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ABSTRACT 
 

High-Aspect Ratio Protein-Based Carriers for Delivery Applications 
 

by 
 

Jenna Marie Lee Bernard 
 

Doctor of Philosophy in Chemistry 
University of California, Berkeley 

Professor Matthew B. Francis, Chair 
 
 

The work described in this dissertation aims to advance the early detection and 
therapeutic treatment of cancer. To do this, we seek to utilize protein-based carriers to deliver 
increased concentrations of cargo (imaging agents or drugs) to the tumor site that will allow for 
improved detection of early cancer states and/or a more focused delivery of therapeutics to the 
tumor.  

Described herein is the production, characterization, and functionalization of two high-
aspect ratio carriers: nanophage (Chapters 2-4) and a truncated IDP monomer (Chapter 5). To 
our knowledge, these structures have not yet been demonstrated for use in cancer delivery 
applications. In this work, a large emphasis was placed on the optimization of protein 
production and biochemical functionalization of these scaffolds for delivery applications. 

The nanophage scaffold was explored for its genetic and chemical amenability to 
incorporate targeting moieties (scFv and cRGD, respectively) onto the phage coat proteins to 
create an “active targeting” agent that would facilitate cancer cell uptake (Chapter 4). Although 
the chemical incorporation of cRGD onto the nanophage was met with success, recent literature 
studies suggest that incorporation of targeting ligands onto a scaffold may not necessarily 
improve the nanocarrier accumulation in the tumor environment. Therefore, to obtain a better 
understanding of how the physical properties of a nanocarrier affect overall tumor accumulation, 
in vivo biodistribution studies were employed. Here, the proficiency of different carrier 
morphologies (sphere, disk, rod and disordered strand) to passively accumulate in the tumor 
environment was compared using glioblastoma tumor models. Moreover, in silico simulations 
and in vitro diffusion assays were used to further evaluate how the shape and size of these 
carriers might affect extravasation through a pore (Chapter 6).  
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 CHAPTER 1: NANO-BASED PLATFORMS 
FOR DELIVERY AND IMAGING 

 
1.1. Introduction  

 
Despite major advances in science and technology, cancer continues to be a major cause 

of death worldwide.1 Early detection and site-specific treatment continue to be major challenges 
in improving patient survival rates. Current detection methods are capable of visualizing large 
anatomical changes, but can be limited at identifying early states of the disease as well as 
metastatic sites. Additionally, the majority of cancer treatments available today are nonspecific 
and deliver the therapeutic to both healthy and cancer cells resulting in serious side effects. 

 
Nanoscale materials offer exciting promise for the advancement of early detection and 

therapeutics due to their capacity to act as a carrier of multiple cargo molecules and potential for 
prolonged circulation times. The ability of these platforms to carry cargo allows the nanoparticle 
to be versatile in using multiple imaging modalities for improved non-invasive detection. 
Furthermore, the ability of these carriers to carry different varieties of cargo such as targeting 
agents, tracers, and drugs allow for the potential to create multimodal targeting agents for site-
specific treatment. (Figure 1-1) 

 
 The purpose of this chapter is to introduce the important material properties that can 

affect the biodistribution of nano-based carrier platforms. A focus of this dissertation is to gain 
an improved understanding of how a carrier’s physical properties can influence in vivo 
biodistribution. A better understanding of these factors will help to progress the field of 
nanomedicine as a whole as it will allow for the ability to fine tune the properties of 
nanoparticles for higher tumor accumulation. An increased concentration of the nanoparticle at 
the tumor site will allow for improved detection of early cancer states and metastatic sites, which 
are difficult to image using current imaging agents. Additionally, higher accumulation would 
allow for a more focused delivery of therapeutics to the tumor that has potential to limit side 
effects and increase the efficiency of the treatment. 
 

Scaffold 

Targeting  
Moiety 

= Tracer 

Cargo Targeting  
Agent 

Imaging  
Agent = Drug 

Cargo 
Theranostic Scaffold 

Figure 1-1. General scheme for scaffold functionalization for delivery applications. 
Genetic modification and discrete chemical handles on protein scaffolds allow for the creation of nanocarriers that can 
act as a targeting agent, imaging agent, and therapeutic.
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1.2. Key variables influencing particle biodistribution 
 

When a nanocarrier is introduced into a biological system several roadblocks exist between 
the carrier and the tumor. The ability of the nanocarrier to reach the tumor is dependant on a 
number of variables which include: interaction with serum proteins, avoidance of the immune 
system, perfusion to the interstitial space, enhanced permeability and retention effect, flow 
against the positive interstitial hydrostatic pressure which can exist in tumor masses, and 
interaction with the cell membrane receptor of the tumor. It has become increasingly known 
that physical properties of the nanocarrier play a large role in the in the ability of the carrier to 
evade these roadblocks. More specifically it has been shown that size, shape, rigidity, diffusivity, 
and charge play a large role in the pharmacokinetics and biodistribution of the nanoparticle as 
follows: 
 
1.2.1. Size  
 

The size of a nanoparticle can greatly influence the rate at which it is cleared from 
circulation.  Studies have shown that particles which are less than 5.5 nm or greater than 12 nm 
are likely to undergo renal and liver filtration, respectively.2 Moreover, particles that are larger 
than 500 nm will often be cleared by the spleen and are quickly removed from circulation.3 
Upon reaching the tumor site, most nanoparticles are thought to take advantage of the 
enhanced permeability and retention (EPR) effect, which describes the ability of large structures 
to accumulate in tumors due to the endothelial gaps in tumor vasculature (400 - 600 nm) and 
the lack of effective lymphatic drainage.4 

 
 A large volume of research has also shown that size greatly affects the cellular uptake of 

particles. For example, Chithrani et al. investigated the effect of nanoparticle size, concentration, 
and incubation time on cellular uptake using gold nanoparticles with sizes varying between 14 
and 100 nm5, and found that the maximum cellular uptake occurred at a nanoparticle size of 50 
nm. Gratton et al. examined the uptake of hydrogel particles ranging from 1 to 200 nm in 
diameter in HeLa cells, and also observed that the degree of particle internalization was size 
dependent.6 In a study by Liu et al., liposomes ranging from 30 to 400 nm were injected into 
mice.7 At the 4 h time point, liposomes 100 to 200 nm in diameter were 4-fold more 
concentrated in tumors than the smaller and larger particles. Many other studies have observed 
that a certain size regime of the nanocarrier can lead to enhanced tumor accumulation over 
other sizes8, 9; however, these results may depend heavily on the nanocarrier composition. In 
addition to the size of the nanocarriers, increasing evidence indicates that shape, charge, and 
surface properties play essential roles in the biodistribution of these delivery vehicles.  
 
1.2.2. Shape 
 

 Many studies utilizing nanoparticles of different shapes have begun to demonstrate that 
the shape of a nanoparticle greatly influences its biodistribution. Gratton et al. explored cell 
penetration of various shaped polymeric micelles.6 By using a top-down lithographic fabrication 
method known as PRINT, these researchers developed several different morphologies of 
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polymeric micelles such as cubes, spheres, and elongated rods. They found that non-spherical 
particles were internalized to a larger degree and appeared to use different mechanisms of 
endocytosis than spherical particles. Similar findings demonstrate the enhanced internalization 
of non-spherical particles over their spherical counterparts for rod-like biodegradable mesoporous 
silica nanoparticles and iron oxide nanoworms.10, 11 Particle shape has been shown to not only 
affect tumor cell internalization, but also determines the interaction with the reticuloendothelial 
system (RES), pharmacokinetics and tumor retention. 
 
1.2.3. Rigidity and diffusivity  
 

The ability of carriers to deform has recently gained attention as an important physical 
property of nanocarriers in the delivery field.12 As one example, Discher and coworkers prepared 
filamentous polymeric micelles (“filomicelles”) and observed that they exhibited reduced uptake 
by macrophages and stayed in circulation for up to a week whereas rigid particles were cleared 
within 2 days.13 Additionally, these filomicelles demonstrated enhanced tumor uptake and drug 
delivery over their rigid counterparts.13 In the study most related to the work done in Chapter 6, 
Steinmetz and coworkers investigated two protein assemblies of different shape and rigidity. In 
this study they demonstrated that rod-shaped virus nanoparticles (VNPs) show enhanced tumor 
accumulation over spherical VNPs in mouse xenograft models.14 

 
In addition to rigidity, diffusivity may be an essential parameter for enhanced tumor 

accumulation. While it is difficult to measure the diffusion coefficients of nanoparticles through 
tumors empirically, tumor models of vasculature have begun to offer insights as to how the 
diffusion parameters among other morphological features of nanoparticles could affect their 
ability to diffuse through the extracellular matrix and penetrate the tumor tissue.15 Despite these 
preliminary findings, a full consensus has not been reached about the effects of carrier flexibility 
and diffusivity on tumor accumulation due to the wide range of systems studied.  

 
1.2.4. Surface properties and PEGylation  
 

Surface charge and hydrophobicity has also been shown to heavily influence nanoparticle 
pharmacokinetics, biodistribution, and cellular internalization.15-18 It has been demonstrated by 
several studies that particles with large positive or negative surface charges have increased 
nonspecific sticking to plasma proteins, and are efficiently cleared from blood.19-21 Therefore, 
engineering near neutrally charged nanocarriers should increase circulatory lives and minimize 
interaction with serum proteins and macrophages.22-24 Polyethylene glycol (PEG) is a widely 
used surface decoration that both shields charge and increases carrier solubility. Additionally, 
PEG is nontoxic, has minimal interaction with serum proteins, and can lead to less interaction 
with the reticuloendothelial system (RES).25-28 

 
1.2.5. Cellular internalization  
 

The two major cellular internalization mechanisms phagocytosis and pinocytosis and 
have been shown to be size-dependent.29 Phagocytosis is responsible for the internalization of 
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large particles in the range of 1 μm, while pinocytosis operates under endocytotic pathways. Both 
internalization pathways can be influenced by the size, morphology, and surface modifications 
of nanocarriers.6, 30, 31 The internalization pathway will determine the fate of the nanoparticles 
inside the cell, thus affecting the carrier degradation and delivery efficiency.  

 
1.3. High-aspect ratio protein-based carriers for delivery applications 

 
Although there is not a complete understanding of how nanoparticle morphology affects 

biodistribution and uptake, the studies discussed above can be used to inform optimal 
nanoparticle carrier construction. Nanoparticles in the size range of 10 to 200 nm are thought to 
be ideal for delivery as they are often retained in tumor tissue and have ideal circulation 
clearance properties.32 Additionally, early studies suggest that cylindrical or filamentous 
morphology may have improved tumor uptake and biodistribution over the commonly used 
spherical morphology (described above).  

 
Based on these understandings, the nanophage and intrinsically disordered protein (IDP) 

(Figure 1-2) have been chosen as the focus of this dissertation. These particles fit the criteria of a 
promising platform for imaging and delivery as they are in an ideal size regime (both 50 nm 
fully stretched) and can serve as examples of high-aspect ratio protein based carriers with varying 
degrees of flexibility. Compared to many of their synthetic counterparts, protein based carriers 
often have relatively low polydispersity, low toxicity, and the ability to degrade into individual 
protein subunits that do not bioaccumulate.33-38 In addition to these advantages, both these 
scaffolds are amenable to genetic and chemical modifications that can allow for multiple copies 
of cargo to be loaded at site-specific locations on the platform. This degree of controlled 
modification provides the opportunity to explore the creation of engineered multimodal agents 
that can serve to target, image, and treat forms of cancer (Figure 1-1).   

Intrinsically Disordered Protein
flexible strand

Filamentous phage
moderately rigid rods

Full sized Fd phage

~900 nm 50 nm

Nanophage (Ff-nano)

50 nm
in length

(fully extended)

IDP monomer

Figure 1-2. High-aspect ratio protein-based scaffolds for delivery applications. 
(Left and middle) Full sized filamentous phage and nanophage cartoon structures with respective TEM images. The 
TEM images are stained with UO2(OAc)2 and are not shown to scale. (Right)  A genetically engineered Intrinsically 
Disordered Protein (IDP) monomer that is a truncated version of a full length IDP (neurofilament heavy side-arm) that 
is 50 nm in length fully extended. 
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CHAPTER 2: FILAMENTOUS PHAGE 
BACKGROUND AND FUNCTIONALIZATION 

 
2.1. Introduction 
 

The nanophage scaffold is derived from filamentous phage by miniaturizing its genomic 
information.1, 2 Because of this, what is understood about the structure, production, and 
functionalization of the nanophage largely stems from the understanding of the full sized 
filamentous phage. The ability of nanophage to serve as a platform for delivery applications 
heavily relies on the functionalization of the phage coat proteins with a wide variety of cargo. As 
such, this chapter will emphasize the advances that have been made in the chemical modification 
of filamentous phage as well as some of the challenges that are involved in using the full size 
phage for delivery applications. The groundwork of this bioconjugation knowledge will serve as 
rational for the selection of bioconjugation techniques presented in later chapters (Chapters 3-6). 

 
2.2. Filamentous phage background  
 

The Ff group of filamentous bacteriophage are non-lytic viruses that infect bacteria by 
attachment to their F pili.3, 4 This virus is well studied and several in-depth reviews on the 
structure, replication cycle, and general applications of the filamentous phage have been 
published.1, 5, 6 M13, f1 and fd are the most well-characterized types of this virus and have a DNA 
sequence similarity up to 98.5%.1 These viruses are known to be the workhorses of phage display, 
as they can be selected and evolved to identify novel binding activity through repeated cycles of 
mutation, selection and amplification. This methodology allows for the production of phage 
constructs that can bind a variety of targets, including proteins, polymers, small molecules, and 
metal ions.3, 4 More recently, the filamentous phage scaffold has proven to be powerful in a 
variety of research areas that include elucidating proteins for analyte targeting,7, 8 targeting and 
molecular imaging of tumors9-11 and drug delivery to cancer cells.12, 13  

 
2.3. Filamentous phage replication 
 

The filamentous phage replication cycle begins with infection of a Gram-negative host 
such as E.coli. The p3 coat protein of the phage binds the F-pilus and TolQRA protein complex 
present in the host to allow for entry of the phage genome into the cell.14, 15 A rolling circle 
replication mechanism is then used to replicate the circular single-stranded deoxyribonucleic acid 
(ssDNA) phage genome. In this mechanism, double stranded circular replicative form (RF) DNA 
is made using host proteins to replicate a negative strand from the original phage genome 
(positive strand).15 A strand-transferase (p2) encoded by the phage genome binds the RF and 
replicates positive stands that forms complexes in the cytoplasm with a ssDNA binding protein 
(p5) which is produced by the phage genome (Figure 2-1).16 The p5-positive stand complex has 
an exposed ssDNA packing signal (PS) that then binds to the inner membrane of the cell to 
prepare for phage assembly. It is hypothesized that the mechanism of phage assembly and 
secretion is mediated by a phage encoded trans-envelope secretion machinery.1  
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2.4. Filamentous phage structure 
 

Filamentous phage exist as long, thin tubes with a large aspect ratio (~900 nm in length 
and 6 nm in width). The capsids comprise of up to five copies of each minor coat protein (p3, p6, 
p7, and p9) and a varying amount of the major coat protein (p8).17 The interior of the virion 
contains a ssDNA genome which is composed of ~6400 nucleotides18, 19 that is protected by the 
cylindrical protein housing formed by the p8 subunits. The minor coat proteins p3/p6 and p7/p9 
form two asymmetric caps at ends of the assembly and are involved in host infection. The 
overall filamentous phage structure is shown in Figure 2-2.  
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Figure 2-1. Scheme for rolling circle amplification. 
A strand-transferase (p2) binds the replicative form (RF) negative strand and assists with replication of positive strand 
DNA. Upon production, the positive strand DNA forms complexes with a protein produced by the phage genome (p5).  

p3 p6 p8 
ssDNA 
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Figure 2-2. Filamentous Bacteriophage. 
Five copies of each minor coat protein are shown. The number of p8 coat proteins depends on the DNA length of the 
phage and forms the shaft of the filament. The proteins (p7, p9) and (p3, p6) form the cap of the virion. The single 
stranded circular genomic DNA is housed inside the capsid.
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2.5. Phage functionalization 
 

Genetic modifications have allowed for the introduction of peptide motifs and natural 
amino acids that can act as handles for phage functionalization.1,20  This has enabled filamentous 
phage to be used for applications in phage display,3, 4 gene therapy21, 22,21, 22 and adjuvants for 
vaccines.23 Although the use of genetic modification of phage has proven to be powerful, the use 
of these virions in many applications requires the integration of targeting groups and/or cargo 
molecules that cannot be biosynthesized.  

 
Bioconjugation techniques have been exploited to allow a greater variety of synthetic 

molecules to be attached to the phage. The incorporation of these bioconjugation techniques has 
allowed for the production of a much more diverse set of constructs. As examples, the phage 
scaffold has been successfully modified with a variety of small organic molecules24, 25,24, 25 
quantum dots,26 fluorophores,25, 27-29 and drugs11, 30.11, 30 The most widely used chemical 
strategies rely on reagents that target reactive amino acid residues present in the sequences (i.e. 
the N-terminus, lysines, cysteines, tyrosines, aspartic acids and glutamic acids). The sections 
below will showcase the current methods that have been used to create promising phage 
constructs. In addition to this, they will highlight many of the challenges that still exist in using 
these bioconjugation techniques. A summary of general bioconjugation strategies used to 
modify filamentous phage is shown in Figure 2-3.  

 
2.5.1. Free amine modification 
 

One of the most widely used strategies for the chemical modification of the filamentous 
phage relies on the nonspecific modification of the free amine groups of the phage coat proteins. 
A number of strategies exist to target amines on proteins, including the use of isothiocyanates, 
isocyanates, acyl azides and N-hydroxysuccinimide (NHS) esters.31 Of these, the acylation of 
amines using NHS esters has seen the most use. This reaction proceeds within an ideal pH range 
of 7.0-9.2 and results in the formation of a stable amide linkage following NHS release, Figure 2-
3a..32 Reports by several research groups have demonstrated that NHS ester chemistry is a reliable 
strategy for modifying the virion coat proteins (Table 2-1), although this approach can also lead 
to unwanted acylation of the lysine residues on protein fusions. For instance, Yacoby et al. 
demonstrated that both fd and M13 phage could serve as targeted drug carriers.30 In this 
interesting study, the phage scaffold was first modified genetically to include either a targeting 
peptide on the p8 coat protein or a fUSE5-ZZ IgG binding domain on the p3 coat protein. 
Subsequently, the lysine residues were functionalized with chloramphenicol glutarate derivatives 
bearing additional NHS ester groups for phage attachment. It was then demonstrated that the 
phage-chloramphenicol constructs acted as prodrugs because they did not have cytotoxic activity 
until the labile ester linkages were released at the target site. Although the protein modification 
strategy proved to be successful overall, several complications arose upon using free amine 
modification to create this prodrug phage construct. First, the researchers had to take the 
precaution of selecting the targeting peptide displayed on p8 such that it did not contain a free 
lysine in its motif. Additionally, the fuSE5-ZZ binding moiety displayed on the p3 protein had 
to be protected with a human protein A-purified IgG prior to being conjugated with the 
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chloramphenicol derivatives. Another difficulty that the researchers faced was that the high 
percentage of modification of the phage proteins caused them to become unstable and insoluble.  

