the donor 2.2 itself (which is a much more 
fluorescent molecule than the porphyrin), the second porphyrin emission band at 655 nm was 
monitored for this system. Relative to the target porphyrin band (424 nm for 2.1 and 557 nm for 
2.2), an increase in the amount of porphyrin modification led to a decrease in the amount of donor 
excitation. This result indicated that as the amount of porphyrin per capsid was increased, the 
relative amount of excitation per porphyrin by the donor dyes decreased. In other words, a smaller 
number of porphyrins on the capsid led to a greater the number of dyes that funneled energy into 

FIGURE 2-15: Confirming covalent attachment of the porphyrin. Several control situations were constructed to 
demonstrate that the porphyrin absorbance was mainly due to covalent attachment of 2.4 to aldehyde 2.3. None of the 
three following experiments were expected to have covalent attachment of the porphyrin to MS2, and the small 
amount of porphyrin absorbance seen was due to noncovalent adhesion to the capsid surface: (A) N87C paF19 MS2 
containing oxidatively coupled aldehyde 2.3 but exposed to zinc meso-tetra(4-sulfonato)porphyrin (TPPS), which 
does not contain an alkoxyamine; (B) N87C paF19 MS2 not containing aldehyde 2.3 but exposed to porphyrin 2.4; 
(C) N87C paF19 MS2 containing oxidatively coupled aldehyde 2.3 but exposed to porphyrin 2.4 in which the alkoxy-
amine had been capped by exposure to 100 mM formaldehyde. In all cases, 100 µM porphyrin was added.
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a single porphyrin. This result confirms that we can tune the amount of excitation than any one 
porphyrin receives by adjusting the ratio of donor to porphyrin.
 It is interesting to note that both the UV-Vis spectra and the excitation spectra for the dual-
modified capsids seemed to have an increased red-shift (relative to the free porphyrin) with 
decreasing levels of porphyrin modification. Porphyrins are known to red-shift upon aggregation,99 
but if the porphyrins on the exterior were aggregating we would expect the opposite trend: greater 
red-shift with greater amount of porphyrin modification. However, coordination of basic residues 
like amines or pyridines to the zinc center of a porphyrin can also red-shift the absorbance (and 
excitation) bands.100,101 Thus, it is possible that the two surface-accessible lysines on MS2 (K106 
and K113 mentioned previously), or other surface residues, coordinate to the zinc and red-shift the 
absorbance. At lower levels of porphyrin modification, there are more lysines per porphyrin, so 
there would be a greater overall red-shift, confirming the experimental results. It should be noted 
that this red-shift may slightly alter the photochemical properties of the system, although we have 

FIGURE 2-16: Excitation spectra of the dual-surface modified capsids. Excitation spectra of the (A) MS2-2.1-2.4 
and (B) MS2-2.2-2.4 conjugates showed an excitation at the donor absorbance, indicating energy transfer. The insets 
show expansions of the areas of maximum donor excitation. The MS2-2.1-2.4 spectra were normalized at the porphy-
rin Soret band and excitation was monitored at the first porphyrin emission band at 602 nm. The MS2-2.2-2.4 spectra 
were normalized at the first porphyrin Q band and excitation was monitored at the second porphyrin emission band at 
655 nm to minimize any residual fluorescence emission from the Oregon Green. The slight red-shift seen at lower 
modification levels is possibly due to coordination of the two surface-accessible exterior lysines to the zinc center.
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FIGURE 2-17: Emission spectra of the dual-surface modified capsids. Emission spectra upon donor excitation for 
the (A) MS2-2.1-2.4 and the (B) MS2-2.2-2.4 systems, normalized by the donor absorbance, showed increased 
quenching with increasing amount of porphyrin added, confirming energy transfer. The insets show the emission of 
the porphyrin in the (C) MS2-2.1-2.4 and (D) MS2-2.2-2.4 systems, normalized at the donor emission maximum. The 
two porphyrin emission bands at 602 and 655 nm are clearly visible.
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not explored that possibility.
 To confirm energy transfer further, we obtained 
fluorescence emission spectra for the MS2-2.1-2.4 and 
MS2-2.2-2.4 systems upon excitation of the donor dye 
(Figure 2-17A,B respectively). These spectra were 
compared to the emission spectra of capsids containing 
donor 2.1 or 2.2 and aldehyde 2.3, but lacking porphyrin 
2.4. The spectra were normalized to the absorbance of 
the donor dye in order to control for differences in capsid 
(and thus dye) concentrations. For capsids modified 
with either donor, increasing the porphyrin modification 
led to an increase in quenching of the donor emission. 
Such a quenching further confirmed FRET because the 
excited state of the donor dye transfers energy to the 
porphyrin instead of relaxing via fluorescence emission. 
Furthermore, the increased quenching with increased 
porphyrin modification indicated an increased amount 
of energy transfer, again suggesting that we could tune 
the amount of energy that each porphyrin receives.
 Although porphyrins are not particularly good 
fluorophores, possessing fairly low quantum yields,23 
the characteristic two-band porphyrin emission can 
be seen upon excitation of the donor dyes. This result 
again suggested energy transfer (Figure 2-17C,D). 
Normalizing these spectra to the fluorescence 
emission peak of the donor dyes showed an increase in 

fluorescence emission of porphyrin 2.4 relative to those donors with increasing levels of porphyrin 
modification. As a side note, the low fluorescent output of the porphyrins may also be partly due to 
quenching as a result of inter-porphyrin FRET, as was reported by the Belcher group in their zinc 
porphyrin arrays templated on bacteriophage M13.83

 The two donor dyes 2.1 and 2.2 absorb in two different regions of the UV-Vis spectrum, where 
the porphyrin does not absorb. By mixing a sample of MS2-2.1-2.4 and a sample of MS2-2.2-2.4 
together, we were able to make a solution that absorbed at multiple wavelengths from 350-700 
nm due to the absorbances of the dyes and the porphyrin (Figure 2-18A). Taking a fluorescence 
excitation spectrum of this mixed sample (monitored at the second porphyrin emission band at 655 
nm) showed excitation across the spectrum (Figure 2-18B), mimicking the ability of the natural 
system to collect light across many wavelengths and effectively channel them into a photocatalytic 
reaction center.

2.3.4 Sensitized photocatalytic behavior of dual-modified capsids

 The energy transfer in photosynthesis ultimately serves to collect energy from across the 
spectrum and use it to generate excited electrons in the reaction center that can then be transferred 
to lower-energy acceptors in order to harness the energy difference. Similarly, although we had 

FIGURE 2-18: Broad spectral absorp-
tion of a mixed AF/porphyrin and 
OG/porphyrin system. A) The UV-Vis 
spectrum of the mixed solution of capsids 
containing 2.1 and 2.4 or 2.2 and 2.4 
demonstrated absorbance of both donor 
dyes and the porphyrin. B) Excitation 
spectrum (normalized at the Soret band) of 
the mixed system, overlaid with the excita-
tion spectrum for the free porphyrin, 
showed the new excitation bands at 350 
and 500 nm.
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verified energy transfer between donor dyes 2.1 or 2.2 and porphyrin 2.4, we wanted to go a step 
further and demonstrate sensitized catalytic activity at the new wavelengths covered by the dyes. 
Porphyrins are not highly fluorescent molecules, but they posses rich photocatalytic behavior. The 
excited state of porphyrins (both metallated and free-base) can transfer electrons to a range of 
acceptors with lower redox potentials, which can then act either as relays to a final acceptor, or as 
charge carriers for the generation of a photovoltaic current. Dye-sensitized solar cells, for example, 
often use porphyrins (in addition to ruthenium bipyridine or phthalocyanine complexes) as the 
material that injects electrons into the titania nanoparticles upon illumination.27

 One commonly used electron acceptor for porphyrin-based photocatalysis schemes is methyl 
viologen (MV2+), another name for the N,N’-dimethyl-4,4’-bipyridinium dication. The excited 
state of many porphyrins is known to transfer an electron to MV2+, reducing it to the MV+∙ radical 
cation.23,24 This cation is long lived enough to serve as an electron shuttle between the porphyrin 
and an ultimate electron acceptor. By reducing the porphyrin radical cation formed after this 
electron transfer (using a sacrificial reductant, like 2-mercaptoethanol or citrate), the porphyrin can 
be regenerated and reused in subsequent photoreductions. Figure 2-19A shows a schematic of this 
process. Zinc porphyrins undergo this electron transfer ~30 times more efficiently than freebase 
porphyrins, and anionic porphyrins are more efficient than cationic ones (due to electrostatic 
association with the positively charged viologen).23 The reduced MV+∙ radical cation can donate an 
electron to a variety of catalysts; some particularly interesting examples are platinum colloids that 
can generate hydrogen gas from protons, hydrogenase enzymes,  as well as the enzyme ferredoxin 
NADP+ (or NAD+) reductase (FNR), which can regenerate NADPH (or NADH).23-25,102 In an 
interesting parallel to photosynthesis, FNR is the same enzyme that ultimately accepts the excited 
electron from PSI in order to regenerate NADPH in photosynthetic organisms.
 The production of MV+∙ can be monitored because it has an intense blue absorbance (hence 
the origin of the term “viologen”) whereas the parent dication is colorless. Figure 2-19B shows 
the time dependent UV-Vis trace of a solution of MV2+ (150 μM) containing a catalytic amount of 
ZnTPPS (10 μM), as well as a large excess of 2-mercaptoethanol (200 mM) when illuminated by 
an LED lamp with peak emission around 415 nm (to irradiate the porphyrin Soret band), according 
to a modified literature procedure.24 Within seconds, an intense blue color appeared in the solution, 
corresponding to the reduced MV+∙ species. The concentration of the blue reduced viologen 

FIGURE 2-19: Methyl viologen as an electron shuttle. A) When illuminated, zinc porphyrins can transfer an 
electron from their excited state to methyl viologen (MV2+). The reduced radical cation can then serve an electron 
shuttle between the porphyrin and a catalyst (e.g. Ferredoxin NAD(P)+ reductase, or a Pt colloid) that can accept the 
electron to carry out chemistry. The catalytic cycle can be closed by reducing the porphyrin using a sacrificial reduc-
tant like 2-mercaptoethanol. B) The production of the reduced MV+• can be monitored by its absorbance at 605 nm, as 
seen in the UV-Vis trace of a solution of MV2+ and ZnTPPS porphyrin illuminated at 415 nm.
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could be estimated by its extinction coefficient at 605 nm (ε = 11,000 M-1cm-1, as reported in the 
literature23). Thus, we decided to create integrated systems bearing a donor dye and porphyrin in 
order to see if we could increase the photoreduction of MV2+ by the porphyrin via FRET from the 
dye.
 Because the peak of the solar spectrum is around 500 nm,103 we decided to investigate systems 
containing donor dye 2.2 and porphyrin 2.4. We created three systems: 1) capsids bearing porphyrin 
2.4 only (System A); 2) capsids bearing donor dye 2.2 only (System B); and 3) capsids bearing 
both donor 2.2 and porphyrin 2.4 in a roughly 3:1 ratio (System C). The UV-Vis spectra of the 
three systems are shown in Figure 2-20A-C, and confirmed the presence of porphyrin, donor dye, 
or both. We then wanted to test whether System C could reduce more methyl viologen than System 
A or B when illuminated at around 500 nm due to energy transfer from 2.2 to 2.4. In analogy to the 
experiment mentioned in Figure 2-19B above, we made solutions of system A, B, or C containing 
MV2+ (150 μM) and 2-mercaptoethanol (200 mM). The porphyrin concentration in all samples was 
quite low (~300 nM) to ensure catalytic behavior. Because the porphyrin is so efficient at reducing 
MV2+, it was very important for our light source to have a narrow emission profile to minimize 
direct porphyrin excitation. To achieve this, we constructed a lamp using LED lights with an 
emission peak at 505 nm and a narrow bandwidth (approximately ± 25 nm).
 After illumination for 15 minutes at 505 nm, we measured the amount of MV+∙ produced by 
Systems A-C by the absorbance at 605 nm and determined the number of turnovers per porphyrin, 
Figure 2-20D. All results were normalized to those of System C in order to correct for small 

FIGURE 2-20: Sensitized reduction of methyl viologen. Systems were constructed bearing either porphyrin 2.4 
only (System A), donor dye 2.2 only (System B), or both 2.4 and 2.2 in a ratio of 3:1 (System C). The UV-Vis traces 
of these systems are given in (A), (B), and (C) respectively.  D) Upon illumination of these systems for 15 minutes at 
505 nm (the peak absorbance of 2.2) the system containing both dye and porphyrin reduced almost 4 times as much 
methyl viologen as the systems containing only one or the other, indicating sensitized photocatalytic ability at this 
wavelength due to energy transfer. E) Upon illumination at 415 nm (the peak absorbance of 2.4) for 30 seconds, the 
porphyrin was able to reduce the same amount of methyl viologen with and without the donor dye 2.2. In both cases, 
error bars represent a standard deviation for n = 3 trials.
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differences in concentration of components between systems. As we had expected, System C 
produced significantly higher amounts of MV+∙ (134 turnovers/porphyrin) compared with System A 
(38 turnovers/porphyrin). Thus, FRET between 2.2 and 2.4 resulted in 3.5-fold greater photocatalytic 
activity compared with porphyrin 2.4 alone. Interestingly, System B (which contained donor 2.2 
but not porphyrin 2.4) also produced MV+∙ upon illumination, but only a quarter of that produced 
by System C. This result was not expected prior to running the experiment, but was not altogether 
surprising; the excited state of donor 2.2 could very well possess similar photocatalytic properties 
as the porphyrin. Importantly, the amount of MV2+ reduced by System C was roughly double that 
produced by Systems A and B combined. Thus, the photocatalytic activity of System C is not 
simply due to the additive effects of 2.2 and 2.4 reducing MV2+ separately, but rather due to energy 
transfer from the good absorber at 505 nm (donor 2.2) to the better photocatalytic entity (porphyrin 
2.4). It is important to note that the amount of MV2+ reduced by System C represents a lower 
value for the system; it was hard to generate (using the model compound ZnTPPS, for example) 
significantly larger amounts of the reduced  MV+∙ cation, likely due to re-oxidation of this species 
by molecular oxygen in the media. It is possible that by rigorously excluding oxygen from the 
solution, an increased reduction of MV2+ would be observed.
 In addition, the amount of methyl viologen reduced by System B represents an upper limit to 
the activity of donor 2.2 when attached to capsids. From the emission spectra in Figure 2-17B we 
know that the emission of dye 2.2 is quenched by the presence of porphyrin 2.4. Thus, it is likely 
that in System C the excited state of the donor dye is quenched by energy transfer to the porphyrin, 
and the amount of MV2+ reduced by the dye directly is lower than that measured in System B. We 
also confirmed that it was indeed dye 2.2 that was reducing the viologen in System B; illuminating 
the free dye (with no MS2 capsids) did indeed produce MV+∙, whereas illuminating capsids alone 
(with or without aldehyde 2.3, to rule out effects of the oxidative coupling linkage), or a solution of 
MV2+ and 2-mercaptoethanol alone, did not. The capsids were also examined by SEC after MV2+ 

reduction and found to be intact, further indicating the utility of their remarkable stability.
 Finally, we wanted to verify that the porphyrin was equally functional in Systems A and C, to 
ensure that the difference we observed was not due to some unforeseen difference of the porphyrin 
in the two systems. To this end, we illuminated Systems A and C using an LED lamp with peak 
emission at 415 nm (which should target the Soret band, but not excite the donor dye in System C) 
and measured the amount of MV2+ reduced. Because the Soret band has a much higher extinction 
coefficient than donor 2.2 and because it is being excited directly (rather than through FRET), a 
mere 30 seconds of illumination at this wavelength was necessary to get a significant reduction 
of MV2+. After normalizing for the concentration of porphyrin, both Systems A and C produced 
roughly the same amount of MV+∙ (Figure 2-20E), verifying that 2.4 was equally functional in the 
two systems and that the differences observed in Figure 2-20D were indeed due to energy transfer 
from 2.2.
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2.4 Conclusions and outlook

 Photosynthesis is a complicated process, relying on multiple proteins and small molecules 
arranged in the complex environment of the cell. It is adaptive, efficient, and finely tuned for its 
purpose: collecting solar energy from across the spectrum and channeling it to a reaction center to 
be used to make energy for the organism. Much is still not understood about the process, but what 
we do understand has led to some design principles for systems that aim to utilize solar energy 
for our own purposes. Chief among these principles is that the integration of multiple copies of 
multiple components with precisely controlled geometric arrangement, at the nanoscale, is critical 
to the efficient functioning of the system. Multiple chromophores need to be templated close 
enough to allow FRET between them and within proximity to a reaction center that can accept 
photons and use them to initiate electron transfer chemistry. The spectral characteristics of the 
dyes and the reaction center need to be tuned to allow for efficient energy transfer, and the spatial 
relationship between the components (enforced by a rigid scaffold) is critical towards allowing the 
energy transfer.
 We have shown that bacteriophage MS2 represents a promising scaffold for templating 
chromophores and photocatalytic molecules like porphyrins. The well-defined distance relationships 
allow for energy transfer between donor dyes and acceptor catalysts, and the multiple proteins that 
comprise the capsid allow for a large number of these components to be scaffolded in a highly 
tunable manner. By functionalizing the interior of the capsid with donor dyes, and the exterior of 
the capsid with porphyrins that could accept excitation from the dyes, it was possible to get both 
energy transfer as well as sensitized photocatalytic behavior at new wavelengths. Construction 
of this system relied on orthogonal bioconjugation chemistry to modify the two surfaces of 
the capsid selectively at defined locations, as well as synthetic chemistry to construct a water 
soluble porphyrin compatible with the capsids. Finally, the system developed herein is highly 
modular: any maleimide dye can be installed on the interior surface, allowing precise tuning of the 
spectral properties, and any alkoxyamine- or hydrazide-containing catalyst could be appended to 
the exterior surface. Thus, the synthesis of second-generation integrated systems, utilizing novel 
chromophores and catalysts, should be relatively facile.
 Although this system served as a compelling proof-of-principle that multi-component 
photocatalytic systems could be templated on virus capsids, there are several improvements 
possible that could increase the system’s efficiency. First, the extinction coefficients are rather 
poorly matched in these experiments: the Soret band of porphyrin 2.4 is over 20 times more intense 
than that of donor 2.1 (which also has a fairly weak emission intensity, and thus weaker FRET 
to the Soret band), and 5 times more intense than that of donor 2.2. Using donors with greater 
absorbance and emission intensities would allow for better utilization of the illumination energy. 
Furthermore, the first porphyrin Q band has a fairly weak absorbance; increasing it (to accept more 
energy from donor 2.2) would increase the FRET efficiency. Although it was difficult to calculate 
the FRET efficiency in the systems mentioned above (due to overlapping emission between donors 
and porphyrin, as well as the absorbance of the oxidative coupling linkage), it lies in the range of 
10-20%. Improving the spectral overlap and the brightness of dyes would help increase this value.
 One particularly promising avenue of future research would involve using phthalocyanine 
dyes.104 Similar to porphyrins in structure and photocatalytic behavior, these chromophores have an 
intense Soret-like absorbance in the near-infrared region, much like the chlorophylls that comprise 
the reaction center. Thus, all the energy channeled from the shorter wavelengths can be effectively 
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funneled to the most intense acceptor excitation band, increasing the overall efficiency of the 
energy transfer. Another interesting avenue of research would explore coupling the capsid-based 
systems with external conductors, such as nanotubes (as described in Section 1.2.3 and Figure 
1-15F, the Francis group has explored integrating a different virus capsid, that of the tobacco 
mosaic virus with carbon nanotubes105), buckyballs, or titania surfaces. In such examples, geared 
towards eventual application in solar cells or other photovoltaic devices, the capsid would serve to 
pre-organize multiple components and mediate the attachment to the external conductor.

2.5 Materials and methods

2.5.1 General experimental procedures

 Unless otherwise noted, all chemicals and solvents were of analytical grade and were 
used as received from commercial sources. Water (ddH2O) used in biological procedures or as 
reaction solvents was deionized using a NANOpure purification system (Barnstead, USA). The 
centrifugations required in spin-concentration steps were conducted using a Sorvall Legend Mach 
1.6R centrifuge (Thermo Fisher Scientific, USA). Analytical thin layer chromatography (TLC) 
was performed on EM reagent 0.25 mm silica gel 60-F254 plates with visualization by ultraviolet 
(UV) irradiation at 254 nm and/or staining with KMnO4. Purifications by flash chromatography 
were performed using EM silica gel 60 (230-400 mesh) (Fisher, USA) and the eluent for each 
purification was determined by TLC analysis. Reaction solvents were distilled immediately prior 
to use. All organic solvents were removed under reduced pressure using a rotary evaporator.
 Prior to analysis, biological samples were desalted and separated from small molecule 
contaminants using NAP-5 or NAP-10 gel filtration columns (Amersham Biosciences, USA). MS2 
capsids elute in the void volume of these columns, while small molecules are retained. Additionally, 
100,000 Da molecular weight cut-off filters (Millipore, USA) were employed as indicated below.

2.5.2 Instrumentation and sample analysis preparations

 Spectroscopy: UV-Vis spectroscopic measurements were conducted on a Cary 50 Scan 
benchtop spectrophotometer (Varian Inc., USA). Fluorescence measurements were obtained on a 
Fluoromax-2 spectrofluorometer (ISA Instruments, USA).

 NMR: 1H and 13C spectra were acquired on a Bruker AVB400 spectrometer (400 MHz). Proton 
chemical shifts are reported as d in units of parts per million (ppm) relative to chloroform-d (δ 
7.26, s) or methanol-d4 (δ 4.87, s). Multiplicities are reported as follows: s (singlet), d (doublet), 
t (triplet), m (multiplet), br (broadened). Coupling constants are reported as a J value in Hertz 
(Hz). The number of protons (n) for a given resonance is indicated nH, and is based on spectral 
integration values. 13C NMR spectra are reported as d in units of parts per million (ppm) relative 
to chloroform-d (δ 77.23, t) or methanol (δ 49.15, septet).

 Gel analysis: For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
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(SDS-PAGE) was accomplished on a Mini-Protean apparatus (BioRad, USA), following the 
general protocol of Laemmli.106 Commercially-available markers (BioRad, USA) were applied to 
at least one lane of each gel for calculation of apparent molecular weights. Visualization of protein 
bands was accomplished by staining with Coomassie Brilliant Blue R-250 (BioRad, USA). Gel 
imaging was performed on an EpiChem3 Darkroom system (UVP, USA).

 High Performance Liquid Chromatography (HPLC): HPLC was performed on an Agilent 1100 
series HPLC system (Agilent Technologies, USA). Sample analysis for all HPLC experiments was 
achieved with an in-line diode array detector (DAD) and an in-line fluorescence detector (FLD). 
Size exclusion chromatography (SEC) was accomplished using an Agilent ZORBAX Bio Series 
GF-250 column (4.6 x 250 mm) (Agilent Technologies, USA) at 0.5 mL/min using a mobile phase 
of 10 mM phosphate buffer, pH 7. Reversed phase chromatography was accomplished using an 
Agilent ZORBAX Eclipse XDB-C8 column (4.6 x 150 mm) at 1 mL/min and a MeCN:ddH2O 
gradient containing 0.1% TFA and ramping from 5-100% MeCN over 15 minutes.

 Mass Spectrometry (MS): High-resolution Electrospray Ionization (ESI) mass spectra were 
obtained at the UC Berkeley Mass Spectrometry Facility. Matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectra were obtained on a Voyager-DE Pro 
Biospectrometry Workstation (Applied Biosystems, USA) using α-cyano-4-hydroxycinnamic acid 
(CHCA) as a matrix. High-resolution MALDI-TOF spectra were obtained by calibrating using 
the ProteoMass Peptide MALDI-MS Calibration Kit (Sigma, USA). Electrospray Ionization mass 
spectra for proteins were obtained on a API 150EX system (Applied Biosystems, USA) equipped 
with a Turbospray ion source and an Agilent 1100 series LC pump. Protein chromatography was 
performed using a Jupiter 5 μ C5 or C18 300 Å reversed phase column (2.0 mm x 150 mm) 
(Phenomenex, USA). A MeCN:ddH2O gradient mobile phase containing either 0.1% formic acid 
(positive ion mode) or 0.1% triethylamine (negative ion mode) at a flow rate of 250 mL/min was 
used for all LC/MS. Protein mass reconstruction was performed on the charge ladder with Analyst 
software (version 1.3.1, Applied Biosystems).

	 Illumination at 415 nm: In order to illuminate the Soret band of porphyrin 2.4 we used a 
commercially available blue LED lamp from www.acnelamp.com (Dima-Tech Inc., USA). The 
lamp contained 70 blue LED’s with a peak emission at 415 nm and an intensity of 26,273 mW/cm2.

 Illumination at 505 nm: In order to illuminate dye 2.2 at its absorbance maximum, we used 
a home-built lamp consisting of 18 blue-green LED’s (part number: 365-1185-ND) with peak 
emission at 505 nm and a millicandella rating of 9800 mcd (digi-key.com). The power source 
was a Dell HP-P2007F3 computer power supply at 12 V (Dell, USA). Three LED’s were wired in 
parallel to provide 4 V to each.

 Transmission Electron Microscopy (TEM): In order to verify capsid integrity, we synthesized 
a sample containing 180 molecules of dye 2.2 and 72 molecules of porphyrin 2.4 and analyzed it 
by TEM. Samples were prepared for TEM analysis by applying analyte solution (approximately 
50 mM in MS2) to carbon-coated copper grids for 3 min, followed by rinsing with ddH2O. The 
grids were then exposed to a solution of uranyl acetate (15 mg/mL in ddH2O) for 90 seconds as 
a negative stain and rinsed with ddH2O. TEM images were obtained at the Berkeley Electron 
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Microscope Lab using a FEI Tecnai 12 transmission electron microscope with 100 kV accelerating 
voltage.

2.5.3 Production of N87C T19pAF MS2

 The unnatural amino acid p-aminophenylalanine (paF) was incorporated into MS2 as previously 
described.89 The N87C/T19paF mutant plasmid was created by site-directed mutagenesis of the 
pBAD-T19paF MS2 vector following the Qiagen protocol using forward primer:

5’-AGCCGCATGGCGTTCGTACTTATGTATGGAACTAACCATTC-3’

and reverse primer:

5’-GAATGGTTAGTTCCATACATAAGTACGAACGCCATGCGGCT-3’.

The pBAD-N87C/T19paF was subsequently grown and purified as previously described.89

2.5.4 General procedure for chromophore modification

 To a solution of N87C T19paF MS2 (100 μM in 10 mM phosphate buffer, pH 7) was added 
20 equivalents of either Alexa Fluor 350 (2.1) or Oregon Green 488 maleimide (2.2), as a 50 mM 
solution in DMF. The reaction mixture was vortexed briefly, then left at room temperature for 2 
h in the dark. The mixture was then passed through a NAP-5 column equilibrated with 10 mM 
phosphate buffer, pH 7, to remove excess chromophore. The conversion was monitored by LC/
ESI-MS analysis.

2.5.5 General procedure for oxidative coupling

 To the solution of MS2-2.1 or MS2-2.2, purified using a NAP-5 column after the chromophore 
modification, was added 500 μM aldehyde 2.3 (as a 10 mM solution in DMF or DMSO) and 5 mM 
NaIO4 (as a 100 mM solution in water). The reaction mixture was vortexed briefly and allowed to 
stand for 10 min at room temperature, during which time it turned pink and then purple due to side 
reactions of the small molecules. Following this, 25 mM TCEP (delivered as a 330 mM solution in 
water, pH 7) was added to quench the reaction and the color disappeared. The mixture was passed 
through a NAP-10 column equilibrated with 10 mM phosphate buffer, pH 7, to remove excess 
small molecules. The modified capsids were then concentrated via centrifugation using a 100,000 
Da molecular weight cut-off filter.
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2.5.6 General procedure for porphyrin attachment

 To a solution containing the MS2 with donor dyes and aldehyde 2.3 attached was added 
porphyrin 2.4 as a 25 mM solution in 10 mM phosphate buffer, pH 7, to a concentration of 20 
μM, 100 μM, 500 μM, or 2.5 mM. The reaction mixture was vortexed briefly and then left at room 
temperature overnight (~18 h) in the dark. The mixture was then passed through a NAP-5 column 
equilibrated with 10 mM phosphate, pH 7, to remove excess porphyrin. The modified capsids were 
then concentrated via centrifugation using a 100,000 Da molecular weight cut-off filter.

2.5.7 Spectroscopic measurements

 The spectroscopic properties of the MS2 capsids with appended donor dyes and porphyrins 
were investigated by collecting steady-state absorbance and fluorescence measurements. Samples 
were diluted to an absorbance of 0.1 (for donor dye absorbance) for fluorescence measurements. 
Porphyrin excitation spectra with donor dye 2.1 were collected at the larger porphyrin emission 
band at 602 nm, whereas excitation spectra with donor dye 2.2 were collected at the smaller band 
of 655 nm in order to minimize residual dye emission. Emission spectra were collected upon 
excitation at 350 nm for dye 2.1 and 500 nm for dye 2.2.
 For quantification of porphyrin conversion using UV-Vis spectrometry, the porphyrin 
absorbance at either 350 nm (for capsids containing donor 2.1) or 500 nm (for capsids containing 
donor 2.2) was subtracted from the spectrum using the ratio of absorbance at 350 or 500 nm 
relative to the Soret band for free porphyrin. For donor 2.1, the absorbance at 350 nm of capsids 
having undergone oxidative coupling but not donor attachment was also subtracted, as the oxidative 
coupling product has a non-negligible absorbance at that wavelength.

2.5.8 Methyl viologen reduction

 The photoreduction of methyl viologen was carried out using modified literature procedure.24 
A solution containing either System A, B, or C in 10 mM phosphate buffer (pH 7), as well as 150 
μM MV2+ and 200 mM 2-mercaptoethanol, was irradiated with either the 505 nm LED lamp for 15 
min or the 415 nm lamp for 30 sec. The absorbance at 605 nm (relative to the absorbance before 
irradiation) was measured at the end of this period and converted to a concentration of [MV+∙] using 
the extinction coefficient of ε = 11,000 M-1cm-1.23 After each measurement, the sample was mixed 
by inversion, returning to the absorbance at 605 nm present before illumination. This process was 
repeated three times in order to obtain the average and standard deviation values given in Figure 
2-20.
 The values of [MV+∙] produced by Systems A and B were normalized to that produced by 
System C using the following equations. For System A:

[MV+∙]norm-A = [MV+∙]measured-A [A(Soret)System C/A(Soret)System A]
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While for System B:

[MV+∙]norm-B = [MV+∙]measured-B [A(500 nm)System C/A(500 nm)System B]

 However, the concentration of porphyrin 2.4 between Systems A and C, and the concentration 
of dye 2.2 between Systems B and C, were almost identical so these normalizations had only a 
small effect.

2.5.9 Small molecule synthesis

4-(dimethylamino)phenol (2.6): In a 100 mL round-bottom flask equipped with magnetic stir 
bar was dissolved 4-aminophenol (2.5, 1.01 g, 9.26 mmol) in 30 mL of methanol. The resulting 
mixture was cooled to 0 ºC with an ice bath. Formaldehyde, as a 37% solution in water (7.5 mL, 
92 mmol), was added, after which NaBH4 (3.48 g, 92 mmol) was added in portions to prevent 
foaming. The reaction mixture was stirred at 0 ºC for 30 min. The solvent was removed on a rotary 
evaporator and the residue was dissolved in water and extracted three times with ethyl acetate 
(50 mL each). The combined organic extracts were then concentrated under reduced pressure. 
The residue was dissolved in methylene chloride and purified by flash chromatography, eluting 
with 30% ethyl acetate in hexanes. The product was obtained as a white solid (930 mg, 74%). 1H 
NMR (400 MHz, methanol-d4): δ 6.80 (m, 2H), 6.72 (m, 2H), 2.79 (s, 6H). 13C NMR (100 MHz, 
methanol-d4): δ 150.2, 144.9, 116.6, 115.3, 41.8. HRMS (ESI) calculated for C8H12NO+ ([M-H]+) 
138.0913, found 138.0911.

4-(2-(1,3-dioxolan-2-yl)ethoxy)-N,N-dimethylaniline (2.7): To a 10 mL flame-dried round-
bottom flask equipped with magnetic stir bar was added 2.6 (250 mg, 1.82 mmol), Cs2CO3 (1.69 g, 
5.17 mmol), 2-(2-bromoethyl)-1,3-dioxolane (409 mg, 2.26 mmol), and 5 mL of anhydrous DMF. 
The orange reaction mixture was stirred under nitrogen at 50 ºC for 2 h. The solvent was removed 
under reduced pressure, and the residue dissolved in methylene chloride and purified by flash 
chromatography using a gradient of 10-40% ethyl acetate in hexanes. The solvent was removed 
under reduced pressure to yield the product as a yellow oil (181 mg, 42%). 1H NMR (400 MHz, 
CDCl3): δ 6.83 (m, 2H), 6.71 (m, 2H), 5.07 (t, 1H, J = 4.8), 4.05 (t, 2H, J = 6.6), 3.98 (m, 2H), 3.85 
(m, 2H), 2.84 (s, 6H), 2.12 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 151.2, 145.9, 115.6, 114.8, 
102.2, 64.9, 64.4, 41.8, 34.1. HRMS (ESI) calculated for C13H20NO3

+ ([M-H]+) 238.1438, found 
238.1439.

3-(4-(dimethylamino)phenoxy)propanal (2.3): Compound 2.7 (48 mg, 0.20 mmol) was dissolved 
in 5 mL of 1:1 acetone:water in a 10 mL round-bottom flask equipped with magnetic stir bar. To 
this solution was added p-toluenesulfonic acid monohydrate (58 mg, 0.30 mmol). The mixture was 
heated to reflux for 3 h, after which the acetone was removed under reduced pressure and 2 mL of 
5% bicarbonate solution was added. The solution turned cloudy and then pink, and was extracted 
with five portions of ethyl acetate (10 mL). The combined organic extracts were dried over sodium 
sulfate and concentrated under reduced pressure. Compound 2.3 was obtained as a brown oil (34 
mg, 87%), which was stored at  20 ºC as a 250 mM solution in DMF or DMSO in order to prevent 
oxidation. 1H NMR (400 MHz, CDCl3): δ 9.84 (t, 1H, J = 1.6), 6.84 (m, 2H), 6.72 (m, 2H), 4.25 
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(t, 2H, J = 6), 2.85 (s, 6H), 2.84 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 200.8, 150.7, 146.2, 
115.8, 114.9, 62.6, 43.5, 41.8. HRMS (ESI) calculated for C11H16NO2

+ ([M-H]+) 194.1176, found 
194.1175.

5-(4-aminophenyl)-10,15,20-tris(4-sulfonatophenyl)porphyrin, trisammonium salt (2.8): This 
compound was prepared according to reported literature methods.96-98

2-(tert-butoxycarbonylaminooxy)acetic acid (2.9): This compound was prepared according to a 
reported literature method.107

5-(4-(2-(tert-butoxycarbonylaminooxy)acetamido)phenyl)-10,15,20-tris(4-sulfonatophenyl) 
porphyrin, trisammonium salt (2.10): Porphyrin 2.8 (29 mg, 0.031 mmol) was dissolved in 4 
mL of anhydrous DMF in a 20 mL scintillation vial equipped with a magnetic stir bar. Compound 
2.9 (59 mg, 0.31 mmol), DIPEA (81 μL, 0.47 mmol), and HATU (119 mg, 0.31 mmol) were added 
and the reaction mixture was stirred at RT for 3 days. The reaction progress was monitored by 
MALDI-TOF MS and reversed phase HPLC. Following completion of the reaction, the solvent 
was removed on a rotary evaporator and the resulting mixture was dissolved in 100 mM phosphate 
buffer, pH 7. The solution was then purified as the NH4

+ salt using a Strata X-AW 33 mm polymeric 
weak anion exchange column and a Strata C18-E reversed phase column (Phenomenex, USA). 
The solvent was removed under reduced pressure to yield the product as a purple solid (27 mg, 
79%). 1H NMR (400 MHz, methanol-d4): δ 8.86 (br, 8H), 8.29 (d, 12H, J = 6.0), 8.20 (d, 2H, J = 
7.6), 8.13 (d, 2H, J = 8.4), 4.58 (s, 2H), 1.58 (s, 9H). 13C NMR (100 MHz, methanol-d4): δ 170.4, 
160.6, 146.3, 145.3, 139.4, 139.3, 136.4, 135.7, 125.7, 121.7, 120.8, 120.7, 119.7, 83.6, 77.4, 28.7. 
HRMS (MALDI-TOF) calculated for C51H43N6O13S3

+ ([M-H]+) 1043.20, found 1043.12.

5-(4-(2-aminooxyacetamido)phenyl)-10,15,20-tris(4-sulfonatophenyl)porphyrin, 
trisammonium salt (2.11): To porphyrin 2.10 (16 mg, 0.015 mmol) in a 20 mL scintillation vial 
equipped with magnetic stir bar was added 5 mL of neat TFA. The heterogeneous green reaction 
mixture was stirred for 30 min at RT and the reaction progress was monitored by MALDI-TOF MS 
and reversed phase HPLC. The TFA was removed using a stream of nitrogen and the green residue 
was dissolved in water containing a few drops of 5% NH4OH solution in order to deprotonate the 
porphyrin. The resulting purple mixture was purified as the NH4

+ salt using a Strata X-AW 33 mm 
polymeric weak anion exchange column (Phenomenex, USA). The solvent was removed using a 
stream of nitrogen to yield the product as a purple solid (15 mg, 100%). HRMS (MALDI-TOF) 
calculated for C46H35N6O11S3

+ ([M-H]+)  943.15, found 943.13.

5-(4-(2-aminooxyacetamido)phenyl)-10,15,20-tris(4-sulfonatophenyl) zinc porphyrin 
trisammonium salt (2.4): Porphyrin 2.11 (4.5 mg, 0.0045 mmol) was dissolved in 4 mL of dry 
DMF in a 20 mL scintillation vial equipped with magnetic stir bar. Anhydrous Zn(OAc)2 (8.3 mg, 
0.045 mmol) was added and the reaction mixture was stirred at 60 ºC for 2 h. Reaction progress 
was monitored by UV-Vis spectroscopy, with the four Q bands of the free base porphyrin becoming 
two upon metallation. The reaction mixture was diluted 20-fold with water then purified as the 
NH4

+ salt using a Strata X-AW 33 mm polymeric weak anion exchange column (Phenomenex, 
USA). The solvent was removed using a stream of nitrogen to yield the product as a purple solid 
(3.8 mg, 79%). 1H NMR (400 MHz, methanol-d4): δ 8.90 (d, 2H, J = 4.8), 8.85 (m, 6H, J = 6.8), 
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8.28 (d, 6H, J = 7.6), 8.23 (d, 6H, J = 8.0). 8.17 (d, 2H, J = 8.4), 8.03 (d, 2H, J = 8.0), 4.42 (s, 2H). 
13C NMR (100 MHz, methanol-d4): δ 167.6, 150.2, 149.8, 149.7, 145.5, 144.1, 134.6, 134.0, 131.4, 
131.2, 131.0, 123.7, 119.5, 119.4, 118.3. HRMS (MALDI-TOF) calculated for C46H32N6O11S3

+ 

([M]+) 1004.06, found 1004.07.
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CHAPTER 3: Dual-surface modified MS2 capsids 
for targeted delivery of photodynamic agents to 
cancer cells

Abstract: Bacteriophage MS2 was used to construct a targeted, multivalent photodynamic 
therapy vehicle for the treatment of Jurkat leukemia T cells. The self-assembling spherical virus 
was modified on the interior surface with up to 180 porphyrins capable of generating singlet 
oxygen upon illumination. The exterior of the capsid was modified with around 20 copies of a 
Jurkat-specific aptamer using an oxidative coupling reaction targeting an unnatural amino acid. 
The capsids were able to kill 76% of the Jurkat cells after only 20 minutes of illumination. Capsids 
modified with a control DNA strand did not target Jurkat cells, and capsids modified with the 
aptamer were found to be specific for Jurkat cells over U266 cells (a control B cell line). The 
doubly-modified capsids were also able to kill Jurkat cells selectively even when mixed with 
erythrocytes, suggesting the possibility of using this system to target blood-borne cancers or other 
pathogens in the bloody supply.

Portions of the work described in this chapter have been reported in a separate publication.1 

3.1 Introduction

3.1.1 Targeted drug delivery

 One of the chief goals in human medicine is to kill pathogenic or diseased cells selectively, 
while leaving healthy cells unharmed. In a broad sense, there are two main approaches to achieve 
such selectivity: 1) construct a treatment that only affects the targeted cells, or 2) deliver an 
inherently non-specific treatment to the targeted cells but not healthy ones. The first approach has 
been the basis for drugs such as antibiotics (which disrupt bacterial processes, but not mammalian 
ones) or vaccines (which help the body generate a highly pathogen-specific immune response), 
and is highly desirable when possible due to its high specificity and often minimal side effects. 
However, in many cases it is not possible to develop such a selective treatment because the targeted 
cell is too similar to healthy cells. A prime example of this limitation is cancer: cancerous cells 
have undergone certain genetic or epigenetic changes that cause them to proliferate much more 
quickly than normal cells, but drugs that target these changes are usually plagued by side effects. 
Indeed, many commonly-used chemotherapy treatments will kill both cancerous and healthy cells, 
with the hope that the former will die faster than the latter, but with a host of deleterious effects 
nonetheless.
 The second approach, by contrast, relies on the selective recognition of a diseased cell by a 
drug carrier to deliver a treatment that would be toxic to a range of cells. Although this approach 
increases the complexity of the treatment, since both recognition element and drug must be 
incorporated together, it can take advantage of a wide range of non-specific drugs and match them 
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with a similarly wide range of recognition elements. It is quite difficult to discover a drug that has 
a fundamentally specific mode of action for a given cell, often necessitating screening millions of 
compounds in the hopes of a “hit”; finding a specific ligand to target, by contrast, is often easier. 
Cancer cells, for example, have a host of receptors over-expressed on their surfaces as a result 
of the genetic changes that have made them proliferate uncontrollably. Thus, while it might be 
difficult to target their basic cellular processes selectively (since healthy cells possess most of the 
same processes, simply at different rates), it might be possible to target a particularly abundant, or 
unique, cellular surface receptor.
 In addition, it is often easier to develop, with little previous knowledge of the target, a 
recognition element for a particular cellular receptor compared with finding a drug that selectively 
targets a particular process in diseased cells. Several approaches have been developed in the last 
few decades for finding molecules that bind specifically with high affinity to a particular type of 
receptor or cell. Antibodies, the highly selective recognition elements of the immune system, can 
be raised against a wide range of antigens, and the diversity of the antibody-generation process 
can lead to highly specific targeting groups.2-4 Another technique for generating and screening 
a large number of potential targeting groups is phage display.5-7 By using an E. coli virus like 
bacteriophage M13, a large library of peptides or proteins can be explored as a fusion to the phage 
capsid, screened for binding a cell or receptor of interest, and then rapidly identified and optimized. 
Yet another approach relies on RNA or DNA aptamers, single-stranded oligonucleotides that can 
bind with high selectivity and affinity to almost any desired target, and that can be evolved and 
optimized by repeated rounds of mutagenesis and screening.8-11

3.1.2 Nanoscale agents as targeted drug carriers

 In recent years, one of the most interesting and promising avenues of research in directed 
targeting of drugs to diseased cells has involved nanoscale components. Relative to small 
molecules, agents in the size of tens to hundreds of nanometers offer certain distinct advantages. 
They tend to have longer circulation times, allowing for an increased chance that the drug will 
reach its desired destination before being cleared.12-17 They also offer enhanced access to cancerous 
tissues through the enhanced permeation and retention (EPR) effect, whereby tumor vasculature 
is more porous than its healthy counterpart, allowing for objects in the nanoscale regime to enter 
selectively.18,19 Perhaps more importantly, however, the larger size of nanoscale carriers (compared 
to small molecules) allows them to house a greater drug payload, yielding a higher killing efficacy 
per particle. In addition, since these agents are often composed of multiple components, they offer 
the possibility of multivalency: multiple targeting groups to enhance not only specificity but also 
affinity for the target.
 As a result of these benefits, the area of nanoscale drug delivery has expanded dramatically 
in the past two decades, with countless researchers exploring many different, and ultimately 
complementary, strategies for constructing multivalent drug carriers. One of the first, and most 
active areas of research involves liposomes: vesicles constructed from phospholipids (or other 
amphiphiles) that self assemble and encapsulate hydrophilic drugs in their interior, or hydrophobic 
drugs in their membrane.12,20-22 Their large size prevents them from being rapidly cleared by the 
kidneys, and the membrane protects their cargo from degradation by proteases (for proteins or 
peptides) or nucleases (for DNA or RNA). They are usually tens to hundreds of nanometers in 
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size, although it is difficult to get a tightly controlled polydispersity since their assembly is not 
inherently controlled. Although they are, as a rule, cleared fairly quickly by macrophages and the 
reticuloendothelial system, modification of their surface with polyethylene glycol (PEG) can help 
prevent recognition and increase circulation time further.23 Because of their large size, however, 
they can take advantage of the EPR effect to selectively accumulate in tumors.
 Functionalizing the head groups of the phospholipids that comprise the liposome (either before 
or after self assembly into the nanostructure) with targeting groups allows them to be selectively 
targeted to a certain tissue. Attaching folate to the liposome, for example, allows selective targeting 
of its cargo to cancerous KB cells by endocytosis after binding the overexpressed folate receptor 
on their surface.20 A wide range of both hydrophilic and hydrophobic drugs, as well as nucleic 
acids (by electrostatic pairing with a cationic phospholipid, for example), proteins, and peptides 
have been delivered with liposomes, and a range of targeting groups, from small molecules to 
antibodies, have been used to direct them to a particular cell type.24 Related to liposomes are 
micelles, including polymeric micelles, which are ~100 nm in size and are particularly useful 
for delivering hydrophobic drugs.24,25 Micelles can be held together by a wide range of forces 
(hydrophobic, electrostatic, hydrogen bonding), can encapsulate diverse cargoes (nucleic acids, 
enzymes, or drugs), and can also be targeted by modifying their external surface with a receptor-
specific ligand.26

 Inorganic nanoparticles have also been investigated extensively as drug delivery vehicles, 
with a particular emphasis on the imaging and treatment of cancer.27-30 The size (again in the tens 
to hundreds of nanometers) of the particles makes them amenable to surface functionalization 
with multiple drugs and targeting groups, and allows selective access to leaky tumor vasculature. 
The unique physical properties of the nanoparticles can be exploited for treatment, such as the 
photothermal destruction of cells that have taken up gold nanostructures by irradiation with light,31-33 
or the delivery, trapping, and drug release from magnetic nanoparticles using magnetic fields.34-37 
Nanoparticles can often be imaged by a variety of techniques, allowing for both visualization and 
eventual treatment of the target.27

 Polymers have also been widely employed in therapeutic and targeted delivery applications.38 
Their high molecular weight and ability to deliver many copies of a drug and display multiple 
pendant targeting groups makes them attractive candidates for long-circulating and multivalent 
constructs. By making the polymer backbone biodegradable, drug release can be facilitated and 
undesired bio-accumulation avoided. Polymers can also be formulated into nanoparticles containing 
drugs on their interior, and targeting groups (such as aptamers) on their exterior for the selective 
delivery to cancer cells.39,40 Dendrimers are one class of polymers that have proved particularly 
promising for drug delivery, due to their well-defined molecular architecture, low polydispersity, 
and dense presentation of targeting ligands.41,42 As with polymers, the linkages that comprise the 
dendrimers can be synthesized to be biodegradable and acid sensitive, allowing for dissolution in 
the low-pH environment of the endosome. Dendrimers also allow for tunable geometries and the 
incorporation of different solubilizing and targeting groups on a single molecule by differential 
functionalization.43,44
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3.1.3 Virus capsids as nanoscale delivery agents

 Given the advantages of nano-sized drug carriers mentioned above, we became interested 
in using virus capsids as scaffolds to construct a targeted delivery vehicle. Capsids, the protein 
shells that surround and protect a virus’s genetic material, offer several distinct advantage as a 
scaffold to integrate targeting moieties with a drug payload.45 First, they are usually uniform in size 
(unlike a number of other delivery agents, like liposomes or micelles), allowing for the creation 
of a well-defined, monodisperse platform. Second, because they are comprised of multiple (often 
hundreds to thousands) of identical proteins, they offer the possibility for multivalency in both the 
drug cargo and targeting group by chemically functionalizing the monomers that comprise them. 
In addition, capsids have distinct interior and exterior surfaces, allowing for segregation of the 
cargo from the targeting groups, both to prevent interference between them as well as to protect a 
potentially sensitive drug molecule or solubilize a hydrophobic one. Finally, capsids are comprised 
of inherently biodegradable proteins, and will be dissociated and degraded by the body, preventing 
undesired bio-accumulation.
 Due to these advantages, several groups have investigated chemically modified virus capsids as 
targeted delivery agents (see Section 1.2.2 for an in-depth discussion).46,47 A wide range of capsids 
have been employed for this purpose, like the cowpea mosaic virus (CPMV), cowpea chlorotic 
mottle virus (CCMV), bacteriophage M13, and bacteriophage MS2 (as described in this chapter). 
A range of targeting ligands has been attached to these scaffolds, including small molecules like 
folate or peptides specific for a disease-specific receptor. Most of these applications have, so far, 
been geared towards either proof-of-principle (e.g. showing that labeling capsids with a targeting 
group allows them to accumulate in a certain tissue selectively), or towards the imaging of diseased 
tissues.46 One notable example of treatment using a modified virus capsid was recently reported 
by the groups of Trevor Douglas and Mark Young using the CCMV capsid.48 In this example, 
a genetically introduced surface cysteine on CCMV was modified with the iodoacetamide of a 
ruthenium-based photosensitizer capable of generating cytotoxic singlet oxygen upon illumination 
(see Figure 1-10 and Section 3.2.1 for more details). The exterior surface was then modified a 
second time at a lysine residue with biotin, allowing for association with a biotinylated antibody 
attached to S. aureus bacteria via the biotin-streptavidin interaction. The resulting conjugate was 
able to inactivate the targeted bacterium when exposed to light.
 Although a number of proof-of-principle examples of virus modification and targeting have 
been reported, only a handful have actually demonstrated selective killing of a particular cell 
type. Among these examples, none have used the dual-surface strategy, whereby the drug cargo is 
segregated from the targeting group by appending it to the interior vs. the exterior of the capsid. 
Critical to the use of capsids in this context is the ability to modify them selectively on the two 
surfaces. This feat requires orthogonal bioconjugation chemistry that can selectively target 
different resides on the monomers that comprise the protein shell. Zac Carrico had developed 
such chemistry to modify the interior and exterior surfaces of bacteriophage MS2 (see Section 
2.2.1) using a mutagenically introduced cysteine residue inside the capsid (C87) and an oxidative 
coupling reaction targeting the unnatural amino acid p-aminophenylalanine (paF) on the exterior 
of the capsid. In order to convert MS2 into a targeted delivery vehicle, Gary Tong appended a 
single-stranded DNA aptamer known to bind to Jurkat leukemia T cells49-51 to the exterior surface 
of the capsids. This aptamer had been evolved by screening a library of ssDNA for binding against 
Jurkat cells, highlighting the power of molecular evolution for finding good targeting groups for 
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directed delivery, as mentioned in Section 3.1.1 above. By modifying the interior of the capsids 
with AlexaFluor 488 maleimide and the exterior surface with the DNA aptamer, he was able to 
show that the capsids bound to Jurkat cells.52 Figure 3-1 shows Gary’s key result: cells exposed to 
fluorescently-labeled capsids bearing the aptamer showed a marked increase in fluorescence (via 
flow cytometry) than cells that had not been exposed to capsids, cells exposed to capsids lacking 
the aptamers, or cells exposed to capsids bearing a random DNA sequence not expected to bind 
their surface.

3.2 Design considerations

3.2.1 Choice of porphyrins as the drug cargo

 In order to convert the aptamer-modified capsids into a treatment for the targeted Jurkat cells, 
we wanted to replace the fluorescent molecule on the interior of the capsid with a drug molecule. 
For this purpose, we chose porphyrins (see Section 2.2.2 for more details) due to their ability to 
generate singlet oxygen (1O2), a highly cytotoxic molecule, upon illumination with visible light.53-56 
When a porphyrin is irradiated, its electrons transition from the ground to the first singlet excited 
state; they can then undergo intersystem crossing (which is technically spin-forbidden) to the first 
triplet excited state with high efficiency. From this triplet state, they can relax to the singlet ground 
state by sensitizing a separate ground-state triplet molecule to the singlet state in a spin-allowed 
process. The fact that ground state oxygen is a triplet, whereas most organic molecules are in the 
singlet state, is the main reason things do not “spontaneously combust”; with singlet oxygen this 
restriction is removed, so it is not surprising that it is highly damaging to cells. It has been shown to 
compromise cell membranes, as well as damaging DNA, lysosomes, and mitochondria in cells.53

 The treatment of pathogens with singlet oxygen using sensitizers like porphyrins is called 
photodynamic therapy (PDT), and has been used extensively in the past to treat certain types 

FIGURE 3-1: Targeting Jurkat cells with aptamer-modified MS2 capsids. A) MS2 capsids were modified with a 
fluorescent dye (Alexa Fluor 488) maleimide on the interior surface, and a Jurkat-specific DNA aptamer on the 
exterior surface. B) Jurkat cells were exposed to the dual-surface modified capsids and then examined by flow cytom-
etry. Only capsids bearing the Jurkat-specific aptamer on the outside bound to cells, as evidenced by the Alexa Fluor 
488 fluorescence. 
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of cancer. Because the penetration depth of the blue light used in tissue is not particularly large, 
PDT has found its greatest use in treating shallow cancers, like those of the skin or esophagus.53 
However, by using fiber optic cables to deliver the light, or using photosensitizers that absorb 
longer-wavelength light (like phthalocyanines), this limitation can be overcome, and singlet 
oxygen has been used for a variety of deeper tumors such as breast or brain cancers.53 One of the 
benefits of singlet oxygen, however, is that because of its highly reactive nature it has an effective 
radius of damage of only ~100 nm,57 so a targeted PDT vehicle should be ideal for highly localized 
damage, and should not affect surrounding, non-targeted cells.

3.2.2 Choice of aptamers as the targeting group

 DNA aptamers represent an attractive targeting group in drug delivery schemes. Consisting 
of single-stranded deoxyribonucleotide chain, DNA aptamers fold into a three-dimensional shape 
that can bind a particular epitope, often with high specificity and affinity.8-11 Because they are 
comprised of nucleic acids, they can be easily synthesized on a solid phase, with a variety of 
functionality for subsequent modification and attachment to the delivery vehicle. They are also 
more stable than their RNA counterparts in vivo, and backbone substitutions can increase their 
stability even further.58,59 Perhaps most attractive, however, is the ability to evolve DNA aptamers 
in the laboratory much more easily than peptide or small molecule evolution approaches, by using 
the Systematic Evolution of Ligands by Exponential Enrichment (SELEX),8,9 a method by which 
a large, random library of ssDNA sequences is screened for binding against a target. Those strands 
that adhere to the target of interest are mutated in order to try to optimize the binding, and the 
process is repeated several times to obtain a high affinity, selective sequence.
 Aptamers can be evolved against a defined ligand (e.g. a receptor known to be over-expressed 
in cancer cells), or against a less well-defined target. For example, the aptamer used in Gary’s 
Jurkat targeting procedure (reported by the Tan lab, which first discovered it, as sgc8c,49-51 and 
referred to hereafter as strand A), was identified by screening the library for sequences that bound 
to Jurkat cells and not to a range of other, non-targeted cells. Only after the discovery of this 
strand was it discovered that these aptamers bound to a protein tyrosine kinase 7 (PTK7) receptor 
overexpressed on the surface of Jurkat cells.

3.2.3 Dual-surface capsid modification

 In order to convert the aptamer-modified capsids into a selective PDT vehicle for Jurkat cells, 
we decided to create the system shown in Figure 3-2A. Using the N87C/T19paF MS2 double 
mutant (see Section 2.2.1 for further information about this virus capsid), we decided to modify 
the interior of the capsid with a porphyrin maleimide capable of generating singlet oxygen upon 
illumination with blue light. Based on our previous experience with porphyrin bioconjugation (see 
Section 2.2.2), we knew that positively charged porphyrins tended to stick rather tenaciously to the 
capsids due to electrostatic interactions. As a result, we decided to synthesize negatively charged, 
water soluble porphyrin maleimide 3.1 (Figure 3-2B), based on reported literature procedures,60,61 
in order to modify the C87 residues on the inside surface. Modifications of this residue with other 
maleimide dyes often proceeded to ~100% (see Figure 2-10, for example), so this approach was 
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likely to yield a high number of porphyrins inside the capsid (and thus increased photodynamic 
efficiency).
 In a second step, the exterior of porphyrin-laden capsids would be modified at paF19 using the 
DNA aptamer A. Gary used an oxidative coupling reaction previously developed in the Francis 
lab62,63 to append ssDNA sequences on the exterior surface of the capsids as previously reported.52 
He modified the oligonucleotide with an N,N-dialkyl phenylene diamine moiety and coupled it 
to the unnatural amino acid using sodium periodate, as shown in Figure 3-2C (see Section 2.2.1 
and Figure 2-4B for more details). By sequestering the porphyrins on the interior surface of the 
capsid, separate from the external aptamers, they should not interfere with the DNA modification 
or the eventual aptamer binding. Furthermore, it was found that hydrophobic molecules appended 
to the exterior of MS2 adversely compromised capsid solubility,64 so this approach could prove 
particularly useful for the use of hydrophobic drugs, as has already been demonstrated with taxol,65 
in the future.

FIGURE 3-2: Construction of a multivalent cell-targeted photodynamic vehicle using recombinant bacterio-
phage MS2. A) Cysteine residues on the capsid interior were modified using (B) porphyrin maleimide 3.1 (rendered 
in purple in (A)), enabling the generation of singlet oxygen upon illumination at 415 nm. Exterior 
p-aminophenylalanine (paF) residues introduced using the Schultz amber suppression technique were coupled to 
N,N-dialkyl phenylene diamine modified DNA aptamers previously shown to bind tyrosine kinase 7 receptors. About 
20 aptamers were installed on each capsid surface. The orange DNA strands in the cartoon are based on a structurally 
characterized DNA aptamer of different sequence, but similar length (PDB ID: 3HXO). They are included only to 
portray the relative sizes of the biomolecular components. C) The aptamers were attached to the external paF19 
residues using a periodate-mediated oxidative coupling reaction.
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 As mentioned in Section 3.1.3 (and described in more detail in Section 1.2.2 and Figure 1-10), 
the Douglas and Young laboratory constructed a PDT vehicle by modifying the CCMV virus with 
a ruthenium sensitizer and using the biotin-streptavidin interaction to attach it to S. aureus cells 
modified with a biotinylated antibody. Although encouraging, this approach differs from our own 
in several regards. First it relied on external surface modification in two locations, rather than the 
inside and outside of a capsid. Also, the targeting group was attached to the cells in an initial step 
before addition of the capsids; dually functionalized capsids were never produced and purified as 
a distinct conjugate. The targeting moiety (an antibody) is also a more labor-intensive molecule to 
produce compared with a DNA aptamer. Finally, ruthenium-based photosensitizers have a much 
lower extinction coefficient and quantum yield from intersystem crossing than porphyrins, making 
them less efficient photosensitizers.

3.3 Results and Discussion

3.3.1 Synthesis and characterization of modified MS2 capsids

 In order to synthesize porphyrin maleimide 3.1 for attachment to N87C, we followed two 
recently reported literature procedures.60,61 The full synthesis is shown in Scheme 3-1, the first 
three steps of which have also been outlined and discussed in Section 2.2.2. Tetraphenyl porphyrin 
(3.2), which is commercially available and relatively inexpensive, was nitrated using fuming nitric 
acid in chloroform. This reaction resulted in a mixture of porphyrins bearing zero, one, or two nitro 

Scheme 3-1. Synthesis of porphyrin maleimide 3.1
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groups, and the desired mono-nitrated product (3.3) could be isolated by flash chromatography. 
Next, the nitro group was reduced to the mono-aniline (3.4) by reduction using tin chloride in neat 
hydrochloric acid. We found that it was easier to separate porphyrin bearing anilines compared 
with those bearing nitro groups (due to their greater overall polarity), so we subjected the crude 
product mixture from the nitration reaction to the reduction conditions and purified the mono-
aniline at that stage.
 Following introduction of the aniline, the three unfunctionalized phenyl rings were sulfonated 
by heating the porphyrin in neat sulfuric acid for 3 days. The final product was purified as the tris-
(tetrabutyl ammonium) salt (3.5) by dissolving it in water saturated with tetrabutyl ammonium 
chloride and extraction into chloroform. This cation switch allowed 3.5 to be soluble in both 
organic solvents (like chloroform or acetonitrile) as well as water. The maleimide was installed in a 
two-step procedure from 3.5 by reaction with maleic anhydride and acetic anhydride in acetonitrile 
(hence the utility of the tetrabutyl ammonium counterions), yielding maleimide 3.1, again as the 
tetrabutyl ammonium salt. This compound was stored as a frozen 50 mM solution in DMSO at -20 
°C to prevent hydrolysis.
 Exposure of N87C/T19paF MS2 to 20 equivalents of porphyrin 3.1 for 2 h, followed by 
removal of excess porphyrin by gel filtration, resulted in capsids bearing the characteristic intense 
Soret absorbance band of the porphyrin at around 420 nm. The reaction conversion was estimated 
to be around 100% by comparing the absorbance of the porphyrin (εSoret = 266,000 M-1cm-1) to 
that of the protein (ε260 nm  = 172,000 M-1cm-1). In a second step, DNA aptamer A was attached, as 
previously described.52 Figure 3-3A shows the UV-Vis spectrum for the MS2-3.1-A conjugate, 
clearly demonstrating the Soret band absorbance to be illuminated for singlet oxygen generation. 
Furthermore, transmission electron microscope (TEM) images of the capsids showed that they 
were intact and the expected size (27 nm diameter) after the two rounds of modification (Figure 
3-3A, inset). This fact was independently confirmed by size exclusion chromatography (data not 

FIGURE 3-3: Characterization of porphyrin-containing MS2 capsids with aptamer targeting groups. A) The 
UV-Vis spectrum of the MS2-3.1-A conjugate clearly showed the Soret absorbance of the porphyrin, which could be 
illuminated to generate singlet oxygen. Inset: TEM image confirming that capsids were still intact after dual surface 
modification.  B) Gel analysis of the MS2-3.1-A double-conjugate showed a new band (i) corresponding to the attach-
ment of the aptamer. A very small amount of capsid protein dimer (ii) was also observed, corresponding to reaction 
between adjacent paF residues on the capsid surface.  Lane 1: wtMS2. Lane 2: MS2-3.1-A. C) N87C MS2 (expected 
mass = 13,718 amu) was reacted with porphyrin maleimide 3.1 for 2 h at RT. Following purification of excess small 
molecule, LCMS analysis indicated the covalent attachment of the porphyrin to C87 to approximately 75% yield. 
However, the modification level by LCMS did not parallel the modification determined by UV-Vis, likely due to the 
poor ionization of the MS2-porphyrin conjugate. Thus, we could confirm covalent attachment but not the efficiency 
of the reaction.
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shown) as described in Section 2.3.2 and 3.3.2. Analysis of the dual-modified capsids by SDS-
PAGE (Figure 3-3B) clearly showed a protein band corresponding to the DNA-modified MS2 
monomer; by densitometry the amount of DNA attached was estimated at 11%, or roughly 20 
aptamers per capsid.
 We also investigated the porphyrin conjugation by electrospray ionization (ESI) mass 
spectrometry to confirm covalent attachment. For these studies we used N87C MS2 (lacking the 
external paF group) due to its greater availability, and we have not observed any difference in 
cysteine reactivity between capsids with and without the unnatural amino acid. ESI-MS analysis of 
the maleimide conjugation showed a peak corresponding to the MS2-3.1 conjugate (Figure 3-3C), 
and the conversion was estimated at 75%. However, we have often observed that modification 
of proteins with anionic dyes leads to a suppression of ionization under ESI-MS conditions, so it 
is likely that this technique underestimates the conversion. Overall, however, we were confident 
that the reaction had proceeded to between 75-100% conversion, installing between 135 and 180 
porphyrins per capsid.
 To confirm that the discrepancy between the UV-Vis and ESI-MS results was not due to 
noncovalent association of the porphyrin to the capsids, we carried out reversed phase (RP) HPLC 
analysis of the MS2-3.1 conjugate. As described in Section 2.2.2 and Figure 3-4A, under the 
RP-HPLC conditions used, the capsids disassemble and any noncovalently bound porphyrin will 
elute at its characteristic time (~5.5 minutes). Only porphyrin covalently attached to the protein 
monomers should elute with the protein peak. Figure 3-4B shows the RP-HPLC traces for wild-type 
(not bearing C87) and N87C MS2 after exposure to 3.1 and removal of excess small molecule. The 
protein peak at 9.1 minutes was clearly visible, and no noncovalently bound porphyrin was seen 
for either sample. However, the UV-Vis spectra of the protein peaks clearly showed a porphyrin 
absorbance for the N87C capsids, but not for the wild-type capsids (Figure 3-4C). Thus, we were 
confident that the porphyrin was covalently bound, and only attached to C87.

FIGURE 3-4: Verifying the covalent attachment of the porphyrin by reversed phase (RP) HPLC. A) Under the 
RP-HPLC conditions, the capsids will disassemble and any noncovalently-bound porphyrin will be released and 
should elute at its characteristic time (~5.5 min). Porphyrin covalently attached to the MS2 monomers will elute with 
the protein peak. B) RP-HPLC analysis of both wild-type (wt) and N87C MS2 exposed to porphyrin 3.1 shows a 
single protein peak at 9.1 minutes. Furthermore, free porphyrin 3.1 elutes at around 5.6 minutes; the lack of any such 
peak in the RP-HPLC traces indicates that there was little to no noncovalently associated porphyrin. C) The UV-Vis 
spectrum of the RP-HPLC peak corresponding to N87C MS2 exposed to porphyrin 3.1 has a strong porphyrin absor-
bance, whereas the UV-Vis trace of the wtMS2 RP-HPLC peak does not, strongly suggesting that the porphyrin is 
attached at C87. The nature of the Soret band doubling in the N87C MS2 sample is unknown.
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3.3.2 Analysis of singlet oxygen production

 To verify that the MS2-3.1-A capsids could produce singlet oxygen, as well as quantify the 
amount produced, we used an assay based on the bleaching of anthracene-9,10-dipropionic acid 
(ADPA) as an indicator. Singlet oxygen will undergo Diels-Alder type cycloaddition with the 
internal diene of ADPA to form a bridged peroxo species that subsequently degrades into various 
fragments, as shown in Figure 3-5A.66 Upon illumination of a solution of MS2-3.1-A with 415 
nm light from a commercially available LED lamp, the ADPA peak (which elutes at 8.8 minutes 
under RP-HPLC conditions, Figure 3-5B) diminished, eventually disappearing completely with 
increased illumination time. No loss of ADPA was observed for capsids that were not illuminated, 
or capsids bearing aptamer A, but not porphyrin 3.1, that were illuminated. In addition, a solution 
of free porphyrin 3.1 that was illuminated at 415 nm showed a time-dependent bleaching of ADPA, 
strongly suggesting that it was indeed the porphyrin that generated singlet oxygen, and then only 
upon exposure to light.
 In order to quantify the amount of singlet oxygen produced, we carried out a time-course of the 
ADPA bleaching. A solution containing N87C MS2-3.1 (not containing paF19 or strand A due to 
the availability of the material) and 1 mM ADPA was illuminated at 415 nm and a UV-Vis spectrum 
was obtained at 2 minute intervals. The bleaching of ADPA was determined by the decrease in the 
254 nm peak with time. As shown in Figure 3-5C, the concentration of ADPA steadily decreased, 
leveling off after about 20 minutes of illumination. From the amount of indicator bleached, we 
determined that each porphyrin had produced roughly 2,000 molecules of singlet oxygen in this 
time period; a fully-modified capsid would therefore produce about 360,000 molecules of the 
reactive oxygen species in 20 minutes. Furthermore, due to its high reactivity and the moderate 
concentration of indicator, it’s very likely that not all of the singlet oxygen was trapped by the 
ADPA, so that this number represents a lower limit. Upon addition of a second aliquot of indicator 
and the continuation of illumination, the concentration of ADPA dropped further, suggesting that 
the leveling off seen in the first 20 minutes was probably due to depletion of the available oxygen 
in solution, not due to inactivation of the porphyrin. Upon addition of fresh oxygen in the second 
aliquot, bleaching resumed.

FIGURE 3-5: Analyzing singlet oxygen production using anthacene-9,10-dipropionic acid (ADPA). A) In the 
presence of singlet oxygen, ADPA undergoes a Diels-Alder type addition to its central ring, forming a bridged peroxo 
species that subsequently degrades into various byproducts. Upon degradation, the characteristic absorbance at 254 
nm disappears. B) ADPA elutes at 8.8 minutes under the reversed-phase (RP) HPLC conditions used. The ADPA peak 
decreases after illumination in the presence of MS2-3.1, indicating the presence of singlet oxygen. C) A time-course 
for ADPA bleaching was carried out in order to quantify the amount of singlet oxygen produced. The absorbance of 
ADPA (at 254 nm) was measured at 2 minute intervals as a solution of ADPA and MS2-3.1 was illuminated. After 20 
minutes, an additional aliquot of ADPA was added and illumination was continued.
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 We also analyzed the MS2-3.1-A conjugates before and after illumination by size exclusion 
chromatography (SEC) to determine the effect of singlet oxygen on capsid integrity (see Section 
2.3.2). Both before and after illumination (for 20 minutes at 415 nm), the majority of the capsids 
were intact, as evidenced by the peak at 3.4 minutes in Figure 3-6A,B. Furthermore, analyzing the 
UV-Vis spectra of the SEC peaks (Figure 3-6C) showed that the porphyrin absorbance was only 
slightly (~10%) diminished, confirming that the singlet oxygen produced did not significantly 
bleach it. In addition, the 260 nm absorbance was identical before and after illumination, suggesting 
that the DNA aptamer A was still attached, a fact independently confirmed by SDS-PAGE (data 
not shown). With increased illumination time, the amount of intact capsid did slowly decrease; no 
monomers or disassembled capsids were seen on the SEC, presumably due to aggregation of the 
compromised capsids, but the area of the intact capsid peak decreased with time. The porphyrin 
became increasingly bleached as well, until by around 90 minutes of illumination it was mostly 
gone, and the capsids were largely destroyed. However, in a 20 minute time period there was 
minimal effect on the dual-modified conjugates.