 
To gain an improved understanding of phage coat protein modification using NHS 

esters, Jin et al. developed an empirical kinetic model to predict the modification level of 
filamentous phage under a wide range of reaction conditions.33 This study found that fifty 
percent of the phage maximum binding capacity to streptavidin was reached when 
approximately 0.03 biotins were attached per p8 subunit. Such information can reduce the need 
for over modifying a targeting construct in future studies, perhaps allowing additional 
modifications to be used to append secondary cargo and/or solubilizing moieties. 

 
Subsequent studies by Qiu et al. screened the reactivity of the amino groups of the virion 

by varying the concentration of N,N,N′,N′-tetramethylrhodamine (TMR) NHS ester in a 24 h 
reaction. Through the use of UV-visible spectroscopy, it was found that 1600 rhodamine units 
could be attached to the M13 bacteriophage, but fluorescence quenching occurred when the 
phage particles bore more than 400 dyes each.17 In addition, the study elucidated that some of 
the six amines present on the M13 p8 protein (N-terminal Ala 1 and lysines 8, 40, 43, 44, and 
48) were more reactive than others. At low levels of modification, Ala-1 was primarily modified 
and at high modification levels both Ala-1 and Lys-8 were modified.  

 
As another example of using NHS esters to functionalize phage, Qiu et al. created a 

construct for drug delivery using an M13 particle assembly. This structure was functionalized to 
bind cancer cells by using NHS ester chemistry to attach folic acid. The group was able to 
demonstrate that each p8 subunit contained only one modification, and that these assemblies 
were amenable to loading with doxorubicin. Moreover, it was demonstrated that these constructs 
were stable under physiological conditions, but disassembled upon being delivered to the target 
site. This construct is just one of many examples that demonstrate that free amine modification 
utilizing NHS chemistry is a viable strategy for the creation of functionalized phage (See Table 
2-1).  
 
2.5.2. Tyrosine modification 
 

Diazonium groups have long been known to react with a lysine, tyrosine and histidine 
residues.34 These highly reactive diazonium groups can be used to modify tyrosine residues at pH 
values that are typically greater than 8.5 through an electrophillic attack on the active pi system 
of tyrosine, Figure 2-3b.31 The ability of diazonium salts to modify the phage major coat proteins 
was tested by Qiu et al. It was found that this strategy could append approximately 400 biotin 
groups per phage particle. Modifications occurred on the two tyrosine residues displayed on the 
p8 major coat proteins (Tyr 21 and Tyr 24), whereas the lysine and histidine residues remained 
unmodified. This study is an important demonstration of a chemical modification strategy that 
can be used to complement the more commonly used lysine modification strategies.  
Experimental results from this study demonstrated that lower levels of modifications were 
achieved with the use of diazonium salt modification (400 molecules per phage) instead of NHS 
ester modification (1600 molecules per phage). It should be noted that this modification strategy 
non-specifically labels tyrosine moieties on the entire phage scaffold and therefore may not be 
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ideal in scenarios in which binding moieties contain tyrosines. The generation of diazonium salts 
with nitrous acid also places some limits on the functional groups that can be present on the 
group to be attached. 
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2.5.3. Carboxylic acid modification 
 

Carbodiimide compounds, such as 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC) and N',N'-dicyclohexyl carbodiimide (DCC), are common bioconjugation 
reagents used to activate carboxylic acid containing residues. These compounds react with 
aspartate and glutamate residues to form O-acylisourea intermediates, which subsequently react 
with primary amines to form stable amide bonds, Figure 2-3c.31 The reactivity of the carboxylic 
acid containing residues with carbodiimide chemistry was investigated by Qiu et al. In this study, 
varying concentrations of rhodamine B amine (RB), 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS) were allowed to react with the 
phage coat proteins during a 12 h incubation period. It was found that the RB dye had a low 
degree of reactivity, and therefore a small molecule analog, propargylamine, was used to identify 
the reactive moieties. Of the four available carboxylic acid containing sites, only two sites (Glu-2 
and Asp4/Asp5) on the p8 monomers were found to be modified. The second modification site 
could not be distinguished between Asp4/Asp5 due to their close proximity.  

 
Successive studies done by Vaks et al., demonstrated the capability of EDC coupling to 

functionalize the phage scaffold as an anti-microbial agent.35 In this study, the filamentous 
phage scaffold was covalently attached to chloramphenicol with an aminoglycoside linker using 
EDC coupling. These modified phage particles were shown to have prodrug qualities, longer 
circulation times, and lower immunogenicity compared to wild type phage.  

 
The studies described above demonstrate that EDC coupling is a modification strategy 

that can be used effectively to target the carboxylic acid moieties on the phage scaffold to create 
new phage materials. As shown by Qiu et al., these carboxylic acid moieties are less chemically 
reactive than their lysine and tyrosine amino acid counterparts, and so are likely to result in 
lower percent modification of the phage scaffold. Because EDC coupling is not a site-specific 
chemical modification strategy, any carboxyl entity on a displayed protein is susceptible to 
modification.  

 
2.5.4. N-terminal modification 
 

In an effort to move towards a site-selective modification approach, an N-terminal 
transamination modification strategy has been developed using pyridoxal 5’-phosphate (PLP) to 
functionalize the phage.25 This method involves a two-step site-selective transamination/oxime-
formation reaction, wherein the N-terminal amine is transformed into a pyruvamide group that 
is then converted into an oxime using alkoxyamine reagents, Figure 2-3d. Through this 
chemistry, 80% of the p8 N-termini along the capsids could be converted to ketone functional 
groups, as determined by HPLC. The reaction was found to be selective for only solvent 
accessible N-terminal amines, with no participation from the ε-amine groups of lysine.36 With 
this chemistry, fd phage bearing single-chain antibody fragment (scFv) groups previously 
determined to bind epidermal growth factor receptor (EGFR)37 and human epidermal growth 
factor receptor 2 (HER2)38 were modified with fluorophores and polyethylene glycol 2kDa 
(PEG2k) to create phage constructs that could distinguish breast cancer cell markers using  
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fluorescence microscopy. Following this initial report, Palaniappan et al. further explored the 
versatility of this chemistry to create phage constructs for use as targeted 129Xe NMR biosensors.39 
The use of N-terminal transamination/oxime-formation for the functionalization of the phage 
scaffold provides one of the first examples of a site-selective method that has been used to 
modify the phage coat proteins. This strategy provides a way to reach high levels of modification 
while preserving the binding capabilities of peptides that are displayed in other positions. 

Application Modification Strategies 
[G]: Genetic [C]: Chemical 

Functionalization Reference 

Protein engineering [G] peptide (p3, p8)  Native Chemical Ligation Dwyer et al. (2000) 

Combinatorial library [G] yeast acceptor peptide (p3) streptavidin fluorophore Chen et al. (2007) 

Imaging [G] sortase motif (p3, p8)  Single domain antibody,  
fluorescent peptide  

Hess et al. (2012) 

Immunoassays [G] antigen binding site (p3) 
[C] thiol alkylation 

fluorophore Jespers et al. (2004) 

Combinatorial library [G] peptide  motif (p3)  
[C] thiol alkylation 

small molecule 
 

Heinis et al. (2009) 

Ligand Identification [G] N-terminal Ser/Thr (p3)  
[C] sodium periodate/oxime form. 

glycan Ng et al. (2012) 

Biosensor [G] targeting peptide (p3) 
[C] NHS ester 

Cy5 dye Goldman et al. (2000) 

Imaging application [G] targeting peptide (p3, p8)  
[C] NHS ester 

fluorochromes Hilderbrand et al. 
(2005) 

Targeted drug delivery [G] targeting peptide (p3, p8)  
[C] NHS ester 

chloramphenicol Yacoby et al. (2006) 

pH- pH-responsive imaging  [C] NHS ester pH responsive dye  Hilderbrand et al. 
(2008) 

Composite fibers [C] lysine modification glutaric anhydride  Niu et al. (2008) 

NHS kinetic study [C] NHS ester AF680 Jin et al. (2009) 

Cancer cell imaging [C] NHS ester, diazonium coupling fluorescein, folate azide  Li et al. (2010) 

Drug delivery [C] NHS ester folic acid Suthiwangcharoen et al. 
(2011) 

Cancer cell imaging [G] scFv (p3)  
[C] N-terminal transamination 

small molecule, 
fluorophore 

Carrico et al. (2012) 

NMR Biosensor [G] scFv (p3)  
[C] N-terminal transamination 

129Xe  
cryptophane- A 

Palaniappan et al. 
(2013) 

" !

Table 2-1. Examples of filamentous phage functionalization for application.
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Through the use of strategies such as these, well-defined constructs with multiple functionalities 
can be obtained.  

 
As an alternative, serine and threonine residues have also been incorporated as latent N-

terminal functional handles. The Derda group has demonstrated the functionalization of the 
virion through genetic introduction of a serine or threonine at the N-terminus of the minor coat 
p3 proteins.40 These phage were treated with sodium periodate to provide aldehydes, allowing for 
the incorporation of glycan moieties through oxime formation. Moreover, the Derda group 
further showed the power of genetic incorporation to serve as an N-terminal functional handle 
as they demonstrated that 2-amino benzamidoxime (ABAO) derivatives could react with 
oxidized N-terminal serines present on the p3 protein of the phage.41 This latter strategy can be 
used to functionalize the p3 minor coat proteins directly. 
 
2.6. Summary of phage functionalization 
 

Genetic modifications have allowed for the introduction of peptide motifs and natural 
amino acids that can act as handles for phage functionalization.  In addition to the genetic 
incorporation of natural amino acids, unnatural amino acids have also been shown to be 
incorporated7,42 With the new functional groups that this technique introduces comes a 
substantially expanded range of reactions that can be used to functionalize the phage by 
targeting uniquely reactive moieties such as ketones, azides, and alkynes. This will undoubtedly 
yield many selective modification strategies in the future. However, one major hurdle in using 
genetic approaches such as these is that the successes of these strategies are highly dependent on 
the ability of the phage coat proteins to tolerate genetic modifications. 

 
The bioconjugation toolbox for phage functionalization is still limited in its ability to 

modify the scaffold under reaction conditions that will keep the construct functional. 
Commonly used bioconjugation techniques, such as NHS ester, EDC, and diazonium chemistry, 
have limited degrees of site-selectivity and can be difficult to control in terms of the 
modification they can achieve. If high levels of modifications are to be attempted, these chemical 
modifications can result in over-modification of the scaffold, rendering displayed peptides 
inactive and/or desolubilizing and destabilizing the construct. Site-selective bioconjugation 
strategies allow for the development of more well-defined constructs, which can obtain high 
levels of site-specific modification and still maintain function.   

 
Although untested in the context of filamentous phage, a number of functionalization 

strategies may prove to be effective tools in creating well-defined phage constructs. For example, 
enzymatic modifications such as those developed by Carrico et al. may allow for the 
incorporation of a chemical functional handle onto the phage scaffold.43 In addition to this, 
chemical strategies that target tyrosine residues could be applied, such as palladium pi-allyl 
chemistry,44 Mannich reactions,45 oxidative couplings,46 and a new tyrosine-click reaction.47 
These strategies could expand the functional group tolerance beyond that of diazonium coupling 
reactions. Moreover, site-specific protein transamination using N-methylpyridinium-4-
carboxaldehyde (Rapoport’s Salt) to introduce a carbonyl can be seen as a promising chemical 
modification strategy for the filamentous phage as the major coat protein p8 contains a 
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glutamate-rich sequence that is predicted to be reactive for this reagent.48 This strategy shows 
potential for achieving higher levels of modifications of the p8 coat proteins that may be 
advantageous for a number of applications. 

 
Despite the advances that have been made in phage functionalization, it is still generally 

difficult to construct scaffolds that can be modified in multiple locations in a well-defined 
manner. Future advances in the development of phage constructs will most likely focus on the 
development of combined genetic and chemical strategies that will allow for site-specific 
incorporation of multiple functionalities onto the virion. Although genetic engineering 
approaches have been shown to be powerful tools to display peptide functionalities on the phage 
scaffold, complementary chemical modification strategies can offer simple and reliable methods 
for appending widely varying functionalities to provide access to a wider variety of 
multifunctional materials.  
 
2.7. Filamentous phage for imaging and drug delivery  - The need for a smaller scaffold 
 

Proof-of-concept studies conducted by several labs (including ours) have demonstrated 
that filamentous phage can be derivatized to serve as targeted imaging agents and drug carriers.11, 

25, 39, 49 However, the large size of native phage particles (~900 nm) has been thought to preclude 
their ability to travel through the vasculature and bind to biomarkers on the tumor cells. Thus 
the use of filamentous phage as delivery platforms predominately remains at the proof-of-
concept phase due to a limited understanding of the biodistribution, pharmacokinetics, 
immunogenicity and tumor penetration of phage particles.50 One approach that has been used to 
avoid this problem is the use of large diverse phage display libraries in combination with in vivo 
phage display techniques to allow phage that penetrate the vasculature to be isolated.51 Although 
effective in isolating phage that can permeate the vasculature, these protocols rely on lengthy 
processes which include prescreening libraries of phage that do not penetrate the vasculature, 
biodistribution studies, extraction of phage from target tissues and large-scale propagation and 
amplification of phage. In an effort to circumvent these problems, this dissertation focuses on 
the development of  “nanophage” delivery systems (Chapter 3 and 4) based on work pioneered 
by Rakonjac et al.2   
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CHAPTER 3: THE NANOPHAGE CARRIER SYSTEM 
 
3.1. Introduction 
 

The nanophage particle is an attractive therapeutic platform as it retains the versatility of 
the protein coat monomers that are found in the full-sized filamentous phage, but is smaller in 
size (50 nm).  The multiple monomers present in the viral coat create many discrete handles that 
can be chemically modified to load large amounts of cargo that is ideal for drug delivery and 
imaging applications. Additionally, with use of a helper phage, the phage coat proteins can be 
genetically modified to incorporate coat protein extensions (Chapter 4). This chapter describes 
the nanophage system as well as the isolation, characterization, and functionalization of this 
particle for delivery applications. To our knowledge, the nanophage platform has not been used 
for cancer delivery applications previously.  

 
3.2. Background  
 

The nanophage (Ff-nano aka “microphage”) was originally discovered as a defective 
phage particle that was sometimes naturally produced through repeated passages of the phage 
through a host cell without growth from a plaque.1 These defective phage particles were found to 
be produced as a result of a duplication of the positive origin of replication in the phage genome. 
This double positive origin acts as an early termination sequence to produce a truncated genome. 
The shortened single-stranded deoxyribonucleic acid (ssDNA) is then packaged to produce a 
truncated phage particle that is incapable of self-replication. This natural occurring 
phenomenon typically produces shortened phage particles at only 0.1% the fraction of total 
phage produced.2 
 
3.3. Nanophage replication 
 

The replication cycle to produce the nanophage heavily relies on the use of a helper 
phage for protein protection. In this system the helper phage acts as a “protein factory” whose 
genome codes for all necessary proteins needed to replicate and pack a phage particle. The 
replication cycle of the helper phage follows a similar process to that of which is described in 
Chapter 2. Using this process, helper phage infection of a cell in the presence of a plasmid 
containing a reconstructed f1 origin of replication will allow for the production of nanophage. 

 
The f1 origin of replication exists over a span of approximately 400 nucleotides (also 

called the intergenic sequence) and contains the packing signal (PS), negative origin, and two 
positive origin regions (region 1 and 2).  When inserted into a plasmid, these regions allow for 
rolling circle amplification and particle packing in the presence of a helper phage.3 Because the 
length of a phage is templated by the size of its genome, small phage-like particles can be 
produced by the reconstruction of the origin of replication. For example, the “microphage” 
construct created by Specthrie et al. consisted of a 303 nucleotide sequence containing two 
positive origins of replications (ori1 and ori2) that flanked a PS.2 The first origin (ori1) was 
truncated to serve as an initiator where as ori2 was truncated to terminate replication of the 
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positive strand in the rolling circle mechanism. Using this system, p2 helps to replicate only the 
segment of DNA between ori1 and ori2 to produce a small segment of ssDNA containing a 
packing signal that allows for particle assembly at the inner membrane (Figure 3-1). The particle 
generated using this system has been the smallest phage to be reported and is 50 nm in length 
containing a 221 nucleotide ssDNA sequence4 (Figure 3-2). As can be inferred from this 
replication pathway, these nanophage are incapable of self-replication and therefore pose 
another great advantage for delivery applications over their full-length counter parts which 
typically self replicate.  

 
3.4. pNBJ07 and R779 nanophage production system 
 

Studies done by Rakonjac et al. have worked to optimize the amount of nanophage 
particles produced by “microphage system”4  established by Specthrie et al. This system has been 
demonstrated to produce nanophage at higher yields and therefore was selected as the system to 
be used for nanophage production. This system can be described as follows. 
 
Plasmid pNJB07 
 

The origin of replication designed by Specthrie et al. was introduced into a high-copy 
number plasmid (pCR4-TOPO) to create the vector used in this project pNJB07. This vector 
produces increased amount of 221-nucleotide circular ssDNA present in the cell that allows for 
greater amounts of small particle assembly.  
 
Helper R779 
 

The helper phage used in this system (R779) is derived from R408 (f1,DPS, g9(T30A), 
IR1,gtrxA2))5 by inserting a multiple cloning site (MCS) into gene 3 (1635 to 1689). The 
incorporation of this MCS allows for a cut and paste swap of single chain antibody variable 
fragment (scFv) encoding genes derived from Fd-Tet derived vectors used by Marks et al. 
(Chapter 4).6  

 

ori1 

5’ 
+ 
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ori2 
small 

 genome  

DNA 
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Figure 3-1. Nanophage replication using a rolling circle amplification and a double positive origin.
The nanophage genome contains two positive origins of replications (ori1 and ori2) that flank a packing signal. Along 
with DNA polymerase, the p2 strand-transferase helps to replicate only the segment of DNA between ori1 and ori2 this 
produces a small segment of ssDNA containing a packing signal that allows for particle assembly at the inner mem-
brane.
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Similar helper phage vectors that include an amber mutation in p8 (R778 and R777) have 

been reported, but have been shown to produce phage particles with less defined bands during 
agarose gel purification.5 In addition to this, Rakonjac et al. has demonstrated the production of 
nanophage using the helper phage Rnano3. This helper phage has several mutations to decrease 
production of p8 protein which ultimately helps to favor initiation and termination of smaller 
particles over larger particles. Although the Rnano3 system favors an increased ratio of 
nanophage production over helper phage, the R408-3 system has been demonstrated to have an 
overall increased amount of nanophage produced in the presence of increased helper phage.4 
Therefore, R779 (same as R403 but with a MCS) was selected for the helper phage system for 
nanophage production as it should ultimately produce larger amounts of nanophage that would 
be ideal for delivery applications. In contrast to the Rnano3, the R779 phage contain wt p8. 
 