3.3.3 Selective photodynamic killing of Jurkat cells

 Armed with our dual-surface modified capsids, we next sought to target and selectively kill 
Jurkat leukemia T cells via PDT. In order to assay the effectiveness of the modified capsids, we 
used surface-immobilized cells to test their photodynamic efficacy. Jurkat cells were immobilized 
on a glass slide using a DNA-based hybridization technique developed by Sonny Hsiao and 
reported previously.67 Briefly, thiol-modified ssDNA was reacted with a maleimide-(PEG)6-NHS 
bifunctional linker to install an NHS ester at its terminus. Exposing cells to this reagent resulted in 
nonspecific modification of lysine residues on surface proteins, functionalizing the cells with the 
DNA. These cells could then be immobilized on a glass slide bearing the complementary ssDNA 
oligonucleotide. There are three main advantages to using surface-bound cells compared to cells in 
bulk solution. First, manipulation of the cells (addition of reagents, rinsing, exposure to different 
solutions) is simpler; there is no need to wash cells via repeated centrifugations and resuspensions, 
for example. Second, it is easier to inspect the cells (e.g. for viability) using a microscope, obviating 
time-consuming and complex measurements like flow cytometry. Third, because a surface is 

FIGURE 3-6: Verifying capsid integrity before and after singlet oxygen generation. Using size exclusion 
chromatography (SEC), intact capsids elute in the void volume (around 3.4 minutes) while monomers and partially 
disassembled capsids elute from 4-6 minutes. A) The SEC of the MS2-3.1-A conjugate indicated that the capsids were 
intact after modification with porphyrin 3.1 and aptamer A. B) After 20 minutes of illumination with the 420 nm LED 
lamp, the capsids were still intact. C) The UV-Vis spectra of the capsids before and after illumination showed only 
minor bleaching of the porphyrin by singlet oxygen, as seen by a small reduction in the intensity of its Soret band. 
Furthermore, the absorbance at 260 nm has not decreased, indicating that the DNA is still attached. 
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being analyzed (as opposed to a bulk solution), significantly fewer cells are necessary for a given 
experiment (often 10-100 times less). For all these reasons, surface-immobilized cells served as a 
good starting point to test whether our dual-modified capsids could selectively target Jurkat cells, 
as well as quickly and easily screen the best conditions for doing so.
 First, it was necessary to determine a rough concentration range for effective Jurkat cell killing. 
Too great a concentration would result in undesired killing of cells by nonspecific adhesion of 
the capsids. Too low of a concentration, however, would not result in effective cell targeting for 
even the desired cells. Potentially complicating this matter, the generation of singlet oxygen by 
the porphyrin is catalytic; from Figure 3-5C we determined that each porphyrin produced at least 
2,000 molecules of singlet oxygen in 20 minutes. Also, each capsid contains up to 180 porphyrins 
inside. As a result, it is difficult to predict exactly how much capsid and porphyrin is necessary and 
sufficient to kill the cells. A second parameter that must be optimized is the illumination time; too 
long and any nonspecifically bound capsids would damage the cells. Too short, and once again we 
would not have the most efficient photodynamic inactivation of the target.
 After a number of trials, we determined that exposing cells to a solution of 7.2 nM in MS2-
3.1-A capsids with an illumination time of 10 minutes at 415 nm resulted in the most efficient 
photodynamic killing with our on-slide assay (Figure 3-7). In order to assay cell viability, we 
stained the surface-bound cells with Annexin V-FITC, which stains for apoptosis (and has green 
fluorescence), and propidium iodide (PI), which stains the DNA or cells that have compromised 
membranes (and has red fluorescence), either due to necrosis or late-stage apoptosis. As shown in 
Figure 3-7A, Jurkat cells exposed to MS2-3.1-A and light for 10 minutes stained with both dyes, 
and the majority of the cells seem to have at least some fluorescence, indicating widespread cell 
death. The cell morphology, moreover, looked unhealthy, with damaged membranes and cell debris 
visible (Figure 3-7A, inset). Singlet oxygen is known to damage cell membranes nonspecifically, 
and the PTK7 receptor that aptamer A binds is found on the cell surface. Furthermore, the capsid 
binding was carried out at 0 °C, which should prevent internalization of the capsids. For these 
reasons, our current hypothesis is that the surface bound capsids generate singlet oxygen and 
severely damage the membranes of cells, leading to their death.
 We also carried out a series of control experiments with surface-immobilized cells in order to 
test the specificity of the system. Jurkat cells exposed to the 10 minute illumination only, with no 
added capsids, showed virtually no staining with Annexin V-FITC or PI (Figure 3-7B). The inset 
of Figure 3-7B shows that the cells have a healthy morphology, further suggesting their viability. 
Similarly, cells exposed to MS2-3.1-A capsids but not to illumination (Figure 3-7C) also show 
virtually no staining; indeed, one of the most attractive aspects of PDT is that the drug is activated 
by light and can be “switched on” when desired. As a further control, Jurkat cells were exposed to a 
solution of MS2-3.1-B (where B is a random DNA sequence of the same length as A but that is not 
expected to bind to PTK752), also showed no staining (Figure 3-7D), indicating that the association 
with the cells was not some DNA-mediated artifact, but depended explicitly on the correct aptamer 
sequence.
 In order to verify the specificity of our system further, we wanted to screen the MS2-3.1-A 
capsids against a cell line to which the aptamer A did not bind. Returning to the paper originally 
reporting this aptamer,49 we chose to use U266 cells for this purpose. U266 cells are a B lymphocyte 
cancerous cell line, and were found not to bind aptamer A. As expected, exposure of surface-bound 
cells to MS2-3.1-A and illumination for 10 minutes resulted in negligible cell death (Figure 3-7E). 
A greater degree of apoptosis was seen with U266 cells than with the Jurkat control experiments 
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(although nowhere near the degree of apoptosis in Figure 3-7A), but this is most likely because the 
U266 cells are less viable in the PBS buffer used and likely undergo a modest degree of apoptosis 
simply due to exposure to this buffer for the course of the experiment. More importantly, they 
do not stain at all with PI, so their membranes are intact, which would not be expected if singlet 
oxygen was being generated.
 Taken together, these results strongly suggested that the MS2-3.1-A capsids were binding to, 
and selectively killing the majority of Jurkat cells with our treatment. However, the on-slide assay 
was a qualitative screen, and we wanted a more quantitative way to determine cell death. Having 
found the general range of conditions necessary for effective and selective treatment, we turned to 
flow cytometry to quantify the killing efficiency. The general procedure employed is described in 
Figure 3-8A: cells (Jurkat or U266), were exposed to a solution of MS2-3.1-A with a concentration 
of 7.2 nM in capsid. The cells were incubated for 30 minutes on ice, in the dark (to prevent ambient 
light from generating singlet oxygen), then washed by centrifugation and resuspension in buffer 
in order to remove any unbound capsids. They were then illuminated for 20 minutes using the 
415 nm LED lamp, and stained with Annexin V-FITC and PI. Cell viability was determined by 
flow cytometry, by measuring the FITC and PI fluorescence of the cells, and comparing them to a 

FIGURE 3-7: Microscope images of selective Jurkat cell killing. A) Jurkat cells were immobilized on a glass slide, 
exposed to a solution of MS2-3.1-A and illuminated. They were then stained with Annexin V-FITC and propidium 
iodide to assess cell viability. The majority of the cells stained with both dyes, indicating widespread cell death. Inset: 
zoom-in of cells, indicating unhealthy morphology. A series of control experiments were performed to demonstrate 
specificity: (B) Jurkat cells not exposed to capsids but illuminated (inset: zoom-in showing healthy cell morphology); 
(C) cells exposed to MS2-3.1-A but not light; (D) Jurkat cells exposed to MS2-3.1-B and illuminated; (E) U266 cells 
exposed to MS2-3.1-A and illuminated. A significantly lower level of cell death was seen in samples (B-E) compared 
with (A). Scale bars = 100 µm.
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healthy sample of cells, as well as cells in which apoptosis or necrosis had been induced through 
alternate, well-established means. As a side note, the illumination time was doubled relative to the 
on-slide experiments (20 vs. 10 minutes) because 10 minutes did not result in a high enough degree 
of cell death for the bulk sample.
 Figure 3-8B shows the compiled results from this experiment, with the raw flow cytometry data 
shown in Figure 3-8C,D. At least 76% of the Jurkat cells exposed to MS2-3.1-A were killed by 
the treatment, while a minimal (3-6%) proportion of cells under control conditions were similarly 
compromised. The control experiments were the same as those used for the slides: 1) Jurkat cells 
with illumination only; 2) Jurkat cells exposed to MS2-3.1-A but no light; 3) Jurkat cells exposed 
to MS2-3.1-B and light; and 4) U266 cells exposed to MS2-3.1-A and light. The traces in Figure 
3-8C,D clearly show a large (~100-fold) increase in both FITC and PI fluorescence for the targeted 
sample. It is important to note that, as with the on-slide results, the amount of dual-modified capsids 
added had a significant effect on the efficiency of the treatment. Adding less capsid resulted in less 
death for the targeted sample; adding more resulted in greater death for the control samples. In 
particular, a twofold increase in MS2-3.1-B added was enough to see a non-negligible amount of 
cell death, indicating that the capsids do seem to have some affinity for cells, and the dose must be 
carefully tuned to avoid nonspecific effects.

FIGURE 3-8: Flow cytometry analysis of the photodynamic cell killing efficiency of modified MS2 capsids. The 
experimental procedure is outlined in (A). Illumination was at 415 nm for 20 min. The obtained flow cytometry data 
are summarized in (B), and raw traces are provided in (C,D). Aptamer sequence A targeted PTK7 on Jurkat cell 
surfaces, while sequence B was a non-targeted control. The black traces correspond to untreated cell samples. Signifi-
cant cell death was only observed for Jurkat cells and only upon treatment with MS2-3.1-A and light. Samples were 
analyzed after staining with (C) Annexin V-FITC and (D) propidium iodide.
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 One important note is in order. The amount of cell death (76%, compared to control) for Jurkat 
cells treated with MS2-3.1-A and light represents a lower limit, and potentially underestimates the 
actual amount of cell death by quite a bit. For the flow cytometry quantification, 10,000 cells were 
counted for each sample to give the data shown in Figure 3-8B. However, for the targeted sample 
mentioned above, significantly fewer cells could be retrieved in the final solution and only 3,000 
cells could be counted to give the data shown. We believe that this is due to the inability of severely 
compromised cells (i.e. cells whose membranes have been destroyed past a certain extent) to form 
a pellet during the centrifugation steps used to wash the cells. Indeed, the cell pellet appeared, by 
eye, smaller for this sample than for all the others, despite starting with the same number of cells 
for all experiments. (For the on-slide results in Figure 3-7, even cells with severely compromised 
membranes could be visualized since they might still remain bound to the surface, and the washing 
steps did not involve centrifugation). If we assume that all the 7,000 cells that could not be counted 
for the treated sample were dead, this would give a photodynamic killing efficiency of 94%. What 
is clear, however, is that a greater percentage of the cells than 76% were killed by this procedure.
 The high efficiency of porphyrins at generating singlet oxygen was critical to the efficiency in 
such a short period of time (20 minutes); the previously reported PDT experiments with CCMV 
capsids48 (see Section 3.1.3) required a significantly longer illumination time (3.5 hours) due to 
the roughly 20-fold lower extinction coefficient of ruthenium photosensitizers compared with 
porphyrins.

3.3.4 Selective targeting of Jurkat cells in a heterogeneous cell mixture

 The results in the previous section suggested that the dual-modified capsids were efficient at 
targeting Jurkat cells selectively, and that this targeting was specific to the capsids bearing aptamer 
A and that were illuminated. However, in any in vivo setting, it will be necessary to kill Jurkat cells 
in the presence of many other cells. The selectivity of the treatment for Jurkat over U266 cells was 
encouraging, but we wanted to go one step further and kill Jurkat cells in a heterogeneous mixture 
with non-targeted cells. We believe that the short diffusion length of singlet oxygen would prove 
crucial to this endeavor: capsids bound to Jurkat cells would generate singlet oxygen, which would 
not diffuse farther than the radius of the cell, preventing damage of adjacent, non-Jurkat cells.
 We considered carrying this experiment out by mixing Jurkat cells with a non-targeted cell 
line in bulk solution, then applying our photodynamic treatment and analyzing the results by flow 
cytometry. One difficulty in this approach, however, is that in order to distinguish the two different 
cell types, two different identifying dyes would need to be applied. Then, the results would be 
analyzed by the Annexin V-FITC and PI fluorescence, necessitating monitoring of four separate 
fluorescence channels simultaneously and presenting analytical difficulties due to overlapping 
fluorescence emission signals. In addition, it would be hard to confirm whether non-targeted cells 
directly adjacent to Jurkat cells would escape the deleterious effects of singlet oxygen because the 
experiment would be, by definition, carried out in the bulk and thus the exact distance relationship 
between cells would be unknown.
 To circumvent both these limitations, we decided to use a surface-immobilized mixture 
of Jurkat and non-targeted cells. For the non-targeted cells, we chose erythrocytes (red blood 
cells), both because they are likely to be present in an in vivo treatment of Jurkat cells, but also 
because their distinct morphology—they are smaller in size and flatter in shape—allows them to 
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be distinguished visually from Jurkat cells, obviating the need for additional cell identification 
dyes. We modified a population of Jurkat cells and erythrocytes with the same ssDNA sequence 
by using the NHS-ester method described in Section 3.3.3, and then immobilized them on a glass 
slide bearing the complementary sequence. Because both cell types were modified with the same 
oligonucleotide, this procedure resulted in a heterogeneous, intimate mixture of the two cell types, 
with numerous instances of the cells in close proximity, as shown in Figure 3-9A. The larger Jurkat 
cells can be readily distinguished by visual inspection from the red blood cells.
 We next applied a solution of MS2-3.1-A (once again, 7.2 nM in capsid) to the slide and 
incubated it on ice in the dark. After rinsing and illumination with light, cell viability was assayed 
to determine selectivity of the treatment. Because erythrocytes lack the genomic DNA to which the 
PI stain binds, we decided to use an alternate dye to determine cell death. Trypan blue stains cells 
with compromised membranes,68 similar to PI, but does not require genomic DNA for visualization. 
Furthermore, it is a visible (as opposed to fluorescent) dye, allowing for visual inspection under a 
light microscope. As can be seen in Figure 3-9B, the erythrocytes are, by and large, left unharmed 
while the larger Jurkat cells stain readily with trypan blue. It was particularly promising that there 
were numerous instances of a dead Jurkat cell that was directly adjacent, even touching, a live red 
blood cell (Figure 3-9B, inset), strongly confirming the short “killing radius” of singlet oxygen.
 To quantify the selectivity of this killing, we counted the fraction of live red blood cells before 
and after treatment. In Figure 3-9A, roughly 38% of the total cells are erythrocytes (as determined 

FIGURE 3-9: Selective killing of Jurkat T cells in the presence of erythrocytes. Cell populations were combined 
and attached to glass slides through DNA-based adhesion, as described in the text. After exposure to the experimental 
conditions, all samples were exposed to trypan blue (which stains dead cells) and then rinsed with PBS. A) Live cells 
showed that the Jurkat cells could be distinguished from the erythrocytes based on size and shape. B) Cells exposed 
to 7.2 nM MS2-3.1-A capsids at 0 ºC, and then irradiated with 415 nm light for 20 minutes at RT showed a significant 
amount of death for the larger Jurkat cells, as indicated by the trypan blue stain. The smaller red blood cells were 
unharmed. C) Positive control cells exposed to 30% ethanol before staining to induce cell death confirmed that both 
Jurkat and red blood cells stained equally well with trypan blue. Scale bars: 100 μm.
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by visual inspection). By comparison, live erythrocytes correspond to around 33% of the total cells 
in Figure 3-9B. As a result, we estimate that only ~5% of the total cells in Figure 3-9B are dead 
erythrocytes. By comparison, live Jurkat cells make up 62% of the cells in Figure 3-9A, and only 
9% of the cells in Figure 3-9B. These data strongly suggest that the majority of the cells targeted, 
even in a dense cell population, are Jurkat cells and that our treatment could be used in an in vivo 
setting with minimal side effects. Finally, we killed all the cells on the slide using 30% ethanol as 
a positive control in order to confirm that both cell types stained equally readily with trypan blue 
(Figure 3-9C).

3.4 Conclusions and outlook

 We have shown that modified MS2 capsids represent a highly promising route for the 
construction of targeted drug delivery vehicles. The dual-surface modification strategy allowed 
us to install a large (approaching 180) number of porphyrins on the interior, as well as around 20 
DNA aptamers capable of binding Jurkat leukemia T cells on the exterior surface. The capsids 
present a fundamentally multivalent scaffold, hopefully increasing both their targeting and killing 
capabilities. The MS2-3.1-A capsids were able to selectively and efficiently kill Jurkat cells over 
U266 cells, and only upon illumination. Furthermore, they were able to target and kill Jurkat cells 
even in close proximity with red blood cells due to the short diffusion length of singlet oxygen.
 A potential use for the dual-modified capsids lies in their use in a blood-based dialysis system. It 
should be possible to remove blood from a patient, treat it with capsids and then illuminate it to kill 
leukemia cells. The treated blood could then be re-introduced into the patient, with minimal effect 
on non-targeted cells (such as erythrocytes or healthy lymphocytes). By changing the targeting 
moiety, a variety of blood-based pathogens could be targeted in this manner.
 One of the great advantages of this system is its modularity. Virtually any maleimide drug 
that can fit through the 2 nm pores in the capsid shell can be attached to C87 in high yield (as has 
already been shown with taxol65), and an aptamer for any cell type can be attached to the exterior. 
The ease of evolution of aptamers via SELEX, thus opens up a huge range of possible cell types 
that can be targeted using this approach. Furthermore, the nature of the targeting group can be 
changed by simply altering the functionality attached to the phenylene diamine handle. Research 
is currently underway in the Francis group to attach targeting groups, such as peptides or antibody 
fragments (scFV), in order to expand the types of cells that can be targeted.
 In order to optimize this system further, two main limitations need to be overcome. First, 
porphyrins like 3.1 suffer from the drawback that they absorb light best around 400 nm, where 
most biological material (including blood) has a significant absorbance. Longer wavelengths 
(600 nm and up) have significantly better penetration depth in biological contexts, so switching 
to photosensitizers that have a stronger absorbance in the near-infrared, such as phthalocyanines, 
should increase the in vivo efficacy of the system further. Secondly, all the experiments described 
herein required incubation of capsids with cells at 0 °C for efficient binding; incubation at room 
temperature resulted in significant cell death for the control samples, indicating that either aptamer 
A was not selective at these elevated temperatures or that cell uptake resulted in incorporation (and 
perhaps accumulation) of nonspecifically bound capsids. Indeed, the researchers that developed 
aptamer A performed the binding selection on ice, so to expand the functionality of the aptamer 
to more physiologically relevant conditions it might be necessary to further evolve it for selective 
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binding at 37 °C.
 As a side note, another possible extension for porphyrin-modified targeted MS2 capsids can be 
envisioned. Singlet oxygen has the ability to oxidize the molecule 3,3’-diaminobenzidine (DAB) 
to form an insoluble brown polymer that can subsequently be stained with osmium tetroxide and 
visualized with a transmission electron microscope.69,70 Roger Tsien has used this approach, for 
example, to visualize connexin trafficking with high resolution.71 By using capsids modified with 
a targeting group and porphyrin, it might be possible to stain for certain indicators of pathology 
(such as the EGFR marker for breast cancer72) in tissue samples, thus aiding diagnosis of disease. 
This approach was briefly explored for Jurkat cells, and it was found that MS2-3.1-A capsids did 
indeed oxidize DAB into a brown polymer upon irradiation (data not shown). However, when 
Jurkat cells exposed to capsids were fixed (as is common for histological investigations), no DAB 
staining was observed, perhaps due to the disruption of the aptamer-receptor interaction upon 
fixation.
 Finally, for use in vivo, it will be necessary to passivate MS2 capsids against recognition by 
the immune system in order to prevent an immunogenic response and destruction of the construct. 
Previous work in the Francis group has shown, toward this end, that functionalization of the 
exterior lysine residues on the capsid with PEG, a commonly used polymer to block recognition 
by the immune system, prevents recognition of the capsid proteins by anti-MS2 antibodies.73 It 
should thus be possible to prevent an immunogenic response by co-modifying the exterior surface 
with both aptamers and PEG, and since only ~11% modification with aptamer A was necessary to 
obtain the results described above, there are plenty of available sites on the external surface of the 
capsid for PEG functionalization. 

3.5 Materials and methods

3.5.1 General experimental procedures

 Unless otherwise noted, all chemicals and solvents were of analytical grade and were 
used as received from commercial sources. Water (ddH2O) used in biological procedures or as 
reaction solvents was deionized using a NANOpure purification system (Barnstead, USA). The 
centrifugations required in spin-concentration steps were conducted using a Sorvall Legend Mach 
1.6R centrifuge (Thermo Fisher Scientific, USA). Reaction solvents were distilled immediately 
prior to use. All organic solvents were removed under reduced pressure using a rotary evaporator.
 Prior to analysis, biological samples were desalted and separated from small molecule 
contaminants using NAP-5 or NAP-10 gel filtration columns (Amersham Biosciences, USA). MS2 
capsids elute in the void volume of these columns, while small molecules are retained. Additionally, 
100,000 Da molecular weight cut-off filters (Millipore, USA) were employed as indicated below.
 All oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA). 
Samples were purified by reverse-phase HPLC or NAP-5 gel filtration columns. Samples were 
lyophilized using a LAB CONCO Freezone 4.5 (Lab Conco). Lyophilized oligonucleotides were 
resuspended in the appropriate buffer and the concentration was determined by measuring the 
absorbance at 260 nm.
 All cell culture reagents were obtained from Gibco/Invitrogen Corp. (Carlsbad, CA) unless 
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otherwise noted. Cell culture was conducted using standard techniques. Jurkat and U266 cells 
were grown in T-25 culture flasks (Corning, USA) in RPMI Medium 1640 supplemented with 
10% (v/v) fetal bovine serum (FBS, HyClone) and 1% penicillin/streptomycin (P/S, Sigma). Cell 
viability was assayed using an Annexin V-FITC/propidium iodide kit (BD Biosciences, USA) or 
by trypan blue.74

3.5.2 Instrumentation and sample analysis preparations

 UV-Vis: UV-Vis spectroscopic measurements were conducted on a Cary 50 Scan benchtop 
spectrophotometer (Varian Inc., USA).

 Gel analysis: For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was accomplished on a Mini-Protean apparatus (BioRad, USA), following the 
general protocol of Laemmli.75 Commercially-available markers (BioRad, USA) were applied to 
at least one lane of each gel for calculation of apparent molecular weights. Visualization of protein 
bands was accomplished by staining with Coomassie Brilliant Blue R-250 (BioRad, USA). Gel 
imaging was performed on an EpiChem3 Darkroom system (UVP, USA).

 High Performance Liquid Chromatography (HPLC): HPLC was performed on an Agilent 1100 
series HPLC system (Agilent Technologies, USA). Sample analysis for all HPLC experiments was 
achieved with an in-line diode array detector (DAD) and an in-line fluorescence detector (FLD). 
Size exclusion chromatography was accomplished using an Agilent ZORBAX Bio Series GF-
250 column (4.6 x 250 mm) (Agilent Technologies, USA) at 0.5 mL/min using a mobile phase 
of 10 mM phosphate, pH 7. Reversed phase chromatography was accomplished using an Agilent 
ZORBAX Eclipse XDB-C8 column (4.6 x 150 mm) at 1 mL/min and a MeCN:ddH2O gradient 
containing 0.1% TFA and ramping from 5-100% MeCN over 20 minutes.

 Mass Spectrometry (MS): Electrospray Ionization mass spectra for proteins were obtained on 
an API 150EX system (Applied Biosystems, USA) equipped with a Turbospray ion source and 
an Agilent 1100 series LC pump. Protein chromatography was performed using a Jupiter 5 μ C5 
or C18 300Å reversed phase column (2.0 mm x 150 mm) (Phenomenex, USA). A MeCN:ddH2O 
gradient mobile phase containing 0.1% formic acid at a flow rate of 250 μL/min was used for all 
LC/MS. Protein mass reconstruction was performed on the charge ladder with Analyst software 
(version 1.3.1, Applied Biosystems).

 Illumination at 415 nm: In order to illuminate the Soret band of porphyrin 3.1 we used a 
commercially available blue LED lamp from www.acnelamp.com (Dima-Tech Inc., USA). The 
lamp contained 70 blue LED’s with a peak emission at 415 nm and an intensity of 26,273 μW/cm2.

 Transmission Electron Microscopy (TEM): In order to verify capsid integrity we used TEM 
to analyze the MS2-3.1-A sample used for the photodynamic targeting studies. The sample was 
prepared for TEM analysis by applying analyte solution (approximately 30 μM in MS2 coat 
protein) to carbon-coated copper grids for 3 min, followed by rinsing with ddH2O. The grids were 
then exposed to a solution of uranyl acetate (15 mg/mL in ddH2O) for 90 seconds as a negative 
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stain and rinsed with ddH2O. TEM images were obtained at the Berkeley Electron Microscope Lab 
using a FEI Tecnai 12 transmission electron microscope with 120 kV accelerating voltage.

 Microscopy: Fluorescence imaging was carried out on an Axiovert 200 M inverted microscope 
(ZEISS) with fluorescence filter sets for DAPI/Hoechst, fluorescein/fluo-3, and rhodamine.

 Flow Cytometry of Annexin V-FITC/PI stained Jurkat and U266 cells: Flow cytometry analysis 
was acquired on a FACSCalibur flow cytometer (BD Biosciences, USA). Data were collected for 
10,000 cells if possible, with the exception of the sample treated with MS2-3.1-A and light. In this 
case, only 3,000 cells were counted due to cell death.

3.5.3 Porphyrin maleimide synthesis

 The synthesis of porphyrin 3.1 was carried out according to two reported literature procedures.60,61 
The final product was purified as the tetra-n-butyl ammonium salt and stored as a 50 mM solution 
in DMSO at -20 °C.

3.5.4 Production of N87C T19paF MS2

 The unnatural amino acid p-aminophenylalanine (paF) was incorporated into MS2 as previously 
described.62 The N87C/T19paF mutant plasmid was created by site-directed mutagenesis of the 
pBAD-T19pAF MS2 vector following the Qiagen protocol using forward primer:

5’-AGCCGCATGGCGTTCGTACTTATGTATGGAACTAACCATTC-3’

and reverse primer:

5’-GAATGGTTAGTTCCATACATAAGTACGAACGCCATGCGGCT-3’.

The pBAD-N87C/T19paF was subsequently grown and purified as previously described.62

3.5.5 Modification of MS2 with porphyrin maleimide

 To a solution of N87C T19paF MS2 (80 μM in 10 mM phosphate buffer, pH 7) was added 
20 equivalents of porphyrin maleimide 3.1 as a 50 mM solution in DMSO. The reaction mixture 
was vortexed briefly, then incubated at RT for 2 h in the dark. The mixture was then passed 
through a NAP-5 column equilibrated with 10 mM phosphate buffer, pH 7, to remove excess 
porphyrin. The capsids were further concentrated using a 100 kDa molecular weight cutoff filter. 
The conversion of porphyrin was determined by comparing the absorbance of the porphyrin Soret 
band (ε = 266,000 M-1cm-1) to the A260 of the protein (ε = 172,000 M-1cm-1) and assuming negligible 
porphyrin absorbance at 260 nm.
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3.5.6 DNA attachment via oxidative coupling

 Strands A and B were attached to capsids modified with porphyrin 3.1 as previously described.52 
To synthesize the phenylene diamine conjugate necessary for the oxidative coupling, DNA strands 
containing a primary amine at the 5’-end were reacted with 4-(4-diethylamino phenylcarbamoyl)-
butyric acid (60-120 equivalents) in a 1:1 solution of DMF and 50 mM phosphate buffer, pH 8. The 
reaction mixture was allowed to react at RT for 2 h, and then purified by gel filtration to remove 
excess small molecules. The DNA was lyophilized and resuspended in the desired buffer. The 
concentration was determined by the absorbance at 260 nm.
 The phenylene diamine-modified DNA was next attached to the MS2-3.1 capsids via the 
oxidative coupling reaction as previously described.52 An Eppendorf tube was charged with MS2-
3.1 (20 μM), the phenylene diamine-modified oligonucleotide (200 μM), and NaIO4 (5 mM). The 
reaction mixture was vortexed and allowed to react at RT for 1 h. The reaction was quenched by 
the addition of 1/10 volume of 500 mM tris-(2-
carboxyethyl)phosphine (TCEP), pH 7, then purified by NAP-5 filtration and spin-concentration.

The sequences of the strands are as follows:

strand A: 5’-ATCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGA-3’
strand B: 5’-CCCTAGAGTGAGTCGTATGACCCTAGAGTGAGTCGTATGAA-3’

3.5.7 Flow cytometry experiments

 To quantify cell death, we used flow cytometry to analyze the Annexin V-FITC and PI staining 
intensities of the treated samples. For all experiments, we used 5 x 105 cells (either Jurkat or U266) 
suspended in 1 mL of PBS containing 1% FBS. To these cells was added 200 μL of MS2-3.1-A 
(or MS2-3.1-B) at a concentration of 1.3 μM in protein monomer, or 7.2 nM in capsid (roughly 
1.75 x 106 capsids/cell). The cells were incubated with the capsids for 30 min on ice in the dark, 
then washed three times by centrifugation (at 240 g) followed by resuspension in 1 mL of PBS 
containing 1% FBS. They were then placed in glass-bottomed wells and illuminated for 20 min 
using a 415 nm LED lamp.
 Following illumination, the cells were washed once by centrifugation, resuspended in the 
apoptosis kit binding buffer, and stained with Annexin-V FITC and PI. Following staining, the 
cells were analyzed by flow cytometry to determine the amount of FITC and PI fluorescence. To 
determine the amount of cell death in Figure 3-8B, the flow cytometry results were gated using a 
control sample of live, healthy cells that had not been treated with anything. For each experiment, 
a population of cells not exposed to any treatment was also used to control for variability in cell 
viability from day to day. To determine the proper fluorescence ranges for dead cells, we induced 
apoptosis with Camptothecin and necrosis with Tween 20 then stained with Annexin V-FITC or PI 
(respectively) and analyzed the cells by flow cytometry.
 When possible, 10,000 cells were counted. However, for the cells treated with MS2-3.1-A and 
light, many cells were lost after the illumination step, presumably because the membrane damage 
caused by singlet oxygen prevented them from forming a pellet upon centrifugation (see Section 
3.3.3 for more details). As a result, only 3,000 cells were counted for this sample.
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3.5.8 Photodynamic treatment of surface immobilized cells

 Jurkat cells or U266 cells were immobilized on a glass slide as previously described.67 Briefly, 
a sample of 5 x 106 Jurkat cells was washed with PBS buffer three times to remove any proteins 
from the culture medium. The cell suspension was then reacted with 1 mL of NHS-DNA (11.7 
μM) solution synthesized and purified from 30 μL of 5’-thiol ssDNA. The mixture was allowed 
to react at room temperature for 30 min and was then washed three times with PBS containing 
1% FBS. The cells were resuspended in 0.5 mL of PBS containing 1% FBS. A solution of DNA-
modified cells was added to surface of aldehyde glass slides modified with the complementary 
DNA sequence and incubated for 5 min without agitation. The slides were then washed twice with 
PBS containing 1% FBS.
 The surface immobilized cells were exposed to 200 μL of a solution of MS2-3.1-A (7.2 nM in 
capsid) for 30 min, on ice in the dark. The slides were rinsed with three portions of 1 mL of PBS 
containing 1% FBS and then illuminated with a 415 nm lamp for 10 min. Following illumination, 
cell viability was assayed using Annexin V-FITC and propidium iodide.

3.5.9 Selective treatment of Jurkat cells in a mixed population

 A mixed population of Jurkat cells and erythrocytes was immobilized on a glass slide as 
previously described.67 Briefly, fresh samples of red blood cells were obtained from a blood sample 
of a healthy human and stored in a 1% citric acid solution at room temperature. Cells were used 
within 1 h. Both Jurkat cells and erythrocytes were exposed to the same sample of single-stranded 
DNA modified with an NHS ester in order to attach DNA on the cell surface proteins. This mixed 
population was then immobilized on a glass slide bearing the complementary DNA sequence. 
Because both cell types were modified with the same DNA strand, the immobilized population was 
heterogeneous.
 Next, the surface-immobilized cells were exposed to 200 μL of a solution of MS2-3.1-A (7.2 
nM in capsid) for 30 min, on ice in the dark. The slides were rinsed with three portions of 1 mL 
of PBS containing 1% FBS and then illuminated with a 415 nm lamp for 20 min. Following 
illumination, cell viability was assayed using trypan blue to detect cell death. A negative control 
slide, consisting of mixed cells not exposed to capsids, was also stained by trypan blue to show cell 
viability. Finally, a positive control slide, consisting of mixed cells exposed to 30% ethanol, was 
used to demonstrate that both cell types stained blue upon death.
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CHAPTER 4: Immobilization and one-dimensional 
arrangement of MS2 capsids with nanoscale 
precision using DNA origami

Abstract: DNA origami tiles were used as a scaffold to immobilize spherical bacteriophage 
MS2 capsids and arrange them into one-dimensional arrays with precise nanoscale positioning. 
We modified the interior of the capsids with fluorescent dyes as a model cargo and functionalized 
the exterior of the capsids at an unnatural amino acid with single-stranded DNA complementary 
to probe strands on DNA origami tiles. The capsids associated with the tiles with virtually 100% 
efficiency and the tiles could form one-dimensional arrays by adding appropriate linker strands, 
positioning numerous capsids with precise nanoscale spacing. We also designed a second set of tiles 
that had probe strands at both ends, resulting in a one-dimensional array of alternating capsids and 
tiles. This hierarchical self-assembly allowed us to position the virus particles with unprecedented 
control, and will allow the construction of integrated multi-component systems from biological 
scaffolds using the power of rationally engineered DNA nanostructures.