 

 
 
 

50 nm 

Fd-Phage 

 ~900 nm 

Nanophage 
(Ff-nano) 

p8 = 95 copies 

p8 = ~2700 

Figure 3-2. Comparison of full-length phage and nanophage.
The nanophage scaffold measures 50 nm in length and with the exception of fewer copies of the p8 coat proteins retain 
the same composition and arrangement of the full-length phage. In order for nanophage particles to replicate, a helper 
phage is needed to provide the genomic information required for protein production and assembly. The double slash 
depicted on the full-length phage indicates that the phage is much longer than what is shown and is not drawn to scale.
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3.5. Isolation & purification 
 

The nanophage was first isolated according to protocols established by Rakonjac et al. 
and is shown in Figure 3-3. This purification comprises of a total of 11 steps and uses a 
combination of techniques that includes centrifugation, differential polyethylene glycol 8,000 
g/mol (PEG8k) precipitations, surfactants, and agarose gel purification. For routine monitoring 
of nanophage recovery and purity, two types of agarose gel electrophoresis methods were 
typically used. In disassembly agarose electrophoresis, the phage samples were heated at 100°C 
for 10 min to allow the capsid proteins to dissemble. This allows for the ssDNA of the 
nanophage to run on the gel without the capsid during electrophoresis. When dissembled, the 
nanophage ssDNA has been demonstrated to run at approximately 250-300 base pairs.5 The 
second method for monitoring nanophage recovery and purity utilizes the intact capsid sample 
during the electrophoresis and is referred to as native gel electrophoresis. On a native gel, the 
nanophage particles are demonstrated to run at 1500 base pairs.5  

 
Using the production and original purification methods established by Rakonjac et al., 

nanophage particles were recovered as evidenced by the band that runs at  ~300 base pairs on a 
disassembly agarose gel (Figure 3-4). To visualize these same samples on a native agarose gel, the 
gel must be first soaked in a basic solution prior to being stained in Sybrsafe. This allows for the 

1. Pellet bacterial cells 

2. 2.5% PEG8K – recover helper phage 

3. 15% PEG8K – recover nanophage 

4. DNAse & RNAse treatment 

5. 1% w/v Triton-X 100 to solubilize membrane proteins 

6. 15% PEG precipitation/redissolve 

7. 1% w/v Sarkosyl to dissolve defective phage particles 

8. 15% PEG precipitation/redissolve 

9. Run agarose gel of recovered protein 

10. Gel Purification nanophage (elute from gel) 

11. Precipitation/spin concentrate 

Original Nanophage Purification 

Figure 3-3. Nanophage purification established by Rakonjac et. al.
This procedure utilizes 11 steps involving centrifugation, differential PEG precipitation, DNase, RNase, surfactant 
treatment, and agarose gel purification.
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phage coat proteins to dissemble allowing for Sybrsafe to interact with the ssDNA core. Figure 
3-4b shows a nanophage sample run on native gel electrophoresis with and without base 
treatment. The sample treated with base allows for a clear band to be visualized at approximately 
1500 base pairs that is indicative of an intact nanophage capsid. The native gel that was not 
treated with base yields a faint and almost undetectable band.  

 
Analysis of the isolated nanophage sample by native agarose gels showed the presence of 

an impurity at <250 bp that was believed to be dissembled nanophage particles or other 
unknown impurities. To separate this impurity from the sample, the nanophage band was 
excised from the native agarose and recovered by two methods: Freeze ‘N SqueezeTM DNA gel 
extraction spin columns and electro elution. Both methods isolated nanophage samples that 
produced single bands at approximately 1500 base pairs by native gel electrophoresis suggesting 
that the sample consisted of mainly nanophage particles with minimum helper phage present 
(Figure 3-5a).  
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Figure 3-4. Agarose gel electrophoresis of recovered phage.
(a) Disassembly gel where the phage samples are heated for 10 min at 100 ºC prior to gel electrophoresis. Nanophage 
band is seen at ~300 bp and helper phage band is seen at ~5000 bp. (b) Native gel were the phage samples are run 
directly on agarose gel.  (b2) After electrophoresis gel is soaked for 5 min in 0.1 M NaOH prior to staining with 
SYBRsafe. This allows for the nanophage band to be seen at ~1500 bp and helper at ~4000 bp. (b1) When the native 
gel is not soaked in NaOH prior to staining phage bands are faint and hard to visualize.  
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3.6. Purification optimization 
 

Although the original method of nanophage isolation established by Rakonjac et al. was 
successful in yielding a pure nanophage sample, the recovery of gel extraction step for both 
Freeze ‘N SqueezeTM DNA gel extraction spin columns and electroelution was typically less than 
10%. This low recovery did not allow for the purification of large quantities of nanophage that 
would be feasible for drug delivery. The need for larger quantities of pure nanophage led to a 
series of studies that focused on analyzing and optimizing the nanophage purification process. A 
combination of native agarose gel electrophoresis and transmission electron microscope (TEM) 
were used to monitor which steps of the nanophage purification were vital to produce pure 
nanophage. A variety of purification strategies were tested and are summarized below.   

 
3.6.1. Differential PEG8k precipitation 
 

In one study, a series of differential PEG8k precipitations was performed over the course 
of 24 h following treatment with DNase. The native agarose gel of these precipitated phage 
samples are shown in Figure 3-5b. Helper phage largely precipitate at 3-4% PEG8k and 0.5M 
NaCl; however, large quantities of nanophage also begin separating in that range. At 15% PEG 
precipitation the presence of helper phage is still present as can be seen by gel electrophoresis 

   1         2       3       4        5       6       L       
7      

1: Post DNase

2: 1% PEG  
 

b) Differential PEG precipitation 

1 

1500bp 

Elec Spin L 

a) Agarose purification 

1500bp 

3: 2% PEG   
4: 3% PEG   

5: 4% PEG   
6: 5% PEG   
7: 15% PEG  

Figure 3-5. Native agarose gel electrophoresis of phage.
(a) Nanophage samples previously run on a native agarose gel were excised from a gel and purified using two meth-
ods. (Left lane) A nanophage sample purified from a native agarose gel using Freeze ‘N Squeeze DNA gel extraction 
spin column. (Right lane) A nanophage sample purified from native agarose gel by electroelution. Both methods yielded 
a pure band at 1500 bp for nanophage. (b) Differential PEG precipitation study. Pellets collected from various concen-
trations of PEG were run on native agarose gel. Nanophage begins to precipitate at 4% PEG with 0.5 M NaCl.
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and TEM (Figure 3-6b). An important thing to note about images visualized by TEM is that they 
are not representative of the ratio of particles present. The preparation of TEM grids relies on 
methodology that includes wicking and staining that can alter particle ratios and concentrations 
that are visualized on the grid. Additionally, TEM images of buffer controls have shown many 
artifacts in images. 

 

 
 
3.6.2. Size exclusion chromatography 
 

For these reasons mentioned above, size exclusion chromatography (SEC) was explored 
as a method to separate multi-length phage. Native agarose electrophoresis and TEM of the SEC 
fractions where used to monitor if SEC was a viable option to separate phage of different size. 
Helper phage elutes off the column early in the SEC method as indicated by the bands on native 

5 

c) DNase/SEC d) Dnase/Surfactants/SEC 

a) DNase only b) DNase/Surfactants/PEG 

Figure 3-6. TEM images of  nanophage samples isolated using different purification steps.
(a) Nanophage sample treated only with DNase and collected by PEG precipitation. Few nanophage are seen and the 
sample is difficult to image by TEM. (b) Nanophage sample treated with DNase, surfactants, and then collected by PEG 
precipitation. Helper phage are present. (c) Nanophage sample treated with DNase then isolated by size exclusion 
chromatography. Round “phage-like” (~20-50 nm) particles are seen. (d) Nanophage sample treated with purification 
steps established by Rakonjac et al. Minimal round “phage-like” particles are helper phage are seen. All scale bars are 
100 nm (with the exception of b 200 nm). Grid artifacts (patchy background) are seen in (a) & (d). 

nanophage 

Rounder 
“phage-like”

 particle
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agarose gel at ~4000 base pairs produced by SEC fractions (Figure 3-7-b2). The helper phage 
present in these samples can be visualized by TEM as shown in Figure 3-7-a1. Fractions 
collected later in the SEC method show 50-100 nm particles (Figure 3-7-a4), however, a number 
of round  “nanophage like” particles appear which were believed to be contaminants or defective 
nanophage particles. 

 
3.6.3. Surfactant treatment 
 

 To investigate the effects of surfactants on nanophage sample purity, parallel 
purifications with and without surfactants on PEG or SEC isolated phage was performed. The 
TEM images for these purifications are shown in Figure 3-6. Purifications of nanophage using 
only DNase and PEG8k precipitation yielded samples that produced smeary faint bands on a 
native agarose gel and were generally hard to image by TEM. If TEM images of these samples 
were able to be obtained, many of them revealed the presence of the round “nanophage like” 
particles (Figure 3-6-a). When this DNase/PEG isolated sample is subsequently treated with 
surfactants and another round of PEG precipitations, the nanophage are able to be visualized by 
agarose gel (not shown) and TEM (Figure 3-6-b). It is likely that without surfactant treatment 
and multiple rounds of PEG precipitations the concentration of contaminant protein is high 
which causes the sample to have a large absorbance at 269 nm but yields a faint band on a native 
gel and poor image by TEM.  

 

b) Native DNA Gel 

1 2 3 4 

4 5 6 

a) TEM of SEC Fractions 

1 2 3 

4 5 

1500 bp 

Figure 3-7. Nanophage samples isolated by size exclusion chromatography. 
(a) TEM images of nanophage samples treated with DNase and then isolated by SEC. Numbers on TEM images corre-
spond to the SEC fractions run on the native agarose gel shown on the right. (b) Native gel of SEC fractions. Helper 
phage elutes first from the column in (b2) with a band at approximately 4000 bp. Nanophage elutes between (3-6) with 
a band at 1500 bp. For TEM all scale bars are 100 nm (with the exception of 2 ; 200 nm).  

4000
 bp 
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3.6.4 Purification of nanophage for delivery applications 
 

Purification studies (described above) suggested that DNase and surfactant treatment 
were necessary steps in the purification process to isolate pure samples of nanophage that 
produced a sharp band on native agarose gels and had minimal presence of round “phage-like” 
particles seen by TEM. Additionally, these studies demonstrate that in comparison to PEG8k 
recovered nanophage, SEC recovered samples have relatively few (if any) helper phage present 
(Figure 3-6cd). This conclusion is consistent across multiple purifications and multiple samples 
analyzed by native gel electrophoresis or imaged by TEM. 

 
Overall, these purification studies directed us to use a DNase/surfactant/SEC protocol to 

isolate pure intact nanophage particles (described in experimental). The use of SEC to purify 
nanophage from helper phage proved to be more efficient than the original agarose gel isolation 
technique for the isolation of large batches nanophage that is necessary for delivery studies 
(Chapter 6). Using this method, nanophage from 8 L of media could be processed in one large 
batch (described in the experimental section of this chapter). Usual recoveries of 50 nm 
nanophage range from 1-2 mg/L of broth (depending on purity). Although the process of 
isolating these nanophage is lengthy, the potential to genetically incorporate targeting agents 
that bind new biomarkers to their coat proteins is an attractive feature (Chapter 4). Additionally, 
several advances in the field of microbiology including that of helper plasmids might allow for 
helper phage-less production7 of nanophage using antibiotics that would drastically increase 
yields and will directly minimize steps in the purification process. 
 
3.7. Characterization 
 

The isolated nanophage scaffolds were characterized by transmission electron 
microscopy (TEM), matrix-assisted laser desorption ionization (MALDI), charge detection mass 
spectrometry (CDMS), and dynamic light scattering (DLS). TEM of the purified particle samples 
revealed nanophage of lengths that ranged from 50-200 nm by 6 nm in size depending on the 
fraction isolated by SEC (Figure 3-8). The production of nanophage particles that are 2-3 times 
the size of a regular length particle is consistent with the production of this particle with other 
helper phage as well as full-length filamentous phage.4, 8 

 
Charge detection mass spectrometry (CDMS) of isolated nanophage revealed the 

presence of four different sized phage particles that correspond to the four peaks shown in 
Figure 3-8a. The mass of 0.92 MDa is close to the predicted value (0.91) for the nanophage 
phage when using literature estimates for average protein and average ssDNA weight. This 
technique produces peaks that are relative percents of each mass population. Therefore, the 
peaks shown at 1.50, 2.01, and 2.64 MDa illustrates the ratio of the multi-length phage present in 
the sample that can be a helpful analytical tool for nanophage analysis in future studies. The 
presence of these multi-length phage are also seen by TEM (Figure 3-8b). Previous nanophage 
productions by Rakonjac et al. using a different helper phage (Rnano3), observed 6 out of 172 
(3.5%) double-length Ff-nano by TEM. This could indicate that nanophage production by R779 
might yield a higher percentage of double-length nanophage. However, it is important to note 
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that this 3.5% was estimated by TEM and sample preparation using this technique involves steps 
such as wicking that can alter the population of nanophage present. Therefore, future studies 
utilizing CDMS for nanoparticle population analysis would be helpful in determining optimal 
helper phage systems for the production of fewer multi-length nanophage. 

 
Samples of 50 nm phage isolated by SEC that were analyzed by MALDI yielded spectra 

with up to three peaks (5232 m/z, 3628 m/z, 3649 m/z), corresponding to the predicted masses 
for the phage coat proteins p8, p7, and p9, respectively. Dynamic Light Scattering measurements 
(DLS) of nanophage functionalized with PEG5k an average of ~13.6 nm in diameter. However, 
this number is produced by the Malvern Zetasizer Systems software that computes particle 
diameter based on spherical models. Therefore, the DLS reported diameter is not directly related 
to actual diameter of the cylindrical shaft of the nanophage (5 nm). Collaborations started 
between the Francis and Shaqfeh lab (Stanford) are investigating the use of small-angle X-ray 
scattering (SAX) and fluorescence correlation spectroscopy (FCS) to obtain the physical 
properties of this non-spherical particle which is important for theoretical simulations that can 
compare the ability of particles to diffuse across a membrane based on its shape and size. 

 
3.8. Nanophage coat modification 
 

The ability to chemically modify the nanophage coat proteins with cargo such as 
passivation layers, imaging agents, small molecules, and drugs is a critical factor in utilizing this 
scaffold for delivery applications. Therefore, a full set of bioconjugation strategies were 
employed to investigate the amenability of the nanophage coat proteins. The bioconjugation 
reactions tested included:  pyridoxal 5’-phosphate (PLP) N-terminal modification, N-
Methylpyridinium-4-carboxaldehyde (Rapoport's Salt, RS) N-terminal modification, 2-pyridine 
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Figure 3-8. Nanophage characterization.
(a) Charge detection mass spectrometry (CDMS) of a nanophage sample purified with DNase, surfactants and isolated 
by size exclusion chromatography. Spectrum reveals multi-length nanophage (b) TEM image of CDMS sample. 
Multi-length nanophage (50-200 nm) are present. Scale bar is 100 nm (c) SDS protein gel of nanophage sample shows 
the presence of p3 and p8 coat proteins. The molecular weight of p7, p9, p8, p6, and p3 are approximately 3.6, 3.7, 5.2, 
12.4, and 46.5 kDa, respectively.
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carboxyaldehyde N-terminal modification (2PCA), N-hydroxysuccinimide (NHS ester) free 
amine modification, isothiocyanate (SCN) free amine modification, and maleimide (mal) 
sulfhydryl modification. Ultimately, information gained from these studies will provided a set of 
optimized conditions to functionalize the nanophage scaffold with a variety of small molecule 
cargo that includes polyethylene glycol (PEG) polymers, targeting groups, fluorescent dyes 
and/or drug molecules. The attachment of this versatile cargo is critical for functionalization of 
the nanophage scaffold as a delivery agent (Chapter 6). 

 
3.8.1. N–terminal transamination of nanophage using pyridoxal 5’-phosphate (PLP) 
 

To test the potential of the nanophage coat protein to be directly modified at the N-
terminal residue, a two-step site-selective transamination/oxime formation reaction utilizing 
pyridoxal 5’phosphate (PLP) developed by the Francis lab was used.9 Using this method, the 
phage were transaminated using a 100 mM solution of PLP at pH 6.5 for 1 h at 37 °C. Following 
the removal of the PLP, the phage were reacted with small molecule aniline-alkoxyamine (Figure 
3-9) to install an aniline handle that can participate in efficient oxidative coupling reactions that 
have been demonstrated to modify the well studied MS2 capsid.10 The matrix assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) mass spectra of this reaction suggests that 
approximately 30 of the 95 p8 coat proteins are modified under these conditions. Other 
experiments using longer reaction times (up to 20 h) and oxime formation with 2-(aminooxy) 
acetic acid yielded samples that produced broad peaks in their MALDI-TOF mass spectra, 
making it difficult to quantify modification. For this reason, as well as several other advantages 
(described below), Rapoport's salt was explored as another means for N-terminal modification. 

Figure 3-9. N–terminal transamination of nanophage using pyridoxal 5’-phosphate (PLP). 
MALDI-TOF spectrum of an unmodified sample (left) and PLP modified sample (right). The addition of 190 g/mol 
indicates small molecule incorporation into the PLP modified sample. 

wt or ketone p8
5237

oxime +p8 
5437

M + 190
~ 30 p8 proteins modified

wt or ketone p8
5238
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3.8.2. N–terminal modification of nanophage using N-Methylpyridinium-4-carboxaldehyde 
(Rapoport's Salt - RS) 
 

Previous studies done in the Francis Lab have determine that transamination reactions 
performed on sequences that contain an alanine N-terminal residue followed by a negative 
amino acid residue is optimal for transamination using Rapoport’s salt.11 Therefore, it was 
predicted that the wild-type p8 coat protein would be an optimal transamination target as the p8 
coat protein N-terminal sequence begins with the amino acid residues AEG. In this two-step 
site-selective transamination/oxime formation reaction, the N-terminal amine is transformed 
into a pyruvamide that is then exposed to an alkoxyamine to allow for the incorporation of any 
alkoxyamine cargo by formation of an oxime.1 

 
 
Using RS, incorporation of a small molecule alkoxyamine containing an aniline handle 

was incorporated. Analysis by MALDI-TOF shows a shift of 192 g/mol that is indicative of 
oxime product incorporation. Using these conditions, approximately 85 of the 95 p8 coat 
proteins were modified (Figure 3-10). When compared to the PLP N-terminal modification, RS 
salt showed significantly greater modification of the p8 coat proteins than the PLP reaction. 

 

-

Figure 3-10. N–terminal modification of nanophage using N-methylpyridinium-4-carboxaldehyde (Rapoport's 
Salt - RS). 
MALDI-TOF spectrum of an unmodified sample (left) and RS modified sample (right). The addition of 192 g/mol 
indicates small molecule incorporation into the RS modified sample. 
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 N-terminal modification using RS was then explored to functionalize the nanophage 
scaffold with PEG5k. The oxime formation reaction was allowed to react for both 24 and 36 h to 
investigate the time frame for maximum oxime formation using PEG5k-alkoxyamine. The 
extent of PEG5k attachment was monitored using protein gel electrophoresis. Coomassie 
stained gels of these samples showed the incorporation of the PEG5k chains into the p8 coat 
protein as demonstrated by the broad bands that appear at approximately10 to 15 kDa. These 
bands show little-to-no difference in PEG5k modification between 24 and 36 h, as densitometry 
indicated 43% and 47% modification, respectively.  This percent modification is lower than what 
is seen for alkoxyamine-aniline that is expected since alkoxyamine PEG5k is most likely less 
reactive due to accessibility. 
 
3.8.3. N–terminal modification of nanophage using 2-pyridine carboxyaldehyde (2PCA)  
 

A third approach for targeting the N-terminus involved the convenient targeting of the 
protein N-termini using a new single-step modification strategy developed recently in the 
Francis lab.12 This method involves the use of 2-pyridine carboxyaldehyde derivatives that first 
forms Schiff bases with N-terminal amines. Unlike previous approaches to N-terminal 
modification through transamination, imines with 2PCA cyclize with the first amide NH group 
in the sequence to form imidazolidinole species. 
 

To estimate the extent of modification using this reaction 10 mM of small molecule (6-
methyl-2-pyridine 2 carboxyaldehyde) was reacted in phosphate buffered saline (PBS) at 37 °C 
for 16 h. MALDI-TOF analysis of the product indicated incorporation of the small molecule 
onto approximately 64% the p8 coat proteins. This reaction is used for cargo incorporation into 
targeted nanophage carriers (described in Chapter 4). Although less of the coat proteins were 
modified with small molecules than when compared to PLP and RS, this reaction has several 
advantages over its counterparts as it does not require the second derivatization step through 
oxime formation and can be performed at neutral pH. The stability of the 2PCA modification at 
37 °C is still being explored before it can be employed to modify scaffolds for in vivo testing. 

 
3.8.4. Oxidative coupling on nanophage-aniline 
 

The nanophage with approximately 80 aniline handles installed by Rapoport’s salt 
modification (above) were subsequently used for oxidative coupling under a variety of 
conditions. Modification using this oxidative coupling strategy yielded little to no modification 
for both small molecule aminophenols and aminophenol-PEG5k. Both ferricyanide (K3Fe(CN)6) 
and sodium periodate (NaIO4) oxidizing agents were used and several different stocks of 
aminophenol-small molecules were tried. MALDI–TOF spectra of the OC reactions showed no 
modifications (only the wt p8 protein). A maximum of 10% modification was seen when 
reacting a sample of aminophenol-PEG5k with a nanophage sample that was modified with 
approximately 90% modification of aniline (Figure 3-11). Reasons for poor OC couplings are 
not yet understood but could include many factors including the requirement for fresh reagents 
and buffer.  
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3.8.5. Free amine modification of nanophage using N-hydroxysuccinimide (NHS-Ester) 
 

Acylation of amines using N-hydroxysuccinimide (NHS ester) was explored for its ability 
to incorporate passivation layers such as PEG5k and small molecule dyes. For the reaction, 5 to 
1000 equivalents of NHS-PEG5k was tested. Interestingly, at low equivalents of NHS-PEG5k (5-
50 equivalents), PEG 5k is predominately incorporated into the p3 coat protein. At higher 
equivalents of PEG5k (200-100 equivalents), incorporation of PEG5k is seen both on the p3 and 
p8 coat protein. This trend could be due to solvent accessibility of the p8 coat proteins when 
compared to the p3 coat protein and could be an interesting tool for incorporating multiple 
types of cargo for scaffold engineering. The ability for NHS-ester chemistry to incorporate small 
molecule dyes for cargo was also explored. Here 1-50 equivalents of NHS-AF680 were reacted at 
pH 8 in PBS at room temperature over night. Percent modification was determined by UV-Vis 
following purification of excess free dye. Gel electrophoresis of these samples shows AF680 
incorporation on both p3 and p8 coat proteins (see Chapter 4). This strategy of modification 
was utilized for creating dye labeled nanophage for circulation enhanced delivery (CED) which 
is discussed Chapter 6. 
 
3.8.6. Free amine modification of nanophage using isothiocyanate (SCN) 
 

Free amine modification was also explored using isothiocyanate to incorporate 1,4,7-
triazacyclononane-triacetic acid (NOTA) as an imaging functionality for MRI or PET. Reactions 
ranging from 50 to 350 equivalents of SCN-NOTA were tested. Results discussed in Chapter 6 
indicate that modification levels of approximately 40-80% could be obtained depending on the 
number of equivalents used. This modification strategy is utilized for creating nanophage-PET 
imaging agents that are used for in vivo imaging experiments discussed in Chapter 6. 
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Figure 3.11. Oxidative coupling on nanophage-aniline. 
Nanophage with approximately 80 aniline handles installed by Rapoport’s salt modification were used for oxidative 
coupling under a variety of conditions. Samples are shown on a SDS-Page Coomassie stained gel. Samples in (a) and 
(b) yielded little-to-no modification. In (c) a maximum of 10% modification was seen when reacting a sample of amino-
phenol-PEG5k.
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3.8.7. Maleimide modification of installed sulfhydryl on nanophage 
 

The ability to modify the nanophage coat protein using a maleimide modification 
strategy is advantageous as these reactions typically require low equivalents of reagent, can be 
performed at neutral pH, and occur in one step. Additionally, various maleimide reagents are 
widely commercially available and/or easily synthetically attainable. Despite the advantages, 
maleimide modification is seldom used to modify filamentous phage as the structure contains 
several cysteines that form disulfide bonds that are critical for the intact phage structure.13, 14 In 
addition to this, there a limited number of endogenous solvent exposed cysteines that are 
available on the phage coat proteins (p6, p7, p9) for modification.13, 14 For these reasons, thiol 
modification of filamentous phage has generally focused on the chemical modification of 
genetically incorporated cysteine residues. These residues have been shown to be modified 
through native chemical ligation,15 thiol alkylation,16, 17 and maleimide modification.18 One 
challenge in genetically engineering a cysteine on the phage coat proteins is that one has to take 
great care in the placement of the cysteine residues to limit problems with disulfide cross-linking 
between the closely packed phage coat proteins.  

 
In an effort to circumvent the problems discussed above, the ability to chemically modify 

the nanophage coat protein using an amine-reactive moiety to install a thiol functional handle 
was investigated. Two amine reactive reagents were explored for this purpose: Succinimidyl 6-
(3-[2-pyridyldithio]-propionamido)hexanoate (LC-SPDP) and 2-iminothiolane (2IT or Traut’s 
reagent). 
 
3.8.8. LC-SPDP for installing thiol functional handle 
 

Succinimidyl 6-(3-[2-pyridyldithio]-propionamido)hexanoate (LC-SPDP)  is a 
hetereobiofunctional crosslinker that contains a N-hydroxysuccinimide ester group that reacts 
with free amines present on the protein scaffold. This cross linker contains a disulfide bond that 
can be cleaved with reducing agents to expose a sulfhydryl group that essentially allows for an 
amine to sulfhydryl conversion in a protein structure19 (Figure 3-12a).  

 
The ability of this reagent to be used to functionalize the nanophage scaffold with PEG5k 

and doxorubicin (DOX) for drug delivery studies was explored using multiple reaction 
conditions and the reagents LC-SPDP and sulfo-LC-SPDP. Reaction conditions that yielded 
high level of p8 modification (by MALDI) are highlighted in Figure 3-12b. The addition of 50 
equivalents of LC-SPDP was able to modify approximately 76 (80%) of the nanophage coat 
protein with good recovery (>70%).  
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Once the cross-linker was installed, a predicted challenge in using this method for thiol 

incorporation was reducing the disulfide bond without affecting the integrity of the phage 
structure by reducing native disulfide bonds. In a recently published study, the Derda group was 
able to create a light-inhibited ligand system by alkylating and reducing two genetically 
incorporated cysteines on the p3 coat protein. To do this, the group used immobilized tris(2-
carboxyethyl)phosphine (iTCEP) to reduce only the sterically accessible cysteines on a peptide 
sequence displayed on the p3 coat protein of the phage.20 In an effort to keep the phage structure 
intact during reduction, several conditions as well as reducing agents (including iTCEP) were 
screened. Purified SPDP-nanophage were reduced with varying amounts of reducing agents for 
30 min to overnight. Following removal of reducing agent and the pyridine 2-thione protecting 
group (by centrifugation, samples were analyzed by MALDI.  Samples that were exposed to 2-
mercaptoethanol (BME) and glutathione (GSH) were shown to participate in disulfide exchange 
(by MALDI). Therefore, these reagents were no longer investigated for their ability to produce 
sulfhydryl groups that could react with maleimide. 
 

Reaction SPDP 
eq Reaction  % SPDP 

(MALDI) 

Crosslinker - 1 50 50 eq LC-SPDP – slow 
addition 70 

Crosslinker - 2 50 50 eq LC-SPDP – single 
addition 80 

Crosslinker - 3 50 Sulfo-LC-SPDP 40 

Crosslinker - 4 100 Sulfo-LC-SPDP 80 

Crosslinker - 5 200 Sulfo-LC-SPDP 100 

Crosslinker - 6 300 Sulfo-LC-SPDP 100 
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Figure 3.12. LC-SPDP modification on free amines of nanophage. 
(a) Two step reaction scheme of free amine modification followed by subsequent reduction. (b) Highlighted reaction 
conditions for SPDP incorporation. (c) Example MALDI-TOF spectrum of SPDP-nanophage before and after reduction. 
(d) Coomassie stained SDS page gel of PEG5k-nanophage after modification with LC-SPDP, reducing agent, and 
maleimide-PEG5k.
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For samples that were reduced using tris(2-carboxyethyl)phosphine (TCEP), iTCEP and 
dithiothreitol (DTT), the spectra produced by MALDI typically showed unmodified p8 coat 
protein (iTCEP; Figure 3-12c-left) or lowered the amounts of the unreduced SPDP-p8 coat 
protein (TCEP, Figure 3-12c-right). This was hypothesized to be due to the inability of the 
reduced sample to ionize. The reduced samples were subsequently reacted with maleimide-
PEG5k or mal-DOX-EMCH to investigate if the reducing agent had successfully exposed 
sulfhydryl groups that could react with maleimide cargo. Figure 3-12d shows that, of the 
reducing agents used (TCEP, DTT, iTCEP), DTT proved to install the most amount of PEG5k 
cargo (5-10% by densitometry). When this method was used for DOX incorporation (Table 3-1) 
50-100 percent DOX modification (UV-vis) was seen. However, for both the incorporation of 
PEG5k and DOX, protein recovery following reduction was very low (<20%) even with the use 
of iTCEP at various concentrations and reaction times. A large challenge in using the iTCEP 
method stemmed from trying to recover small amounts of phage from the bead solution that is 
used. Although the LC-SPDP method showed successful cargo incorporation, the modification 
of free amines with 2-iminothiolane (2IT) proved to incorporate more PEG5k cargo (Figure 3-
13) using fewer steps and improved overall recovery.  

 

 
 

3.8.9.   2-Iminothiolane to install a thiol functional handle on nanophage 
 

2-iminothiolane (2IT or Traut’s reagent) reacts with primary amines to install a spacer 
that produce a sulfhydryl (Figure 3-13a).  This essentially allows for an amine to sulfhydryl 
conversion in a protein structure while maintaining the charge properties that are similar to the 
amino group. The ability of this reagent to functionalize the nanophage scaffold with PEG5k 
and doxorubicin (DOX) for drug delivery studies was explored using multiple reaction 
conditions.  

Reaction 
RP  

(PEG 
eq) 

SPDP 
eq 

DTT 
eq 

PEG-
mal 
eq 

DOX-
mal 
eq 

Reaction Steps % PEG 
(gel) 

% DOX  
(by UV-Vis) 

% 
recovery 

  1 - 50 25 10 - NHS-SPDP, DTT, PEG-mal >50% - 20 

2 - 50 25 - 3 NHS-SPDP, DTT, DOX-mal >50% 56 20 

3 - 50 25 3 3 NHS-SPDP,  DTT, PEG/DOX-mal >50% 65 (noisy) 15 

4 1:500 50 25 - 3 RP-PEG, NHS-SPDP, DTT, DOX-mal >50% 62 (noisy) 24 

5 1:250 50 25 - 3 RP-PEG, NHS-SPDP, DTT, DOX-mal (low 
recovery) 92 (noisy) 10 

Table 3-1. Sample LC-SPDP reactions for DOX incorporation onto nanophage. Reaction steps are A. Rapoport’s 
salt transamination; B. Oxime formation with PEG5k-alkoxyamine; C. 50 eq LC-SPDP; D. DTT; E. mal-DOX-EMCH or 
mal-PEG5k.
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Figure 3.13. 2-iminothiolane (2IT) for maleimide cargo installation.
(a) 2-step reaction scheme for DOX incorporation. Nanophage is reacted with PEG5k-mal and 2IT in one pot and then 

excess reagent is removed. The sample is then subsequently reacted with mal-DOX-EMCH (b) 2IT reaction optimiza-

tion reactions using mal-PEG5k (equivalence and time screen). Degree of modification can be seen on SDS-Page 

protein gel stained with Coomassie by the p8 band shift from ~5 kDa to 10-15 kDa (blurry band).
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Generally, 2IT was pre-incubated with nanophage for a time period, then the maleimide 
regent was added to perform a one-pot 2IT-malemide reaction. Figure 3-13b shows nanophage 
samples that were treated with various equivalents of 2IT (same eq. of maleimide – 10eq) as well 
as for different incubation times. Up to 20% modification of the p8 coat protein (by 
densitometry) can be seen by SDS protein gel, which is a greater degree of modification than 
what was seen using the LC-SPDP cross linker (Figure 3-13b-LCSPDP).  Additionally, these gels 
demonstrate that the use of greater than 50 equivalents of 2IT yields overall less modification, 
and the presence of TCEP seems to inhibit the degree of cargo that can be added to the scaffold. 
Moreover, allowing 2IT to pre-incubate with nanophage for longer than 15 min (i.e. 15-60 min) 
does not seem to improve the degree of modification (Figure 3-13b right).  
 

Next, the ability to use 2IT to functionalize the nanophage scaffold with an acid-labile 
DOX derivative (DOX-EMCH) that has been previously synthesized and used in the Francis 
lab21 was explored. This DOX-EMCH has a free amine present in its structure. Because Traut’s 
reagent is known to react with primary amines, a one-pot 2IT malemide-PEG5k and maleimide-
DOX-EMCH strategy could not be used. Instead a two-step reaction in which excess 2IT is 
removed from the reaction after reacting with PEG5k-mal was employed (Figure 3-13a).  
 

To monitor the degree of modification with doxorubicin and PEG5k cargo high 
performance liquid chromatography (HPLC), size exclusion chromatography (SEC), and 
protein gel electrophoresis was used. The SEC system (described in experimental) was not able 
to produce a retention time for free doxorubicin upon injection. Up to 100 µM of free 
doxorubicin was injected into the system, but no peaks were detected by SEC using the diode-
array detector (DAD) and fluorescence detector (FLD). It is hypothesized that the hydrophobic 
nature of the doxorubicin causes the sample to interact non-specifically with the guard column 
and/or SEC system that prevents detection. Because of this, there was a great need to establish a 
method to identify the amount of free DOX that was present in modified samples for drug 
delivery.  

 
Liquid chromatography-mass spectrometry (LC/MS) was not able to be used to quantify 

doxorubicin attachment to the nanophage scaffold as the nanophage phage dissembles and 
precipitates at pH<4. For LC/MS acidic solutions are typically necessary to facilitate sample 
ionization and produce sharp peaks for analysis.  For this reason, a RP-HPLC method was 
developed to detect free DOX using a slightly acidic mobile phase (5 mM ammonium acetate pH 
5.8). Retention times for the nanophage scaffold, as well as free doxorubicin were established 
(Figure 3-14), which confirmed the ability for the HPLC method to identify the presence of free 
doxorubicin. The method was tested on a sample of MS2-NOTA-DOX-EMCH (Chapter 6). 
Chromatographs of this sample showed peaks at two different retention times: one indicating 
free DOX, and one indicating MS2-NOTA-DOX-EMCH (Figure 3-14-left). This MS2 sample 
was expected to have free DOX present since the DOX-EMCH linkage has been known to 
degrade at neutral pH over time21 and the MS2 sample was stored for at 4 °C pH 7 for 
approximately one month. Thus, the HPLC method developed was confirmed to be able to 
detect doxorubicin modified protein carriers and free doxorubicin in a single sample. 
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Optimal reaction conditions that limited the amount of free DOX present in samples (by 
non-specific interactions) and maximized PEG5k and DOX nanophage modification were 
screened. Figure 3-14 shows RP-HPLC spectra of reactions utilizing the 2-step 2IT mal-PEG5k 
and mal-DOX strategy (described above). The use of 3 eq of Doxorubicin-EMCH and 5 eq 
PEG5k-mal yielded samples with a good balance of DOX (20%) and PEG5k modification (10-
15%) while minimizing the presence of free DOX. This construct stayed soluble even up to 
concentrations of 1 mM nanophage that was needed for CED administration (Chapter 6). 

 
3.9. Conclusion 
 

The nanophage scaffold is an attractive scaffold for delivery applications as it has an ideal 
size (and possible shape), can genetically incorporate biomarkers discovered by phage display, 
and cannot self-replicate. In order to utilize this scaffold for in vivo delivery applications it is 
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2 25 5 2 A/B in situ, purify, then C 15-20 19 64 

3 25 5 3 A/B in situ, purify, then C 15-20 25 56 

4 25 5 3 A, purify, then B/C one pot low? p3 only 16 78 

A. 25eq 2IT/15 min/PBS pH 8 
B. 5eq PEG-mal /RT/1hr/pH 8; spin purify 
C. Add varying equivalence DOX-mal (1-3eq/1hour/RT/ 10 mM PB pH 7.5) 

Figure 3.14. Doxorubicin functionalization. 
(a) A HPLC method was developed to establish a retention time for non-covalently bound doxorubicin. The method is 
used on a sample of MS2-DOX-NOTA that is known to have hydrolyzed DOX to identify the presence of free DOX. (b) 
HPLC spectra of optimization reactions to install PEG5k and DOX using a 2-step 2IT strategy. PEG5k-nano appears at 
~15 min and DOX-PEG5k-nano appears at ~11 min. (c) Highlighted reaction conditions for DOX-incorporation using a 
2IT strategy.
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imperative to develop a procedure to produce pure sample of nanophage that does not contain 
helper phage or any other contaminants. The work described in this chapter has helped to 
optimize the production of nanophage particles by using size exclusion chromatography as a 
tool to separate phage particles of different sizes. Additionally, this work has explored a range of 
bioconjugation strategies that can be utilized to functionalize the scaffold for delivery 
applications. N-terminal strategies such as pyridoxal 5’-phosphate (PLP), N-methylpyridinium-
4-carboxaldehyde (Rapoport's Salt), and 2-pyridine carboxyaldehyde (2PCA) have all proved to 
be successful in modifying the N-terminal residue of the p8 coat protein. Free amine 
modification strategies such as N-hydroxysuccinimide (NHS ester) and isothiocyanates also 
proved successful, as they were able to incorporate imaging agents such as dyes and tracers, 
respectively, onto the nanophage p8 coat protein. Additionally, the use of succinimidyl 6-(3-[2-
pyridyldithio]-propionamido)hexanoate (LC-SPDP) and 2-iminothiolane (2IT or Traut’s 
reagent) have both proven to be able to incorporate maleimide cargo such as PEG5k and DOX. 
The ability of functionalized nanophage carriers to be used as imaging and drug delivery 
vehicles will be discussed in Chapter 6. Ultimately, the findings from this chapter set the stage 
for the purification and chemical modification strategies that are key in creating nanophage 
carriers for delivery applications. Additionally, this chapter demonstrates the amenability of the 
nanophage scaffold to various chemically modifications that can also be applied for 
functionalization of full sized filamentous phage for a variety of applications. 
 