Portions of the work described in this chapter have been reported in a separate publication.1

4.1 Introduction

4.1.1 Arranging virus capsids at larger length scales

 Virus capsids have proven to be incredibly useful and interesting scaffolds for building 
nanoscale materials and templating various components on their surfaces (see Chapter 1 for a 
detailed discussion). Despite the many advantages in using capsids, the length scale over which 
materials can be templated is inherently limited by the size of the capsid itself. For some viruses, 
like the tobacco mosaic virus (TMV), the size of the capsid can be controlled somewhat by the 
conditions used to assemble its monomers in the absence of the templating RNA genome (see 
Section 5.1.2 for a brief discussion). Most capsids, however, assemble into a single, monodisperse 
shape (e.g. bacteriophage MS2, which has been used in the previous two chapters), and it is difficult 
if not impossible to alter the size and shape in a predictable manner. The ability to order virus 
capsids on longer length scales than those naturally afforded by their protein shell would allow for 
the construction of more complex materials, a hierarchical assembly of the templated components, 
as well as the integration of capsids with external components (such as electrodes) on the micron 
scale.
 A number of different approaches have been explored for the hierarchical assembly of capsids, 
employing a range of chemical or physical techniques. One of the simplest manifestations of this 
principle is simple adhesion of virus particles to a surface to create a monolayer whose spatial 
extent exceeds the capsid dimensions. Douglas, Young, and coworkers did just that, patterning 
the cowpea chlorotic mottle virus (CCMV) on a gold surface using a cysteine-mediated thiol-gold 
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interaction.2 Another approach involves directly linking multiple virus capsids together to form an 
extended assembly. Finn and coworkers modified the surface of the cowpea mosaic virus (CPMV) 
with single-stranded DNA and used Watson-Crick base pairing to link capsids together and make 
two- and three-dimensional micron-sized aggregates.3 The degree of aggregation, and thus the size 
of the structures formed, depended on the temperature of annealing. This allowed for some control 
over the assembly dimensions, but the viruses could not be placed individually in a positionally 
specified way. Very recently, another report came out from the Finn and Park groups using DNA 
to link bacteriophage Qβ capsids with gold nanoparticles in order to create colloidal crystals with 
well-defined lattice structures.4

 An alternate method to obtaining larger-scale arrangements of viruses involves nanopatterning 
using scanning probe techniques. The Mirkin group has developed a technique called dip-pen 
nanolithography (DPN)5 for patterning chemical “inks” using an AFM tip, allowing for molecules 
to be drawn on a surface with sub-micron resolution. In one application of this method, Mirkin and 
coworkers created square patterns of a maleimide linker on a gold surface using DPN, and then 
immobilized CPMV bearing a surface cysteine selectively on those patterns.6 In a separate report, 
the Mirkin lab was able to position individual TMV capsids by patterning an adhesion area by DPN 
small enough to immobilize a single virus.7 De Yoreo and coworkers have also used an AFM tip 
to pattern virus capsids.8 They used a complementary technique to DPN, whereby a gold surface 
was first passivated with an alkanethiol, and then thin trenches were carved out using the AFM tip. 
Backfilling these trenches with an amine thiol allowed for their subsequent functionalization with 
a maleimide (via a maleimide-NHS ester linker), resulting in immobilization of cysteine-bearing 
CPMV capsids similar to the Mirkin paper. These scanning-probe techniques, while promising, 
require an AFM to pattern the reactive handles and thus are rather slow and can generate only one 
pattern at a time. 
 Viruses can also be arranged on longer scales by using physical, as opposed to chemical, 
forces. The Velev lab used hydrodynamic shear forces to align the rod-like TMV capsids over large 
distances.9 By dragging the meniscus of a solution containing TMV over a surface using a glass 
plate, the capsids could be aligned over macroscopic areas (see Figure 1-7H). The aligned viruses 
could then be modified with gold nanoparticles to act as seeds for silver deposition, resulting in 
oriented nanowires. TMV was also patterned by simply microcontact printing patterns using an 
elastic siloxane stamp, and the orientation of the capsids could be controlled by discontinuous 
de-wetting of the stamp.10 In a related approach, the Wang lab used drying effects to align TMV 
rods along the axis of a capillary tube, again ordering the capsids over dimensions far exceeding 
those of a single virus.11 Metal ion coordination can also be used to align TMV capsids; due to 
their high aspect ratio (~17:1), any association along the long axis of the rod-like capsids will drive 
their alignment. It was found that divalent metal ions like Zn2+, Cd2+, Ni2+, or Cu2+ could cross-
link the capsids (most likely by coordinating to carboxylic acid side chains) and allow them to be 
processed into liquid films.12 Yet a different approach to patterning TMV involved immobilizing it 
on a surface using hybridization to the partially exposed RNA of the native virus.13

 A separate rod-like virus, bacteriophage M13, has been used extensively by the Belcher group 
for materials construction. M13 phage were evolved that could bind zinc sulfide quantum dots at 
their tip; these phage could then be aligned into liquid crystals by tuning the solvent evaporation 
or applying a magnetic field (see Figure 1-6B).14 The phage were oriented over large distances and 
allowed for the creation of periodic quantum dot arrays that will applications in plasmonic devices 
or other nanoconstructs. The lab of Seung-Wuk Lee has used a similar approach with M13 phage 
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displaying peptide signal signals to orient and promote the growth of neurons using virus liquid 
crystal films (see Figure 1-13).15

 What all the aforementioned approaches lack, by and large, is the ability to arrange multiple 
virus capsids with nanoscale precision. Arranging viruses using surface immobilization or DNA-
mediated aggregation allows the formation of extended constructs, but there is no control of their 
size or of the precise geometrical arrangement of the capsids. Using an AFM tip to pattern reactive 
handles inherently limits the resolution of patterning to the line width attainable by the scanning 
probe, and only in one case could capsids be placed individually in precise locations.7 Furthermore, 
such a process is slow, and each patterned line of viruses must be constructed separately. Techniques 
for forming arrays or films of viruses over larger distances (e.g. by shear force or liquid crystal 
formation) are promising for certain macroscopic applications, but are not suitable for positioning 
individual viruses and creating defined constructs with nanometer resolution.
 In order to get a higher degree of control of placement and spacing between virus capsids, it is 
necessary to use a scaffold with binding sites that are themselves defined with the precision desired. 
The simplest manifestation of this principle is a one-dimensional array: placing individual capsids 
in a row, with exact spacing between them.  Furthermore, in order to get a reasonably scalable 
methodology, the construction and immobilization of capsids on the scaffold should occur via 
self-assembly; individually patterning a single virus at a time is too time-consuming of a process. 
To achieve these goals, however, we needed a method to construct well-defined nanostructures, as 
well as integrate them in a highly-specific manner with virus capsids. Having the ability to modify 
the capsid of bacteriophage MS2 efficiently and easily with ssDNA (see Chapter 3, or Section 
4.2.1 below), we decided to investigate DNA-based nanostructures as the scaffolding element, and 
Watson-Crick base-pairing as the immobilization mechanism.

4.1.2 DNA-based nanotechnology

 Over the past twenty years, DNA has emerged as one of the most popular building blocks 
for building nanoscale devices and arrays. The most attractive property of this molecule for such 
efforts lies in the predictable self-assembly properties inherent in Watson-Crick base-pairing, as 
well as the ease of synthesis of DNA oligonucleotides with arbitrary sequence. Adenine (A) pairs 
with thymine (T), and guanosine (G) pairs with cytosine (C); using these simple rules, and taking 
into account some basic biophysical constraints of DNA, it has become possible to build a wide 
range of nanoscale constructs simply by “coding” in the association of DNA strands (via their 
sequence) and manipulating the thermodynamics and kinetics of the system. The range of DNA 
nanotechnology has been covered elsewhere in great depth,16-21 but some of the key advances will be 
outlined here to give a sense of the variety and potential in this exploding area of nanotechnology.
 The field of DNA nanotechnology originated with Prof. Nadrian Seeman in 1982 when he 
proposed using a branched DNA structure, much like the Holliday junction, to construct arrays.22 
By using “immobile” junctions that could not migrate (as natural Holliday junctions do) and 
functionalizing them with sticky ends, he hypothesized that it should be possible to build extended 
two- or even three-dimensional lattices. Seeman (a biochemist and crystallographer by training) 
was particularly excited by using three-dimensional arrays to trap, and artificially “crystallize” 
proteins for subsequent X-ray analysis without having to screen countless conditions to find ones 
amenable to single component crystallization.
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 The application of this principle allowed for the creation of extended two-dimensional arrays 
that span microns in size.23,24 By choosing the size of the branched DNA structures, or the number 
of distinct components (via the choice of sticky ends), the periodicity of these arrays could be 
tuned; furthermore, the addressability of DNA allowed for these lattices to be functionalized with 
proteins25,26 or nanoparticles.27 Although the persistence length of dsDNA (~50 nm) made the 
“arms” of these structures sufficiently stiff, the “joints” (where two arms meet) were not. In order to 
make stiffer arrays, the double-crossover (or “DX”) tile was constructed, comprised exclusively of 
double helices in an orientation that prevented any flexibility.28,29 These tiles also formed extended 
two-dimensional arrays, and by choosing the number of tiles (again, via the number of unique 
sticky ends) for the assembly, the periodicity of the arrays could be controlled. All DNA arrays 
until recently, however, were limited to two dimensions due to the difficulty of finding a DNA 
structure that could assemble reliably (i.e. avoiding kinetic traps) in three dimensions. That goal 
was realized nearly 30 years after the first formulation of the idea, by Seeman and coworkers, using 
a “tensegrity triangle” structure with six sticky ends forming three identical pairs that protrude in 
three different directions.30 Well-formed, macroscopic crystals were obtained via this method, with 
rhombohedral cavities whose size could be tuned based on the size of the tensegrity triangle.
 The predictable and programmable base-pairing of DNA has also been used to construct a wide 
range of geometric shapes. By rationally designing the association of strands, shapes like cubes,31 
tetrahedra,32 and octahedra33 have been constructed, as well as more complex structures like DNA 
nanotubes.34 Indeed, virtually any geometrical construct that can be imagined can be created, 
including catenanes31 or even complex interlocked structures like Borromean rings.35 DNA can 
also be used to encode information, and solve difficult mathematical problems in a massively 
parallel format due to the large number of strands in solution that are trying out different solutions. 
This approach was first described by Leonard Adleman when he used DNA to solve the Traveling 
Salesman Problem.36 This problem seeks a unique path through a given set of “cities” linked in 
a given connectivity, visiting each city exactly once. By coding the paths between cities in DNA 
sequences, Adleman let the vast number of strands in solution search for the solution through self-
assembly, fishing out the “answer” at the end. The idea of using DNA for computational purposes 
was extended further by Eric Winfree through his pioneering development of “algorithmic” self-
assembly.37 In this paradigm, the sticky ends of DNA tiles encode information that, upon their 
assembly, translates into the output of a simple algorithm (e.g. counting in binary). Thus, DNA can 
start to reproduce simple ideas of computation and mimic a Turing Machine.
 The aforementioned examples form static structures as a result of thermodynamic effects; the 
system eventually finds its minimum free energy based on Watson-Crick base pairing. DNA can also 
be used kinetically, however, opening the way for a variety of actuated devices and switches. This 
principle generally relies on adding an exogenous strand to displace an existing strand (by having 
more complementary nucleotides, for example) and change the state of device. Deoxyribozymes, 
DNA catalysts that can cleave other nucleic acid strands, have also been used to effect dynamic 
change. By carefully designing the system, a DNA “walker” has been constructed that can move in 
a coordinated manner down a DNA track in a defined direction.38 Similar methods, reported by the 
groups of Seeman and Yan in concurrent publications, describe DNA “robots” that move along a 
track and can even carry out assembly line-like behavior, opening up the possibility for nanoscale 
transporters and assemblers.39,40 In a very recent report from Dave Liu’s laboratory, a DNA walker 
was used to carry out a three-step synthesis akin to an artificial ribosome.41 The deoxyribozyme 
principle has even been used to create a DNA “automaton” that can play Tic Tac Toe using perfect 
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strategy by reporting its next move based on inputs that encode human player’s move.42

 The kinetic behavior of DNA can even be used to create sophisticated logic gates. The groups 
of Winfree and Ghadiri have independently explored this possibility, using DNA inputs and strand 
displacement to provide outputs, allowing for cascading circuits and various operations such as 
AND, NOT, and OR.43-45 The groups of Winfree and Pierce have separately investigated how to 
engineer the kinetics of DNA systems in order to obtain complex and robust behavior without 
constant external monitoring, paving the way for truly adaptive and complex self-assembled 
systems made of DNA.46-48 Finally, nanomachines can be constructed from DNA, using the force 
of conformational changes or strand hybridization to drive mechanical changes.49-51

 The structural DNA nanotechnology field was revolutionized in 2006 by the report of “DNA 
origami” by Paul Rothemund.52 The general procedure is described in Figure 4-1: a long single-
stranded piece of DNA (usually the bacteriophage M13 genome) is folded up by hundreds of 
shorter “staple” strands that hybridize, and thus bring together, different parts of the longer strand. 
Since the sequence of the long strand is known, the sequences of staples can be chosen so as to 
bring together any two unique portions of the longer strand, which allows it to be folded into a 
precise two-dimensional shape (often referred to as a “tile”). Changing the sequence of these staple 
strands will result in the formation of a different shape, and there is virtually no limitation on the 
range of shapes possible (Rothemund’s original paper included such constructs as stars, triangles, 
and even “smiley faces”). The staple strands can also be designed with an extra “probe” sequence, 
which is not complementary to any part of the long backbone strand and thus extends from it. 
Adding a component functionalized with DNA complementary to this probe sequence allows for 
it to be immobilized on the origami tile. Because the location of each staple is precisely defined by 
its sequence, this approach allows for the placement of components at arbitrary positions on the 
tile (with a resolution of 1-2 nm); by using multiple probe sequences, multiple components could 
then be arranged with high spatial accuracy on a single origami scaffold.
 DNA origami has been used to immobilize a wide range of components, including gold53,54 and 
silver55 nanoparticles, RNA molecules,56 and carbon nanotubes.57 In addition, several approaches 

FIGURE 4-1: Description of the DNA origami method. The ssDNA genome of bacteriophage M13 can be folded 
into an arbitrary two-dimensional shape by annealing it with a series of short ssDNA “staples” complementary to 
certain portions of the genome. By changing the staple strands, different geometries can be created. If the staples have 
a ssDNA “probe” strand extending from them, other components bearing the complementary sequence can be immo-
bilized on the origami tile. 
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have used origami to immobilize proteins with high spatial precision by using aptamer binding,58,59 
His6 tags,60 the biotin-streptavidin interaction,61 or by using the SNAP and Halo tags to immobilize 
multiple different proteins.62 The ability to precisely control the location of immobilization of 
components by choosing the staple to which the probe is attached will allow for the creation of 
plasmonic arrays or multi-enzyme cascades with an ease of synthesis and versatility previously 
impossible. DNA origami can also be used to make topologically interesting structures like Möbius 
strips that can be subsequently cut into catenanes or supercoiled structures,63 demonstrating its 
ability to make complex geometric constructs. 
 Because origami tiles are comprised exclusively of DNA, they can be connected by adding 
linkers that will connect the scaffold strands at precise locations. This approach, schematically 
described in Figure 4-2, was recently reported by the group of Hao Yan at Arizona State University 
(ASU) to construct long arrays of rectangular origami tiles with controlled spacing between them.64 
This strategy provided an attractive way to organize origami tiles at larger length scales. Inspired 
by these reports, we initiated a collaborative project with Prof. Yan’s lab to use DNA origami to 
immobilize DNA-modified virus capsids and then arrange them at larger length scales using this 
method.

4.2 Design considerations

4.2.1 Bacteriophage MS2 as the capsid to be immobilized

 For the virus capsid to be immobilized on the DNA origami scaffold, we chose bacteriophage 
MS2, which has an icosahedral, hollow spherical shell 27 nm in diameter that self-assembles 
from 180 sequence-identical monomers. In particular, we decided to use the N87C/T19paF double 
mutant (see Section 2.2.1 for a full description of this platform) for several reasons. First, the 
mutagenically introduced C87 residue allows for efficient modification of the capsid interior, 
allowing us to install up to 180 copies of maleimide reagents (see, for example, Figure 2-10).65 
The ultimate goal of arranging virus capsids at larger length scales is to organize the components 
templated on their surfaces at those length scales, so it was important to demonstrate that capsids 
bearing some sort of cargo could be arrayed as desired. For this purpose, we decided to modify 

FIGURE 4-2: Formation of one-dimensional arrays of origami tiles. Two sets of single-stranded DNA were 
designed to bind to opposite corners of the M13 genome of the DNA tile. These two sets of strands were also comple-
mentary to one another, so upon annealing the corners of the origami tiles were linked together to form a 
one-dimensional “step-like” array of tiles. Any two identical locations on adjacent tiles are approximately 100 nm 
apart from one another.
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C87 with Oregon Green (OG) maleimide (see Figure 2-8B for the structure) as a model cargo; 
for future applications, however, a range of more interesting molecules could be installed on the 
interior surface (see Section 4.4 below for further discussion).
 A second major motivation for choosing the double mutant was the development, by Gary 
Tong, of efficient chemistry to modify the external surface of the capsid with ssDNA using the 
oxidative coupling procedure that targets the paF19 unnatural amino acid (see Figure 3-2C for 
the chemistry of this attachment).66 It is difficult to attach DNA selectively and site-specifically to 
a protein, and the oxidative coupling reaction between N,N-diethyl phenylene diamine-modified 
DNA and the capsids allows us to install the complementary strands necessary for immobilization 
on the tile probe strands on the capsid surface. The overall modification strategy to create the dual-
surface functionalized capsids is shown in Figure 4-3A: modification with OG maleimide first, and 
then modification with ssDNA strands, with the 3’ end extending from the capsid surface (i.e. the 
5’ end was attached to paF19).

 A third motivation for using MS2 as our virus capsid of choice lies in the potential uses that can 
be envisioned for it. Being a hollow sphere, with an addressable internal surface, MS2 could serve as 
an ideal nanoscale container/reactor to carry out chemical transformations, organize photocatalytic 
components (see Chapter 2), immobilize nanoparticles, or grow and template polymers. Cells 
are organized hierarchically, with smaller sub-compartments (such as the nucleus, vesicles, 
and mitochondria) positioned appropriately to carry out interesting chemical and enzymatic 
transformations. The ability to encapsulate components in a sphere with pores that limit access 
to its interior, and then arrange the spherical containers at larger length scales should permit the 
creation of hierarchical nanoscale devices and “factories” that begin to mirror the complexity and 
organization of the cell. MS2 capsids are also monodisperse objects: they are always spherical and 
~27 nm in diameter. Thus, any array of them will possess regularity in the size of the components 
that is useful in creating well-defined systems.

4.2.2 Choice of DNA origami as the scaffold

 Several reasons led us to choose DNA origami as our scaffold of interest for immobilization 
and subsequent one-dimensional arrangement of virus capsids. The first was size: in order to 

FIGURE 4-3: Summary of components integrated in this work. A) Bacteriophage MS2 was modified on the inside 
with a fluorescent dye (to serve as a model cargo) and on the exterior with ssDNA. B) Four DNA origami tiles were 
synthesized, bearing ssDNA probes complementary to those on the MS2 capsids. Different geometries and probe 
locations were chosen to demonstrate the flexibility and programmability inherent in using DNA-based nanotechnol-
ogy.
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successfully immobilize a capsid, the scaffold must be of comparable dimensions; too small and 
the capsids may not “fit,” but too big and the positioning between capsids becomes too large 
for many interesting applications. A typical rectangular origami tile has dimensions around 90 x 
60 nm,52 and bacteriophage MS2 capsids are 27 nm in diameter, so the dimensions are in good 
agreement. Second, the location of probes on the origami tile can be controlled by choosing 
which staple they are attached to, allowing us to move the positioning of the capsid on the tile 
easily. Third, virtually any two-dimensional shape can be accessed by origami tiles, and recent 
advances have extended the origami technique to three dimensions,67-69 allowing for a wide range 
of potential geometries for capsid arrangement. Fourth, some recent efforts have been able to 
pattern origami tiles on lithographically patterned surfaces with controlled orientations,70 opening 
up the possibility of accessing an even greater length scale with our capsid-origami construct. 
Finally, an ever-increasing list of components is being attached to tiles, allowing us to integrate 
our capsids with constructs such as nanoparticles or carbon nanotubes in future applications using 
DNA origami. 
 With these applications in mind, we decided to design the origami tiles shown in Figure 4-3B 
for immobilization of capsids. In collaboration with Prof. Hao Yan’s laboratory at ASU, with his 
student Minghui Liu, we designed two rectangular tiles, 90 nm long by 60 nm wide, with either 
three probe strands at the edge (the “E” tile) or six probe strands in the middle (the “M” tile). We 
also designed two equilateral triangular tiles, 120 nm on a side with a triangular hole 40 nm on a 
side in the center. Five probes were placed either on a single side (the “Tri1” tile) or on all three 
sides (the “Tri3” tile). Figure 4-4 shows the exact location of the probes on the staple strands for 
these designs, as well as a schematic representation of what the tiles look like with all the double 
helices rendered. Multiple probes were chosen for each location in order to allow for multivalent 
binding and thus increased affinity. The probes were all designed to have their 3’ end extend from 
the same surface of the tile, so as to all face the same direction and to have the proper orientation 
to hybridize with the strands on the capsids.
 One more tile was designed, bearing five probes at both short ends, and was called the “daisy-
chain” or “DC” tile. The locations of the probes for this tile design are also shown in Figure 4-4, 
but the rationale for the tile will be explained further in Section 4.3.8, below.

4.2.3 Choice of probe sequence for capsid immobilization

 The immobilization of capsids on origami tiles is shown schematically in Figure 4-5A. For 
the probe sequences, we chose to use a 20-nucleotide (nt) polyT strand on the capsids, and a 40-
nt polyA strand on the origami tile. This strategy would allow for a 20-nt spacer between the tile 
and capsid in order to allow for some flexibility in the binding. The exterior surface of the capsid 
is negatively charged, and becomes even more so upon modification with DNA; thus, we expect 
a significant amount of electrostatic repulsion between the MS2 and the origami tile (which is 
composed exclusively of negatively charged DNA). Although divalent counterions in the buffer 
(usually Mg2+) screen and counteract this repulsion somewhat, we hypothesized that a 20-nt spacer 
would be beneficial since it would not require the two components to come into intimate contact.
 The polyA/T strategy employed for the probe sequences was reported previously for efficient 
DNA-mediated binding of nanoparticles to a surface, with the rationale that it allowed the 
nanoparticles to “slide” along the immobilizing strand and find their own thermodynamically 



113

optimum binding configuration.71 This strategy proved to be more effective than using a non-
repeating sequence (see Section 4.3.2 below), probably for two main reasons. First, only the first 
few nucleotides on the capsid probe strands need to encounter the complementary strands on the 
tile; once these bind, the capsids can slide down the tile probe strands and find the most favorable 
conformation (Figure 4-5B). With a non-repeating sequence, the capsids and tiles need to be close 
enough for the probes to hybridize completely; the electrostatic repulsion between the two might 
thus provide to great a kinetic hurdle towards the thermodynamically favorable fully-hybridized 
arrangement. Second, the poly A/T strategy allows for some probes to bind with less than the full 
20 bases. This might be especially important since the probes emerge radially from the capsids, and 
the distance between two probes might be moderately large since the capsids will not be modified 
to completion. The ability to bind with only 5 or 10 bases allows even sub-optimal arrangement of 
probes between the two systems to be possible, increasing the thermodynamic driving force and 
promoting multivalent binding.
 Although it would seem that the polyA/T strategy described would allow the immobilization 
of only one type of capsid (since only one probe sequence is used), we believe that any short 
repeat (e.g. (ATC)n) would allow for a similar “sliding” mechanism, and thus allow for multiple 
differentially modified (or entirely different) capsids to be immobilized. Finally, it should be noted 
that the poly A/T strategy was chosen over a polyG/C one due to the tendency of polyG sequences 
to form G-quadruplex structures, folding them into configurations unfavorable for hybridization.72

FIGURE 4-4: Location of probes on DNA origami tiles. A) For the rectangular tiles probes were placed either on 
the long edge (E, 3 probes), middle (M, 6 probes), or at the two short edges (DC, 5 probes per side) to control the 
association of the MS2 capsids on them. B) A full-helix depiction of the three probe locations shows the full complex-
ity of the self-assembled DNA origami tile. C) For the triangular tiles probes were placed either on one side of the 
triangle (Tri1, 5 probes), or on all three sides (Tri3, 5 probes per side). D) The full-helix depiction of the Tri3 tile 
shows the complexity of the self-assembled DNA origami tile. It is important to note that the scaffold strand is the 
same between (A,B) and (C,D), only the staple strands have been changed.
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4.3 Results and discussion

4.3.1 Synthesis of DNA origami tiles

 All origami tiles used in this chapter were designed and synthesized by Minghui Liu using the 
general method of Rothemund52 (see Section 4.5.3 and 4.5.4 for more details). The rectangular 
tile used was a modification of Rothemund’s tile, and its design is described in detail elsewhere,64 
while the triangular tile was designed similar to that described by Rothemund. The single-stranded 
M13 genome was incubated with a fivefold excess of staple strands (including the probe strands 
bearing the (A)40 sequence at their 3’ end) and annealed by cooling the mixture from 90 °C to 
room temperature. In order to separate the tiles from excess staples and probes (which would 
interfere with the hybridization of the capsid probe strands), they were purified using agarose gel 
electrophoresis. This procedure also separates the fully formed tiles from misformed (i.e. partially 
or incorrectly folded) ones, which run slower due to the “floppier” nature of a partially folded M13 
strand.
 The final purified tiles (bearing the (A)40 probe strands) were analyzed by agarose gel 
electrophoresis (Figure 4-6A) to confirm that only a single band was present, with no excess short 
staples or probes, and by atomic force microscopy (AFM). The AFM images for the tiles mentioned 
above (Figure 4-6B-F) all show well-formed tiles of the expected size and shape, confirming the 
presence of a monodisperse structure for subsequent experiments.

4.3.2 Initial experiments with a non-repeating probe sequence

 Before choosing the polyA/T probe strategy described in Section 4.2.3, and used throughout the 
remainder of this chapter, a non-repeating, random 20-nt sequence (termed oriX) was attached to the 

FIGURE 4-5: Association of ssDNA-modified MS2 capsids with origami tiles bearing complementary ssDNA 
probes. A) N87C paF19 MS2 capsids were modified with fluorescent dyes on the interior and (T)20 DNA strands on 
the exterior. Exposure of these capsids to DNA origami tiles bearing (A)40 probe strands should result in association 
of the two components via Watson-Crick base-pairing. Because the probes on the tile are 40 nucleotides in length, 
whereas the strands on the capsids are only 20 nucleotides, the capsids can be spaced up to 20 nt away from the tile 
even when completely hybridized. B) The polyA/T sequence may aid binding of the capsids because strands can bind 
with less than 20 nt to the probe strands on the tile, making it possible for only a few bases to bind, followed by the 
capsids “sliding” down the probe strands to find the lowest free-energy conformation. In this example, the central 
strand has bound with the full 20 complementary nucleotides, while the side strands have hybridized with less (e.g. 
10) nucleotides, an arrangement that might be favorable given that the strands emerge radially from the capsid.
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MS2 capsids. This sequence would be complementary to the last 20-nt of a 40-nt sequence (termed 
oriXrev) protruding from the rectangular tiles. Capsids (without, in these initial experiments, any 
dye inside) were functionalized with the oriX sequence using the oxidative coupling reaction. 
Figure 4-7A shows the SDS-PAGE analysis of the construct. A band is clearly seen at around 13.7 
kDa for the unmodified MS2 monomers (lanes 1 and 2), but a second band at higher molecular 
weight corresponds to the MS2-oriX conjugate (lane 2), confirming the attachment of the DNA 
strand. Addition of the partially complementary, 40-nt oriXrev strand (added as ssDNA, not 
attached to any tile) results in a shift for the MS2-oriX band only (lane 3), due to the formation of 
duplex DNA, which slows the migration of the protein band as described previously.66 Thus, we 
confirmed both that the DNA was attached to the capsids and that the DNA was able to hybridize 
with the complementary oriXrev strand (to be attached to the origami tiles).
 Next, MS2-oriX capsids were exposed to rectangular E tiles bearing the 40-nt oriXrev 
sequence, annealed from 37 to 4 °C (to help facilitate binding), and analyzed by AFM. Figure 
4-7B shows the results: a good number of the tiles were found to bind MS2 capsids, and at the 
expected locations on the sides. However, counting tiles showed that only around 50% of them 
had a capsid attached, and this percentage could not be increased despite adding more MS2-oriX, 

FIGURE 4-6: Characterization of the origami tiles used. A) An agarose gel of the tiles allows purification of the 
target band. Lanes: M: 1 kb ladder, 1: M13 genome, 2: E tiles, 3: M tiles, 4: DC tiles (dimer due to edge stacking), 5: 
Tri1 tiles, 6: Tri3 tiles. AFM images of the band purified from the agarose gel showed only well-formed DNA origami 
tiles with the expected geometry: (B) E tiles, (C) M tiles, (D) DC tiles (note dimer formation), (E) Tri3 tiles, (F) Tri1 
tiles. AFM scale bars: 500 nm.
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FIGURE 4-7: Initial experiments with oriX-modified MS2. A) SDS-PAGE confirmed the attachment of DNA to 
the MS2 capsids. Lane 1: MS2 standard. Lane 2: MS2-oriX; the higher-molecular weight band corresponds to the 
MS2-DNA conjugate. Lane 3: addition of oriXrev (the 40 nt strand partially complementary strand to oriX) to the 
MS2-oriX conjugate resulted in a shift of the band corresponding to the protein-DNA conjugate, due to duplex forma-
tion. This experiment confirmed that the oriX strand was capable of binding the complementary strand. B) AFM 
images of E tiles bearing oriXrev mixed with MS2-oriX demonstrated ~50% efficiency of association of the two 
components. Insets are magnified areas to demonstrate the incomplete association. Scale bars = 500 nm.
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increasing the incubation time, or changing the annealing conditions. Although this experiment 
provided a tantalizing indication that the capsids could indeed adhere to origami tiles, we wanted 
to increase the efficiency as close to 100% as possible. Since the origami tiles will serve as the 
structural element, it is crucial to get complete association of the capsids with the tiles, otherwise 
the inherent stochasticity in whether a tile has adhered to a capsid would preclude reliable and 
reproducible formation of a given nanostructure. At this time we found a report in the literature 
used the polyA/T strategy to immobilize nanoparticles on a surface with high efficiency.71 As 
described in Section 4.2.3, the authors surmised that this design would allow the components to 
find their own thermodynamically optimum binding configuration, giving the system a greater 
degree of flexibility. Inspired by this report, we switched our efforts to the polyA/T sequences that 
were used for the remainder of the chapter.

4.3.3 Synthesis and characterization of MS2-OG-(T)20

 Having settled on a polyA/T probe strategy, we turned our attention to synthesizing and 
characterizing the necessary MS2-OG-(T) 20 conjugate (Figure 4-8). Exposure of N87C/T19paF 
MS2 to 50 equivalents of OG-maleimide for 2 h resulted in the clear appearance of the OG 
absorbance band at around 500 nm (Figure 4-8D). By comparing the OG peak (ε = 81,000 M-1cm-1) 
to that of the protein (ε260 nm = 172,000 M-1cm-1) and correcting for the OG absorbance at 260 nm, 
we estimated a conversion of ~100% (comparable to the results in Figure 2-10B), corresponding to 
180 copies of the dye per capsid. Next, we modified the external paF19 residues with a (T) 20 DNA 
strand functionalized at the 5’ end with a phenylene diamine moiety as previously described.66 
Denaturing SDS-PAGE analysis (Figure 4-8E) showed the appearance of a higher molecular 
weight band corresponding to the MS2-OG-(T)  20 construct, and by densitometry we estimated the 
conversion to be 11%, corresponding to ~20 copies of (T)20 per capsid.
 The dual-surface modified capsids were confirmed to be intact by size-exclusion chromatography 
(data not shown), as well as by transmission electron microscopy (TEM). Figure 4-8F shows TEM 
images of the MS2-OG-(T)20 capsids, confirming that they are intact, hollow spheres with the 
expected diameter (~27 nm).

4.3.4 Association of MS2-OG-(T)20 with rectangular tiles

 Armed with the new dual-surface modified capsids, we investigated their ability to bind the 
rectangular origami tiles with probes on either the edge (E) or middle (M). We mixed the capsids 
and tiles in a 2:1 ratio to drive the association of the two components and annealed the mixture 
from 37 to 4 °C (at a rate of 1 °C/min) in TAE buffer containing 25 mM Mg2+ in order to screen the 
negative charges (see Section 4.5.9 for more details). We then visualized the images using AFM, 
which allowed us to image the taller circular capsids and the shorter rectangular tiles. By counting 
the number of tiles that had capsids bound to them and comparing it to the number of tiles without 
capsids, we were able to calculate the efficiency of the conjugation.
 Figures 4-9A-C shows AFM images of a solution containing E tiles bearing (A)40 probes and 
MS2-OG-(T)20 capsids. A zoom-out AFM image confirmed that virtually every tile had a capsid 
attached; zooming in showed that the capsids are attached to the sides of the tiles, where the probes 
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are located. Analyzing the height profile (Figure 4-9D) of a single tile-capsid conjugate (Figure 
4-9C) clearly showed a spherical object about 36 nm in width. This value is slightly larger than 
the diameter of a capsid (27 nm), due either to the presence of DNA (which results in a width, 
by dynamic light scattering, of ~38 nm, as previously observed66) or due to overestimation of 
lateral dimensions due to the tip “dragging” over the capsids. The capsids were about 12 nm in 
height, significantly less than the expected diameter of 27 nm, indicating that the hollow structures 
collapse on the mica surface used for imaging. The height profile also shows that the height of 
the tile is ~2 nm, which was fairly close to the expected value for the width of a double helix as 
expected for the tile (see Figure 4-4B, which indicates that the tile should be one helix thick). It is 
interesting that the capsid-tile conjugates all seemed to fall “tile-down”, with the flat part of the tile 
adhering to the surface, most likely due to a more favorable electrostatic interaction as the anionic 
surface of the mica was first treated with Ni2+ to promote DNA adhesion.
 Counting over 2,000 tiles in multiple AFM images, we determined that 97.5% of them had a 
capsid bound to the long edge (Figure 4-9E), giving us the high association efficiency required to 
make a reliable construct. It is important to note that the twofold excess of MS2 was necessary to 
achieve this efficiency; adding the components in an equimolar ratio resulted in around 89% of 
the tiles bearing a capsid. Since the origami tile was the structural element, excess capsids were 
preferred to tiles not bearing a capsid, and a twofold excess of MS2 was used for all subsequent 
experiments.
 Because the capsids are comprised of 180 monomers, even at a fairly low modification level of 

FIGURE 4-8: Modification and characterization of MS2. A) The interior of the capsids was modified at mutageni-
cally introduced C87 using Oregon Green (OG) maleimide to install 180 copies of the dye as a model cargo. B) The 
exterior of the capsids was modified with a (T)20 ssDNA strand using an oxidative coupling reaction targeting the 
unnatural amino acid paF19, which was installed using the Schultz amber codon suppression technique. C) A 
cut-away schematic of the dual-surface modified capsids shows the OG dyes on the inside and the ssDNA on the 
outside. D) The UV-Vis spectrum of the dual-modified capsids demonstrated the OG dye absorbance at 500 nm, and 
a conversion of ~100% (or 180 dyes/capsid) was determined by comparing the extinction coefficients of the dye and 
protein. E) Analysis of the dual-surface modified capsids by SDS-PAGE showed a band at higher molecular weight 
than the MS2 monomer, corresponding to the DNA conjugate. By densitometry the conversion was estimated at 11% 
(corresponding to ~20 strands of DNA per capsid). Lane 1: molecular weight ladder. Lane 2 = MS2-OG-(T)20. F) 
Analysis of a TEM image of the dual-modified capsids confirmed that they are intact, spherical, and 27 nm in diameter 
as expected.
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11% with DNA corresponds to roughly 20 strands. Thus, any given capsid can bind two or more 
tiles by their edges, as indicated in Figure 4-9B. Roughly 18% of the tiles counted were attached 
to a capsid already attached to a different tile (Figure 4-9E). Interestingly, increasing the amount 
of MS2 added (in an effort to minimize this “two-tiles-per-capsid” phenomenon) had little effect 
on this percentage, so the ratio of MS2 to capsids was maintained at 2:1 to minimize consumption 
of capsids.
 In a similar fashion, M tiles exposed to a twofold excess of capsids and annealed in a similar 
fashion also showed a high efficiency of association of the components. Figures 4-9F-H show the 
AFM images of this experiment, again demonstrating that virtually every tile has a capsid bound 
to its surface. In these images, however, the capsids were clearly attached to the center of the tile, 
not the edge, confirming both the probe-specific association of the components as well as the 
ability to move the site of immobilization of the capsid on the tile by simply moving the location 
of the probes. Indeed, this fine spatial control is one of the most appealing aspects of DNA-based 

FIGURE 4-9: Association of MS2 with single E and M origami tiles. The zoom-out AFM images of (A,B) E tiles 
and (F,G) M tiles with MS2 showed that virtually all the tiles had a capsid attached. Zoom-in AFM images of the areas 
indicated in (B,G) showed single tiles with the capsids associated with either (C) the edge of the E tiles or (H) the 
middle of the M tiles, confirming the ability to precisely position the capsids by appropriately positioning the probe 
strands. Height profiles of the indicated areas in (C,H) are given in (D,I) and showed a capsid height of 12 nm and 
width of ~35 nm. The height of the origami tile was about 1.5-2 nm. The fraction of tiles bearing a capsid for the (E) 
E tiles and (J) M tiles showed that the vast majority of tiles (> 97%) were associated with a capsid, and the E tiles had 
almost twice as many instances of 2 tiles bound to a single capsid due to decreased steric and electrostatic repulsion 
in an “edge-on” vs. “face-on” approach.