 
3.10. Experimental 
 
General procedures & materials 
 

Unless other wise noted all reagents were purchased from Aldrich. Succinimidyl 6-(3-[2-
pyridyldithio]-propionamido)hexanoate (LC-SPDP), 2-iminothiolane (2IT or Traut’s reagent), 
Bond-breakerTM TCEP, PierceTM  Immobilized TCEP Disulfide Reducing Gel, Alexa Fluor® 488 & 
680 (N-hydroxysuccinimide) were purchased from Thermo Fisher Scientific. Isothiocyanate–
NOTA was purchased from Macrocyclics (Texas, USA). pNBJ07 & R779 plasmids were received 
as gifts from collaborators Dr. Jasna Rakonjac from Massey University (University of New 
Zealand). TG1 electrocompetent cells were purchased from VWR International. NuPage 10% 
Bis-Tris Gels, MES SDS Running Buffer and Novex sharp protein standard were purchased from 
Life Technologies. Formvar TEM Film square grids were purchased from Ted Pella (400 mesh; 
Redding, CA). Water used to create buffers or as reaction solvent was deionized using the 
NANOpure purification system from Barnstead, USA. Dimetryl sulfoxide (DMSO) was 
purchased as an analytical grade and was used without further purification. O-
(Methoxypoly(ethyleneglycol))-hydroxylamine (PEG5k-ONH2) was prepared as previously 
described.22 Nitrophenol-PEG5kDa-OMe was synthesiszed as described in previously reported 
work.23 2-pyridine carboxyaldehyde (2PCA) reagents were prepared as previously described.12 
N-terminal modification reagents, N-methylpyridinium-4-carboxaldehyde benzenesulfonate 
hydrate (Rapoport’s salt, RS) and pyridoxal 5’-phosphate monohydrate were obtained from Alfa 
Aesar (Ward Hill, MA) and Aldrich, respectively.  
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General instrumentation 
 

UV-Vis spectrophotometer readings were carried out using both a Cary 50 Bio 
Spectrophotometer (Agilent) and NanoDrop 1000 (Thermo Scientific).  Bench top 
centrifugations were performed with an Eppendorf Mini Spin Plus (Eppendorf). Centrifugations 
involving 5-50 mL were performed in Sorvall Legend RT Plus (Thermo Scientific). Large-scale 
centrifugations were carried out in a Sorvall RC5C centrifuge. 
 
Instrumentation 
 
Transmission Electron Microscopy (TEM) 

TEM was performed using the facilities at the University of California Berkeley Electron 
Microscope Laboratory. To visualize samples, negative staining was employed on Formvar 
copper grids. To prepare grids, 5 µL of 100 nM of phage in 5 mM phosphate buffer (PB) pH 7.4 
was added onto the grid for 2 min and excess solution was wicked with a paper filter. A 20 
mg/ml solution of filtered uranyl acetate (UO2(OAc)2) (Pall Life Sciences, filtered with 0.2 µm 
PVDF membrane) was then applied to the copper grid for 2 min as a negative stain. Excess stain 
was wicked using a filter and the grid was allowed to try 5 min. The grids were visualized using a 
FEI Tecnai 12 transmission electron microscope with a 120 kV accelerating voltage. 
 
Matrix assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS) 

MALDI-TOF MS was performed on a Voyager-DE system (Per Septive Biosystems, USA) 
using the QB3 Chemistry Mass Spectrometry Facility free access machine.  Sinapinic acid matrix 
solution (50% acetonitrile, 5% water and 0.1% TFA) was used as the matrix for all samples and 
was prepared by mixing 20 mg of sinapinic acid with 0.5 mL of acetonitrile and 2 µL of 
trifluoroacetic acid (TFA).  Samples were prepared by co-crystallizing the sample in a low salt 
buffer (20-50 µM monomer in 5 mM PB pH 7.4) with sinapinic acid matrix at a ratio of 1:4, 
respectively. Data were analyzed using Data Explorer software.  
 
Charge Detection Mass Spectrometry (CDMS) 

CDMS on nanophage samples was performed in collaboration with the Jarrold research 
group from Indiana University. Samples were sent to Indiana University at a concentration of 1 
mg/mL (113 µM p8 for nanophage). Prior to CDMS analysis, samples were buffer exchanged 
into 100 mM ammonium acetate using size exclusion columns. Phage particles are introduced 
into the gas phase by electrospray ionization.  
. 
Dynamic Light Scattering 

DLS measurements of nanophage samples were obtained using Zetasizer Nano ZS 
(Malvern Instruments, UK). Samples of 70 µL at a concentration of 20 µM p8 coat protein were 
filtered through a 0.22 µm sterile filter (Millipore). Measurements were taken in triplicate in 5 
mM PB at room temperature. Data produced by this system (i.e. diameter) are pre-set by the 
instrument to be fitted for spherical particles. We are currently exploring the ability to fit the 
data for non-spherical type particles such as the nanophage. 
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Biological procedures 
 
R779 electroporation into TG1 electrocompetent cells.  

A volume of 1 µL of 10 ng/uL R779 plasmid DNA was added to 40 µL of TG1 
electrocompetent cells on ice. The mixture was then transferred to a chilled 0.1 cm 
electroporation cuvette. Electroporation proceeded using the Bio Rad Micro PulserTM 
Electroporator on the preset bacteria setting (EC1). During electroporation optimal arc range of 
conductivity was 3 ms. Cells were placed in 1 mL of Super Optimal Broth (SOC) for 1 h at 37 °C. 
To this solution, 5 mL of 2YT media was added and cells were left to grow at 37 °C at 280 rpm 
overnight.  
 
R779 plaque assay.  

The R779 overnight culture was used to generate plaques in a plaque assay. All steps of 
this procedure were performed in a biosafety hood. Briefly, overnight cultures of TG1 cells 
containing R779 were diluted in sterile 2YT broth media. Dilutions made ranged from 10-2 to 10-

12. A 10 µL aliquot of these dilutions were added to 100 µL of TG1 overnight culture (no R779) 
and were allowed to incubate at 37 °C without shaking for 10 min. This mixture was then added 
to 4 mL of soft agar (0.5%), mixed, and then poured onto a layer of pre-warmed and dried hard 
agar (1.5 %). Plates were solidified at 37 °C agar side down for approximately 5-10 min. Once 
solidified, plates were left to grow overnight at 37 °C agar side up.  
 
Creating R779 frozen stock  

Isolated plaques were selected from a plate and used to inoculate a 2YT media to 
produce an overnight culture of TG1 cells containing the R779 plasmid. This overnight culture 
was combined with equal amounts of 50% glycerol in a cryo tube then stored in -80 °C. 
 
R779 helper phage growth  

A flask with 1 L of 2YT was inoculated with 10 mL of TG1 overnight culture and grown 
at 37 °C shaking at 250 rpm until OD600 reached 0.1 (~1.5 h). A 1 mL portion of a R779 
overnight culture was then added to the OD600 = 0.1 broth. The media was allowed to grow 
overnight shaking at 250 rpm 37 °C (~12-16 h). 
 
Isolation of R779 helper phage  

The culture was spun at 4 °C for 20 min at 12,500 g to remove the bacterial pellet from 
the supernatant. Powdered polyethylene glycol 8000 with the average molecular weight of 8000 
g/mol (Sigma; PEG 8k) and sodium chloride (NaCl) were added to the supernatant to achieve a 
final concentration of 2.5 wt% PEG8k and 0.5 M NaCl. This solution was left at 4 °C overnight. 
The supernatant was then centrifuged for 60 min at 12,500 g to remove the precipitated phage 
from the supernatant. The pellet was dissolved in ~10-25 mL of phosphate buffered saline (PBS) 
for each 1L of supernatant. Residual bacterial debris was removed from the re-suspended 
solution by centrifugation for 10 min at 4 °C at 10,000 g. The supernatant was then made 4 wt% 
PEG 8K and 0.5M NaCl then left on ice for a minimum of 2 h to re-precipitate out the helper 
phage. The precipitated phage is collected by centrifugation at 16,000 g for 45 min at 4 °C. The 
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pellet is redissolved in PBS buffer and stored at 4 °C. The concentration of phage per mL is 
determined according to the equation described below. 
 
Nanophage Growth 
  A frozen stock of E.coli cells (K1030) containing the pNJB07 plasmid obtained from 
collaborators were inoculated into 10 mL of 2YT containing 0.1 mg/mL Ampicillin (Amp).  The 
culture was grown overnight (12-19 h) at 37 °C at 280 rpm. The overnight culture was 
transferred into 1 L of 2YT containing 1X Amp and was grown at 37 °C at 200 rpm until OD600 
reached 0.2 (1-3 h). At this cell density, R779 was added to the culture at a multiplicity of 
infection (m.o.i) of 100 phage/cell. The flask is incubated at 37 °C for 15 min without shaking. 
The culture is then incubated for 4 h at 37 °C at 200 rpm.  
 
Large Scale Differential PEG Precipitation 

The 1 L PNJB07 culture infected with helper phage was centrifuged at 4 °C for 20 min at 
12,500 g to remove the bacterial pellet from the supernatant. To separate nanophage from the 
co-secreted helper phage differential PEG precipitation was employed. Helper phage were 
precipitated by adding powdered PEG8k and NaCl to make the supernatant a final 
concentration of 2.5% PEG 8k and 0.5 M NaCl. The supernatant was left on ice overnight then 
centrifuged at 12,500 g for 60 min at 4 °C. The supernatant containing nanophage was made 
15% PEG8k and then left at 4 °C overnight.  Nanophage was collected by centrifugation at 
12,500 g at 4 °C for 60 min. The pellet was then dissolved in ~10-25 mL of DNase I Reaction 
Buffer (New England Biolabs, Cat. B0303S) for every 1 L of supernatant.  Residual cellular debris 
was removed by centrifugation for 10 min at 10,000 g at 4 °C. 
 
DNase Treatment 

For every 10 mL of nanophage dissolved in DNase I reaction buffer (New England 
Biolabs) 10 µL of 10 mg/mL DNase I and 0.1 µL of 100mg/mL RNase (Sigma) was added. The 
mixture was incubated at 37 °C with gentle rotation for 1.5 h.  
 
Surfactant Treatment 

A 1.1 mL portion of 10% TritonTM X-100 BioUltra (Sigma) was added per 10 mL of 
solution and was incubated with gentle rotation at room temperature for 1 h. The nanophage 
was precipitated at room temperature for 2 h by adding PEG8k and NaCl for a final 
concentration of 15% PEG8k and 0.5 M NaCl. Centrifugation at 12,500 g at room temperature 
for 60 min was used to collect the precipitated nanophage. The nanophage pellet was dissolved 
in PBS and undissolved debris was removed by centrifugation at 10,000 g for 10 min at room 
temperature. The nanophage solution was then made 1% sarkosyl (Fischer Scientific) and 
incubated with gentle rotation at room temperature for 1 h. The solution was then made to 15% 
PEG8k and 0.5M NaCl and left at room temperature overnight to precipitate nanophage. 
Centrifugation at 12,500 g at room temperature for 60 min was used to collect the purified 
nanophage. The nanophage was dissolved in PBS and stored at 4 °C. 
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Small Scale Differential PEG Precipitation 
A second round of differential PEG precipitation was employed by adding 0.22 µm 

filtered liquid PEG8k and NaCl stocks. Helper phage precipitates at a final concentration of 2.5-
4% PEG 8k and 0.5 M NaCl and nanophage precipitates at a final concentration of 15% PEG8k. 
Following each precipitation on ice for a minimum of two 2 h, helper phage or nanophage were 
recovered by centrifugation at 12,000 g at 4 °C for 60 min. Recovered phage were stored in 5 
mM PB pH 7.5.  
 
Size Exclusion Chromatography 

For large scale preparatory size exclusion chromatography (SEC) an AKTA Pure M 
FPLC system (GE Healthcare) with a 320 mL column (1 CV =120 mL) packed with Sephacryl S-
400 and S-1000 was used at 4 °C. The sample (10-50 mL) was filtered through a 0.22 µm filter 
before being loaded into 50 mL superloop for automatic injection. Unless otherwise mentioned, 
chromatography was performed using PBS at 1 mL/min for all purifications. The column was 
equilibrated with 150 mL of running buffer prior to use. Following sample application, isocratic 
elution was used to elute the sample column using a volume of 400 mL. During this time a fixed 
fractionation volume of 10 mL was collected. Sample analysis was performed with an in-line UV 
monitor measuring the wavelengths at 220, 260 and 280 nm.  
 
Native Agarose Gel 

All agarose gel electrophoresis were performed using freshly poured 3-4 mm thick 1.5% 
agarose gels in 1X Tris Acetate-EDTA Buffer (1X TAE - 40 mM Tris-acetate and 1 mM EDTA, 
pH 8.3). Samples (100-400 nM nanophage) were mixed with a gel loading dye (Orange, 6X New 
England Biolabs Cat. B7022S) to load the samples into 50 µL wells. Native gel electrophoresis 
was performed at 40V/500mA/3h in 1X TAE. Following this, the gel was soaked in 0.2 M NaOH 
for 10 min, neutralized with 1 M HCl, then stained for 45 min in 1X SYBR Safe DNA Gel Stain 
(Thermo Fisher Cat S33103). Gel imaging was performed on an EpiChem3 Darkroom system 
(UVP, USA). Sample bands were compared to a commercially available marker (Therno Fischer 
Scientific O’GeneRuleTM 1kbp DNA Ladder Cat SM0313) for identification of the phage 
genome.  
 
Disassembly Agarose Gel 

Disassembly agarose gel electrophoresis was performed using the same methodology, 
and materials as native agarose gel electrophoresis with the exception of the details that follow. 
Prior to mixing with a loading buffer, samples were boiled at 100 °C for 5 min for phage coat 
disassembly. Following gel electrophoresis the gel was directly stained in 1X SYBR Safe DNA 
Gel Stain. 
 
Protein Gel Electrophoresis 

Unless otherwise noted, protein gel electrophoresis was carried out using NuPAGE® 
Novex 10% Bis-Tris pre-cast polyacrylamide gels in a X-cell Sure LockTM Mini Cell. All samples 
(~20 µM p8 coat protein) were mixed with a 6X loading buffer containing 1,4-dithiothreitol 
(DTT) to ensure reduction of any disulfide bonds. The samples were then heated at 100°C  for 
10 min. Gels were run at 200 V for 35 min in 1X NuPAGE® MES SDS 1X Running buffer. 
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Proteins were visualized by staining with Coomassie Brilliant Blue R-250 (Bio-Rad) according to 
the manufacturer’s protocol.  The molecular weight of each protein band was estimated based 
off of the Novex® Sharp Pre-stained Protein Standard (Thermo Fischer Scientific Cat LC5800) 
that was run in each gel.  Typhoon 9410 variable mode imager (Amersham Biosciences) was 
used to image any samples containing fluorescent modficiations before staining with Coomassie. 
The Gel Doc EZ System (Bio-Rad) was used to visualize proteins after Coomassie staining. For 
samples of modification reactions, ImageJ was used to determine the level of modification by 
optical densitometry. 
 
Determination of phage concentration 

UV-visible spectrometry was performed using a NanoDrop 1000 (Thermo Scientific) to 
record the samples absorbance at 269nm and 320nm. To determine the concentration of phage 
the calculation below was used.24 
 
phage/mL = ((absorbance at 269 – absorbance at 320) * 6 x 1016) / (number of single  
stranded DNA bases in the phage genome) 
 
Bioconjugation reactions 
 
Pyridoxal 5’-phosphate (PLP) transamination  

A fresh solution of 200 mM PLP was made in 25 mM PB at pH 6.5. The pH of this 
solution was checked with pH paper to confirm the appropriate pH for the reaction. An equal 
volume of this solution was then added to 50 µM of p8 in 25 mM PB at pH 6.5 and allowed to 
react for 1 h at 37 °C. Excess transamination reagent was removed by repeated centrifugation 
using 100 kDa MWCO filters (Amicon Ultra, EMD Millipore) and 25 mM PB pH 5. 
 
Transamination using N-methylpyridinium-4-carboxaldehyde (Rapoport's Salt) 

An equal volume of 200 mM RS is added to 50 µM p8 in 25 mM Phosphate Buffer at pH 
8 for 1 h at 37 °C. Following this, excess transamination reagent is removed by repeated 
centrifugation with 100 kDa MWCO filters. Additionally, during this centrifugation process the 
buffer is exchanged to 25 mM PB pH 6.0.   
 
Oxime formation following transamination 

The recovered phage is diluted to 100 µM p8. To this transaminated phage solution 
varying equivalents of alkoxyamine is added and incubated at room temperature for 24-26 h. 
For example, for PEG5k-alkoxyamine, an equal volume of 50 mM PEG 8k alkoxyamine is added 
to the transaminated phage solution. Excess alkoxyamine is removed by repeated centrifugation 
with 100 kDa MWCO filters. The phage is recovered in 5 mM PB pH 7.4 and stored at 4 °C. 
 
2-pyridine carboxyaldehyde (2PCA)  N-terminal Modification 

Stock solutions of 6-methyl-2-pyridine 2 carboxyaldehyde and 2PCA-fluorescein  
were synthesized as previously reported.12 A solution of 20 mM 2PCA reagent was prepared in 
PBS from a 100 mM DMSO stock. An equal volume of the DMSO solution is added to 25 µM p8 
in phosphate buffered saline at pH 7.4. The reaction is allowed to proceed at 37 °C or room 
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temperature in the dark for 16 h. Following this, excess reagent was removed by repeated 
centifugation with 100 kDA MWCO filters. The phage is recovered in 5 mM PB pH 7.4 and 
stored at 4 °C. 
 
Oxidative Coupling on Nanophage-aniline 

A solution of 20 µM p8 and 2-10 eq aminophenol in 25 mM PB pH 7.0 are mixed at 
room temperature. To this 1-5 mM of ferricyanide (K2Fe(CN)6) pH 7.5 is added to the solution. 
The reaction is left to react at room temperature for 1 h. For reactions using aminophenol-
PEG5k the reaction was directly analyzed by protein gel electrophoresis. For reactions involving 
small molecule aminophenols, excess reagent was removed by repeated centrifugation with 100 
kDa MWCO filters. The phage is recovered in 5 mM PB pH 7.4 and stored at 4 °C.  
 
Free amine N-hydroxysuccinimide (NHS ester) modification 

Using a commercial stock of NHS ester in DMSO, 1-1000 eq of NHS ester was added to 
50 µM of p8 protein in 100 mM of phosphate buffer at pH 8. This mixture is allowed to react for 
4 h at room temperature in the dark. Following this, modified phage are recovered by repeated 
centrifugation with 100 kDa MWCO filters. The phage is recovered in 5 mM PB pH 7.4 and 
stored at 4 °C.  
 
Free amine isothiocyanate (SCN) modification  

For a 500 µL reaction, 5 µL of a 100 mM stock of SCN-NOTA (40 eq) in DMSO is 
diluted in 350 µL of 250 mM PB pH 9.2. This diluted stock has an approximate pH of 8 as 
indicated by pH paper.  Once this pH is confirmed, a stock solution of phage is added to the 
diluted SCN-NOTA solution for a final concentration of 25 µM p8. A similar protocol is 
followed for reactions using 50-200 equivalents SCN-NOTA but volumes are adjusted 
accordingly. 
 
Succinimidyl 6-(3-[2-pyridyldithio]-propionamido)hexanoate (LC-SPDP) modification 

To a 50 µM p8 in 10 mM PB pH 7.5, 50 equivalents of LC-SPDP (or sulfo-LC-SPDP) is 
added by use of a 50 mM stock in dimethylformamide (DMF). Samples are left to react 
overnight at room temperature. Following this, modified phage are recovered by repeated 
centrifugation with 100 kDa MWCO filters. The phage is recovered in 5 mM PB pH 7.4 and 
stored at 4 °C.  
 
Reduction of SPDP-nanophage 

For reducing agents tris(2-carboxyethyl)phosphine (TCEP), dithiothreitol (DTT), 
glutathione (GSH), and 2-mercaptoethanol (BME), 10 equivalents of reducing agent is added to 
a solution of 50 µM p8 in either A (50 mM Tris  pH 8.5) or B (150 mM  sodium acetate 100 mM 
NaCl  pH 5.0) for 30 min at room temperature. For immobilized TCEP (iTCEP), a slurry of 
iTCEP is rinsed three times with buffer (50 mM Tris  pH 8.5) using 3X  the volume of the slurry. 
Volume of slurry of each reaction was based off of manufactures recommendation that 1 mL of 
gel acts as approximately 8 µmol TCEP. Two volumes of slurry were tested for two different 
reduction reactions. The first volume was based on the paper from Jafari et al. To 99 µL of 2.24 
µM SPDP-p8 25 µL of rinsed iTCEP slurry (700 eq) was added in 50 mM Tris  pH 8.5. The 
second condition volume of iTCEP used was based off of manufactures recommendations to 
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add a volume of iTCEP that is 0.5X times the volume of a 1 mg/mL solution.  iTCEP reactions 
are left to at 4 °C  for 25 h by gentle rotation. Note that phosphate buffers are not used in this 
reaction because TCEP is not stable in this buffer. Excess reducing agent is removed from all 
samples by repeated centrifugation with 100 kDa MWCO filters. The phage is recovered in 5 
mM PB pH 7.4. Once analyzed by MALDI, the sample is immediately reacted with maleimide 
cargo following maleimide reaction conditions.  
 
2-iminothiolane (2IT or Traut’s reagent) modification 

One pot reaction: To a solution of 25 µM p8 in PBS an equivalents of 2IT is added using a 
freshly made stock solution of 2IT in PBS (typically 14 mM). The solution is left to react at room 
temperature from 15-60 min. Following this, a volume of maleimide (DMSO) stock is added (1-
10 eq) and left to react for at room temperature (1h-overnight). 
 
2IT two step reaction (to make DOX-PEG5k-nanophage) 

To a solution of 25 µM p8 in PBS an equivalents of 2IT is added using a freshly made 
stock solution of 2IT in PBS (typically 14 mM). The solution is left to react at room temperature 
from 15-60 min. Following this, a volume of PEG5k-malemide stock is added (1-10 eq) and left 
to react for at room temperature (45 min). Excess reagents are removed by repeated 
centrifugation with 100 kDa MWCO filters. To 25 µM of the p8 solution recovered, 1-10 
equivalents of mal-DOX is immediately added in 10 mM PB pH 7.4 and allowed to react for 45 
min at room temperature. Samples are purified with Nap-5, Nap-10, and repeated centrifugation 
with 100 kDa MWCO filters. 
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CHAPTER 4 : CONSTRUCTION OF TARGETED  
NANOPHAGE CARRIERS FOR DELIVERY APPLICATIONS 

 
4.1. Introduction 
 

The so-called “active targeting” approach of drug delivery relies on targeting cancer 
biomarkers, which are typically cell receptors that are over expressed exclusively on cancer cells. 
By conjugating the cancer cell receptor binding ligands onto nanocarriers, active-targeting has 
been shown to improve cancer cell uptake when present in the tumor environment.1-3  

While active targeting may provide improvements in drug delivery, the mechanism by 
which the targeting moiety affects the overall biodistribution is somewhat unclear. It is 
hypothesized that nanocarriers that accumulate in the tumor environment due to the enhanced 
permeability and retention (EPR) effect will actively bind to and be endocytosed by the cancer 
cells.4, 5 Thus, targeted-nanocarriers can offer both tumor tissue accumulation and enhanced cell 
uptake for drug delivery and imaging. 

 
In this chapter, the functionalization of the nanophage scaffold with two targeting 

moieties, single chain antibody fragment (scFv) and cyclic RGD peptides (cRGD), is explored 
and described. To incorporate these two targeting ligands two different approaches were taken. 
For the incorporation of the scFv targeting moiety a genetic modification strategy was explored. 
For the incorporation of a cRGD targeting peptide bioconjugation was used. 

 
4.2. Antibody based targeting ligands 
 

Antibodies have a receptor-binding affinity that is currently unmatched by any other 
targeting ligand being developed. Additionally, antibody-drug conjugates (ADCs) have recently 
gained huge momentum in the treatment of cancerand have seen success in several clinical 
trials.6 In addition to full-sized IgG antibodies, single chain fragment variables (scFv) have been 
explored as antigen-binding moieties. The scFv fragment is the smallest unit of IgG that retains 
its antigen-binding activity and is therefore an intriguing candidate for drug delivery as they are 
easier to synthetically manipulate and are less likely to dominate biodistribution patterns then 
compared to their IgG counterparts. 

 
4.3. Filamentous phage and single chain antibody fragments (scFv) 
 

Filamentous phage are perhaps best known for their role in phage display techniques, and 
are often used to identify and improve new scFv protein binders for many cancer-related targets. 
The most successful candidates of these screens are displayed on the phage minor coat proteins 
and can be propagated in E. coli.7-9  

 
In proof-of-concept studies conducted by several labs (including ours) it has been 

demonstrated that these phage can be derivatized to serve as targeted imaging agents and drug 
carriers.10-15 More specifically, in the Francis Lab, N-terminal site-selective chemical 
modification has been used to construct imaging agents directly from the full sized fd 
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filamentous phage11 bearing scFvs previously determined by the laboratory of Jim Marks (M.D., 
Ph.D.) to bind EGFR (epidermal growth factor receptor), HER2 (human epidermal growth factor 
receptor 2, or ERBB-2), and CD44 (a cell adhesion molecule involved in tumor metastasis).16-18 
Through this chemistry it was found that 80% of the p8 coat proteins along the sides of the 
capsid could be modified to a ketone functionality using pyridoxal 5’-phosphate (PLP). These 
groups were then modified through oxime formation with alkoxyamine cargo (small molecules 
or PEG chains) to functionalize the scaffold for targeted imaging. Furthermore, in these studies 
zeta potential measurements indicated that increased numbers of 5 kDa PEG chains shielded the 
surface charge  on the phage which can help improve biodistribution properties phage.19 By flow 
cytometry and confocal microscopy, it was demonstrated that these chemically modified phage 
were selective for their target of interest and therefore could have potential for applications as 
imaging agents.  

 
Despite the success of functionalizing the filamentous phage for studies in vitro, the use of 

these scaffolds as delivery platforms has stayed at the proof-of-concept level as the large size of 
native phage particles (>900 nm) has been thought to preclude their ability to travel through the 
vasculature and bind to biomarkers on the tumor cells. In an effort to circumvent this problem, 
this chapter explores the potential of creating a “nanophage display system” based on work 
pioneered by Professor Jasna Rakonjac.20, 21 The first part of this chapter describes the efforts 
made to genetically incorporate scFvs onto the nanophage scaffold to target and differentiate 
breast cancer tissues bearing specific surface markers.  
 
4.4. Genetic incorporation of scFvs to create a nanophage display system  
 

The most widely used strategy for functionalizing the phage scaffold has been the genetic 
incorporation of peptides that are engineered to associate with a novel target or serve as reactive 
handles.22 It has been demonstrated that each type of coat protein present on the filamentous 
phage possesses the ability to display foreign proteins through genetic modification.15, 23, 24 In 
applications where a large loading capacity is desired, such as drug delivery or imaging, it is 
common to label the major coat protein, p8, due to its high copy number (approximately 2700 
monomers for M13 and f1, and 4,200 monomers for fd). However, it is important to note that 
genetic engineering of this major coat protein is less common because the p8 monomers can 
only tolerate the incorporation of 6-8 amino acids.25, 26 For this study, the minor p3 coat protein 
was chosen to display the scFv targeting agent as it is the most widely used to display protein 
motifs due to its ability to tolerate a high number and variety of amino acid insertions.23 

 
As described in Chapter 3, the nanophage system was previously developed by the 

Rakonjac et al. In this system, for nanophage particles to replicate, a helper phage is needed to 
provide the genomic information required for protein production and assembly. By genetically 
incorporating the gene for scFvs previously determined to bind surface receptor proteins found 
in some forms of breast cancer an scFv-helper phage can be produced. This scFv-helper phage 
can then be used to infect E.coli containing the nanophage genome to produce scFv-nanophage 
that will bear scFv groups that are capable of binding its cell surface marker with specificity.  
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Based on this design, each copy of the p3 protein will contain an scFv-binding moiety 
that will allow for high affinity binding through the multivalent effect (Figure 4-1). The genetic 
incorporation of this targeting ligand allows for multiple copies a scFv to be displayed with well-
defined spatial relationships.  

 
 

Although the approach described below focuses on the incorporation of scFv groups that 
are known to target breast cancer cell surface receptors, in theory this approach can be used other 
cancer-related targets. This ability to genetically incorporate scFv groups evolved from phage 
display makes the nanophage scaffold a powerful delivery scaffold as it can be evolved as a 
targeting scaffold for new and previously discovered disease markers. 

 
4.5. Single chain antibody fragment (scFv) selection 
 

The scFvs to be used as targeting moieties will be specific to cell surface receptors 
commonly found in forms of aggressive breast cancer. The laboratory of James Marks, M.D., 
Ph.D. has identified fd phage that are selective for EGFR, HER2 (Human Epidermal growth 
factor Receptor 2, or ERBB-2), and CD44, among other biomarkers.16, 17 Their group has verified 
the binding selectivity of phage, and observed their internalization by cultured cells via 
endocytosis. On average the scFv proteins are approximately 25 kDa.  
 
 
 

= scFv 

Targeting  
Agent 

Scaffold 

= Tracer 

Imaging Agent  

Transamination 
Oxime Formation 

Figure 4-1. Targeted nanophage as an imaging agent.
The scFv is added to the p3 coat protein on the nanophage through a genetic modification of the helper phage. Biocon-
jugation strategies are used to functionalize the nanophage for imaging applications.

genetic 
incorporation
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4.6. scFv helper phage production 
 

As a first step to produce scFv nanophage, helper phage with the scFvs genetically 
encoded into a plasmid must first be created. To do this, the helper plasmid R779 as well as fd 
plasmids encoding the scFv inserts underwent a series of restriction and ligation steps as shown 
in Figure 4-2. Following this, the ligated product was electroporated into TG1 electrocompetent 
cells. The presence of the phage plasmid within these cells was detected using a plaque assay. 
Selection of these plaques followed by propagation in E.coli produces the genetically modified 
phage into the supernatant of the media.  

 

 
 

4.7. CD44 helper phage production 
 

The first that was explored for scFv nanophage production was CD44. Following the 
production of the construct (described above), genetic sequencing was used to monitor if the 
CD44 insert had been successfully incorporated onto the phage (Figure 4-2). As an additional 
method to confirm that the scFv gene was successfully incorporated into the genome of the 
helper phage, the ability of the CD44 helper phage to bind CD44-positive cells (MDA-MB-231) 
was evaluated using primary and secondary antibodies to monitor the fluorescence shift in flow 
cytometry. Positive binding of CD44 helper phage to CD44+ cells confirmed that the scFv had 
been successfully incorporated into the helper phage and was functional (Figure 4-3).  

Plaque Assay 

1. Propagation 
E. coli 

2. Polyethylene  
Glycol 

Purification 
PEG 

Sequence 
Sequence Similarity 

5100 5400 5700 4800 

Base Pairs 

Helper  
Phage 

Transform 

Restriction 

Ligation 

scFv 

scFv 
Helper  scFv helper  genome 

Figure 4-2. Scheme for scFv-helper phage production. 
The scFv gene is isolated from fd-tet derived vectors previously determined to bind cell-surface receptors on breast 
cancer. Upon isolation the scFv insert is ligated into the R779 helper plasmid. E.coli containing this scFv-R779 
construct secrete scFv helper phage into the supernatant. Successful scFv incorporation is screened by DNA sequenc-
ing of the phage genome. 



53 

 

 
 
4.8. Production and characterization of CD44-nanophage 
 

Next the CD44 helper phage was used to infect E.coli carrying the nanophage plasmid 
(PNJB07) to produce scFv-nanophage. Unless otherwise noted, CD44-nanophage were grown 
and produced using the same experimental methods described to make unmodified nanophage. 
Disassembly and native agarose gel electrophoresis of the isolated CD44 nanophage yielded 
bands that indicated the presence of CD44 nanophage particles (Figure 4-4a). Flow Cytometry 
of these particles demonstrated positive binding through indirect labeling as shown in Figure 4-
4b). Although promising, the agarose gels shown in Figure 4-4a seemed to indicate the presence 
of co-produced CD44 helper phage. Therefore, the CD44 nanophage sample had to be further 
purified to confirm that the positive binding seen in flow cytometry was due to CD44 
nanophage and not CD44 helper phage. Two agarose gel purification methods were used to 
further purify the sample, freeze n’ squeeze (Bio-Rad) and electroelution. In both of these 
methods, the CD44 nanophage sample was run on a preparatory native agarose gel. The band 
corresponding to the CD44 nanophage was excised from the gel. In the Freeze ‘N SqueezeTM 
DNA gel extraction method a series of repeated centrifugations of the excised gel band recovered 
the nanophage sample. In the electroelution method, the excised gel band was placed in an 
Elutrap electrophoresis container (GE healthcare) and the nanophage sample was recovered by 
additional electrophoresis. Both methods produced pure nanophage without a helper phage band 
in the disassembly agarose gel (Figure 4-5a). Flow cytometry of these purified CD44 nanophage 
samples showed no binding. Unexpectedly, the original CD44 nanophage sample (prior to gel 
purification) also did not bind (Figure 4-5b). This was confirmed by repeating the flow 
cytometry experiment multiple times. 
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Figure 4-3. Flow Cytometry on CD44 helper phage. 
Flow cytometry on CD44 isolated helper phage using indirect detection. Phage are detected using anti-fd and anti-rab-
bit-FITC. (FITC = fluorescein isothiocyanate) 
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Figure 4-4. Purity and binding of isolated CD44 nanophage. 
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 These unexpected loss of binding of the original CD44 nanophage sample lead to a series 
CD44 nanophage productions that were monitored by the use of DNA sequencing, agarose gels, 
SDS protein gels, and flow cytometry. From these experiments, multiple conclusions were made 
regarding CD44 nanophage production, modification, and purification (Figure 4-6). Overall, 
these studies suggest that the CD44 scFv functionality was sensitive to a variety of conditions. 
Flow cytometry of CD44 helper phage that had underwent the “nanophage purification” 
demonstrated the loss of binding upon treatment of surfactants. This could indicate that the loss 
of binding ability from the original CD44 nanophage sample  (described above) was due to 
residual surfactants leftover from the purification.  

 

 
The effect of surfactant treatment on the binding ability of CD44 spurred exploration 

into different means of nanophage purification (described in Chapter 3). Ultimately a series of 
nanophage productions and purifications showed that nanophage could be isolated with only 
DNase and SEC, however they seemed to be less pure. Additionally, it became apparent that the 
CD44 nanophage had inherently streakier bands on DNA agarose gels as can be seen in Figure 
4-7. TEM of these samples showed round “nanophage-like” (Figure 4-7, right top). The cause of 
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Figure 4-6. Highlighted CD44 nanophage productions.
CD44 nanophage were produced by varying several different methods such as helper phage production, nanophage 
purification, chemical modifications etc. This ultimately lead to the conclude that the CD44 scFv was sensitive to surfac-
tant treatment present in the nanophage purification. (Unless otherwise stated, all flow cytometry uses the CD44+ cell 
line MDA-MB-231)
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the streaky bands in the CD44 nanophage sample is still somewhat unclear. It is likely that the 
round “nanophage-like” particles that are seen by TEM can be defective nanophage particles or 
other contaminants. 

 
To preserve the integrity of the scFv insert, CD44 nanophage isolated using only DNase 

and SEC purification were tested for binding using indirect detection flow cytometry with 
CD44+ cells (MDA-MB-231 cells). All samples showed positive binding relative to the control 
(Figure 4-7 – left, bottom). Sample B4 was believed to be relatively pure as indicated by a sharp 
band in the native agarose gel and a TEM with no oval-like particles. Therefore, this sample was 
selected for N-terminal modification reactions to install a fluorophore as cargo onto the 
nanophage scaffold.  
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Figure 4-7. Parallel untargeted and CD44 nanophage generation And purification. 
CD44 nanophage were purified using only DNase and SEC.  When compared to the untargeted nanophage, recovered 
CD44 nanophage produce streakier bands by native agarose gel (left, top) and show round “phage-like” particles in 
TEM (right, top). (Bottom, left) Flow cytometry of DNase/SEC purified CD44 nanophage show binding by indirect detec-
tion. 
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4.9. Bioconjugation of CD44-nanophage 
 

An N-terminal modification strategy was selected over other non-specific labeling 
strategies such as NHS ester modification to try to preserve the functionality of the scFv (the 
scFvs contain multiple lysines that may be important for cell binding). Two N-terminal 
modification strategies involving 2PCA and Rapoport’s salt were employed. Using these two 
strategies CD44 nanophage were labeled with fluorescein and AF488, respectively. The modified 
samples were evaluated for their ability to bind to CD44+ cells through direct and indirect 
detection on flow cytometry  (Figure 4-8b). For direct detection, no binding was detected using 
CD44 nanophage concentrations of 9-24 nM phage for both 2PCA and RP modified phage. 
Indirect detection of these samples, (Figure 4-8a) 2PCA modified samples showed cell binding 
relative to the control, but not for RP modified samples. This suggested that the RP conditions 
could be affecting the binding ability of the scFv. 