M tiles + MS2:

200 nm 50 nm

G H

500 nm

F

0

20 40 60 80 100
nm

nm

5
10
15

with
capsid

without
capsid

2 tiles/
capsid

0

500

1000

1500

2000

18.0%
2.5%

# 
of

 ti
le

s

97.5%

12.8 nm
36 nm

2.1 nm

D E

20 40 60 80 100 nm

0
nm

5
10
15

with
capsid

without
capsid

2 tiles/
capsid

0

400

800

1200

1600

10.2%1.9%

98.1%

# 
of

 ti
le

s

12.3 nm

34 nm
1.4 nm

I J

50 nm200 nm

B C

500 nm

A

capsids

E tiles + MS2:

2 tiles/capsid

2 tiles/capsid



119

nanotechnology over other methods that do not have as easily programmable a localization of the 
components.
 The AFM height profile for the M tiles and MS2 showed similar results to that of E tiles: the 
capsids were ~34 nm wide and flattened to ~12 nm in height (Figure 4-9I). The tile was 1.4 nm 
tall, again within the expected range for a double helix. Counting a large number (> 1,600) of tiles 
showed 98.1% of the tiles had a capsid associated with their surface (Figure 4-9J). Interestingly, 
adding one equivalent of MS2 resulted in only 70% of M tiles bearing a capsid (compared with 89% 
for E tiles). This decrease relative to E tiles is most likely due to the greater electrostatic repulsion 
incurred when a capsid approaches the center of the tile (which presents a larger negatively charged 
surface) compared with the edge. However, increasing the amount of MS2 to two equivalents 
appears to overcome this intrinsic handicap of the M tiles and drives the association to completion.
 Conversely, however, a smaller fraction (10.2%) of M tiles was bound to a capsid already 
attached to a tile compared with the E tiles (18%). Again, using an electrostatic argument, there is 
less repulsion in a tile approaching a separate tile-capsid conjugate from the side as with an E tile 
(where only the edge of the tile is “felt”) relative to the middle (where the entire face of the tile 
presents a negatively charged surface). This difference accounts for the almost twofold reduction 
in this “two-tile-per-capsid” conjugate, and will play a role in the eventual formation of arrays (see 
Section 4.3.7 below). As a result, the ability to engineer the immobilization of capsids based on 
judicious choice of probe location will be critical in obtaining the desired nanostructures.
 It is important to note that the tiles (or tile-capsid conjugates) appear to bind the surface of the 
mica preferentially than free capsids, likely due to the increased surface area of association. As a 
result, the twofold excess of capsids is not evident from the AFM images, though it became evident 
in the TEM images of the triangular tiles (see next section). Finally, the presence of the OG dye 
had no effect (beneficial or harmful) on the association efficiency; capsids containing DNA only 
were found to bind tiles equally well. 

4.3.5 Association of MS2-OG-(T)20 with triangular tiles

 We next turned to the triangular origami tiles, Tri1 and Tri3, to investigate the role of tile 
geometry on capsid immobilization. Once again, a twofold excess of MS2 was used to drive 
the association of the components. Analyzing the AFM images in Figures 4-10A-C and Figures 
4-10F-H, again a virtually 100% association of the capsids with the tiles was seen, with occasional 
instances of two tiles per capsid (but significantly less than with the rectangular tiles, for unknown 
reasons).
 For the Tri1 tiles, the capsids were associated with a single edge of the tiles, and the triangular 
hole could be clearly visualized. We also obtained TEM images (Figure 4-10D,E) that showed the 
triangular tiles with the capsids bound to a single side. For Tri3 tiles, the vast majority of tiles bound 
a single capsid in the center of the hole, rather than multiple capsids on each of the three sides. This 
effect was not, in retrospect, surprising: once the capsid binds to a single side of the tile, the local 
concentration of additional strands on its surface is dramatically increased (relative to free capsids 
in solution) and they rapidly bind to the other two sides. This conclusion was further supported by 
the fact that the sides of Tri3 tiles appear to be bent inward towards the capsids (compared with the 
Tri1 tiles, which have straight edges) as would be expected if the capsid, which is smaller than the 
40 nm hole a the center of the tile, bound all three sides simultaneously. Although a few isolated 
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occurrences of one capsid bound to one side of the Tri3 tile, two capsids bound to two sides, or 
three capsids on three different sides were imaged (data not shown), the vast majority of Tri3 tiles 
bound a single capsid in the center.
 It is interesting to note that, unlike the mica surface that seems to bind tiles preferentially to 
capsids, the TEM grids clearly show the presence of the excess capsids not bound to the tiles. Also, 
there is a discrepancy in the apparent morphology of the capsids. In the Tri3 TEM images (Figure 
4-10I,J), the capsids appear much like they do in Figure 4-8F: spherical and hollow, with the capsid 
interior clearly distinguishable from the protein shell. In the TEM images of the capsids attached 
to the Tri1 tiles (Figure 4-10D), the capsids did not stain as clearly and the walls were sometimes 
not clearly distinguishable from the interior surface. The size of these objects (~30 nm) and the 
fact that the walls could sometimes be seen, along with the AFM results, gave us confidence that 
we were indeed seeing the expected conjugates.

FIGURE 4-10: Association of MS2 with single Tri1 and Tri3 origami tiles. The zoom-out AFM images of (A,B) 
Tri1 tiles and (F,G) Tri3 tiles with MS2 showed that virtually all the tiles were bearing a capsid. A zoom-in AFM 
image of the area indicated in (B) showed a single Tri1 tile with the capsids associated with (C) a single edge, confirm-
ing the ability to position the capsids precisely by appropriately positioning the probe strands. A zoom-in of the 
indicated area in (G) for the Tri3 tiles shows that (H) the capsids were positioned in the center of the tile due to a single 
capsid bound simultaneously to all three sides. The sides of the Tri3 tiles were pulled in towards the center, further 
supporting this hypothesis. In a few instances, two tiles bound to a single capsid (see indicated examples in (A,F)). 
The samples were also examined by TEM, showing again that the capsids were bound to (D) a single side for the Tri1 
tiles (with corresponding zoom-in (E)) and (I) in the center of the Tri3 tiles (with corresponding zoom-in (J)). 
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4.3.6 Control experiments

 In order to verify that the capsid-tile association was due to DNA hybridization of the probes 
on the capsid and the tiles, we carried out a series of control experiments. First, we exposed tiles to 
N87C MS2 capsids modified with OG but lacking any DNA on the surface and subjected them to 
the usual annealing protocol. All three tiles investigated (E, M, and DC) showed no association of 
the two components, with tiles and capsids randomly distributed on the surface (Figure 4-11A,B, 
and C respectively), confirming that the capsids did not have any inherent affinity for the origami 
tiles. We also exposed E tiles bearing the oriXrev sequence (see Section 4.3.2) to MS2-OG-(T)20 
capsids. The random oriXrev sequence should not hybridize to the (T)20 probes on the capsids, and 
indeed only a random distribution of the two components was seen (Figure 4-11D), verifying that 
specific base-pairing was necessary for the capsids to bind the tiles and that the association was 
not a non-specific but DNA-dependent effect. Finally, we annealed MS2-OG-(T)20 capsids to E 
tiles bearing (A)40 probes, and then in a second annealing step added a large excess of (T)40 single-
stranded DNA. Being fully complementary to the probes on the tiles, this strand should bind to the 
unhybridized portion of the probe and displace the capsid strands to form a more thermodynamically 
favored 40-bp duplex. Indeed, Figure 4-11E clearly shows that there are virtually no capsids on 
the tiles after this second step; it is interesting to note that very few capsids are seen on the surface 
at all, perhaps because the excess (T)40 strands in solution bind preferentially to the mica and 
passivate it against MS2 binding.
 Although we did not repeat all the control experiments with all the tiles, we were confident 
that the results given in Figure 4-11 were sufficient to show that the capsid association on the 
origami tiles is DNA-dependent and relies on the proper Watson-Crick base-pairing to drive it. 
Furthermore, the capsid immobilization is reversible, and by properly designing a “displacement 
strand” it should be possible to remove capsids and regenerate active binding spots for addition of 
fresh components. This last effect would be particularly useful for replacing damaged components 
in the system, or by allowing it to adapt to external stimuli through a DNA reporter strand.

FIGURE 4-11: AFM images of control experiments. MS2-OG with no DNA did not associated with (A) E tiles, (B) 
M tiles, or (C) DC tiles; the tiles and capsids were dispersed at random on the surface. In (C) the noncovalent stacking 
of the short edges, due to the presence of edge staples, can be seen (see inset for zoom-in). D) Capsids bearing OG 
inside and the (T)20 strand outside did not associate with tiles bearing a non-complementary 40-nt sequence, indicating 
that the association was based on Watson-Crick base-pairing and not some other nonspecific effect. E) Capsids could 
be removed from the tiles by adding a (T)40 strand to fully bind the (A)40 probe strands and displace the MS2 (which 
has associated with only 20-bp). Few capsids were seen in this image (although their concentration is comparable to 
samples (A-D)) because the excess displacement strand added likely passivated the surface and prevented them from 
binding. Scale bars = 500 nm.

A B C D E

edge stacking



122

4.3.7 Formation of MS2 arrays using E and M tiles

 Having successfully immobilized the capsids on the single tiles, we next turned our attention 
to forming one-dimensional arrays of capsids by linking together the tiles on which they were 
immobilized, as depicted schematically in Figure 4-2 and described at length in a separate 
publication.64 Zhe Li in Prof. Yan’s group at ASU designed a set of 10 linker strands, 5 of which bind 
to opposite corners of the rectangular origami tile. These linkers are also partially complementary 
to one another, and should thus link the corners of the tiles in order to make a one-dimensional 
step-like array of capsids. Due to the dimensions of the tiles, any two identical points on adjacent 
tiles in such an array are separated by ~100 nm. Indeed, experiments annealing E or M tiles (with 
no capsids added) along with the linkers resulted in the expected array formation; Figure 4-12A,C 
shows two characteristic AFM images of these arrays. A large number (>2,000) of each array 
was counted in order to obtain a length distribution for the two different tiles, and the results are 
presented in Figure 4-12B,D in terms of number of tiles in an array (where “1” denotes a tile not 
in an array).
 Under the annealing conditions used (37 to 4 °C at a rate of 1 °C/min), the predominant array 
length was 1 (meaning a tile not in an array), and then dropped off thereafter. However, a large 
number of tiles were in arrays of length 2 or more, and some arrays became quite long, up to 9 or 
10 tiles in length. A more interesting way to calculate the array formation efficiency, however, is 
by counting the number of tiles in arrays of length 2 or greater, because although longer arrays may 
be scarcer than shorter ones, they incorporate a greater number of tiles (and hopefully ultimately 
capsids) into a line. Roughly two-thirds (65-68%) of tiles were incorporated into arrays by this 
measure (Figure 4-12B,D).

 Having confirmed that we could make well-formed arrays containing multiple tiles, we next 
wanted to use these arrays to template capsids. There are three potential strategies to do this: 1) 
add the capsids, tiles, and linkers all in a single mixture and anneal them together, which will be 
called the “one-pot” approach; 2) first anneal the tiles and capsids to get them to associate, then add 
linkers in a second step and perform a second annealing to form the arrays, which will be called the 
“sequential annealing” approach; and 3) form arrays first by annealing tiles and linkers, and then 
in a second step add the capsids. These three approaches represent fundamentally different, though 

FIGURE 4-12: E and M tile arrays formed without MS2. AFM images of arrays formed by adding corner linkers 
to (A) E tiles or (C) M tiles showed well-defined, evenly-spaced one-dimensional arrays of tiles with approximately 
100 nm separating them. Length distributions of the (B) E tile and (D) M tile arrays showed that around two-thirds of 
the tiles were in arrays of two tiles or longer, and some quite long arrays (>5 tiles) were observed.
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complementary, approaches. The first allows for several types of self-assembly (between tiles, 
to form arrays, and between capsids and tiles) simultaneously. The second utilizes hierarchical 
self-assembly, making first one structure (the tile-capsid construct) and then using a second self-
assembly step to organize it on longer length scales. The third approach can be described as 
“templated assembly”: a scaffold is first formed, and then the elements to be positioned are added 
in a second step to “sit” at the desired locations.
 The first two approaches (the “one-pot” and “sequential anneal”; with two equivalents of 
capsids added relative to the tiles), yielded similar results for both E and M tiles. The AFM images 
in Figure 4-13A and Figure 4-14A clearly show the desired step-like array of tiles, with capsids 
neatly arrayed on either the edge (for the E tiles) or the middle (for the M tiles) of each tile in the 
array. The arrays remain straight and well-formed, resulting in an inter-capsid separation of ~100 
nm as expected. Gratifyingly, the high (approaching 100%) efficiency of the capsid-tile association 
was maintained in the array formation, such that virtually every available probe location possessed 
a tile bound to it. As a result, although the length distributions below are given in terms of the 
number of tiles in an array, that number corresponds more or less exactly with the number of 
capsids in arrays as well.

FIGURE 4-13: Formation of MS2 arrays using E tiles: one-pot and sequential anneal. A) AFM images of E tile 
arrays with MS2 capsids showed a one-dimensional arrangement of capsids with approximately 100 nm spacing. A 
fair amount of array aggregation was seen, due to the facility of multiple E tiles to bind a single capsid. Adding the 
capsids and linkers all in a single annealing step (the “one-pot” procedure) or first annealing capsids to the tiles and 
then adding linkers to form arrays (the “sequential anneal” approach) yielded similar results. The length distributions 
for the one-pot sequence with (B) 5x or (C) 10x linkers showed that a higher concentration of linkers resulted in a 
greater number of tiles in arrays of length > 1. D) The sequential-anneal length distribution showed that fewer tiles are 
in longer arrays, likely to the extra steric repulsion between tiles when the capsids are pre-associated with them.
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 Counting several thousand arrays in multiple AFM images, we were able to obtain the length 
distributions shown in Figure 4-13B-D and Figure 4-14B-D for the E and M tile arrays, respectively. 
As with the arrays formed without capsids, the percentage of tiles in an array decreased with 
increasing array length, but some arrays of five or six capsids in a row were observed, all the 
while maintaining the precise spacing between them. For the “one-pot” procedure, roughly 50% 
of both E and M tiles were in arrays of 2 or greater, indicating the probe location did not affect 
the array formation efficiency. This fraction dropped slightly to 45% for the “sequential anneal” 
protocol, most likely due to the increased electrostatic repulsion between tiles already bearing 
capsids compared with a one-pot annealing where the arrays can, in theory, form before the capsids 
bind them. However, this is a small difference, indicating that either the presence of a capsid on a 
tile does not have too great a deleterious effect on the linking of two tiles, or that the capsids bind 
the tiles faster than the linkers bring them together such that the “sequential annealing” protocol 
is not so different from the “one-pot” approach. Given the fact that neither the “one-pot” or the 
“sequential-anneal” approach produced as many tiles in arrays as linking the tiles with no capsids 
attached, however, the latter explanation is more likely.

FIGURE 4-14: Formation of MS2 arrays using M tiles: one-pot and sequential anneal. A) AFM images of M tile 
arrays with MS2 capsids showed a one-dimensional arrangement of capsids with approximately 100 nm spacing. 
Much less array aggregation was seen compared with E tiles because of the greater steric and electrostatic repulsion 
incurred when multiple M tiles bind to a single capsid. Adding the capsids and linkers all in a single annealing step 
(the “one-pot” procedure) or first annealing capsids to the tiles and then adding linkers to form arrays (the “sequential 
anneal” approach) yielded similar results. The length distributions for the one-pot sequence with (B) 5x or (C) 10x 
linkers showed that a higher concentration of linkers results in a greater number of tiles in arrays of length > 1. D) The 
sequential-anneal length distribution  shows that fewer tiles were in longer arrays, likely due to the extra steric repul-
sion between tiles when the capsids are pre-associated with them.
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 The greatest difference between the E and M tiles, however, lay in the propensity for inter-array 
aggregation due to multiple tiles binding a single capsid. As demonstrated in the single-tile results 
(Figure 4-9E and Figure 4-9J), the E tiles were almost twice as likely to have two tiles bind a single 
capsid due to the decreased energetic penalty incurred in a “side-on” (compared to a “face-on”) 
approach. In Figure 4-13A, multiple occurrences were seen in the AFM images of E-tile arrays that 
were either partially or completely linked to other arrays by one set of capsids. This problem was 
likely exacerbated by a cooperative effect: once one tile in an array binds to a capsid in another 
array, the other tiles in that array are perfectly positioned to bind the corresponding capsids in the 
other array, effectively “zipping up” the two arrays.
 M tiles, by comparison, do not suffer from this drawback. Virtually no instances of multiple 
arrays linked by a single set of capsids were observed (Figure 4-14A). This is probably due to a 
combined effect of increased electrostatic repulsion for a “face-on” approach, as well as a lack of 
the cooperative effect likely in play with E tiles; two M arrays can bind a capsid at a variety of 
angles that do not also facilitate binding for the adjacent tiles. With the E tiles, any approach that 
favors binding of one tile to a capsid in another array will favor the rest of the tiles in that array as 
well. Thus, the difference in the fraction of two tiles per capsid between E and M tiles manifests 
itself in a dramatic way once the arrays are formed.
 The effect of linker concentration was also examined in order to determine what role it played. 
For the first set of experiments, a fivefold (5x) excess of linkers was added to form the arrays. 
Adding a tenfold (10x) excess of linkers in the one-pot procedure had the effect of shifting the 
length distribution to longer arrays by driving the [tile + linker ↔ array] equilibrium to the right. 
Roughly 60% of tiles (both E and M) were now in arrays of 2 tiles or greater (Figure 4-13C 
and Figure 4-14C), all the while maintaining complete capsid association. However, none of the 
methods attempted thus far were able to obtain as long arrays, or as great a fraction of tiles in 
arrays, as the formation of arrays without any capsids (see Figure 4-12B,D). The capsids clearly 
inhibited the aggregation of tiles into arrays somewhat, either by conformationally altering (e.g. 
twisting) the tile to prevent linking or by increasing the electrostatic repulsion inherent in bringing 
together two tiles. As a result, we next tried the third approach mentioned above: formation of long 
arrays first, unencumbered by capsids, and then addition of capsids in a second step, so they can 
bind the appropriate locations on the pre-formed arrays.
 Annealing M tiles together to form arrays (with 5x linkers, and an annealing from 37 to 4 °C at 
a rate of 1 °C/min), and then adding two equivalents of MS2 and carrying out a second annealing 
(with the same temperature ramp) resulted in long, well-formed arrays with capsids adhered with 
high efficiency to the center of the tiles (Figure 4-15A). Even by simple visual inspection it could 
be seen that the arrays were longer, overall, than in the “one-pot” or “sequential-hybridization” 
strategies, as expected given that we were starting with longer arrays to begin with. Quantifying 
this effect (Figure 4-15B) by counting multiple arrays, we found that the distributions were shifted 
towards longer arrays, with occasional arrays reaching lengths of 7, 8, or even 9 tiles, longer than 
any arrays seen previously, while maintaining a precise spacing between the capsids. 
 Furthermore, we found that over 75% of tiles were in arrays of 2 or longer (Figure 4-15B), 
which was greater than the value of 66% for M tile arrays formed alone (Figure 4-12D). This was 
most likely because the linkers that connect the tiles in the first annealing step were still present in 
solution during the second annealing for attachment of the capsids. Thus, the arrays continued to 
grow a bit longer while the capsids were binding to the probes on the center of the tiles, resulting 
in even longer arrays than expected. In contrast to the “one-pot” approach, however, doubling the 
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concentration of linkers did not have any effect on the length distribution, suggesting that we had 
reached the thermodynamic limit of array length under the given annealing conditions (though 
much longer arrays can be formed by extending the annealing time, as mentioned below).
 Given these long, well-formed arrays, we decided to investigate the constructs by TEM in 
order to verify that the capsids retained their morphology, as well as to determine if the tiles could 

FIGURE 4-15: Formation of long tile arrays, followed by addition of MS2. A) AFM images of M tile arrays 
formed first, with subsequent addition of capsids showed long, well-formed arrays with numerous capsids in a row 
and very little inter-array aggregation. Length distributions of arrays formed with (B) 5x and (C) 10x linkers were 
virtually the same, with a majority (~76%) of tiles in arrays longer than 2 and some extremely long arrays of up to 10 
capsids. D) TEM images of the arrays confirmed that the capsids were intact, and the tiles separating them could be 
seen, though they are often edge-on or twisted by adsorption to the TEM grids. TEM scale bars = 50 nm. E) AFM 
images of E tile arrays formed first, with subsequent addition of capsids showed a great deal of inter-array aggregation 
and a lack of distinct, well-formed arrays. Scale bars in (E) = 500 nm. 
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be visualized by electron microscopy. Figure 4-15D shows several representative TEM images 
of these arrays. First, the capsids appeared as expected (see Figure 4-8F: spherical, hollow, and 
around 30 nm in diameter, verifying that the white spheres we saw in the AFM are indeed intact 
capsids. Second, we were able to find numerous instances in which the tiles were located between 
the capsids (see indicated arrows in Figure 4-15D). It appears that under the TEM conditions, the 
flexible tiles became twisted and often landed on the surface edge-on (whereas their affinity for the 
mica surface results in them landing face-on in the AFM images). However, the spacing between 
capsids connected by the tiles is about 100 nm, so we were confident that we had indeed observed 
the arrays from the AFM images. Because the capsids and tiles aggregate on the surface of the 
TEM grid, clear and distinct arrays could not be visualized as with AFM, but it was encouraging 
to see the structures nevertheless.
 Interestingly, however, when we attempted to immobilize capsids on pre-formed arrays of E 
tiles, we obtained drastically different results. Figure 4-15E shows representative AFM images 
from this experiment, and it becomes immediately obvious that there was a large amount of 
aggregation between the edges of the arrays, leading to intractable aggregates and virtually no 
well-formed single arrays. Although some array aggregation was seen with the “one-pot” and 
“sequential anneal” approaches, it appears that the long, pre-formed arrays suffer from it to a 
greater extent, since every time a tile binds to a capsid on another tile, chances are it is carrying a 
long array with it. This array, being long itself, has a good chance of already having at least one 
capsid attached, leading to yet a third array sticking to it. Thus, the length of the arrays, combined 
with the tendency for multiple E tiles to bind a single capsid, actually increases the chance of 
producing a messy aggregate. Shorter arrays (e.g. 2 or 3 tiles in length) cannot adversely affect the 
self-assembly as much, precisely because they aren’t comprised of as many tiles. The positioning 
of the probes, and the resulting self-assembly behavior at larger length scales, thus have a great 
effect on the ability to form well-ordered capsid arrays.
 The results in Figure 4-15 for the pre-formed M arrays with capsids added in a subsequent step 
seem to be an upper limit in terms of length given our annealing conditions and linker constructs. 
In order to investigate whether we could form still longer arrays, we decided to experiment with 
the annealing parameters. We first experimented with extending the annealing time for the “one-
pot” procedure by decreasing the annealing ramp from 1 °C/min to 1 °C/2 min. Interestingly, 
however, this resulted in a significant increase in badly formed and aggregated arrays for both E 
and M tiles (similar to those in Figure 4-15E). Thus, it appears that there is a fine balance between 
“constructive” self-assembly (association of capsids with tiles, and linking of tiles into arrays) 
and “counterproductive” self-assembly (capsid-mediated agglomeration of arrays). The annealing 
conditions of 1 °C/min appear to be perfectly balanced to promote the constructive assembly of the 
desired structures with minimal side effects.
 Given our promising results with pre-formed M tile arrays, we decided to see if we could form 
longer arrays first by increasing the annealing time, in the absence of capsids, and then adding MS2 
in a second step. Cooling the tiles from 45 to 4 °C at a rate of 1°C/10 min (an over tenfold longer 
annealing time), resulted in incredibly long arrays, surpassing anything we had seen previously 
(Figure 4-16). Virtually all the tiles are in arrays of 2 or greater, and many arrays are staggeringly 
long (greater than 30 tiles, though it becomes hard to keep track of where one array ends and 
another begins given their length). However, adding capsids to these arrays resulted in widespread 
and intractable aggregation similar to that seen in Figure 4-15E. The arrays are apparently too 
long, and past a certain length possess a flexibility that allows them to bend back on themselves, as 
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can be seen from the various “fold” locations in an array in Figure 4-16. Upon addition of capsids, 
multiple arrays or perhaps different portions on the same array bind to a single capsid and lead 
to quick and entangling aggregation of the arrays. Apparently there is an optimum length above 
which the flexibility and size of an array become detrimental.

4.3.8 Formation of MS2 arrays using DC tiles

 All the results in the previous section indicated that M tiles are more efficient than E tiles for the 
formation of well-ordered arrays of capsids due to the tendency of multiple E tiles to bind a single 
capsid. However, we were curious as to whether we could use this edge aggregation as a beneficial, 
rather than a detrimental, effect. We hypothesized that by positioning (A) 40 probe strands at both 
short edges of a rectangular tile, each tile could bind two capsids, and those capsids could serve 
as binding points for additional tiles, creating an alternating “daisy chain” (DC) array of tiles and 
capsids. Towards this end, we designed the DC tile, with five probes at either end, as shown in 
Figure 4-4A. Note that this represents a conceptually different approach to array formation; rather 
than add linkers as a “switch” to form arrays, the capsid binding itself would serve as the stimulus 
to extend the array in a mechanism akin to a condensation polymerization. Depending on the 
application at hand, one approach may prove more useful than the other.
 To bias the formation of arrays further, we added the origami tile edge staples into the mixture 
during the annealing process. Usually these staples are omitted because they result in association 
of the short edges of the tiles due to noncovalent base stacking interactions. Indeed, in the control 
experiments with DC tiles (Figure 4-11C), which included the edge staples during the annealing, 
the majority of tiles have formed these noncovalent dimers. We hypothesized that by pre-organizing 
the tiles thus, the capsids would more efficiently link them together.
 Mixing capsids and tiles in a 2:1 ratio, with a fivefold excess of edge staples, and annealing 
as usual (37 to 4 °C at 1 °C/min) resulted in an alternating array of capsids separated by origami 
tiles (Figure 4-17A). The capsids were separated by approximately 90 nm (the length of the tiles), 
and the efficiency of association was extremely high, with only ~6% of tile edges left unfilled by 
a capsid (Figure 4-17C). The arrays were generally straight, but occasionally a tile would bind 
a capsid at an angle and create a “kink” in the array. Most capsids bound only to two tiles, but 

FIGURE 4-16: Very long M tile arrays. It was possible to form extremely long arrays of M tiles by annealing from 
45 to 4 ºC at a rate of 1 ºC/10 min (an over tenfold longer annealing than usual). However, these arrays, due to their 
length, were too flexible (see indicated folding points in images)  and folded back on themselves upon addition of 
capsids to create large aggregates similar to the results in Figure 4-15E. Scale bars = 500 nm.
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occasionally three (or in a few cases four) tiles bound to a single capsid, resulting in a branch point 
(as indicated in Figure 4-17A). However, only a small fraction of capsids (~5%) served as such 
branching points (Figure 4-17D), indicating that this method produced mostly linear arrays of 
capsids.
 Over 800 arrays were counted in order to determine a length distribution (Figure 4-17B). The 
array length was reported in number of capsids, both to avoid counting unfilled edges and because 
the capsids are ultimately the components we are interested in arranging (and, unlike the E and M 
tile arrays, an array of n tiles usually corresponded to (n+1) capsids). For example, an array length 
of 3 corresponds to three capsids separated by two tiles. Unlike the linker-based array design, 
where the predominant array length was 1, the preferred length for the DC tile arrays was 3. This is 
not surprising: the presence of edge staples results in a preponderance of pre-organized tile dimers, 
as seen for the control experiment in Figure 4-11C (see the inset for a zoom-in highlighting this 
effect). If capsids sit at the three locations bearing probes, an array of three capsids will result. 
The array length gradually dropped off thereafter, but some arrays of 10 or more capsids were 

FIGURE 4-17: Formation of MS2 arrays using DC tiles. A) AFM images of the MS2 arrays formed using DC tiles 
showed alternating arrays of capsids and tiles with ~ 90 nm spacing. The arrays were usually linear, but a few were 
kinked or contained branch points. B) The length distribution peaked at a maximum of 3 capsids in a row (separated 
by two tiles), and decreased thereafter, but some arrays 8 capsids or longer were observed. C) The majority of tile 
edges (94.2%) were associated with a capsid, indicating the high efficiency of DNA hybridization. D) The majority 
(95.2%) of capsids were bound to only two tiles; a small number served as “branch points” with 3 or more tiles bound 
to them. E) TEM images of the DC tile arrays confirmed that the capsids were intact and showed the tiles (usually 
edge-on) separating them. TEM scale bars = 50 nm.
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observed. Interestingly, virtually none of the DC tiles had zero capsids bound (only 2 such tiles 
were observed, for over 2,000 counted), indicating that positioning the probes on the short edge 
was equally, if not more, efficient for capsid immobilization as placing them on the long edge (as 
with E tiles) or in the middle (as with M tiles). Experiments omitting the edge staples resulted 
in fewer and shorter arrays (data not shown), indicating the usefulness of the pre-organizational 
effect in forming arrays.
 We also obtained TEM images of the DC tile arrays, and some representative results are 
shown in Figure 4-17E. As with the M tiles arrays (Figure 4-15D), the capsids were clearly visible 
and intact. The tiles also most likely twisted and landed “sideways” on the TEM grid, resulting 
in them being visualized as thin lines connecting the capsids. As with the M tiles, the DC tiles 
were flexible, so the arrays seemed to curve and bend on the surface. Any future applications that 
integrate capsids with tiles will thus either have to tolerate this flexibility or fix the tiles in a rigid 
conformation (e.g. by binding to a surface) prior to capsid addition. A number of extended arrays 
with multiple capsids linked by edge-on tiles could be seen, confirming the AFM results, although 
the aggregation of arrays on the TEM grid surface and the edge-on adherence of the tiles precluded 
obtaining detailed information from the TEM images.

4.3.9 Additional comments and notes

 A few more comments and notes are in order concerning the experiments mentioned above. 
First, only mild conditions were necessary to bring the components together, likely due to the high 
efficiency of the polyA/T strategy. Although an overnight incubation at 4 °C also resulted in ~100% 
association of tiles and capsids, we found that prolonged exposure of tiles to capsids resulted in 
tiles that looked somewhat misshapen or damaged for unknown reasons. Thus, a shorter exposure 
time was preferred, and the method described for the majority of the results in this chapter (37 to 
4 °C at a rate of 1 °C/min) was sufficient for complete association of the components.
 Given the failure of pre-formed E arrays to bind capsids without forming aggregates, we also 
investigated whether the arrays could be immobilized on the mica surface first, and then MS2 
could be added in a second step to “sit” on the edges. This approach would prevent inter-array 

FIGURE 4-18: Addition of MS2 to E tile arrays immobilized on a surface. In order to prevent array aggregation, 
E tile arrays were first immobilized on a mica surface, and capsids were then added to the surface in a second step. 
Although a fair number of capsids adhered to the edges as expected, too many excess capsids were scattered on the 
surface for this to be a practical approach. The insets show zoom-ins of certain areas of the corresponding zoom-out 
AFM images. Scale bars = 500 nm. 

on surface
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aggregation because the arrays 
would already be bound to the 
surface and thus unable to find 
one another. Although a fair 
number of capsids did indeed 
sit on the edges of arrays on the 
surface (Figure 4-18), too many 
capsids adhered to the surface 
around the arrays. Perhaps 
passivating the surface first 
with excess random ssDNA (as 
is believed to occur in Figure 
4-11E) would help prevent this 
effect. However, one potential 
limitation to immobilizing 
capsids on tiles already on a 
surface lies in the fact that an 

array can adhere to the mica surface with the probes facing down, preventing them from binding 
MS2.
 Encouraged by the DC tile results (Figure 4-17), we also tried to create a two-dimensional “sheet” 
of tiles linked by capsids by making tiles that had (A)40 probes on all four sides. Unfortunately, 
however, this strategy resulted mostly in malformed aggregates, with no extended two-dimensional 
arrangement seen. One potential way to circumvent this limitation is to use two-dimensional 
arrays of DX28,29 or branched junction23,24 tiles, which have been used to arrange proteins25 or 
nanoparticles27 in arrays, and whose periodicity can be controlled from 16-64 nm (which are in the 
same size regime as MS2) depending on the number of distinct tiles used. Although capsids are 
much larger than any previously immobilized components, by adjusting the spacing of probes on 
such arrays it might be possible to generate an efficient 2D array by applying the DNA scaffold to 
the surface first and then adding capsids in a second step. It should also be noted that the triangular 
tiles can be induced to form close-packed, two-dimensional arrays as shown in Figure 4-19 by 
using surface-mediated assembly (a method described at length elsewhere73) or simply increasing 
the concentration. Thus, it might be possible to utilize this effect to form two-dimensional arrays of 
capsids by immobilizing them in the holes of a close-packed two-dimensional array of Tri3 tiles.