 
From the results above, the 2PCA method was further explored because of its mild 

reaction conditions (to protect scFv binding). Using 2PCA-fluorescein (2PCA-F), CD44-
nanophage samples were labeled at RT and 37 ºC. The nanophage sample that was modified at 
RT was 16% modified with fluorescein where as the sample modified at 37 ºC was 39% modified 
with fluorescein. These modified samples were then tested for their ability to bind CD44 positive 
cells by flow cytometry using direct and indirect detection (Figure 4-8b). Indirect detection of 
unmodified CD44 nanophage samples (before 2PCA modification) showed significant binding. 
The CD44-nanophage samples modified at 37 °C with 2PCA-F loss the ability to bind their cells 
(by indirect and direct detection). The CD44-nanophge that were modified by 2PCA-F at room 
temperature retained its ability to bind to CD44 bearing cells (indirect and direct detection). 
This suggests that the CD44 scFv may lose binding affinity upon long incubations at 37 °C. 
Another possibility is that additional modification of the N-termini (39% mod at 37 °C vs 16% 
at RT) may suggest that the CD44 scFv binds in a manner that is dependant on the N-terminal 
residues.  

 
From these results, it was concluded that the incorporation of other scFvs besides CD44 

should be explored as they may have potential to be more amenable to N-terminal modification 
and/or purification conditions. Additionally, follow up experiments that evaluated these samples 
on SDS protein gel electrophoresis did not show a ratio of p8 to p3 band that is unexpected for 
the nanophage scaffold (Figure 4-8c). The patterning produced on the protein gel by these 
samples conflict with the TEM images of these samples. In the protein gel the p8 band is not 
present in the CD44 nanophage samples however the TEM shows the presence of the nanophage. 
By looking at the fluorescence image of the gel, the p8 band for the 2PCA-F CD44 nanophage 
samples are faint. This could indicate that the CD44-nanophage are present in the sample, 
however, there are several contaminant proteins also present. These contaminants may be able 
to be removed by surfactants if the functionality of the scFv can be retained.  
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Figure 4-8. Bioconjugation of CD44 Nanophage nanophage. 
(a) Example N-terminal modification reactions of CD44 nanophage. (b) Flow cytometry of CD44 nanophage (direct and 
indirect detection). CD44-nanophage I & II are two samples of nanophage produced under the same conditions in 
parallel. (c) SDS-Page protein gel stained with Coomassie of CD44 nanophage samples.Molecular weight of proteins 
are 45 kDa (p3), 12.4 kDa (p6), 5.3 kDa (p8), 3.6 kDa (p9), 3.5 kDa (p7).
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4.10. Amenability of scFv for bioconjugation reactions 
 

To explore the amenability of the scFv proteins (CD73, CD44, HER2, EGFR ) to bind 
their cell surface marker when chemically modified or exposed to surfactants, the full sized scFv 
were exposed to various conditions and evaluated for binding by flow cytometry. Two cell lines 
MDA-MB-231 and HCC1954 were utilized in these studies. The MDA-MB-231 cell line was 
chosen because it expresses several receptors on its cell surface (CD44+, CD73+, EGFR+). 
Additionally, MDA-MB-231 has been demonstrated to have a larger concentration of CD44 
surface receptors on its cell surface27 and so would likely be more sensitive in terms of 
fluorescence detection. The cell line HCC1954 was also chosen as another cell line for binding 
studies since they are CD73, CD44, HER2, and EGFR positive and helped to facilitate the 
screening of multiple scFv phage binding their cell markers.  

 
ScFv phage were subjected to 2PCA modification at RT and 37 °C and then evaluated for 

their binding ability by indirect detection flow cytometry (Figure 4-9). As suspected, the HER2 
scFv phage did not show binding to the MDA-MB-231 cells as these cells are HER2 negative. 
The EGFR and CD73 phage which were modified at RT and 37 °C both showed positive binding. 
Interestingly, CD44 phage modified at 37 °C showed complete lost of binding at 37 °C. This 
confirmed the hypothesis that the binding ability of CD44 scFv is more sensitive to conditions 
and modifications than other scFvs.  

 

 
Modification of the scFv fd phage by 2PCA, Rapoport’s salt, NHS ester, and SCN further 

explored the scFvs for their ability to bind when modified with different strategies and 
conditions (N-terminal modification vs non-specific). The binding ability of these modified 

Legend:  X = no significant binding ; B = significant binding ; RB = reduced binding relative to control 

Conditions: 
2PCA-F – PBS, 5% DMSO, (37ºC or RT), overnight, 50 eq dye 
NHS-AF430 – 100mM PB pH 8, 1% DMSO, RT, 10 eq dye 
FITC – 250 mM pH 9.2, 2.8% DMSO, 37ºC , overnight, 20 eq dye 

Cell lines: 
MDA-MB-231  – (CD44+,CD73+,EGFR+,HER2-) 
HCC:1954 – (CD44+,CD73+,EGFR+,HER2+) 
MCF-7cl18 – (HER2+) 

Sample 
2PCA-F 
(37ºC) 

MDA-MB-231 
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(RT) 
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Figure 4-9. Flow cytometry on scFv-Fd phage.
scFv-Fd phage are exposed to a variety of chemical modification and purification conditions and then tested for binding 
using indirect detection flow cytometry. The EGFR scFv seems to retain binding ability under most conditions. (F = 
fluorescein; AF430 = Alexa Fluor 430; FITC= Fluorescein isothiocyanate)
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samples are also shown in Figure 4-9. From these studies it was clear that the EGFR scFv was a 
good candidate to be incorporated into the nanophage scaffold as it retained the ability to bind 
the HCC1954 cells under a variety of modification conditions. Additionally, when this EFGR-fd 
phage underwent the “nanophage purification”, it retained its ability to bind after surfactant 
treatment. 
 
4.11. Generation of EGFR-helper phage 
 

The protocol to create EGFR-helper phage followed that of the CD44-helper phage 
described above. During this production, a reoccurring problem in creating the construct 
appeared. The alignment of the ligated vectors with the EGFR scFv insert showed that the insert 
had been incorporated but large segments of the insert would be missing. After repeated 
productions with different growing conditions, it was found that a overnight culture of TG1 
cells electroporated with EGFR-R779 grown at 30 °C aligned with the predicted construct. The 
overnight culture was then used to grow up and purify EGFR-helper phage (also sequenced 
correctly). The binding ability of these isolated phage were evaluated by flow cytometry using 
MDA-MB-231 cells and indirect detection (Figure 4-10, right). These phage only showed slight 
binding when compared to their control. When the samples were run on SDS protein gel 
electrophoresis, the p8 band for the samples were missing (Figure 4-10, left). Typically the p8 
band is much darker than the p3 band for these full-sized phage as the ratio of p3:p8 is 5:2700. 
Therefore, these results along with the SDS page results from CD44 nanophage seem to indicate 
complications for the genetic incorporation of these particular scFvs into the nanophage system. 
Genetic incorporation of scFvs into the nanophage scaffold is ongoing effort that continues to 
be explored in the Francis lab.  
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Figure 4-10. EGFR-nanophage samples.
(Left) SDS-Page gels stained with Coomassie of EGFR nanophage samples. p8 bands are not present in EGFR helper 

phage samples. Molecular weight of proteins are 45 kDa (p3), 12.4 kDa (p6), 5.3 kDa (p8), 3.6 kDa (p9), 3.5 kDa (p7).  

(Right) Flow cytometry of EGFR-nanophage samples using indirect detection. EGFR A and EGFR B are two helper 

phage samples made in parallel using different plaques. No significant binding is seen. 
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4.12. Chemical incorporation of cRGD peptide 
 

As discussed above, the use of surfactants to purify the nanophage seems to be a critical 
factor in sample homogeneity and purity. Because genetically incorporated binding ligands may 
not always be able to withstand surfactant treatment or chemical modifications, a 
bioconjugation approach to attach a targeting ligand after surfactant treatment was explored. 
Here, the well-studied peptide targeting ligand cyclic RGD (cRGD) was chosen as the surface 
modification. Cyclic RGDs have been shown to enhance targeting ability through integrin 
mediated receptor endocytosis.28 Although the strategies described in this work focuses on 
cRGD, any targeting ligand has an NHS-ester or maleimide functionality can also be used. 
 

The “mosaic strategy” depicted in (Figure 4-11, left) was chosen as the method for 
attachment of cRGD. Here, free amine groups are treated with 2-iminothiolate (2IT) or “Traut’s 
reagent” to essentially convert an amine to a thiol handle that can react with a maleimide-dye or 
maleimide-cRGD in a one pot reaction (described in Chapter 3). 
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Figure 4-11. Traut’s reagent to install cRGD on nanophage. 
(Left) Scheme to create a targeted nanophage using bioconjugation strategies. (Right top) MALDI of RGD-nanophage 
modified using 10 eq 2IT. Approximately 13% RGD incorporation is seen. (Right bottom) SDS protein gel stained with 
Coomassie of 2IT/mal-AF488/mal-RGD modified nanophage samples. Rapoport’s Salt (RS) modification was also 
used to incorporate AF488. Dye is successfully incorporated onto both the p3 and p8 coat proteins.
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The ability to incorporate cRGD and dye using this methodology was first investigated 
separately. Unmodified nanophage particles were exposed to 25 equivalent of 2IT in PBS at pH 
8 for 15 min. Following this maleimide-cRGD was added to the 2IT treated phage in one-pot for 
2-3 h. MALDI analysis of the purified reaction verified covalent incorporation of the cRGD 
targeting ligand with approximately 13% modification (Figure 4-11, top right). These same 
conditions were used but with malemide-AF488 to test the ability to incorporate fluorophore 
cargo. Samples 4 and 5 in Figure 4-11 (bottom – right) shows SDS protein gels of two 2IT-
malemide AF488 modified nanophage. The fluoresce image of this gel shows high levels of 
modification on the p8 coat proteins as well as on the p3. This is in contrast to Rapoport 
modified AF488 nanophage where most of the dye is seen to be incorporated on the p3 (Samples 
1-3; Figure 4-11). To create the “mosaic” labeled phage that had both cRGD and fluorophore 
attached, maleimide-cRGD and maleimide-AF488 had to be added to the one-pot 2IT reaction 
in a ratio that would allow for significant binding without decreasing fluoresce intensity. By 
screening reaction conditions, a nanophage functionalized scaffold bearing 15% dye (UV-Vis) 
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Figure 4-12. AF488-nanophage binding to U87 cells. 
All samples are modified with AF488 using 2IT/mal-AF488. (Left, top) RGD-modified samples bind U87 cells expressing 
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and ~25% cRGD (MALDI) was obtained by treating the nanophage with 25eq 2IT/5eq cRGD-
mal/10eq-AF488. This modified nanophage sample was then evaluated for binding with cells 
bearing integrin receptors (U87) by flow cytometry (direct detection) (Figure 4-12). cRGD-
AF488-nanophage modified under these conditions showed binding to cells expressing integrin 
receptors (U87) relative to the untargeted nanophage. Additionally, covalently attachment of 
AF488 was verified by SDS protein gel electrophoresis.  
 

The ability of these cRGD-AF488-nanophage to fluorescently label cells bearing integrin 
receptors was further explored by use of live cell microscopy (Incucyte, Essen Biosciences). U87 
cells were incubated for 48 h at 37 °C in phenol free media containing 20 nM fluorescently 
labeled nanophage. Recoded images processed using a top hat radius background subtraction 
algorithm shows preferential uptake of cRGD-AF488-nanophage over AF488 nanophage. Figure 
4-12 shows the total green object integrated intensity (GCU x um2/Image) over 48 h as well as a 
sample image of the cells at t=18 h. These images show that the chemical incorporation of cRGD 
allowed for the nanophage scaffold to selectively bind cells bearing integrin receptors over its 
untargeted nanophage counter part. This demonstrates the ability of the nanophage to be 
chemically modified to incorporate targeting moieties for delivery applications. 
 
4.13. Conclusions and future directions 
 

The ability to create active-targeting nanocarriers will allow for the ability to detect the 
presence of specific biomarkers in tissues that would greatly enhance the ability to non-
invasively diagnose diseases and to monitor therapy. Additionally, the treatment of the disease 
would be greatly improved with the use of targeting moieties that help facilitate site-specific 
treatment to cancer cells that would limit the side effects of many current cancer therapeutics. 
The genetic and chemical modifications to the nanophage scaffold that are demonstrated in this 
chapter was a proof-of-concept study that explores if the nanophage scaffold can be adapted for 
targeted delivery and imaging. Overall, the nanophage coat protein was demonstrated to be 
compatible with various bioconjugation strategies such as N-terminal labeling  (PLP, RS, 2PCA) 
as well as free amine modification strategies (NHS, SCN and 2IT). Genetic incorporation of 
targeting ligands onto the nanophage is hypothesized to be possible if the targeting ligand can 
withstand surfactant treatment. Alternatively, the targeting ligand can be incorporated 
chemically utilizing free amine modification strategies that were demonstrated here by the use of 
2IT and mal-RGD. 

 
Although it has been shown that the incorporation of a targeting moiety has improved 

cancer cell uptake when present in the tumor environment in vitro, in a biological setting the 
overall biodistribution of the particle is likely to be dominated by physiochemical and 
morphology properties as described in Chapter 1. This has been demonstrated by several studies 
that show examples of targeted and untargeted nanocarriers that accumulate similarly in the 
tumor microenvironment.29 Thus, when choosing to use an active targeting strategy there are 
multiple factors to consider. If the inherent nature of the untargeted carrier core structure does 
not accumulate in tumor tissue, the incorporation of a targeting ligand may not result in 
improved tissue distribution or improved uptake if the nature of the untargeted core structure 
dominates. In cases where the targeting ligand has very different properties than the carrier (size, 
shape, charge, hydrophobicity) it is possible that these characteristics can dominate the overall 
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biodistribution properties in either a favorable or unfavorable manner. Therefore the 
incorporation of the targeting ligands may not necessarily improve the nanocarrier 
accumulation in tumor environment. For this reason, it is important to have a fundamental 
understanding of how physiochemical properties and morphology have an effect on tumor 
accumulation. Therefore, the inherent ability of the nanophage scaffold to bioaccumulate in 
cancer tissue using glioblastoma models is explored in Chapter 6. This study is done in parallel 
with several other scaffolds with different morphologies to identify tumor-accumulating 
scaffolds that can be conjugated to targeting ligands for both enhanced tumor targeting and 
cancer cell uptake. We hypothesize that nanocarrier morphology can improve the overall tumor 
accumulation while the targeting moieties will enhance the cell uptake of the agent, making it 
critical to identify the optimal combination of these properties. 

4.14. Experimental 

General Procedures & Materials 

Unless other wise noted all reagents were purchased from Aldrich. Alexa Fluor® 488 & 
680 (N-hydroxysuccinimide), and Fluorescein-5-Isothiocyanate (FITC) were purchased from 
Thermo Fisher Scientific. pNBJ07 & R779 plasmids were received as gifts from collaborator Dr. 
Jasna Rakonjac from Massey University (University of New Zealand).  TG1 electrocompetent 
cells were purchased from VWR International. NuPage 10% Bis-Tris Gels, MES SDS Running 
Buffer and Novex sharp protein standard were purchased from Life Technologies. Formvar TEM 
Film square grids were purchased from Ted Pella (400 mesh; Redding, CA). Water used to create 
buffers or as reaction solvent was deionized using the NANOpure purification system from 
Barnstead, USA. Dimetryl sulfoxide (DMSO) was purchased as an analytical grade and was used 
without further purification. Stock solutions of  2-pyridine carboxyaldehyde (2PCA) reagents 
were prepared as previously described.30N-methylpyridinium-4-carboxaldehyde benzenesulfonate 
hydrate (Rapoport’s salt, RS) was obtained from Alfa Aesar (Ward Hill, MA). Alexa Flour® 488 
Hydroxylamine (Cat. A30629), Alexa Fluor® 430 succinimidyl ester (Cat. A10169) and Alexa 
Flour® 488 C5 maleimide were purchased from Thermo Fisher Scientific. cyclo[Arg-Gly-Asp-D-
Phe-Lys(Mal)] (Cat. RGD-3795-PI) was purchased from Peptides International (Louisville, 
Kentucky). Anti-Integrin alpha V beta 3 antibody (ab78289) was purchased from Abcam 
(Cambridge, MA). Alexa Fluor® 488 anti-mouse/human CD44 antibody (Cat. 103015) and 
Alexa Fluor® 488 anti-human EGFR antibody (Cat. 3529907) was purchased from Biolegend 
(San Diego, CA). 

General Instrumentation 

UV-Vis spectrophotometer readings were carried out using both a Cary 50 Bio 
Spectrophotometer (Agilent) and NanoDrop 1000 (Thermo Scientific).  Bench top 
centrifugations were performed with an Eppendorf Mini Spin Plus (Eppendorf). Centrifugations 
involving 5-50 mL were performed in Sorvall Legend RT Plus (Thermo Scientific). Large scale 
centrifugations were carried out in a Sorvall RC5C centrifuge. 
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Transmission Electron Microscopy (TEM): 
TEM was performed using the facilities at the University of California Berkeley Electron 

Microscope Laboratory. To visualize samples, negative staining was employed on Formvar 
copper grids. To prepare grids, 5 µL of 100 nM of phage in 5 mM phosphate buffer (PB) pH 7.4 
was added onto the grid for 2 min and excess solution was wicked with a paper filter. A 20 
mg/ml solution of filtered uranyl acetate (UO2(OAc)2 (Pall Life Sciences, filtered with 0.2 µm 
PVDF membrane) was then applied to the copper grid for 2 min as a negative stain. Excess stain 
was wicked using a filter and the grid was allowed to dry 5 min. The grids were visualized using a 
FEI Tecnai 12 transmission electron microscope with a 120 kV accelerating voltage. 