4.4 Conclusions and outlook

 The results in this chapter have highlighted the efficiency and great potential for using DNA 
nanostructures to immobilize virus capsids and arrange them at longer length scales with precise 
inter-capsid spacing. By using a polyA/T probe strategy, MS2 capsids modified inside with a 
fluorescent dye and on the outside with DNA were able to efficiently bind to single origami tiles. 
The geometry of the tiles could be changed, as well as the location of immobilization of the capsid, 
through judicious design of the origami scaffold. The origami tiles could then be organized into 
arrays by adding linkers to connect their corners, resulting in one-dimensional arrangements of 
capsids with precise nanoscale spacing between them. The probe location, annealing time, and 

FIGURE 4-19: Two-dimensional arrays of close-packed triangular 
tiles. Under certain conditions (like surface-mediated assembly or high 
concentration), triangular origami tiles can assemble on the surface into 
close-packed two-dimensional arrays. By using the Tri3 tiles it might 
be possible to make a well-ordered two-dimensional array of capsids 
by adding MS2 to these pre-formed arrays on the surface.

surface-mediated
assembly or high
concentration

extended 2D array of tiles
500 nm
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order of assembly of the components were all found to be critical variables for engineering the 
arrays. In addition, tiles with probes at both ends were able to form arrays with capsid in the 
absence of linkers, providing multiple methods to arrange capsids in a line. No other method can, 
to date, position virus capsids with such precision in such a short time and by using self-assembly.
 It is also important to note the complexity of the components integrated in these experiments. 
The MS2 capsids are 2.5 MDa, spherical objects 27 nm in size, self-assembled from 180 protein 
monomers, covered in ssDNA, and containing chromophores inside on each monomer at specified 
locations. The DNA origami tiles are 4.8 MDa objects with dimension around 100 nm, comprised 
of hundreds of individual DNA strands self-assembled into a well-defined geometry. Yet these two 
components come together in a predictable manner, with high efficiency and specificity, under 
mild conditions in ~30 min. Furthermore, the conjugates can then be used to build higher order 
structures approaching a micrometer in length (for arrays of ten tiles, for example).
 In order to optimize this methodology further, however, several obstacles remain. To obtain the 
near-perfect efficiency of association, a twofold excess of capsids was used. It will be necessary 
to devise a way to achieve such a high efficiency with an equimolar ratio of capsids and tiles, or 
to purify away unassociated capsids (e.g. by sucrose gradient separation or gel electrophoresis), 
for future applications. Furthermore, it is currently impossible to create an array of capsids of a 
defined length, such as exactly four capsids in a row. Achieving this goal may rely on purifying 
away undesired lengths, but a more interesting challenge will be to engineer the self-assembly in 
such a way as to prevent longer or shorter constructs from forming. Some efforts in this area have 
already been realized by making DNA nanostructures of monodisperse length by using unique 
DNA sequences to construct them,74 and these strategies can be employed in the next generation of 
capsid immobilization.
 One of the benefits of DNA lies in its addressability due to the predictable rules of Watson-
Crick base pairing. Thus, integrating multiple capsids on a single scaffold should be possible by 
using two different probe sequences. In this way, capsids bearing multiple cargoes, or even multiple 
capsid types, could be brought into close proximity. A great deal of other components have already 
been integrated with DNA nanotechnology, including nanoparticles, nanotubes, or proteins; all 
these can now be combined with virus capsids in future applications. As described in Section 
4.1.2, there also exist a wide range of dynamic DNA-based constructs, including DNA walkers,38 
robots,39,40 nanomechanical devices,49,50 tweezers,51 and logic gates.43-45 These components can 
serve as actuating, transporting, or sensing elements in conjunction with virus capsids, opening up 
a rich horizon of possible non-equilibrium nanotechnology applications.
 Finally, a number of uses for capsids immobilized and potentially manipulated by DNA 
scaffolds can be imagined. The ability to modify the interior surface of MS2 with maleimide 
reagents will allow for catalysts to be scaffolded and subsequently arranged at longer length scale 
with DNA, turning the capsids into nanoscale “reactors.” Multiple capsids would thus be able to 
effect cascaded reactions, with the short distance between them (enforced by the DNA scaffold) 
allowing for decreased reaction times compared with reagents in the bulk. Nanoparticles could be 
integrated with sensitizing chromophores using capsids and origami, creating photocatalytic devices 
with nanoscale organization (like photosynthesis) or allowing for interesting plasmonic effects. 
Even drug molecules could be attached to the inside of the capsids, creating a multicomponent, 
triggered drug delivery system. An exogenous nucleic acid signal (such as an mRNA transcript) 
could, for example, liberate one specific type of capsid, bearing one type of drug specific for 
the ailment that the mRNA reports, from the scaffold using the displacement reaction employed 
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in the control experiments shown in Figure 4-11E. It is important to also note that the external 
surfaces of the capsids contain excess probe strands that have not hybridized to the tiles; these 
could serve to immobilize exogenously added components (after the formation of origami-mediate 
nanostructures), further increasing the number and geometrical arrangement of components that 
can be arranged.
 By merging DNA origami with virus capsids, two of the most interesting and versatile self-
assembled biomolecular scaffolds have been successfully integrated. By utilizing the comparative 
advantages of each (e.g. multivalency of capsids, addressability of origami), and building on 
the rich existing literature for each of these scaffolds, it will be possible to creating increasingly 
complex and interesting nanoscale structures and devices in the future.
  

4.5 Materials and methods

4.5.1 General experimental procedures

 Unless otherwise noted, all chemicals and solvents were of analytical grade and were 
used as received from commercial sources. Water (ddH2O) used in biological procedures or as 
reaction solvents was deionized using a NANOpure purification system (Barnstead, USA). The 
centrifugations required in spin-concentration steps were conducted using a Sorvall Legend Mach 
1.6R centrifuge (Thermo Fisher Scientific, USA).
 Prior to analysis, biological samples were desalted and separated from small molecule 
contaminants using NAP-5 or NAP-10 gel filtration columns (Amersham Biosciences, USA). MS2 
capsids elute in the void volume of these columns, while small molecules are retained. Additionally, 
100,000 Da molecular weight cut-off filters (Millipore, USA) were employed as indicated below.
 All oligonucleotides were obtained from Integrated DNA Technologies (www.idtdna.com). 
The origami staple strands were ordered in the format of 96-well plates that were normalized to 
100 μM, and were used without further purification. The probe strands were purified by denaturing 
PAGE. Then concentration of each strand was measured and estimated by measuring the OD260 
(Eppendorf, USA). Oligonucleotides for capsid conjugation were purified by reverse-phase HPLC 
or NAP-5 gel filtration columns (GE Healthcare). Samples were lyophilized using a LAB CONCO 
Freezone 4.5 (Lab Conco). Lyophilized oligonucleotides were re-suspended in the appropriate 
buffer and the concentration was determined by measuring the OD260.

4.5.2 Instrumentation and sample analysis preparations

 UV-Vis: UV-Vis spectroscopic measurements were conducted on a Cary 50 Scan benchtop 
spectrophotometer (Varian Inc., USA).

 Protein gel analysis: For protein analysis, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) was accomplished on a Mini-Protean apparatus (BioRad, USA), 
following the general protocol of Laemmli.75 Commercially-available markers (BioRad, USA) 
were applied to at least one lane of each gel for calculation of apparent molecular weights. 



134

Visualization of protein bands was accomplished by staining with Coomassie Brilliant Blue R-250 
(BioRad, USA). Gel imaging was performed on an EpiChem3 Darkroom system (UVP, USA).

 Atomic force microscopy: After annealing samples, the tile-capsid conjugates were analyzed 
by tapping-mode AFM. To prepare samples, first 2 μL of 1 mM NiCl2 in ddH2O was applied to a 
freshly cleaved mica surface for 2 min. Next, 2 μL of sample was applied for an additional 2 min. 
The mica was then rinsed by dipping into ddH2O and dried using a stream of nitrogen. Images were 
obtained using a Veeco Nanoscope V scanning probe microscope (Veeco, USA) using FM-50 tips 
with a 75 kHz resonant frequency and a force constant of 2.8 N/m (Nano World, USA).
 The AFM image in Figure 4-19 was performed under 1x TAE-Mg2+ buffer (40 mM Tris, 20 
mM acetic acid, 2 mM EDTA, 12.5 mM Mg(OAc)2, pH 8.0) in a fluid cell in tapping mode, 
using the tip on the shorter cantilever of the SNL tips (Veeco, USA). The sample (2 μL) was first 
deposited onto the freshly cleaved mica surface and left to adsorb for 1 min. Then, 35 μL of 1x 
TAE- Mg2+ buffer was added onto the surface before obtaining the image.

 Transmission electron microscopy (TEM): The TEM images in Figures 4-8F, 4-10I and J, 4-15D 
(the first two images), and 4-17E (about half of the total images)   were prepared for TEM analysis 
by applying analyte solution to carbon-coated copper grids (400 mesh, Ted Pella, USA) for 3 min, 
followed by rinsing with ddH2O. The grids were then exposed to a solution of uranyl acetate (15 
mg/mL in ddH2O) for 90 seconds as a negative stain and rinsed with ddH2O. TEM images were 
obtained at the Berkeley Electron Microscope Lab using a FEI Tecnai 12 transmission electron 
microscope with 120 kV accelerating voltage.
 The TEM images in Figures 4-10D and E, 4-15D (the third image), and 4-17E (about half the 
images) were prepared by applying the sample solution (2.5 μL) onto carbon-coated grids (400 
mesh, Ted Pella, USA). Before depositing the sample, the grids were glow discharged using an 
Emitech K100X machine. After deposition, the sample was wicked from the grid with a piece 
of filter paper. The grid was washed with water by touching it quickly with a drop of water and 
wicking away the excess using filter paper. The sample was stained using 0.7% uranyl formate and 
imaged using a Philips CM12 transmission electron microscope, operated at 80kV in the bright 
field mode.

4.5.3 Design of origami tiles

 The position of each probe strand was determined using the software program Tiamat 
(developed by the Yan Lab and collaborators: http://yanlab.asu.edu/Resources.html). The design 
of the rectangular origami tiles was as shown in Figure 4-4A and published elsewhere.64 The 
design of triangular origami was used as previously described by Rothemund,52 and as shown 
in Figure 4-4C. A polyA/T hybridization strategy was chosen over a polyG/C strategy to avoid 
potential problems due to G-quadruplex formation.
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4.5.4 Synthesis of origami tiles

 The origami tiles were formed according to the method of Rothemund.52 A molar ratio of 1:5 
between the long M13 viral ssDNA and the short unmodified staple strands was used. The probe 
strands for hybridization with the poly-T strands on the capsid were used in 10:1 ratio to that of the 
viral DNA. Origami tiles were assembled in 1x TAE-Mg2+ buffer (40 mM Tris, 20 mM acetic acid, 
2 mM EDTA, 12.5 mM Mg(OAc)2, pH 8.0) by cooling slowly from 90 °C to room temperature. 
The origami tiles and excess staples were then separated by ethidium bromide (EtBr) stained 1.5% 
agarose gel (running buffer 1x TAE- Mg2+ buffer, 10 V/cm), running in an ice-water bath. The band 
corresponding to the tiles was excised and the probe tiles were extracted from the gel using Freeze 
N’ Squeeze columns (Bio-Rad, USA). After purification, the tiles were then concentrated using 
100 kDa Microcon centrifugal filter devices (Millipore, USA). The final concentration of origami 
tiles was estimated according to the dsDNA absorbance at 260 nm and the calculated extinction 
coefficient (http://biophysics.idtdna.com/).

4.5.5 Single tile analysis

 Purified origami tiles were verified by both EtBr stained 1.5% agarose gel (the same as the 
purification step) and AFM (Figure 4-6). Samples (10 μL) were mixed with 1 μL 10x native gel 
loading dye and then loaded into each well.

4.5.6 Production of N87C T19paF MS2

 The unnatural amino acid p-aminophenylalanine (paF) was incorporated into MS2 as previously 
described.76 The N87C/T19paF mutant plasmid was created by site-directed mutagenesis of the 
pBAD-T19pAF MS2 vector following the Qiagen protocol using forward primer:

5’-AGCCGCATGGCGTTCGTACTTATGTATGGAACTAACCATTC-3’

and reverse primer:

5’-GAATGGTTAGTTCCATACATAAGTACGAACGCCATGCGGCT-3’.

The pBAD-N87C/T19paF was subsequently grown and purified as previously described.76

4.5.7 Modification of MS2 with Oregon Green (OG) maleimide

 The modification of capsids with OG maleimide was carried out as previously described.65 
To a solution of N87C T19paF MS2 (80 μM in 10 mM phosphate buffer, pH 7) was added 50 
equivalents of Oregon Green maleimide as a 100 mM solution in DMF. The reaction mixture 
was vortexed briefly, and then incubated at RT for 2 h in the dark. The mixture was then passed 
through a NAP-5 column equilibrated with 10 mM phosphate buffer, pH 7, to remove excess 
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chromophore. The capsids were further concentrated using a 100,000 Da molecular weight cut-off 
filter. The conversion of porphyrin was determined by comparing the absorbance of the Oregon 
Green absorption maximum (ε = 81,000 M-1cm-1) to the A260 of the protein (ε = 172,000 M-1cm-1) 
and assuming negligible dye absorbance at 260 nm. All extinction coefficients were determined in 
10 mM phosphate, pH 7, the buffer in which the MS2 conjugates were stored.

4.5.8 DNA attachment via oxidative coupling

 The oriX and (T)20 ssDNA sequences were appended to MS2 capsids modified inside with 
Oregon Green (OG) as previously described.66 To synthesize the phenylene diamine conjugate 
necessary for the oxidative coupling, DNA strands containing a primary amine at the 5’-end were 
reacted with 4-(4-diethylamino-phenylcarbamoyl)-butyric acid (60-120 equivalents) in a 1:1 
solution of DMF and 50 mM phosphate buffer, pH 8. The reaction mixture was allowed to react 
at RT for 2 h, then purified by gel filtration to remove excess small molecule. The DNA was then 
lyophilized and resuspended in the desired buffer. The concentration was determined by measuring 
the absorbance at 260 nm.
 The phenylene diamine-modified DNA strand was next attached to the MS2-OG conjugate 
via the oxidative coupling reaction. An Eppendorf tube was charged with MS2-OG (20 μM), the 
phenylene diamine-modified oligonucleotide (200 μM), and NaIO4 (5 mM). The reaction mixture 
was vortexed and allowed to react at RT for 1 h. The reaction was quenched by the addition of 1/10 
volume of 500 mM TCEP, then purified by NAP-5 filtration and spin-concentration using 100 kDa 
molecular weight cut-off filters.

4.5.9 Procedure for annealing capsids to tiles

 For annealing reactions between capsids and tiles, the components were mixed in 2x TAE-Mg2+ 

buffer (80 mM Tris, 40 mM acetic acid, 4 mM EDTA, 25 mM Mg(OAc)2, pH 8.0) and annealed 
from 37 to 4 °C at a rate of 1 °C/min on a S1000 Thermal Cycler PCR machine (Bio-Rad, USA). 
Typical final tile concentration was ~2 nM, and the capsid concentration was scaled accordingly 
(e.g. ~ 4 nM in capsid for the majority of experiments described in this chapter). To make the E and 
M tile arrays, a small aliquot (~1 μL) of a concentrated solution of linker strands was added (either 
5 or 10 equivalents) to the mixture prior to annealing. For the DC tile arrays, 5 equivalents of the 
edge staples (again as a small aliquot of concentrated solution) were added to the mixture prior to 
annealing. All samples were imaged by AFM immediately following annealing in order to prevent 
inter-tile or inter-array aggregation with time. A 2x concentration of buffer was used because we 
found that it gave longer arrays in general, most likely due to the increased electrostatic screening 
of the higher-salt buffer.
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4.5.10 Quantification of array length distribution

 To determine the distribution of array lengths shown in Figure 4-12, 4-13, 4-14, 4-15, and 4-17, 
multiple AFM images were obtained for each sample calculated (not all images were included in 
this chapter). Manual counting of these images yielded the statistics reported in the distributions. 
For single tiles, visual inspection determined whether a tile had a capsid or not, and whether more 
than one tile was bound to a given capsid. Broken or incompletely formed tiles were not counted.
 In counting the E and M tile arrays, only arrays that were completely in the field of view of 
the AFM image were counted. Furthermore, only arrays that were clearly distinguishable were 
counted; occasional aggregates that prevented distinguishing individual arrays were disregarded. 
Array lengths are reported based on the number of tiles in an array; however, the association 
efficiency of tiles with capsids remained close to 100%, so the tile array length correlates pretty 
much exactly with the capsid array length.
 In counting the DC tile arrays, once again only arrays that were completely in the field of view 
were counted, and large aggregates were disregarded. Due to the presence of tile edges without 
capsids bound, and the fact that an array n tiles usually corresponded to an array of (n + 1) capsids, 
array lengths were reported with respect to the number of capsids in a row. The total number of tile 
edges without capsids was determined, as well as the number of branch points (defined as capsids 
that had more than two tiles bound to them).

4.5.11 DNA sequences (5’ → 3’)

oriX: GCCAACGACCCATAATGCCG
oriXrev: GTTCGATCGGCCTGTGCACCCGGCATTATGGGTCGTTGGC

E-tile probe sequences:

Probe-57:
AACAGGGAAGCGCAGAACAAAGTCAGAGGGTAATTGAGCGCTTATTACGCA GTATG-
(A)40
Probe-82:
AGTAATTCTGTCCACGAGCCAGTAATAAGAGAATATAAAGTAATCCAATCGC AAGA-
(A)40
Probe-107:
TAATGCAGAACGCGATATTTAACAACGCCAACATGTAATTTAATATTTTAGTT -(A)40

M-tile probe sequences:

Probe-85:
GAAGGAGCGGAATTGTTTGAGTAACATTATCATTTTGCGGAATGCAACAGTG CCAC-
(A)40
Probe-87:
GCTGAGAGCCAGCAAGGTGAGGCGGTCAGTATTAACACCGCCCCAGCCATTG CAAC-
(A)40
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Probe-89:
AGGAAAAACGCTCAGCTGGTAATATCCAGAACAATATTACCGCGCGCTTAAT GCGC-
(A)40
Probe-110:
GGCAATTCATCAATACTCGTATTAAATCCTTTGCCCGAACGTTAAAGCATCAC CTT-
(A)40
Probe-112:
GCTGAACCTCAAATCATTAAAAATACCGAACGAACCACCAGCTTTTGACGCT CAAT-
(A)40
Probe-114:
CGTCTGAAATGGATAACATCACTTGCCTGAGTAGAAGAACTCTGACGAGCAC GTAT-
(A)40

DC tile probe sequences:

Probe-17:
TATCACCGTCACCGCCATCTTTTCATAATCAAAATCACCGGATCAGAGCCGCC ACC-
(A)40
Probe-18:
CTCAGAACCGCCACAGGAGTGTACTGGTAATAAGTTTTAACGTATAAACAGT TAAT-
(A)40
Probe-19:
GCCCCCTGCCTATTGAACCGCCACCCTCAGAGCCACCACCCTAACCCATGTAC CGT-
(A)40
Probe-20:
AACACTGAGTTTCGTCACGTTGAAAATCTCCAAAAAAAAGGCTTATCAGCTT GCTT-
(A)40
Probe-21:
TCGAGGTGAATTTCTGAGGAAGTTTCCATTAAACGGGTAAAACTAAAACGAA AGAG-
(A)40
Probe-152:
CGCTATTAATTAATAATAAAGAAATTGCGTAGATTTTCAGGTTATCAAAATTA TTT-(A)40
Probe-160:
GCACGTAAAACAGAGCACTAACAACTAATAGATTAGAGCCGTAGGAAGGTT ATCTA-
(A)40
Probe-162:
AAATATCTTTAGGAAAAGCGTAAGAATACGTGGCACAGACAACCAACAGAG ATAGA-
(A)40
Probe-164:
ACCCTTCTGACCTGTTTATAATCAGTGAGGCCACCGAGTAAAACGGTACGCC AGAA-
(A)40
Probe-166:
TCCTGAGAAGTGTTCACTAAATCGGAACCCTAAAGGGAGCCCAGTTTTTTGG GGTC-
(A)40
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Tri1 tile probe sequences:

Probe-A37:
AGAGAATAACATAAAAACAGGGAAGCGCATTAA-(A)40
Probe-A33:
CCTTTTTTCATTTAACAATTTCATAGGATTAGA-(A)40
Probe-A10:
TGTACTGGAAATCCTCATTAAAGCAGAGCCACA-(A)40
Probe-A39:
TTATCAAACCGGCTTAGGTTGGGTAAGCCTGTA-(A)40
Probe-A35:
AGTATAAAATATGCGTTATACAAAGCCATCTTA-(A)40

Tri3 tile probe sequences:

Probe-A37:
AGAGAATAACATAAAAACAGGGAAGCGCATTAA-(A)40
Probe-A33:
CCTTTTTTCATTTAACAATTTCATAGGATTAGA-(A)40
Probe-A10:
TGTACTGGAAATCCTCATTAAAGCAGAGCCACA-(A)40
Probe-A39:
TTATCAAACCGGCTTAGGTTGGGTAAGCCTGTA-(A)40
Probe-A35:
AGTATAAAATATGCGTTATACAAAGCCATCTTA-(A)40
Probe-B37:
ACAGGTAGAAAGATTCATCAGTTGAGATTTAGA-(A)40
Probe-B33:
AGGGATAGCTCAGAGCCACCACCCCATGTCAAA-(A)40
Probe-B10:
CAATATGACCCTCATATATTTTAAAGCATTAAA-(A)40
Probe-B39:
ATTTTCTGTCAGCGGAGTGAGAATACCGATATA-(A)40
Probe-B35:
GCCGCTTTGCTGAGGCTTGCAGGGGAAAAGGTA-(A)40
Probe-C37:
CGAGAAAGGAAGGGAAGCGTACTATGGTTGCTA-(A)40
Probe-C33:
CGCGTCTGATAGGAACGCCATCAACTTTTACAA-(A)40
Probe-C10:
TAATCCTGATTATCATTTTGCGGAGAGGAAGGA-(A)40
Probe-C39:
CAGTTTGACGCACTCCAGCCAGCTAAACGACGA-(A)40
Probe-C35:
CTCTAGAGCAAGCTTGCATGCCTGGTCAGTTGA-(A)40
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E and M array linker sequences:

L1: CACCAACTACGTAATGCCACTTCGGCTGTCTTTCC
L2: GAACCGGCATCAAGAGTAATCAGCCTGTTTAGTAT
L3: ACTAATGGATTTAGGAATACCTTTCCCTTAGAATC
L4: AGTCAGAGGTCTTTACCCTGAAATAAAGAAATTGC
L5: ATTCTGCCCATATAACAGTTGGCACTAACAACTAA
L6: GTAGATTTTCAGGTTATCAAAATTATTTGCACGTAAAACAGACTATTAT
L7: CTTGAAAACATAGCCTTCTGTAAATCGTCGCTATTAATTAATACATTCA
L8: CATATGCGTTATACAAACACCGGAATCATAATTACTAGAAAATTGACAA
L9: TTATCATTCCAAGATTACGAGCATGTAGAAACCAATCAATAAACGAAGG
L10: TAGATTAGAGCCGTAGGAAGGTTATCTAAAATATCTTTAGGAATTCCCA

4.6 References

1. Stephanopoulos, N.; Liu, M.; Tong, G. J.; Li, Z.; Liu, Y.; Yan, H.; Francis, M. B. Nano Lett. 
2010, 10, 2714-2720.

2. Klem, M. T.; Willits, D.; Young, M.; Douglas, T. J. Am. Chem. Soc. 2003, 125, 10806-10807.

3. Strable, E.; Johnson, J. E.; Finn, M. G. Nano Lett. 2004, 4, 1385-1389.

4. Cigler, P.; Lytton-Jean, A. K. R.; Anderson, D. G.; Finn, M. G.; Park, S. Y. Nat. Mater. 2010, 9, 
918-922.

5. Piner, R. D.; Zhu, J.; Xu, F.; Hong, S.; Mirkin, C. A. Science 1999, 283, 661-663.

6. Smith, J. C.; Lee, K.; Wang, Q.; Finn, M. G.; Johnson, J. E.; Mrksich, M.; Mirkin, C. A. J. Am. 
Chem. Soc. 2003, 3, 883-886.

7. Vega, R. A.; Maspoch, D.; Salaita, K.; Mirkin, C. A. Angew. Chem. Int. Ed. 2005, 44, 6013-
6015.

8. Cheung, C. L.; Camarero, J. A.; Woods, B. W.; Lin, T.; Johnson, J. E.; De Yoreo, J. J. J. Am. 
Chem. Soc. 2003, 125, 6848-6849.

9. Kuncicky, D.; Naik, R.; Velev, O. Small 2006, 2, 1462-1466.

10. Balci, S.; Leinberger, D. M.; Knez, M.; Bittner, A. M.; Boes, F.; Kadri, A.; Wege, C.; Jeske, 
H.; Kern, K. Adv. Mater. 2008, 20, 2195-2200.

11. Lin, Y.; Balizan, E.; Lee, L. A.; Niu, Z.; Wang, Q. Angew. Chem. Int. Ed. 2010, 49, 868-872.

12. Nedoluzhko, A.; Douglas, T. J. Inorg. Biochem. 2001, 84, 233-240.



141

13. Yi, H.; Nisar, S.; Lee, S.; Powers, M. A.; Bentley, W. E.; Payne, G. F.; Ghodssi, R.; Rubloff, 
G. W.; Harris, M. T.; Culver, J. N. Nano Lett. 2005, 5, 1931-1936.

14. Lee, S.; Mao, C.; Flynn, C. E.; Belcher, A. M. Science 2002, 296, 892-895.

15. Chung, W.; Merzlyak, A.; Yoo, S. Y.; Lee, S. Langmuir 2010, 26, 9885-9890.

16. Seeman, N. C. Nature 2003, 421, 427-431.

17. Seeman, N. C. Biochemistry 2003, 42, 7259-7269.

18. Seeman, N. C. Nano Lett. 2010, 10, 1971-1978.

19. Nangreave, J.; Han, D.; Liu, Y.; Yan, H. Curr. Opin. Chem. Biol. 2010, 14, 608-615.

20. Seeman, N. C. Annu. Rev. Biochem. 2010, 79, 65-87.

21. Shih, W. M.; Lin, C. Curr. Opin. Struct. Biol. 2010, 20, 276-282.

22. Seeman, N. C. J. Theor. Biol. 1982, 99, 237-247.

23. Mao, C.; Sun, W.; Seeman, N. C. J. Am. Chem. Soc. 1999, 121, 5437-5443.

24. Sha, R.; Liu, F.; Millar, D. P.; Seeman, N. C. Chem. Biol. 2000, 7, 743-751.

25. Yan, H.; Park, S. H.; Finkelstein, G.; Reif, J. H.; LaBean, T. H. Science 2003, 301, 1882-
1884.

26. Park, S. H.; Yin, P.; Liu, Y.; Reif, J. H.; LaBean, T. H.; Yan, H. Nano Lett. 2005, 5, 729-733.

27. Sharma, J.; Chhabra, R.; Liu, Y.; Ke, Y.; Yan, H. Angew. Chem. Int. Ed. 2006, 45, 730-735.

28. Winfree, E.; Liu, F.; Wenzler, L. A.; Seeman, N. C. Nature 1998, 394, 539-544.

29. Liu, F.; Sha, R.; Seeman, N. C. J. Am. Chem. Soc. 1999, 121, 917-922.

30. Zheng, J.; Birktoft, J. J.; Chen, Y.; Wang, T.; Sha, R.; Constantinou, P. E.; Ginell, S. L.; Mao, 
C.; Seeman, N. C. Nature 2009, 461, 74-77.

31. Chen, J.; Seeman, N. C. Nature 1991, 350, 631-633.

32. Goodman, R. P.; Schaap, I. A. T.; Tardin, C. F.; Erben, C. M.; Berry, R. M.; Schmidt, C. F.; 
Turberfield, A. J. Science 2005, 310, 1661-1665.



142

33. Shih, W. M.; Quispe, J. D.; Joyce, G. F. Nature 2004, 427, 618-621.

34. Rothemund, P. W. K.; Ekani-Nkodo, A.; Papadakis, N.; Kumar, A.; Fygenson, D. K.; 
Winfree, E. J. Am. Chem. Soc. 2004, 126, 16344-16352.

35. Mao, C.; Sun, W.; Seeman, N. C. Nature 1997, 386, 137-138.

36. Adleman, L. Science 1994, 266, 1021-1024.

37. Rothemund, P. W. K.; Papadakis, N.; Winfree, E. PLoS Biol. 2004, 2, e424.

38. Omabegho, T.; Sha, R.; Seeman, N. C. Science 2009, 324, 67-71.

39. Lund, K.; Manzo, A. J.; Dabby, N.; Michelotti, N.; Johnson-Buck, A.; Nangreave, J.; Taylor, 
S.; Pei, R.; Stojanovic, M. N.; Walter, N. G.; Winfree, E.; Yan, H. Nature 2010, 465, 206-210.

40. Gu, H.; Chao, J.; Xiao, S.; Seeman, N. C. Nature 2010, 465, 202-205.

41. He, Y.; Liu, D. R. Nat. Nanotech. 2010, 5, 778-782.

42. Macdonald, J.; Li, Y.; Sutovic, M.; Lederman, H.; Pendri, K.; Lu, W.; Andrews, B. L.; 
Stefanovic, D.; Stojanovic, M. N. Nano Lett. 2006, 6, 2598-2603.

43. Seelig, G.; Soloveichik, D.; Zhang, D. Y.; Winfree, E. Science 2006, 314, 1585-1588.

44. Saghatelian, A.; Völcker, N. H.; Guckian, K. M.; Lin, V. S.; Ghadiri, M. R. J. Am. Chem. Soc. 
2003, 125, 346-347.

45. Frezza, B. M.; Cockroft, S. L.; Ghadiri, M. R. J. Am. Chem. Soc. 2007, 129, 14875-14879.

46. Zhang, D. Y.; Turberfield, A. J.; Yurke, B.; Winfree, E. Science 2007, 318, 1121-1125.

47. Yin, P.; Choi, H. M. T.; Calvert, C. R.; Pierce, N. A. Nature 2008, 451, 318-322.

48. Soloveichik, D.; Seelig, G.; Winfree, E. Proc. Nat. Acad. Sci. USA 2010, 107, 5393-5398.

49. Mao, C.; Sun, W.; Shen, Z.; Seeman, N. C. Nature 1999, 397, 144-146.

50. Yan, H.; Zhang, X.; Shen, Z.; Seeman, N. C. Nature 2002, 415, 62-65.

51. Yurke, B.; Turberfield, A. J.; Mills, A. P.; Simmel, F. C.; Neumann, J. L. Nature 2000, 406, 
605-608.

52. Rothemund, P. W. K. Nature 2006, 440, 297-302.



143

53. Ding, B.; Deng, Z.; Yan, H.; Cabrini, S.; Zuckermann, R. N.; Bokor, J. J. Am. Chem. Soc. 
2010, 132, 3248-3249.

54. Sharma, J.; Chhabra, R.; Andersen, C. S.; Gothelf, K. V.; Yan, H.; Liu, Y. J. Am. Chem. Soc. 
2008, 130, 7820-7821.

55. Pal, S.; Deng, Z.; Ding, B.; Yan, H.; Liu, Y. Angew. Chem. Int. Ed. 2010, 2700-2704.

56. Ke, Y.; Lindsay, S.; Chang, Y.; Liu, Y.; Yan, H. Science 2008, 319, 180-183.

57. Maune, H. T.; Han, S.; Barish, R. D.; Bockrath, M.; Goddard III, W. A.; RothemundPaul W. 
K.; Winfree, E. Nat. Nanotech. 2010, 5, 61-66.

58. Rinker, S.; Ke, Y.; Liu, Y.; Chhabra, R.; Yan, H. Nat. Nanotech. 2008, 3, 418-422.

59. Chhabra, R.; Sharma, J.; Ke, Y.; Liu, Y.; Rinker, S.; Lindsay, S.; Yan, H. J. Am. Chem. Soc. 
2007, 129, 10304-10305.

60. Shen, W.; Zhong, H.; Neff, D.; Norton, M. L. J. Am. Chem. Soc. 2009, 131, 6660-6661.

61. Kuzuya, A.; Kimura, M.; Numajiri, K.; Koshi, N.; Ohnishi, T.; Okada, F.; Komiyama, M. 
ChemBioChem 2009, 10, 1811-1815.

62. Saccà, B.; Meyer, R.; Erkelenz, M.; Kiko, K.; Arndt, A.; Schroeder, H.; Rabe, K. S.; 
Niemeyer, C. M. Angew. Chem. Int. Ed. 2010, 49, 9378-9383.

63. Han, D.; Pal, S.; Liu, Y.; Yan, H. Nat. Nanotech. 2010, 5, 712-717.

64. Li, Z.; Liu, M.; Wang, L.; Nangreave, J.; Yan, H.; Liu, Y. J. Am. Chem. Soc. 2010, 132, 
13545-13552.

65. Stephanopoulos, N.; Carrico, Z. M.; Francis, M. B. Angew. Chem. Int. Ed. 2009, 48, 9498-
9502.

66. Tong, G. J.; Hsiao, S. C.; Carrico, Z. M.; Francis, M. B. J. Am. Chem. Soc. 2009, 131, 11174-
11178.

67. Andersen, E. S.; Dong, M.; Nielsen, M. M.; Jahn, K.; Subramani, R.; Mamdouh, W.; Golas, 
M. M.; Sander, B.; Stark, H.; Oliveira, C. L. P.; Pedersen, J. S.; Birkedal, V.; Besenbacher, F.; 
Gothelf, K. V.; Kjems, J. Nature 2009, 459, 73-76.

68. Ke, Y.; Sharma, J.; Liu, M.; Jahn, K.; Liu, Y.; Yan, H. Nano Lett. 2009, 9, 2445-2447.

69. Douglas, S. M.; Dietz, H.; Liedl, T.; Hogberg, B.; Graf, F.; Shih, W. M. Nature 2009, 459, 
414-418.



144

70. Kershner, R. J.; Bozano, L. D.; Micheel, C. M.; Hung, A. M.; Fornof, A. R.; Cha, J. N.; 
Rettner, C. T.; Bersani, M.; Frommer, J.; Rothemund, P. W. K.; Wallraff, G. M. Nat. Nanotech. 
2009, 4, 557-561.

71. Le, J. D.; Pinto, Y.; Seeman, N. C.; Musier-Forsyth, K.; Taton, T. A.; Kiehl, R. A. Nano Lett. 
2004, 4, 2343-2347.

72. Sen, D.; Gilbert, W. Nature 1988, 334, 364-366.

73. Sun, X.; Hyeon Ko, S.; Zhang, C.; Ribbe, A. E.; Mao, C. J. Am. Chem. Soc. 2009, 131, 
13248-13249.

74. Lo, P. K.; Altvater, F.; Sleiman, H. F. J. Am. Chem. Soc. 2010, 132, 10212-10214.

75. Laemmli, U. K. Nature 1970, 227, 680-685.

76. Carrico, Z. M.; Romanini, D. W.; Mehl, R. A.; Francis, M. B. Chem. Commun. 2008, 1205-
1207.



145

CHAPTER 5: Computational modeling of defect 
tolerance and efficiency in light harvesting 
systems constructed from the tobacco mosaic 
virus

Abstract: A computational model was developed to investigate the effect of defect tolerance 
in light harvesting systems created from the tobacco mosaic virus (TMV). TMV-based light 
harvesting systems showed, experimentally, a linear decrease in energy transfer efficiency with 
the fraction of bleached donor chromophores, and a greater efficiency for systems in a rod vs. disk 
geometry. A kinetic Monte Carlo model was developed and implemented to simulate the energy 
transfer dynamics of this system. This model reproduced the linear decrease in efficiency with 
bleach fraction, confirming that two-dimensional energy transfer was occurring in these systems 
and demonstrating a novel way to make photovoltaic devices tolerant to photobleaching. The model 
also suggested that disks must be less efficient than rods due to an increased energy dissipation 
rate, and that systems with high donor fractions likely have an increased energy transfer rate. 

Portions of the work described in this chapter have been reported in a separate publication.1

5.1 Introduction

5.1.1 Light harvesting in photosynthesis

 In order for photosynthetic organisms to maximize the conversion efficiency of light to chemical 
energy, it is necessary to collect both a large amount, as well as multiple wavelengths, of light. 
The reaction centers that carry out the chemistry necessary for generating energy, however, are not 
particularly efficient at these two tasks. They do not have a large cross-sectional area available to 
collect light, and they absorb primarily in the near-infrared (680-700 nm in plants and ~870 nm 
in purple bacteria).2 In order to compensate for these disadvantages, plants and photosynthetic 
bacteria have evolved light harvesting complexes: large arrays of chromophores that not only 
allow for the collection of light over a greater area, but also over a wider range of wavelengths.3,4 
As described in Section 2.1.1 and Figure 2-1, the chromophores are positioned by a protein matrix 
in close proximity in order to funnel the incident light into to the reaction center via the Förster 
resonance energy transfer (FRET) mechanism.5-7 By using chromophores different with different 
absorbance characteristics, a wide spectrum of light can be collected and effectively utilized by the 
reaction center.
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5.1.2 The tobacco mosaic virus as a light harvesting scaffold

 The ability of the light harvesting apparatus to collect and transfer light of many wavelengths 
to a common acceptor has inspired a large number of synthetic approaches to mimic it. The wide 
range of these strategies has been reviewed at length in Section 2.1.2 in the context of artificial 
photosynthesis, and will not be repeated here. One of the critical difficulties faced in all these 
approaches, however, is the synthetic complexity involved in synthesizing a scaffold that can 
properly position chromophores for energy transfer or, for noncovalent approaches, controlling the 
exact structure obtained. As mentioned in Chapter 1, however, virus capsids have evolved to self-
assemble individual proteins with a high degree of nanoscale control into a well-defined structure. 
By attaching chromophores to the proteins that make up a virus capsid, it should be possible to use 
the nanoscale arrangement of those proteins to bring the components together and obtain energy 
transfer between them (see Section 1.2.3 and 2.1.3 for a more in-depth discussion).
 The tobacco mosaic virus (TMV) is a particularly attractive scaffold for the construction of 
such light-harvesting devices. In its native state, the virus is comprised of 2,130 monomers that 
self-assemble into a helical array around the RNA genome into a rod 300 nm in length and 18 nm 
in diameter, with a 4 nm cylindrical pore running down the center.8,9 However, as shown in Figure 
5-1A, the monomers can be assembled into a variety of shapes, including double-layer disks (with 
17 monomers per layer) or extended rods, even in the absence of RNA by manipulating the ionic 
strength and pH of the solution.8 The native TMV rods as well as the genome-free disks and rods 
have a periodicity of ~17 monomers per turn. Previous work in the Francis group by Rebekah 

FIGURE 5-1: TMV as a scaffold for light harvesting. A) In the absence of the templating RNA genome, the assem-
bly state of TMV can be controlled by the solution conditions, namely ionic strength and pH. The two main aggregated 
states used in this chapter are the double disk (34 monomers) and the annealed helix rods (hundreds to thousands of 
monomers). B) To construct a light harvesting system, TMV monomers were first modified with either a donor or an 
acceptor chromophore. They could then be assembled into either double-layer disks or longer rods. In both cases, the 
chromophores were brought into close proximity, allowing energy transfer via FRET between them. C) The TMV 
monomers were modified using the maleimide versions of the donor (Oregon Green 488, OG) and acceptor (Alexa 
Fluor 594, AF) dyes. D) The emission of the donor OG dye overlaps with the absorbance of the acceptor AF dye, 
allowing for FRET between them. [(A) adapted from P.G. Holder’s thesis]
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Miller converted TMV into a light-harvesting system by functionalizing the monomers with either 
donor (D) or acceptor (A) chromophores with overlapping excitation and emission bands, and 
then assembling them into either double disks or rods.10 Rebekah was able to demonstrate energy 
transfer between the dyes, with efficiencies approaching 90% for a three-chromophore system. 
Shortly thereafter, the Majima laboratory reported functionalizing TMV with zinc and freebase 
porphyrins to create a similar light-harvesting FRET system.11 For more details on these TMV-
based light-harvesting systems, see Section 1.2.3 and Figure 1-15B-D.
 Figure 5-1B schematically demonstrates Rebekah’s design and Figure 5-1D illustrates the 
spectral characteristics of the donor (Oregon Green 488, OG) and acceptor (AlexaFluor 594, AF) 
dyes. Furthermore, by adjusting the fraction of donor- vs. acceptor-modified monomers used to 
assemble the disks or rods, the relative fraction of each chromophore could be controlled in the 
final aggregate. Figure 5-2A shows the excitation spectra for TMV rods modified with OG or AF, 
monitoring AF fluorescence. A pronounced excitation was seen at the OG peak around 500 nm, 
indicating energy transfer between the two dyes. Furthermore, by increasing the relative fraction 
of OG vs. AF, an increased excitation was seen, indicating an increased amount of energy transfer. 
In other words, by tuning the relative amount of OG vs. AF, the amount of light funneled from the 
OG to the AF could be controlled. Furthermore, due to the small Stokes shift of OG, the donor dyes 
were capable of self-FRET, and thus could transfer energy over large distances to the acceptors. 
 In these experiments Rebekah noted a large discrepancy in energy transfer efficiency between 
the disks and rods. As shown in Figure 5-2B, given a D:A ratio of 16:1, rods displayed a much 
higher donor excitation than disks, despite having the same chromophore composition. Put another 
way, the acceptor dye was receiving significantly more energy from the donors in the rods compared 
to the disks, even though the relative amount of the two chromophores was the same. Several 
explanations were proposed to explain this disparity. The first was that disks were less efficient 
than rods because they had fewer monomers (34, vs. thousands for rods). Thus, especially at high 
donor fractions (e.g. 16:1), there was a good chance that any given double disk contained zero 
acceptor chromophores and thus would not contribute to the energy transfer. This effect would 

FIGURE 5-2: Light harvesting using chromophores templated by TMV. A) Excitation spectra for TMV rods 
containing a varying number of donors per acceptor chromophore showed increased acceptor excitation with increas-
ing donor fraction, indicating that a greater number of donors transferred energy into any given acceptor. B) For a 
fixed (16:1) donor to acceptor ratio, rods had a markedly higher excitation than disks (which in turn have a greater 
excitation than monomers, which lack energy transfer altogether), indicating that FRET was much more efficient in 
rods compared to disks.

450 500 550 600 650
excitation wavelength (nm)

ex
ci

ta
tio

n 
in

te
ns

ity

ex
ci

ta
tio

n 
in

te
ns

ity

1
16
33
101

Donors

169

Acceptor
1
1
1
1
1

:
:
:
:
:

Disks
Rods

Monomers

550 650450

16:1 donor to acceptor ratio

excitation wavelength (nm)

A B

more donors
per acceptor



148

inherently lower the overall efficiency of the system. Rods, by contrast, had such a large number 
of units that this stochasticity should be averaged out, and a “donor only” rod never encountered.
 A second explanation for the increased efficiency of rods posited that energy transfer was faster 
vertically (i.e. between layers) than horizontally (i.e. between adjacent monomers). A rod would 
thus be able to transfer energy from donors to acceptors much faster than a disk due to its more 
extended vertical dimension. Yet another explanation was proposed based on the difference in 
environment between chromophores in rods vs. disks. In rods, the chromophores were encased in a 
protein matrix (see Figure 5-7B), and were most likely held in a single orientation. In double disks, 
the “top” layer of chromophores was essentially exposed to the solvent and the dyes free to rotate, 
both factors that might influence the energy transfer between them. Finally, it might be possible 
that rods, due to the greater number of chromophores that comprise them, could form some sort of 
extended quantum state between the dyes, coupling donors together in a way that increased energy 
transfer between them and made the overall efficiency of the system higher.
 Testing which, if any, of these effects is at play, however, is experimentally quite challenging. 
As an alternative, we became interested in developing a computational model to simulate the 
energy transfer dynamics inherent in an array of chromophores like the TMV light harvesting 
system. Such a model would allow us to directly investigate the effects of different parameters (like 
different energy transfer rates in the vertical vs. horizontal directions) on the system efficiency; by 
matching the experimental results to the theoretical predictions, it should be possible to develop a 
hypothesis for the disparity between rods and disks.

5.1.3 Defect tolerance in the TMV light harvesting system

 One of the greatest challenges facing a practical implementation of a light-harvesting 
system in a photovoltaic device is the stability of the chromophores, and their inactivation due 
to photobleaching. Fluorescent dyes can, from their excited singlet state, undergo intersystem 
crossing into the triplet state. This state can either directly react with triplet oxygen (the ground 
state), or sensitize it to the reactive singlet state (see Section 3.2.1). The light harvesting system 
in plants is no exception, and it has been found that plants have evolved various mechanisms 
to protect against reactive oxygen species,12,13 and can recycle damaged protein components in 
around 30 minutes.14 Although some synthetic efforts are trying to mimic the regenerative effect,15 
most photovoltaic devices approach this limitation by hermetically sealing the device to exclude 
access to oxygen altogether.
 The TMV-based light harvesting system, however, presents the possibility of a third mechanism 
for tolerance to photobleaching. Rods (and, to a lesser extent, disks) create an inherently two-
dimensional array of chromophores. Thus, there are multiple pathways between a given donor 
and acceptor chromophore; even at moderate degrees of photobleaching, there will still be 
available pathways between a given donor and acceptor. Not until the photobleaching reaches 
a very high level will all such paths be eliminated. As a result, the TMV light harvesting system 
has a “geometric” resistance to damage due to the two-dimensional (with respect to each other) 
arrangement of chromophores and the resulting redundancy in energy transfer pathways between 
any two chromophores.
 Although we hypothesized that this effect was important given the construction of the system, 
we were interested in demonstrating it experimentally. We thus sought a way to introduce defects 
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systematically and rationally into the TMV light harvesting system to simulate photobleaching and 
observe the resulting behavior. In order to connect this behavior to the underlying energy transfer, 
however, we decided once again to turn to a simulation based on a theoretical model. By creating 
a system in which two-dimensional energy transfer was explicitly possible, and then investigating 
the behavior of that system as defects are introduced, it should be possible to explain and better 
understand the experimental results. In other words, a theoretical model should predict how a 
two-dimensional array of chromophores should react to photobleaching, and an experimental 
demonstration of this predicted behavior would be strong evidence that such energy transfer was 
indeed occurring.

5.1.4 Choice of computational model to simulate the TMV system

 In order to effectively simulate the TMV light harvesting array, we decided to employ a kinetic 
Monte Carlo (KMC) algorithm, which was developed to treat dynamic, often non-equilibrium 
processes like chemical reactions.16,17 This method assumes that the rates for the different processes 
governing the system are known, and simulates a given trajectory of that system by choosing a 
process based on probabilities determined by those rates. Given a set of processes 1, 2, 3, … 
N with corresponding rates k1, k2, k3 … kN (corresponding to different reaction rates or, in our 
case, the different possible energy transfer rates), the probability Pi of process i happening (with 
corresponding rate ki) is given by:

∑


 N

j
j

i
i

k

kP

1

 (5-1) 

 In other words, the probability of a given process depends on the rate of that process divided 
by the sum of all the rates for all the processes possible. As a simple example, imagine a molecule 
A that can turn into either molecule B or C; if the rate of A → B is twice as fast as the rate of A 
→ C, there is a 2/3 probability of a given molecule of A becoming B, and a 1/3 probability of A 
becoming C. Figure 5-3 shows, schematically, how this algorithm is evaluated computationally: 

FIGURE 5-3: Generating a trajectory in the kinetic Monte Carlo algorithm. Consider the system shown in (A), 
where there are 5 processes possible from site 0 (e.g. 5 different reactions, or energy transfer to one of 5 different 
chromophores). The rate for each process is defined as ki. Let K be the sum of all the rates ( = k1 + k2 + k3 + k4 + k5 in 
this example). The probability Pi of a given process happening is thus ki/K. B) These probabilities can be represented 
by the lengths of line segments comprising a line of length 1; randomly choosing a number between 0 and 1 thus 
allows one to choose which process is executed.
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the values of Pj for each process are used to create a line of length 1 (since the sum of all the 
probabilities possible must add up to unity). Next, a random number between 0 and 1 is chosen, 
and the corresponding process is executed. If time is an important variable for the processes at 
hand, it can be incorporated in an added level of computational sophistication that is beyond the 
scope of this discussion.
 Variants of the KMC algorithm have been used by several groups in the past to look explicitly at 
FRET systems with multiple donors and acceptors in order to determine the distance relationships 
between them. Frederix and de Beer labeled actin filaments with donor and acceptor dyes (randomly 
distributed throughout the filament) and experimentally observed energy transfer between them.18 
They then created a KMC algorithm in order to model the energy transfer between the dyes, 
including photobleaching, and were able to simulate and explain the experimental data accurately. 
De Schryver and coworkers have used a related model to interpret experimental data for energy 
transfer between chromophores in dendrimers.19,20 Berney and Danuser used a biotinylated surface 
to immobilize a mixed population of donor- or acceptor-modified streptavidin molecules, thus 
creating a two-dimensional monolayer of multiple FRET pairs in order to optimize energy transfer 
measurements.21 They then used a Monte Carlo model to explain and understand the results of 
this complex experimental system. Aside from KMC models, analytical solutions to the Förster 
equation have been used for studying and understanding self-assembled groups of chromophores, 
including investigating the oligomerization of phospholamban22 or the kinetics of actin-myosin 
motors.23

 All the aforementioned examples have a common theme: they use computational simulations 
or mathematical analysis to understand and tease apart complicated systems of many interacting 
chromophores, often taking photobleaching into account. Inspired by these reports, we decided 
to implement our own kinetic Monte Carlo simulation in order to better understand and, in future 
experiments, reengineer the TMV light harvesting system.

5.2 Results and discussion

5.2.1. Defect tolerance in one vs. two dimensions

 Intuitively, we would expect there to be a marked difference in the tolerance to photobleaching 
of a one- vs. two-dimensional array of chromophores. The difference between the two scenarios 
is demonstrated schematically in Figure 5-4A. For a linear array of chromophores, the path from 
a donor to an acceptor must, due to the limited dimensionality of the system, pass through all the 
chromophores between them. This assumes that energy transfer is only transfer possible between 
directly adjacent chromophores, a reasonable assumption given the inverse sixth power dependence 
of energy transfer and distance in the Förster equation (see Section 5.2.3 and Equation 5-5 below). 
Thus, if any chromophore between a given donor and a given acceptor becomes bleached, the 
energy transfer between those two chromophores is blocked, and that donor is effectively “dead” 
and useless for energy transfer.
 Put another way, if energy transfer rates are nonzero only between immediate neighbors in an 
array of fluorophores, a domain of donors entirely bounded by defects forms a corral inside which 
excitations are topologically trapped and must eventually dissipate. The prevalence of such corrals 
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depends strongly on dimensionality, i.e. on the degree of connectivity between non-adjacent 
fluorophores via intervening donors. The very limited connectivity of a linear array generates a 
significant number of corrals even at relatively low defect density, as quantified below.
 Excitation at a randomly selected donor D* in an infinite linear array is trapped in this fashion 
if, proceeding outward from D*, a defect is encountered before an acceptor, both to the left and to 
the right. Because fluorophore compositions in the two directions are statistically independent, the 
probability Pcorral that D* resides in a corral is a product of one-sided probabilities:

2
rightrightleftcorral pppP   (5-2) 

where pright is the probability that the sequence of fluorophores to the right of D* includes a defect 
before the first acceptor; pleft is similarly defined and is identical to pright  by symmetry.
 Let f be the donor fraction and let x be the fraction of donors bleached. We can evaluate pright 
simply by enumerating the relevant compositional possibilities: 1) the right-hand neighbor of D* 
is defective, which occurs with probability fx; 2) the right-hand neighbor of D* is an active donor 
and the subsequent site is defective, with probability f(1-x)fx; …; n) n consecutive neighbors to 
the right of D* are active, followed by a defect, with probability [f(1-x)]nfx; etc. Summing these 
probabilities, and converting to a geometric series, we have:
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Substituting Equation 5-3 into Equation 5-2 gives the following expression for the decay in 
efficiency with bleach fraction:

FIGURE 5-4: The effect of dimensionality on defect tolerance. A) In a linear array of chromophores, a single 
defect site is sufficient to block energy transfer. B) In a multi-dimensional array, by contrast, multiple transfer paths 
are available, so defect sites can be circumvented. C) The qualitative drop-off in efficiency for multi-dimensional 
systems is predicted to be linear with donor bleach fraction. For a linear array of chromophores, the drop-off is 
predicted to be faster than linear with donor bleach fraction, and systems with a greater number of donors (D) per 
acceptor (A) fall off more rapidly.
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 Thus, for a given donor fraction f, the drop-off in efficiency with bleach fraction x falls off in a 
faster-than-linear fashion, and this effect is more pronounced at higher bleach fractions, as shown 
in Figure 5-4C. Indeed, time-resolved measurements of photobleaching within the LH2 complex 
from Rhodopseudomonas acidophila (a photosynthetic bacterium) indicate that the destruction of 
a single bacteriochlorophyll within the one-dimensional ring results in complete loss of emission,24 
indicating the sensitivity of a one-dimensional array of chromophores to photobleaching. 
 For a two-dimensional array of chromophores, however, the presence of redundant energy 
transfer pathways (as shown in Figure 5-4B) means that even if a given donor is bleached in the 
system, the energy transfer from a given donor can usually take an alternate pathway to an acceptor, 
circumventing the defect. Only at high bleach fractions is a given donor likely to be isolated from 
an acceptor and thus “dead.” Thus, to a first approximation, the energy transfer efficiency should, 
until very high values of x, fall linearly with bleach fraction (i.e. as 1/x) due to the loss of functional 
donors. In other words, a system with half its donors bleached will be roughly half as efficient as 
one with all its donors intact because there are half as many chromophores to absorb photons; an 
active donor will still have many paths available to an acceptor. In a linear array, by contrast, the 
system will be less than half as efficient because even at low values of x a good number of the 
intact chromophores are trapped by defects.

5.2.2 Controlled introduction of defects experimentally

 In order to investigate the effect of defects in TMV-based light harvesting systems, it was 
necessary to introduce those defects in a rational and controlled manner. Although it might be 
possible to simply expose the system to light in order to bleach it, this method cannot create a 
system with an exact bleach fraction x in a reproducible and carefully controlled manner. One 
alternate option is to mix in a certain fraction of unmodified TMV monomers with those modified 
with donor and acceptor dyes. However, Rebekah found that this method resulted in an under-
incorporation of unmodified monomers based on the fraction added, most likely because the dyes 
fill the binding pocket in the TMV monomer where the RNA genome usually goes and are thus 
incorporated preferentially.
 An alternate strategy, which retains the steric bulk of the chromophore, is to bleach the dye 
using a reducing agent. Because reducing the chromophore before conjugation would most likely 
result in reduction of the maleimide handle, we decided to carry out the reaction after conjugation 
to TMV. After screening a number of reducing agents (full details are reported elsewhere1), it was 
determined that the most efficient one was an iridium(III)-based catalyst that can transfer a hydride 
from formate in aqueous buffer (similar to a reaction previously reported by the Francis group25). 
Exposure of TMV monomers modified with OG to a related catalyst ([Cp*Ir(4,4′-dihydroxy-2,2′-
bipyridine)-(H2O)]SO4,

26,27) in buffered formate resulted in virtually complete modification of the 
chromophore, as monitored by both absorbance and emission (Figure 5-5). The protein was not 
adversely affected by this treatment, and the monomers bearing the bleached OG dyes assembled 
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equally efficiently with those bearing unbleached OG or AF dyes.
 Next, we investigated the effect of bleaching on system efficiency by systematically introducing 
a certain fraction of bleached donors into TMV light-harvesting system. For a given donor to 
acceptor ratio (either 16:1 or 2:1), the fraction of bleached donor monomers (relative to the total 
donor monomer pool) was varied from 0 to near 100%. UV-Vis spectroscopy confirmed that the 
final system had the expected fraction of bleached donors. The efficiency of the energy transfer 
system was then calculated. Typically, FRET efficiency is defined as the fraction of photons 
absorbed by the donor dye that are transferred to the acceptor dye. Mathematically, this value is 
determined by overlaying the UV-Vis spectrum of a two-dye system with its excitation spectrum, 
normalized at the acceptor wavelength. The ratio of the area under each of these curves is the 
FRET efficiency.
 For the bleaching studies, the excitation spectrum of a system (i.e. of either the 16:1 or 2:1 
system, at a given bleach fraction), was compared to the UV-Vis spectrum of the unbleached 
system in order to compare all bleached systems to a common reference point. The decay in 
efficiency (relative to the unbleached sample) would then provide insight into the energy transfer 
dynamics. Figure 5-6D and Figure 5-6E show the results of this experiment for the 16:1 and 2:1 
(D:A) systems, for both rods and double disks. Two things were immediately striking: first, the 
rods were more efficient than the disks, for both donor fractions and at all bleach fractions. Second, 
the decrease in efficiency for both systems was linear, strongly suggesting that multidimensional 
energy transfer was in effect. A third interesting observation is that the rods were about equally 
efficient in the 2:1 and 16:1 systems, whereas the disks were markedly less efficient in the 16:1 
compared to the 2:1 system.
 This experiment represents the first, to our knowledge, experimental example of introducing 
photobleaching rationally and systematically into a light harvesting system. Armed with the 
interesting experimental results just mentioned, we set out to understand them better using a 
computational simulation.

FIGURE 5-5: Incorporating defects into TMV-based light harvesting systems. A) The chromophores appended 
to the TMV monomer were bleached using an Ir-based catalyst that facilitates hydride attack on the chromophore, 
followed by protonation. The result was a non-fluorescent form of the molecule. After bleaching, both the (B) absor-
bance and (C) emission of the chromophore were reduced to almost zero.
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5.2.3 Determining the parameters for the computational model

 In order to build an accurate model that represented the energy transfer processes occurring 
in the TMV light harvesting system, it was necessary to consider the following parameters for the 
system:

 1) The donor-donor transfer rate. The OG dyes have a sufficiently small Stokes shift to 
permit self-FRET with a Förster radius of 4.0 nm.10 Indeed, it is precisely this donor-to-donor 
transfer that allow for systems with a high fraction of donors to acceptors (like 16:1) to efficiently 
shuttle energy to the acceptors.
 2) The donor-acceptor transfer rate. FRET between the OG donors and the AF acceptors is 
the critical component for efficient light harvesting. The two dyes were chosen in order to have a 
good spectral overlap, and have a resulting Förster radius of 4.4 nm.10 
 3) The orientation of the chromophores. The Förster equation (see Equation 5-8 below) 
includes the parameter κ2, the orientation factor, which varies depending on the arrangement of 
the chromophores. This parameter ranges from 0 to 4, depending on how favorably the dipoles 
of the donor and acceptor chromophore are aligned. For two freely rotating (i.e. with no fixed 
geometrical arrangement) chromophores, κ2 = 2/3, but for dyes fixed in place, as is believed to be 
the case for the TMV-templated system, the value will differ.
 4) The distance between chromophores. The Förster equation relates the efficiency E of 
energy transfer to the distance R between chromophores as:

FIGURE 5-6: Relationship between efficiency on bleach fraction. A) To introduce a system containing defects, 
TMV monomers containing either active or bleached OG chromophores were assembled into rods or disks with a 
certain fraction of intact acceptor AF chromophores. By varying the fraction of bleached chromophores, the efficiency 
of the system could be determined as a function of bleaching. The excitation spectra for (B) a bleached 16:1 system 
and (C) 2:1 system were overlaid with the absorbance spectrum of the unbleached system to calculate the efficiencies 
reported. The efficiency drop-off with bleach fraction was determined for (D) the 16:1 system and (E) the 2:1 system. 
In both cases, rods were more efficient than disks, though the difference was not as pronounced in the 2:1 system. 
Also, in both cases the decrease in efficiency was linear with bleach fraction, strongly suggesting that multi-
dimensional energy transfer was occurring in both rods and disks.
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Where R0 is the Förster radius, a fixed parameter for any two chromophores that depends on 
properties like their quantum yield and spectral overlap.5-7 When R = R0, the efficiency of energy 
transfer is 50%. Due to the inverse sixth power dependence, FRET efficiency quickly rises to 
near 100% as R < R0 and equally quickly drops to zero as R > R0. For this reason, energy transfer 
between non-adjacent dyes is significantly slower (~60-fold) than that between adjacent dyes, and 
in general only the latter needs to be considered.10

 5) The energy dissipation rate. A fluorophore like OG can, from its excited state, do several 
things. The first, and most intuitive, is to relax to the ground state and emit a photon: this is the 
definition of fluorescence. It can also relax to the ground state by non-radiative processes like 
thermal deactivation, releasing its excited state energy as heat in bond vibrations. Any energy 
transfer (e.g. FRET) will be in competition with these two processes, which together can be termed 
“dissipation” of energy.

 A series of studies were carried out in a previous report28 in collaboration with the laboratory 
of Prof. Graham Fleming, using picosecond time-resolved spectroscopy to quantify the energy 
transfer rates used. These studies found a rate of 70 ps for the donor-donor transfer, and a rate of 
187 ps for the donor-acceptor energy transfer. In addition, a decay rate of 4.28 ns was observed, 
which is close to the fluorescent lifetime of OG alone in solution (4.04 ns), and was thus believed 
to be due to isolated donor dyes that were not connected to the energy transfer network.
 In order to investigate the effect of orientation on the energy transfer dynamics, the crystal 
structure of the TMV structure was examined to determine the likely location of the dyes. In this 
system, which is assembled without RNA, it is most likely that the dyes fit in the groove where the 
RNA bases normally reside. Figure 5-7A shows a good overlap of the OG dye with the void space 
left by the RNA, and Figure 5-7B shows a similarly good fit of the dye with the contours of the 
protein matrix. As a result, we believe that the chromophores fit in a manner shown schematically 
in Figure 5-7C, with the xanthene core of the dye aligned parallel with the rod axis. The distances 
between chromophores was also determined from the crystal structure model and are indicated in 
Figure 5-7C.
 In order to calculate the relative energy transfer rates between chromophores due to their 
orientation, the following equation was used to determine the orientation factor:

22 )coscos3(cos ADT θθθκ −  (5-6) 

where θT is the angle between the donor and acceptor dipole moments, and θD and θA are the angles 
between the separation vector, R, and the donor and acceptor dipoles, respectively.29 In turn, θT is 
defined as:

ADADT θθθθθ coscossinsin   (5-7) 
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The values of κ2 determined from this equation (summarized in Figure 5-7D) can then be inserted 
into the full Förster equation:

46

2

η
λκ

R
Jk D

T    (5-8) 

Where kT is the energy transfer rate, J is the overlap integral (i.e. how well the donor emission 
overlaps with the acceptor excitation), λD is the emissive rate of the donor, η is the refractive 
index of the medium (water in this case), and R is the distance between chromophores.7,30 Taking 
into account the differences in κ2 and R given the chromophore model shown in Figure 5-7C, the 
relative rates of transfer between chromophores are as given in Figure 5-7D.

5.2.4 Creating a computational model to simulate energy transfer

 In order to model the energy transfer processes in our TMV-based light harvesting system, we 
created a kinetic Monte Carlo algorithm (see Section 5.1.4) where the probability of a given transfer 
was determined by the relative rate of that process. To model the geometry of the chromophores, 
we inspected the crystal structure of TMV, which strongly suggests that the dyes were arranged in 
a square lattice (see, for example, Figure 5-1B). Each site is surrounded by eight nearest neighbors 
(one above, one below, one to the right, one to the left, two diagonally above, and two diagonally 
below). The monomers are arranged in a helix with a periodicity of 17, such that site i lies directly 
below site i + 17 and directly above site i – 17. A schematic depiction of the geometric arrangement 
of chromophores is shown in Figure 5-8A.
 The double-layer disks were modeled as an array of 34 units and the rods as an array of 5,000 
units. The great variability in rod length means that many rods are comprised of more monomers, 
and many of less, but it’s unlikely that this variability matters much as long as the rods are longer 
than a certain length. Each site was randomly assigned to be a donor (D) or acceptor (A) depending 
on the donor fraction ratio specified (0.94 for the 16:1 system and 0.67 for the 2:1 system). Each 
donor was then randomly assigned as bleached or intact based on a specified bleach fraction 
ranging from 0 to 0.9. The simulation selected a random non-bleached donor to excite with a 

FIGURE 5-7: Effect of chromophore orientation on energy transfer rates. Sterically modeling a chromophore 
demonstrated that it could fit (A) in the space that the RNA usually occupies and (B) within the protein contours if the 
xanthene core of the dye was oriented parallel to the axis of the rod. C) This arrangement results in a parallel dipole 
moment for the dyes, and distances of 1.3 nm, 1.4 nm, and 2.2 nm between dyes that are horizontal, vertical, or diago-
nal to one another, respectively. D) The relative rates of energy transfer were calculated given the orientation of the 
dyes and the distance between them. See the text for details.
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photon and tracked the fate of that excitation. Only one such excitation was simulated at a time, 
since we assumed that there was a low chance of a photon hitting an already excited chromophore 
given the low photon flux of the fluorimeter used to obtain the data. However, future iterations of 
the model could take into account multiple excitations.
 At any given site, a photon can, depending on the environment, be transferred to a non-
bleached donor, transferred to an acceptor, or dissipated. The dissipation term, as mentioned in 
Section 5.2.3, combines several processes: thermal relaxation (non-fluorescent de-excitation) and 
fluorescence emission, as well as any additional unaccounted for non-transfer pathways. For each 
arrangement of donors and acceptors and bleach fraction, 100,000 photons were simulated, and 
the simulation was run 100 times with a different, randomly assigned configuration of dyes each 
time in order to obtain the mean efficiencies and standard deviations reported. The efficiency of a 
given simulation was then defined as the number of photons that ultimately make it to an acceptor 
divided by the total number of photons simulated (= 100,000). Only photons that hit an active 
donor were considered (in order to more accurately determine the energy transfer pathways, even 
at high fractions of bleached donors), but the efficiency was then scaled by the bleach fraction 
to correct for the fact that there were less active donors to absorb a photon to begin with, and to 
parallel the experimental calculation of efficiency (which compared a given bleached system’s 
excitation spectrum to the absorbance spectrum of the unbleached system).
 The probability of a given energy transfer depended on the eight nearest-neighbors surrounding 
a site. Figure 5-8A defines the energy transfer rates possible: horizontal (“horiz”), vertical (“vert”), 
or diagonal (“diag”) transfer, between either two donors (DD) or a donor and acceptor (DA). 
Bleached sites were treated as inactive and thus unable to receive an excitation. At a given site, 
all possible energy transfer pathways were determined, and the simulation randomly selected a 
process depending on the relative rates available at that site. The probability Pi of a given transfer i 
depends on the rate of that transfer relative to the sum of all possible rates at that site, as described 
in Section 5.1.4 and Equation 5-1:

∑
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i k

kP
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)(
  (5-1) 

FIGURE 5-8: Description of the computational model. A) At any given site, there exist six potential energy transfer 
rates: the donor-donor transfer rate (DD) and the donor-acceptor transfer rate (DA) in the horizontal (horiz), vertical 
(vert) or diagonal (diag) directions. Due to the periodicity of the TMV helix (= 17), a given site i lies below site i + 17 
and above site i - 17. B) Depending on the exact nature of the monomers surrounding a given site, the probability of 
a given transfer will vary. In the situation depicted here, the probability of the indicated energy transfer between donor 
x and acceptor y is given by Equation 5-9 in the text.
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For example, Figure 5-8B demonstrates one possible configuration of dyes, where the probability 
Px→y of the energy transfer depicted between donor x and acceptor y is:

dissdiagDAdiagDDvertDAhorizDDhorizDA

horizDA
yx kkkkkk

kP
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 The energy transfer rates were all normalized to that of the horizontal donor-donor transfer 
(kDD-horiz), which was arbitrarily set to 1. The vertical and diagonal donor-donor transfer rates 
were scaled by the relative rates given in Figure 5-7D. As described in Section 5.2.3, transient 
spectroscopy results indicated a transfer rate of 70 ps for donor-donor transfer and 187 ps for 
donor-acceptor transfer.28 Thus, to get the relative donor-acceptor rates, we scaled the donor-donor 
rates by a factor of 70/187.
 The simulation was coded in C, and the code for a typical simulation run is included in Section 
5.4 at the end of this chapter.

5.2.5 Validating the simulation with an analytical mean-field model

 In order to validate that our simulation was running as expected, we wanted to compare it to an 
analytically solvable model. To do this, we developed a mean-field approximation that allowed us to 
obtain an analytical result that could then be checked against the simulation. In this approximation, 
we considered an array with no bleached donors and, for simplicity, all the directional energy 
transfer rates equal (i.e. kDD-horiz =  kDD-vert = kDD-diag = kDD and kDA-horiz =  kDA-vert = kDA-diag = kDA, but kDD 
≠ kDA). The probability PA that an excitation makes it to an acceptor in any given step is then:
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where nA and nD are the average numbers of acceptors and donors immediately surrounding the site 
of interest (and therefore nA + nB = 8 due to the square lattice geometry). Similarly, the probability 
that an excitation is transferred to a donor in a given step (PD) is:

dissDDDDAA

DDD
D kknkn

knP


   (5-11) 

 For an excitation to make it to an acceptor after exactly n steps, there must be (n – 1) donor-
donor transfers followed by a donor-acceptor transfer in the nth step. Thus, the probability Pn that 
an excitation makes it to an acceptor after exactly n steps is:

)()( 1
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n
Dn PPP −  (5-12) 



159

The total probability that an excitation makes it to an acceptor (Pacc) is the summation of Pn over 
all values of steps n possible:
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Shifting the summation index to m = n – 1 yields:
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However, the summation over m in Equation 5-14 is an expression for a geometric series that 
converges to a finite solution:
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Substituting Equation 5-15 into Equation 5-14 gives:
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Substituting for PA and PD from Equation 5-10 and 5-11 yields:
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Dividing Equation 5-17 by nAkDA , and remembering that nA refers, in this mean-field approximation, 
to the average number of acceptors surrounding a given site (i.e. the acceptor fraction multiplied 
by 8, the total number of nearest neighbors), we get a final expression for the probability that an 
excitation reaches an acceptor:
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If we let f be the donor fraction (and thus (1 - f) be the acceptor fraction), and let Z be the number 
of nearest neighbors (= 8 in this geometry), Equation 5-18 can be rewritten as:
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where αiso = ZkDA/kdiss.
 Thus, we come to the conclusion that the probability (which, by our definition, is the same 
as the efficiency) depends only on two factors: 1) the average number of acceptors surrounding a 
given site; and 2) the ratio of the dissipation rate and the donor-acceptor transfer rate. Interestingly, 
in this approximation the probability does not depend on the value of the donor-donor transfer rate 
because a donor-donor transfer leaves the simulation in the same state in which it started: that of 
an excited donor. The donor-donor transfer rate only matters in a situation where each donor is 
potentially in a different environment (e.g. a chromophore surrounded only by donors).
 Figure 5-9 shows a series of plots at different values of <nA> of Pacc vs. the ratio kdiss/kDA. 
The values match very closely for all values of <nA> and kdiss/kDA examined, indicating that our 
model is performing as expected. In addition, changing the value of kDD in the simulation had a 
negligible effect on the efficiency (approaching the limit of no effect predicted by our mean-field 
approximation), further validating the model.
 For all the mean-field simulations in Figure 5-9, a rod with 5,000 units was used in order to 
best approximate the “bulk” environment required by the mean-field approximation, and 100,000 
photons were simulated. Five simulations were run for each value of <nA> and kdiss/kDA and the 
average efficiency of those runs was taken as Pacc. The extremely low variability of the efficiency 
in rods (as demonstrated in Figure 5-10C and 5-11C in Section 5.2.6 below), however, meant that 
even five runs were sufficient to obtain accurate statistics.
 This analytical model assumes, as mentioned above, that each donor “sees” an average 
environment dependent on the donor fraction, as opposed to the discrete, variable environment 
that a given donor actually encounters in the real system. Thus, the distinct energy pathways do not 

FIGURE 5-9: Validation of the computational model using a mean-field analytical model. To validate the 
computational model, a series of simulations was run assuming isotropic (i.e. equal in all directions) energy transfer 
rates and the probability of a photon reaching an acceptor (Pacc) was plotted as a function of the ratio kdiss/kDA. The 
results were compared with an analytical solution for this model (see text for details), and matched up quite well for 
a wide range of donor fractions (as expressed by the quantity <nA>).
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matter, and the redundancy they afford is not seen in any way other than the fact that there are eight 
neighbors, as opposed to two for a one-dimensional model. Furthermore, since bleaching changes 
the local environment for a chromophore (which is ignored in this analytical approximation), it 
is still necessary to employ a full simulation in order to explicitly see whether multidimensional 
energy transfer is at work.
 The mean-field model was invaluable, however, in showing that the simulation was working 
as expected, and the high degree of agreement between its predicted values and the analytical ones 
made us confident to extend the model to the more interesting scenario where donor bleaching is 
allowed.

5.2.6 Simulating the TMV light harvesting system

 Having developed and validated the model, we proceeded to investigate the behavior of the TMV 
light harvesting system computationally. As mentioned in Section 5.2.4 above, we normalized all 
the rates to the donor-donor transfer rate in the horizontal direction (kDD-horiz), which was arbitrarily 
set to 1. Using the values from Figure 5-7D for the relative rates between chromophores due to 
geometry, we obtained the following values for the donor-donor transfer rates for the rods:

kDD-horiz = 1
kDD-vert = 2.92
kDD-diag = 0.15

In order to obtain the corresponding values for the donor-acceptor transfer, we scaled these values 
by the ratio of the rates for the two transfers (70/187):

kDA-horiz = 0.37
kDA-vert = 1.09
kDA-diag = 0.06

 It is important to note here that the double disks have a different structure than the rods (see 
Figure 5-1A). In the rods, all the chromophores are effectively encased in the protein matrix 
provided by the monomers, enforcing a fixed orientation for all but the last 17 monomers at the 
“end” of the rod. Since rods are usually comprised of thousands of monomers, these last few 
monomers will have a negligible effect on energy transfer. In the double disks, however, half of 
the monomers are exposed and not surrounded by protein. As a result, we believe that they are 
free to rotate (as well as exposed to solvent) and not fixed in the orientation shown in Figure 5-7C. 
Because of this effect, we hypothesized that the energy transfer between layers of the disks (i.e. 
in the vertical and diagonal directions) is more accurately represented by the orientation factor for 
two randomly oriented chromophores, or κ2 = 2/3. Using this value in Equation 5-8, we obtained 
the following values for disks:

kDD-vert = 0.50
kDD-diag = 0.03
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kDA-vert = 0.19
kDA-diag = 0.01

 The values for horizontal transfer (kDD-horiz and kDA-horiz) were left unchanged, although there 
would be some minor differences in horizontal transfer in the “top” layer where the chromophores 
are freely rotating. The result of the difference in vertical and diagonal energy transfer between 
rods and disks means that vertical transfer is even more enhanced in rods: not only do they have 
a more extended vertical axis, but the actual transfer rate is faster because the chromophores are 
more favorably aligned along that axis.
 The final parameter to be determined for the model is the dissipation rate (kdiss) for the donor 
chromophores. As mentioned previously, this term combines all non-transfer processes. Although 
the two most prominent of these are fluorescence emission and thermal quenching, every additional 
hindrance to energy transfer is encoded therein as well. It is important to note that because all 
the rates are relative, this dissipation rate also includes any additional effects on energy transfer 
not explicitly determined, both positive and negative. Perhaps the protein matrix surrounding the 
chromophore affects transfer, or the chromophore wavefunctions overlap in a constructive way 
due to their arrangement, giving rise to a delocalized quantum state. All these effects, which are 
not explicitly treated by the model, are thus indirectly lumped into the dissipation term.
 The simplest manifestation of the dissipation term, ignoring these effects for the time being, is 
the fluorescence lifetime. In the absence of energy transfer, free OG chromophores have a lifetime 
of 4.04 ns, and in the TMV system a time constant of 4.28 ns was found and ascribed to donors 
decoupled from the energy transfer network.28 This value represents, to a first approximation, the 
lifetime of the excited state of isolated donors when fluorescence emission and thermal relaxation 
are the only factors at play. We thus used the value of 4.28 ns as a starting point for our dissipation 
rate; compared with the donor-donor transfer rate (70 ps), we obtained a relative value for the 
dissipation rate by scaling the kDD-horiz by (70/4280), giving kdiss = 0.016.
 Figure 5-10 shows the results of the simulation when it was run using the parameters given 
above. Both the 16:1 (Figure 5-10A) and 2:1 (Figure 5-10B) systems were simulated, for both disks 
and rods, at bleach fractions ranging from 0 to 0.9. The variability of each data point was defined 
as the standard deviation of efficiency for the 100 runs simulated, normalized by the average 
efficiency, and is plotted in Figure 5-10C. The first thing that becomes immediately apparent 
is that, for both the 16:1 and 2:1 systems, the rods were more efficient than the disks, and the 
difference between them was smaller in the 2:1 system. Furthermore, similar to the experimental 
results shown in Figure 5-6, the decrease in efficiency was more or less linear for both rod systems 
and the 2:1 disks, which was encouraging given that the model has the two-dimensional nature 
built in explicitly.
 It is interesting to note that the 16:1 disk system had a slightly faster-than-linear decrease in 
efficiency and begins to look a little like the predicted one-dimensional decay depicted schematically 
in Figure 5-4C. This is most likely because in a disk system with a high fraction of donors (e.g. 
in the 16:1 system there are only two acceptors on average per disk, with many disks having only 
one acceptor), there is a good chance that at high bleach fractions some of the remaining donors 
become “trapped” by defects in corrals of the type described in Section 5.2.1 and quantified in 
Equation 5-4. In addition, the 1/x dependence for a two-dimensional system described in Section 
5.2.1 above is only an approximation, and some deviations from linearity might be expected, 
especially at high donor fractions.
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 The disks, with only 34 units, also had a much greater variability (Figure 5-10C) than the 
rods, mainly because the small number of monomers (34) that comprise them allow for larger 
fluctuations in their composition. For the 16:1 system this effect was particularly pronounced: there 
is a decent chance that a disk in this case contains zero acceptors, and thus contributes nothing 
to energy transfer (i.e. the efficiency is zero by definition). As bleaching is introduced, the 16:1 
system is affected to a greater extent because of the greater chance of trapped donors as mentioned 
above. The rods, being a “bulk” material due to the greater number (5,000) of monomers, average 
out these fluctuations better. The 16:1 rod system was still more variable than the 2:1 system, but 
the overall values were small in both cases. 
 The differences between the theoretical data in Figure 5-10 and the experimental data in Figure 
5-6, however, are equally important. First, and foremost, the absolute values of efficiency for 
the rods and disks were much larger than experimentally observed. The rods were around 90% 
efficient in the 16:1 system and over 98% efficient in the 2:1 system, whereas experimentally the 
efficiencies topped out around 50%. The disk efficiencies were even more inflated: around 60% 
for the 16:1 system and 93% for the 2:1 system, compared with values of 5% and 11% for the 
experimental system.
 The two effects posited in Section 5.1.2 for the difference between disks and rods—the 
faster vertical energy transfer and the greater variability in disks due to fewer monomers—were 
responsible for the differences between the two aggregation states in Figures 5-10A and 5-10B. 
However, the divergence from the experimental data clearly indicates that there was some other 
effect at play that makes the rods so much more efficient than the disks. Although the energy 
transfer rates used in the model might not be completely accurate given the assumption used, it is 
clear that they fall in a range of tens to a couple hundred picoseconds. Changing them by a factor 
of 2 or 3 will change the efficiencies somewhat, but will not have a large enough effect to match 
the theoretical data to the experimental results.
 The main reason that the computational simulations overestimate the efficiency so much is 
almost certainly due to the dissipation rate. This rate is 61 times slower than the horizontal donor-
donor transfer rate and 23 times slower than the horizontal donor-acceptor transfer rate. With 
dissipation so much slower than transfer, only a small fraction of photons get dissipated rather than 
transferred, so it is not surprising that the efficiencies approach 100%. Only in the 16:1 disk system, 

FIGURE 5-10: Initial simulation results. A series of computational simulations was carried out for (A) the 16:1 and 
(B) 2:1 systems, simulating them at different bleach fractions and using a value of 4.28 ns for kdiss. A linear decrease 
in efficiency with bleach fraction was observed, as expected for a system with multiple energy transfer pathways. C) 
The disks displayed a much greater variability in efficiency than the rods due to the fewer number of monomers 
involved, and the 16:1 system had a greater variability than the 2:1 system for both the disks and the rods.

av
g.

 e
ffi

ci
en

cy

fraction bleached

Disks
Rods

A

0.0

0.2

0.4

0.6

0.8

1.0

0 0.2 0.4 0.6 0.8 1
fraction bleached

av
g.

 e
ffi

ci
en

cy

B

0.0

0.2

0.4

0.6

0.8

1.0

0 0.2 0.4 0.6 0.8 1

(s
td

. d
ev

.)/
(a

vg
. e

ff.
)

fraction bleached

C
16:1 disks
16:1 rods
2:1 disks
2:1 rods

0.0

0.4

0.8

1.2

0 0.2 0.4 0.6 0.8 1



164

which is hampered by its susceptibility to statistical fluctuations in chromophore composition, is 
this effect mitigated somewhat. Clearly, there must be some additional dissipative effect not taken 
into account by the fluorescence lifetime of the donor (which was used to calculate the value of kdiss 
used), and this effect was responsible for the decrease in efficiency in the experimental system.
 In order to probe the dependence of kdiss on the efficiency theoretically, we ran the simulation 
at multiple dissipation rates in order to try to match the experimental data. However, no single 
dissipation rate was able to match the data exactly; a value that matched the data for rods overestimated 
the efficiency for disks, and a value that matched the efficiency for disks underestimated the 
efficiency for rods. Also, the efficiency of the 2:1 rods was always higher than the 16:1 rods, and 
no value of the dissipation rate made them approximately equal as in the experimental data.
 We thus decided to match the experimental data for each of the four systems described by 
independently determining the appropriate value of kdiss necessary for each. The curves, matched to 
the experimental data, are shown in Figure 5-11A and 5-11B, with the variability shown in Figure 
5-11C. The values for energy transfer used are given in Figure 5-11D, including the values for 
transfer described above as well as the four dissipation rates used to match the experimental data. 
From these data it was determined that, given the energy transfer parameters used, the dissipation 
rate for disks had to be 3-5 times faster than that for rods, and the dissipation rate for the 2:1 
system had to be 3-6 times faster than that of the 16:1 system. The trends in variability in Figure 
5-11C closely paralleled those in Figure 5-10C, and were not significantly affected by the changed 
dissipation rates.
 The origin for the discrepancies in dissipation rates is not currently known, but there are several 
effects that could give rise to them. First, as mentioned previously, disks are not exposed to the 
same environment as rods. Half of the chromophores are exposed to solvent, free to rotate, and can 
potentially contact quench with one another. Thus, it is plausible that the disks would have more 
pathways for unproductive loss of energy, and thus a faster dissipation rate.
 It is important to recall that the dissipation rate is always defined relative to the other energy 
transfer rates. Thus, a smaller dissipation rate for a given system could actually reflect faster 
transfer, not slower dissipation. The 16:1 systems might have some effect that increases energy 

FIGURE 5-11: Matching the experimental data with the simulation. A series of computational simulations was 
carried out for (A) the 16:1 and (B) 2:1 systems, simulating them at different bleach fractions and tuning the value of 
kdiss to match the experimental data. A linear decrease in efficiency with bleach fraction was observed, as expected for 
a system with multiple energy transfer pathways. The results matched well with a mean-field model that averaged 
over the energy transfer rates (see Equations 5-20 through 5-25 in the main text for the derivation of this mean-field 
model). C) The disks displayed a much greater variability in efficiency than the rods due to the fewer number of 
monomers involved, and the 16:1 system had a greater variability than the 2:1 system for both disks and rods. D) In 
order to match the experimental data from Figure 5-6, the disks must have a greater energy dissipation rate than the 
rods, and the 2:1 system must have a greater dissipation rate than the 16:1 system.
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transfer compared to 
the 2:1 system, and this 
difference is reflected 
in the smaller relative 
dissipation rate. One 
such possibility is that 
the greater fraction of 
donors in the 16:1 system 
allows for some kind of 
delocalized quantum state 
(similar to that found in 
the photosynthetic light 
harvesting apparatus31) 
that allows for greater 
orbital overlap and 
energy transfer. In the 2:1 
system, where there are 

many more acceptors to “break up” this overlap, this effect might be less pronounced.
 An interesting experiment performed by Rebekah provided some clues towards this effect. She 
create a system of rods bearing only donor dyes (with no acceptors whatsoever), and measured 
their brightness, defined as the fluorescence emission of the system normalized by its absorbance 
(to correct for differences in concentration). She then determined the brightness for a system of 
rods with increasing fractions of bleached donors, and the results are shown in Figure 5-12. It 
was found that the brightness remained constant, more or less, until high bleach fractions, when it 
suddenly increases almost threefold. Disks and monomers did not display this bleaching-dependent 
increase. Thus, something about the environment of a rod is quenching the fluorescence emission 
of the donor dyes, potentially due to enhanced donor-donor transfer relative to disks. At high 
bleach fractions, when donors are increasingly “disconnected” from other donors, the relative 
brightness increases.
 These data are consistent with the previous time-resolved studies that found a decrease in donor 
emission due to donor-donor energy transfer.28 Thus, it is possible that the rods somehow facilitate 
energy transfer beyond the vertical enhancement due to orientation, potentially by quantum effects 
or by some as of yet unspecified phenomenon. Exploring these options will be the subject of future 
time-resolved experiments.
 Finally, it is possible that there exist other, inefficiencies unaccounted for in the energy transfer 
process that have not yet been determined. Based on the Förster relationship (Equation 5-5), the 
distance between dyes (~1.53 nm) and the Förster radius for donor-donor transfer (4.0 nm) and 
donor-acceptor transfer (4.4 nm), an efficiency of 99.7% is expected for the former and 99.8% for the 
latter. Clearly these values are much greater than experimentally observed although, interestingly, 
they are quite close to the values obtained in Figure 5-10A and 5-10B for the dissipation rate based 
on the fluorescence lifetime of an isolated OG chromophore. Thus, some other effect must be 
hindering energy transfer. The refractive index (η in Equation 5-8) may be significantly higher for 
chromophores encased in the protein matrix compared to water, decreasing the transfer efficiency. 
Alternatively, the protein matrix may be quenching the excited state of the dyes through additional 
vibrational de-excitation pathways (such as interactions with amino acid side chains) compared to 

FIGURE 5-12: The effect of bleach fraction on donor brightness. A) TMV 
monomers containing either intact or bleached OG chromophores were 
co-assembled into rods and disks. B) The brightness of the system (defined as the 
emission of OG normalized by its absorbance) was determined for a range of 
bleach fractions, and normalized at the 100% bleached data point for comparison. 
The rods displayed an increase in brightness at high bleach fractions, whereas the 
brightness of  monomers and disks remained unchanged with bleaching.

intact

bleached

A

fraction bleached
0 50 100

60

0

120

no
rm

. b
rig

ht
ne

ss

monomers
and disks 

rods
B



166

water.
 Even in the time-resolved experiments conducted with the Fleming lab, it was found that for 
a 100:1 system, the donor-acceptor transfer rate not only occurred with a time constant of 187 ps, 
but with an efficiency of 36%.28 Although the origin of this efficiency was not explained, it clearly 
shows that there is an additional dissipative effect we are not considering, and makes increasing 
the dissipation rates to the values shown in Figure 5-11D reasonable. Similarly quantifying the 
efficiency of donor-donor transfer would allow for further optimization of the model (see Section 
5.3 below). The discrepancy between the observed energy transfer efficiency in rods (~50%) and 
the time-resolved value for donor-acceptor transfer efficiency (36%, which should be an upper 
value for this transfer), is currently unknown.
 A couple of notes are in order for the computational results presented herein. First, the 
linear data trends in Figure 5-11A and 5-11B mean that the main factor controlling the decrease 
in efficiency is the loss of functional donors. The efficiency was calculated by only following 
excitations that struck active donors, and then subsequently scaling by the bleach fraction. The 
efficiencies prior to this correction were almost identical, demonstrating that, until high bleach 
fractions, there were available energy transfer pathways to an acceptor due to the two-dimensional 
nature of the chromophore array. Furthermore, the 16:1 rod data in Figure 5-11A displayed a 
slight deviation from linearity; the disk data for that system may have as well, but the small values 
of the efficiencies as well as the statistical fluctuations (Figure 5-11C) might obscure this. The 
relationship between efficiency and bleach fraction for the 2:1 system, by contrast, was almost 
perfectly linear for both rods and disks. As with Figure 5-10, this result could be due to two main 
effects: 1) the presence of corrals, especially at high bleach fractions where even the extended rods 
may have a modest amount of active chromophores “trapped” between layers of inactive ones; or 
2) the fact that the 1/x decrease is only a simple, first-order approximation to the dependence of 
efficiency on bleach fraction for a two-dimensional system.

5.2.7 Extension of the mean-field model to anisotropic transfer rates

 In Section 5.2.5, a mean-field model was developed in order to validate the computational 
simulation. This model assumed isotropic energy transfer rates (i.e. the same in all directions). 
However, it is possible by a simple extension to investigate the case where the energy transfer rate 
depends on direction, as assumed in the simulation of the experimental system. In order to take this 
anisotropy into account, it is necessary to make the following substitutions:

γ
γ

γ −−∑⇒ DAADAA knkn   (5-20) 
 

∑ −−⇒
γ

γγ DDDDDD knkn  (5-21) 

where γ = horiz, vert, diag. Making these appropriate substitutions in Equation 5-10 and 5-11, and 
following the same derivation outlined above for the isotropic case, we come to the anisotropic 
analogue of Equation 5-18:
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Also, we have the following relation:

∑∑ −−− −
γ

γγ
γ

γγ DADAA kZfkn )1(  (5-23) 

where, once again, f is the donor fraction (and thus (1 – f) is the acceptor fraction) and Zγ is 
the number of neighboring sites in a given direction (horizontal, vertical, or diagonal). Inserting 
Equation 5-23 into Equation 5-22 and rearranging, we arrive at the following analogue of Equation 
5-19:
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with the following definition for αaniso:
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In the TMV geometry, Zhoriz = 2 (for both disks and rods), Zvert = 2 for rods and 1 for disks, and Zdiag 
= 4 for rods and 2 for disks.
 The results of this anisotropic model (using the values of the energy transfer rates from Figure 
5-11D) are indicated by the solid lines in Figure 5-11A and 5-11B, and match the results of the 
simulation quite well. It is important to note that this derivation does not include bleaching, but 
since it would treat it in an average way, it is sufficient to normalize the unbleached value by 
the bleach fraction (to give a straight line). The fact that this straight line fits the data from the 
simulation well is further evidence that the main effect of bleaching, in this two-dimensional array 
of chromophores, is to reduce the number of functional light-absorbing units, while redundant 
transfer pathways remain in place to shuttle energy from a donor to an acceptor.
 This mean-field model agrees particularly well for the 2:1 system, where almost any given 
donor is likely surrounded by at least one or two acceptors. In the 16:1 system, where many donor-
donor transfers are necessary (allowing for dissipation to compete), the agreement is not as good, 
though the mean-field model is still fairly accurate. In future experiments, the analytical model can 
serve as a good “back of the envelope” estimate of system performance without having to run a full 
computational simulation.
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5.3 Conclusions and outlook

 TMV-based light-harvesting systems represent a fascinating and powerful way to quickly 
construct complex, but well-defined, arrays of chromophores. They present a fundamentally novel 
resistance to photobleaching in their two-dimensional arrangement of dyes that allows defects (due 
to photobleaching or incomplete modification) to be circumvented. In order to simulate the effects 
of defects, a chemical method for bleaching chromophores on TMV monomers was developed and 
a linear decrease in efficiency with photobleaching was found for both rods and disks, strongly 
suggesting two-dimensional energy transfer. Additionally, the rods were found to be more efficient 
than the disks at all bleaching levels.
 In order to investigate this effect further and help elucidate the increased efficiency of rods, a 
kinetic Monte Carlo simulation was developed and implemented to model the energy transfer in the 
TMV system. The kinetic parameters for the transfer were obtained from a combination of previous 
time-resolved spectroscopy measurements as well as geometric modeling and mathematical 
calculations using the Förster equation. The simulations confirmed the linear decrease of efficiency 
with bleach fraction, strongly supporting the two-dimensional energy transfer hypothesis. However, 
the energy dissipation rate for disks needed to be 3-5 fold higher than that for rods, and that of 
the 2:1 system 3-6 fold higher than that of the 16:1 system, to account for the experimental data. 
Finally, an analytical mean-field mathematical model was developed to validate the simulations, 
and proved to be fairly accurate at predicting energy transfer efficiencies.
 A number of questions remain, however. First among these is the origin of the discrepancies in 
the dissipation rates predicted by the simulation. Why is energy lost faster in disks relative to rods? 
And why does the 16:1 system appear to transfer energy faster than the 2:1 system? Further time-
resolved measurements will be critical in answering these questions. In particular, determining 
the rates of donor-donor transfer, donor-acceptor transfer, and dissipation for the 2:1 and 16:1 
systems in both rods and disks will shed light on the mechanistic differences between them, and 
the values obtained can be employed in the model to obtain more accurate predictions. Going 
a step further and investigating these rates at several different bleach fractions would also help 
elucidate whether they remain constant, or change (as suggested by Figure 5-12) with bleaching. 
The model employed in this chapter assumes that a bleached donor is simply not seen by the active 
donors around it, but perhaps that assumption is naïve. Furthermore, the model assumes that only 
one excitation happens at a time, and tracks the fate of that excitation before introducing a second 
one. Depending on the photon flux, there may be multiple excited chromophores in the system at 
any given time, complicating analysis and requiring a more sophisticated Monte Carlo algorithm 
with time explicitly incorporated. 
 It is also possible to use anisotropic fluorescence techniques (both steady-state and time-
resolved) to investigate the difference between vertical and horizontal energy transfer. Perhaps the 
vertical transfer is enhanced by even more than the calculations presented in this chapter predict; 
aligning the chromophore-modified TMV capsids along the rod axis (which can be achieved by 
simply applying a shear force, as previously described32; see Figure 1-7H) and probing them with 
polarized light should help elucidate such differences. Finally, it would be interesting to investigate 
the possibility of quantum effects due to overlapping chromophore wavefunctions, again through 
the use of sophisticated time-resolved spectroscopic methods.
 Future iterations of the TMV system will focus on coupling the light-harvesting components to 
electron-transfer groups (as described, for example, in Chapter 2). In order to effectively engineer 
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such a system, comprised of multiple dyes and catalysts in different locations on the protein shell, it 
is necessary to understand the energy transfer dynamics. Thought a combination of bioconjugation 
chemistry, mathematical modeling, and computational simulation, we have taken the first steps in 
starting to understand complex multicomponent systems built on self-assembling virus scaffolds. 

5.4 Code for computer simulations

 The code (written in C) for a representative simulation run is reproduced below. This simulation 
was used to generate the 2:1 rod data in Figure 5-11B. To generate the 16:1 rod data (from Figure 
5-11A) it is merely necessary to set the variable “donorfrac” to 0.94 instead of 0.67 and change the 
dissipation rate (“kdiss”) to 0.12.
 To obtain the data for disks, the number of sites (“N”) must be changed from 5,000 to 34, 
and the values of the transfer rates (“kddhor”, etc.) changed to those given in Figure 5-11D. The 
program produces an output file (“out.txt”) that contains the average efficiency from each of the 
100 runs executed.
 The last block of code is for a random number generator that allows the program to choose 
between energy transfer pathways.

#include <time.h>
#include <stdlib.h>
#include <stdio.h>
#include <math.h>

// seed for random number generator
long int idum;

float ran2(long *idum);

const int NMAX=10000;

int identity[NMAX];
// the elements of identity specify whether each site is an active donor (0),
// an acceptor (1), or an inactive donor (2)

int main() {
  // i, j, and k are integers for looping
  int i,j,k;
  int loop;
  int N_runs = 100;

  float ran;
  int choose,choice,count;
  
  float efficiency;

  // site is the current location of the excitation
  // 1 (not 0) refers to the first site
  int site;

  // nevents is the # of events that may occur at the current excitation site
  int nevents;
  
    // kddhor is the rate for horizontal donor-to-donor transfer
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  // kddvert is the rate for vertical donor-to-donor transfer
  // kdddiag is the rate for diagonal donor-to-donor transfer
  // kdahor is the rate for horizontal donor-to-acceptor transfer
  // kdavert is the rate for vertical donor-to-acceptor transfer
  // kdadiag is the rate for diagonal donor-to-acceptor transfer
  // all rates are relative to kddhor
  // From RAM’s paper: tdd = 70 ps, tda = 187 ps, and tdiss = 4.28 ns
  float kddhor=1, kddvert=2.92, kdddiag=0.15, kdahor=0.37, kdavert=1.09, kdadiag=0.06, kdiss=0.75;

  // rates is  list of rates for each event
  // the first element corresponds to dissipation
  // all others involve transfer
  float rates[9];
  rates[0]=kdiss;

  FILE * out;
  out = fopen(“output.txt”,”w”);

  // totalrate is the sum of rate constants at current site
  float totalrate;

  // destination lists the destinations of transfer events
  int destination[9];

  // target is a potential destination
  int target;

  // nabs loops over absorption events
  int nabs;

  // done is a flag indicating whether an absorption event has
  // been followed through to its end (1) or is still being
  // propagated
  int done;

  // donorfrac is the fraction of sites that are donors,
  // deadfrac is the fraction of donors that are inactive
  float donorfrac=.67, deadfrac=0;

  // N is the number of sites
  int N=5000;

  // vertindex specifies the number of sites along the helix between
  // a given site and its first vertical neighbor
  // *** Nick: I think vertindex must be something close to 17
  int vertindex=17;

  // nphotons is the total number of light absorption events to be simulated
  int nphotons=100000;

  // nacc is the number of absorption events that make it to an acceptor
  // nacc is set to zero initially and increases after each successful event
  int nacc=0;

  // initialize random number generator
  idum = -time(NULL);
  
  for(loop=1; loop<=N_runs; loop++){

  // set site identities at random
  for (i=1; i<=N; i++) {
    if (ran2(&idum) < donorfrac) {
      if (ran2(&idum) < deadfrac) {
 identity[i]=2;
      }
      else {
 identity[i]=0;
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      }
    }
    else {
      identity[i]=1;
    }
    //fprintf(out,”identity %d %d\n”,i,identity[i]);
  }

  // loop over absorption events
  for (nabs=1; nabs<=nphotons; nabs++) {
    done = 0;

    // select initial excitation site at random as long as it is a donor
    site = int(N*ran2(&idum)+1);

    while (identity[site] != 0) {
        site = int(N*ran2(&idum)+1);

        }
        

    // perform transfers until excitation dies or arrives at acceptor
    while (done ==0) {

      nevents = 0;
      totalrate = kdiss;
       // determine how many events may occur (the first is dissipation)

      // previous horizontal neighbor
      target = site-1;
      if (target > 1) {

 // check if it is a dead donor
 if (identity[target] != 2) {
   nevents++;
   destination[nevents]=target;
   // check if it is donor or acceptor
   if (identity[target]==0) {
     rates[nevents] = kddhor;
     totalrate += kddhor;
   }
   else {
     rates[nevents] = kdahor;
     totalrate += kdahor;
   }
 }

      }

      // subsequent horizontal neighbor
      target = site+1;
      if (target < N) {

 // check if it is a dead donor
 if (identity[target] != 2) {
   nevents++;
   destination[nevents]=target;
   // check if it is donor or acceptor
   if (identity[target]==0) {
     rates[nevents] = kddhor;
     totalrate += kddhor;
   }
   else {
     rates[nevents] = kdahor;
     totalrate += kdahor;
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   }
 }

      }

      // vertical neighbor below
      target = site - vertindex;
      if (target > 1) {

 // check if it is a dead donor
 if (identity[target] != 2) {
   nevents++;
   destination[nevents]=target;
   // check if it is donor or acceptor
   if (identity[target]==0) {
     rates[nevents] = kddvert;
     totalrate += kddvert;
   }
   else {
     rates[nevents] = kdavert;
     totalrate += kdavert;
   }
 }

      }

      // first diagonal neighbor below
      target = site - (vertindex-1);
      if (target > 1) {

 // check if it is a dead donor
 if (identity[target] != 2) {
   nevents++;
   destination[nevents]=target;
   // check if it is donor or acceptor
   if (identity[target]==0) {
     rates[nevents] = kdddiag;
     totalrate += kdddiag;
   }
   else {
     rates[nevents] = kdadiag;
     totalrate += kdadiag;
   }
 }

      }
      
      // second diagonal neighbor below
      target = site - (vertindex+1);
      if (target > 1) {

 // check if it is a dead donor
 if (identity[target] != 2) {
   nevents++;
   destination[nevents]=target;
   // check if it is donor or acceptor
   if (identity[target]==0) {
     rates[nevents] = kdddiag;
     totalrate += kdddiag;
   }
   else {
     rates[nevents] = kdadiag;
     totalrate += kdadiag;
   }
 }



173

      }

      // vertical neighbor above
      target = site + vertindex;
      if (target < N) {

 // check if it is a dead donor
 if (identity[target] != 2) {
   nevents++;
   destination[nevents]=target;
   // check if it is donor or acceptor
   if (identity[target]==0) {
     rates[nevents] = kddvert;
     totalrate += kddvert;
   }
   else {
     rates[nevents] = kdavert;
     totalrate += kdavert;
   }
 }

      }

      // first diagonal neighbor above
      target = site + (vertindex-1);
      if (target < N) {

 // check if it is a dead donor
 if (identity[target] != 2) {
   nevents++;
   destination[nevents]=target;
   // check if it is donor or acceptor
   if (identity[target]==0) {
     rates[nevents] = kdddiag;
     totalrate += kdddiag;
   }
   else {
     rates[nevents] = kdadiag;
     totalrate += kdadiag;
   }
 }

      }
      
      
      // second diagonal neighbor above
      target = site + (vertindex+1);
      if (target < N) {

 // check if it is a dead donor
 if (identity[target] != 2) {
   nevents++;
   destination[nevents]=target;
   // check if it is donor or acceptor
   if (identity[target]==0) {
     rates[nevents] = kdddiag;
     totalrate += kdddiag;
   }
   else {
     rates[nevents] = kdadiag;
     totalrate += kdadiag;
   }
 }

      }
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      for (k=0; k<=nevents; k++) {

      }

      // select transfer or dissipation at random
      ran = ran2(&idum);
      choose = 0;
      count = 0;
      float cumurate=rates[0];
      
      while (choose == 0) {

         if (ran < cumurate/totalrate) {
             choice=count;
             choose=1;
          }    
          else  {
                   count++;
                   cumurate += rates[count];
             } 
 
     }
     
     
     
      // if choice=0 then excitation dissipated
      if (choice==0) {
                     done=1;
                     }
      // otherwise excitation is transferred
      else {
       site = destination[choice];

 // if new site is an acceptor we are done
    if (identity[site]==1) {
       done=1;
          nacc++;
       }
      }

        }
        
         
     }
     
     efficiency = nacc/nphotons;
     //fprintf(out,”\n”);
     fprintf(out,”%d\n”,nacc);
     //fprintf(out,”nphotons = %d\n”,nphotons);
     //fprintf(out,”efficiency = %f\n”,efficiency);
     
     nacc = 0;
     
     }

  fclose(out);

}

#define IM1 2147483563
#define IM2 2147483399
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#define AM (1.0/IM1)
#define IMM1 (IM1-1)
#define IA1 40014
#define IA2 40692
#define IQ1 53668
#define IQ2 52774
#define IR1 12211
#define IR2 3791
#define NTAB 32
#define NDIV (1+IMM1/NTAB)
#define EPS 1.2e-7
#define RNMX (1.0-EPS)

float ran2(long *idum)
{
  int j;
  long k;
  static long idum2=123456789;
  static long iy=0;
  static long iv[NTAB];
  float temp;

  if (*idum <= 0) {
    if (-(*idum) < 1) *idum=1;
    else *idum = -(*idum);
    idum2 = (*idum);
    for (j=NTAB+7;j>=0;j--) {
      k=(*idum)/IQ1;
      *idum=IA1*(*idum-k*IQ1)-k*IR1;
      if (*idum < 0) *idum += IM1;
      if (j < NTAB) iv[j] = *idum;
    }
    iy=iv[0];
  }
  k=(*idum)/IQ1;
  *idum=IA1*(*idum-k*IQ1)-k*IR1;
  if (*idum < 0) *idum += IM1;
  k=idum2/IQ2;
  idum2=IA2*(idum2-k*IQ2)-k*IR2;
  if (idum2 < 0) idum2 += IM2;
  j=iy/NDIV;
  iy=iv[j]-idum2;
  iv[j] = *idum;
  if (iy < 1) iy+= IMM1;
  if ((temp=AM*iy) > RNMX) return RNMX;
  else return temp;
}
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