Matrix assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS) 
MALDI-TOF MS was performed on a Voyager-DE system (Per Septive Biosystems, USA) 

using the QB3 Chemistry Mass Spectrometry Facility free access machine.  Sinapinic acid matrix 
solution (50% acetonitrile, 5% water and 0.1% TFA) was used as the matrix for all samples and 
was prepared by mixing 20 mg of sinapinic acid with 0.5 mL of acetonitrile and 2 µL of 
trifluoroacetic acid (TFA).  Samples were prepared by co-crystallizing the sample in a low salt 
buffer (20-50 µM monomer in 5 mM PB pH 7.4) with sinapinic acid matrix at a ratio of 1:4, 
respectively. Data were analyzed using Data Explorer software. 

Flow Cytometry 
MDA-MB-231 (ATCC® HTB-26TM) and HCC1954 (ATCC® CRL2338TM) two a human 

breast cancer cell lines over expressing (CD44, EGFR, CD73) and (CD44, EGFR,CD73, HER2), 
respectively, were grown according to manufactures recommendations at 37 °C in 5% CO2. For 
the studies involving cRGD binding to integrin receptors U87 cells (ATCC® HTB-14TM) 
expressing integrin receptors were used and grown according to manufactures recommendations 
at 37 °C in 5% CO2. 

Cells adhered to a culture flask were rinsed twice with PBS and then trypsinized for 5 min 
at 37 °C. The trypsin was neutralized with media and then the cells were harvested by 
centrifugation at 180 g for 4 min. The cells were re-suspended in 1 mL of media and then 
counted using the TC20TM automated cell counter. Cells were diluted with flow cytometry buffer 
(FCB; DPBS with 1% FBS) to create a cell stock at a density of 5x106 cells/mL. 100 µL portion of 
this stock was added to a 2X phage sample and incubated on ice for 1 h (500,000 cells per 
sample). For direct detection, scFv nanophage samples were incubated at 4-90 nM phage and 
cRGD-AF488-nanophage were incubated at 5 nM phage. Following this, the cells were harvested 
by centrifugation at 180 g for 3 min. The cells were washed twice with 1000 µL binding buffer 
and then resuspended in 100 µL of binding buffer. Phage samples that were modified with 
fluorophores (for direct detection) were resuspended in a total 400 µL of FCB and then placed in 
flow cytometry vials for analysis. Phage samples that were to be visualized by indirect detection 
(primary and secondary antibody staining) were incubated with a 1:500 dilution of anti-fd 
bacteriophage (Sigma) for 45 min at 4°C. The samples are washed using the rinsing protocol 
(described above) and then the samples are incubated with a 1:400 dilution of anti-rabbit IgG 
(Southern Biotech). Positive control samples (i.e. anti-CD44 antibody) were used at a 
concentration of 0.25 ug of anti-CD44 AF488 per 500,000 cells. Cells were analyzed by flow 
cytometry utilizing a FACS Calibur flow cytometer (BD Biosciences) equipped with 488 nm 
laser at the Life Sciences Addition Building at the Flow Cytometry Core Facilities at the 

Instrumentation: 
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University of California Berkeley. For each sample, 10,000 cells were counted. Data were 
analyzed using FlowJo 8.0.  
 
Live cell imaging using Incucyte 
  Live cell microscopy was performed using a Incucyte (Essen Biosciences) on the GFP 
410/515nm channel in CRL Molecular Imaging Center facility at the University of Berkeley 
California. In a 96 well plate, 100,000 U87 cells in 200 µL are seeded in a 96 well plate (Corning 
430165) and left to grow at 37 °C for 2 d. Media is removed and cells are washed once with 200 
µL of media (phenol free DMEM containing 10% FBS and 1% P/S). Cells are incubated in 
media in the presence of agent at 37 °C. The Incucyte (Essen Biosciences) with a 10-20X 
objective (Nikon) is used to monitor the green channel for up to 2 d. Data are processed using a 
top hat radius background subtraction algorithm using the following settings: (top had radius 10 
µM, threshold 2 Green Calibration units (GCU), average time 700 µs, 1392x1040 pixels at 0.61 
µm/pixel, dual color filter model 4459, background subtraction range 0-4). 
 
Production  
 
Construction of scFv helper phage (scFv-R779) 
  E.coli containing scFv fd phage previously studied in the Francis lab  were obtained from 
the Marks lab at the University of California San Francisco. To construct the scFv-R779 plasmid, 
the scFv gene from the scFv-fd previously studied in the Francis lab wwas amplified and then 
inserted into the R779 vector at the Not-I and Sfi-I restriction sites of the R779 vector. These 
restriction sites are located in the multiple cloning site (MCS) present within g3 of the R779 
vector (1635 to 1689) and allows for a “cut and paste swap” of scFv encoding genes derived 
from fd-tet derived vectors developed by Marks et al.17 This process is described in detail below. 
 
PCR amplification of scFv insert from scFv-Fd 

Frozen stocks of cells containing the plasmid for scFv-fd were used to streak 1X 
tetracycline Luria-Bertani (LB) plates (20 ug/ mL tetracycline on 1.5 % agar, Teknova Cat. 
L1034). Plates were to incubated at 37 °C overnight. Resulting colonies were used to grow 
overnight cultures in 5 mL of LB containing 1X tetracycline at 280 rpm 37 ºC for 12-16 h. The 
fd-scFv plasmid was isolated using the QuickClean II Plasmid Miniprep kit (GenScript, Cat. 
L00420-50). Following this, polymerase chain reaction (PCR) was used to amplify the scFv insert. 
PCR reactions were performed at a 50 µL volume and consisted of the following: 10 µL of 10X 
pfu DNA polymerase buffer (Promega), 1 µL of 10 mM dNTP (NEB), 0.25 µL of forward and 
reverse primers (61.2 ºC, 5’- TCA ACA GTT TCT GCG GCC GC -3’ and 66.9 ºC, 5’-TAT GCG 
GCC CAG CCG GCC-3’), 3 µL of DMSO, 1 µL of 75 ng/uL scFv amplified insert,  1 µL of 2.5 
U/uL Pfu polymerase (Promega), and ddH2O (up to 50 uL). The reaction as allowed to proceed as 
follows: (94 ºC – 1 min – 18 cycles), (55 ºC – 1 min – 18 cycles), (72 ºC – 1 min – 18 cycles), 
(72ºC – 10 min), (10 ºC – end). Following PCR amplification the reaction was PCR purified 
using the QIAquick PCR purification kit (Qiagen).  
 
R779 Restriction 

The R779 vector was isolated from an overnight culture of E.coli using a QuickClean II 
Plasmid Miniprep kit (GenScript). The R779 vector restriction was performed at a 50 µL volume 
and consisted of the following: 2 µL of R779 plasmid, 5 µL of NEB 4 buffer, 0.5 µL of BSA, 2 µL 
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of Not-I-HF (New England Biolabs), 2 µL of Sfi-I (New England Biolabs), and ddH20 (up to 50 
uL). The reaction as allowed to proceed as follows: 37 ºC (3 h), 80 ºC (30 min), 4 ºC (forever). 
Following this the reaction was PCR purified using QIAquick PCR purification kit (Qiagen). to 
remove Sfi-I as it is not able to be heat inactivated.  
 
R779 Dephosphorylation  

The restricted R779 vector was dephosphorylated. To 50 µL of the recovered restricted 
vector, 5.8 µL of 10 X antarctic phosphatase buffer (New England Biolabs) and 2.0 µL of 
antarctic phosphatase (New England Biolabs) was added. The reaction proceeded at (37 ºC for 1 
h), (65 ºC 30 min), (4ºC end). 
 
R779 Gel purification  
The dephosphorylated restricted vector was gel purified. 300-1000 ng of plasmid was made 4% 
sucrose using a sterile 10X (40% sucrose) stock. The samples were loaded into a 1% agarose gel 
with 1X SYBRsafe gel and ran for 20 min at 120 V at 400 mA in 1X TAE buffer. The gel bands 
were visualized using a EpiChem3 Darkroom system (UVP, USA) and then excised and purified 
using a QIAquick® gel extraction kit (Qiagen). 
 
scFv R779 Ligation  

The ligation reaction was set up in 20 µL volumes and was ran at a 1:3 ratio of 
vector:insert. The R779 vector and insert consists of approximately 6400 bp and 75 bp, 
respectively. Therefore, for each reaction the following was added: 2 µL of ligase buffer, 1 µL of 
ligase, 50 ng of vector, 18-19ng of vector, and ddH2O up to 20 ul. The ligation reaction 
proceeded at 1 6ºC for 16 h and then left at 4 ºC.  
 
scFv R779 production and purification 

Unless other wise stated, the electroporation and production of the scFv R779 construct 
proceeded using the same methods that was used for R779 as described in Chapter 3. Briefly, 
following electroporation of the ligated construct into E.coli, cells containing the phage plasmids 
were selected using a plaque assay. Plaques were selected and propagated in 2YT media. 
Incorporation of the insert was verified by sequencing (Sequetech) using the 96gIII primer. 
Frozen stocks made from these plaques were used to grow up large batches of scFv helper phage. 
Two methods of phage growth were used for scFv R779 production. The first method, (described 
is described in Chapter 3) uses scFv overnight cultures to infect TG1 cells at OD600 0.1. This 
method did work to produce phage, however it seemed to have a greater likelihood of producing 
phage where part of the insert had been deleted (see discussion). Therefore, the protocol used to 
produce the scFv helper phage typically involved innoculating 5 mL of overnight culture into    
1 L with growth at 30 ºC, 250 rpm for 30 h. Isolation of the phage proceeded by using the same 
differential PEG8k precipitations listed in Chapter 3. 
 
scFv nanophage production, purification, and characterization 

Unless other wise stated the production, purification, characterization and chemical 
modification the nanophage proceeded as described in Chapter 3. The scFv nanophage 
production followed the same procedure but utilized scFv helper phage. Purification proceeded 
using a combination of PEG8k precipitations, DNase, surfactant treatment, and size exclusion 
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chromatography (SEC). Native and disassembly agarose gels, SDS protein gels, as well as TEM 
were used to monitor for sample purity. 
 
Bioconjugation 
 
Chemical modification reactions on scFv helper and scFv nanophage 

N-terminal modification using Rapoport’s salt, N-terminal modification using 2PCA and 
free amine modification using NHS ester all proceeded as described in Chapter 3. For the 
reaction of FITC with scFv-fd phage a 50 µM p8 phage solution was incubated at 10 equivalent 
of FITC overnight at 37 ºC in 250 mM PB at pH 9.2. Following this, modified phage are 
recovered by repeated centrifugation with 100 kDa MWCO filters (Millipore). The phage is 
recovered in 5 mM PB pH 7.4 and stored at 4 ºC. 
 
Chemical modification to produce cRGD-AF488-nanophage  

A 50 µM p8 solution of nanophage is incubated with 25 equivalent of 2-iminothiolane 
(2IT) in PBS at pH 8 for 15 min (room temperature, dark). To this solution 0-10 equivalent of 
maleimide is added and the solution is left to react 4-12 h.  Modified phage are recovered by 
repeated centrifugation with 100 kDa MWCO filters (Millipore). The phage is recovered in 5 
mM PB pH 7.4 and stored at 4 ºC 
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CHAPTER 5:  THE IDP CARRIER SYSTEM 
A MODEL FOR CARRIER FLEXIBILITY 

 
5.1. Introduction 
 

This chapter describes the engineering of Intrinsically Disordered Protein (IDP) for use 
as a delivery platform. As described in Chapter 1, recent studies have begun to suggest that 
carrier morphology is likely to have an affect on its biodistribution.1-3 Of these physical 
parameters, flexibility is an aspect of nanocarrier morphology that is less understood.  For this 
reason, the IDP platform is a particularly interesting platform as it can serve as an example of a 
highly flexible nanocarrier.  In this chapter the isolation, characterization, and functionalization 
of this particle is highlighted. This particle (IDP monomer) is a unique genetically engineered 
particle that has not yet been demonstrated to be used for delivery applications.  
 
5.2. Background 
 

In direct contrast to the highly ordered viral capsids, intrinsically disordered proteins 
(IDP) lack a well-defined three dimensional structure under most conditions,4 but can still have 
biological activity.5 Their amino acid sequence is enriched in disorder-promoting amino acids 
(such as Ala, Arg, Gly, Gln, Ser, Glu, Lys, and Pro) and they have regions of high net charge, 
which lead to strong electrostatic repulsions that inhibits folding. Although the IDP monomer 
has not yet found applications in drug delivery, this protein shows potential to serve as an 
example system to study highly flexible protein-based biomaterials for imaging and delivery 
applications. 
 
5.3. IDP Properties 
 

 A truncated version of a full length IDP (neurofilament heavy side-arm) was 
constructed. This genetically engineered construct consists of a 150 amino acid segment that 
presents 25 lysines available for modification (Figure 5-1). When fully extended, this sequence is 
50 nm in length, making it directly comparable with the length of the filamentous nanophage. 
The repetitive sequence of this scaffold can be used as regularly spaced bioconjugation sites. By 
varying the degree of polymer modification, it is hypothesized that we will access a variety of 
IDP carriers that have different morphological properties that range from a disordered strand to 
a flexible rod. The passivated IDP scaffolds are likely to have different serum stability and 
circulation times which will allow for furtherer exploration of the role of size, shape and 
flexibility in biodistribution and uptake (Chapter 6).  
 
5.4. IDP Carrier Construct Design 
 

The IDP construct was genetically engineered with several modifications to facilitate the 
chemical functionalization of the protein as well as protein purification. To facilitate chemical 
modification of the protein a cysteine was incorporated at the C-terminus to act as a functional 
handle that can be chemically modified bioorthogonally to the 25 lysines present in the scaffold. 
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For ease of protein purification, a histidine-tag (6x His-tag), asparagine linker (10x asparagine 
N10 linker) and a thrombin cleavage site (Figure 5-1, top-right) were incorporated into the 
protein construct.  The thrombin cleavage site that was chosen to be incorporated into the 
protein structure was an alternative sequence (Leu-Val-Pro-Arg-Ala-Trp). Upon cleavage with 
thrombin the N-terminal residue alanine is exposed.6 The amino acid residues tyrosine and 
tryptophan were also incorporated into the construct for ease of protein determination by 
absorbance at 280 nm. The maltose-binding protein (MBP) was included into the construct to 
increase protein production and simplify purification.7-9 The fully cleaved IDP protein exists as 
a 16.2 kDa protein that has a predicted pI of 9.3.  

 
5.5. Production, Isolation & Purification of IDP 
 

We have selected, expressed, and purified a human-derived IDP sequence, which 
contains a large number of KSP repeats. The cloning of this IDP construct involved PCR 
amplification, gel purification, double digest (Nhe1, Xho1), ligation, and Gibson assembly. The 
resulting plasmid for the IDP construct was expressed in E.coli (BL21 DE) and several 
production conditions were screened for the over expression of MBP-IDP. Figure 5-2 shows 
protein gel electrophoresis of MBP-IDP crude samples expressed at different temperatures and 
time frames. Expression at 25 ºC overnight was chosen as optimal IDP production conditions as 
seen by gel electrophoresis. The IDP construct was purified using a Ni-NTA affinity column, 
size exclusion chromatography (SEC), and ion exchange chromatography.  

50 nm
in length

(fully extended)

IDP monomer

SEFTSMSTHIKVKSEEKIKVVEKSEKETVIVEEQTEEIQVTEEVTEEEDKEAQGEEEEEAEEGGEEAATTSPPAEEAASPEKETKSPVKEEAKSPAE
AKSPAEAKSPAEAKSPAEVKSPAVAKSPAEVKSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPVEAKSPAEAKSPA
SVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKSPVTVKSPAEAKSPVEVKSPASVKSPSEAKSPAGAKSPAEAKSPVVAKSPAEAKSP
AEAKPPAEAKSPAEAKSPAEAKSPAEAKSPAEAKSPVEVKSPEKAKSPVKEGAKSLAEAKSPEKAKSPVKEEIKPPAEVKSPEKAKSPMKEEAK
SPEKAKTLDVKSPEAKTPAKEEAKRPADIRSPEQVKSPAKEEAKSPEKEETRTEKVAPKKEEVKSPVEEVKAKEPPKKVEEEKTPATPKTEVKESK
KDEAPKEAQKPKAEEKEPLTEKPKDSPGEAKKEEAKEKKAAAPEEETPAKLGVKEEAKPKEKAEDAKAKEPSKPSEKEKPKKEEVPAAPEKKD
TKEEKTTESKKPEEKPKMEAKAKEEDKGLPQEPSKPKTEKAEKSSSTDQKDSQPSEKAPEDKLYWCLVPRGSWSHPQFEKASHHHHHH

Full length IDP construct

AWRGSPWAEAKSPAEAKSPAEVKSPAVAKSPAEVKSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPVEAKSPAEA
KSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKSPVTVKSPAEAKSPVEVKSPYWCA

Truncated IDP construct

Intrinsically Disordered Protein

6His MBP N10 LVPR/AWRG 
alt. Thrombin

SPW IDP 

MW 61.5 kDa 
pI: 6.0 

YWCA* 

MW 16.2 kDa 
pI: 9.3 

Figure 5-1. Genetically engineered IDP monomer construct.
(Left) A genetically engineered intrinsically disordered protein construct that is 50 nm when fully extended. (Right) 
Construct contains a histidine tag, maltose binding protein and an alternate thrombin cleave site for protein purification. 
(Bottom) IDP monomer construct contains 25 lysines, a N-terminal alanine (grey), a tyrosine (orange), a tryptophan 
(orange) and a cysteine (light blue). 
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MALDI-TOF and protein gel electrophoresis of purified IDP showed a dimer without 

the presence of reducing agent (Figure 5-3b,d). The presence of this dimer greatly affected the 
protein yields as the dimer would elute during the sample loading during the ion exchange 
chromatography method (Figure 5-3c-bottom). Presence of this dimer could be removed by the 
addition of 2-mercaptoethanol (BME), resulting in a single peak that can be eluted using ion 
exchange chromatography (Figure 5-3c, middle). Typical sample preparation for protein gel 
electrophoresis is to mix the sample with a loading buffer that contains a reducing agent (i.e. 
BME) and then heat the sample for 10 min at 100 ºC. Under these conditions, IDP dimers 
cannot be visualized by protein gel electrophoresis. To see the IDP dimer, the gel electrophoresis 
sample should: a) not be heated or b) be mixed with a loading buffer that does not contain 
reducing agent (Figure 5-4 left). Knowing this, IDP samples stored using several storage 
conditions were analyzed SDS gel electrophoresis (non-reducing, non heated samples) to screen 
for storage conditions that limit the dimerization. Figure 5-4 (right) shows that a IDP dimer 
forms under various buffer salt conditions and even when the sample is frozen. This dimer can 
be reversed by the addition of TCEP to solution which suggests that the dimerization occurs 
through the cysteine residue at the C-terminus if the IDP monomer.  
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Figure 5-2. Screen for MBP-IDP over-expression conditions.
SDS-Page protein gel stained with Coomassie of crude samples isolated from bacterial culture after “x” hours of 
expression. L = molecular weight ladder.
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5.6. Preparation of a library of PEGylated IDPs 
 

The genetically engineered IDP presents 25 lysine residues and a C-terminal cysteine 
residue that offers several sites for chemical modification. Using these sites, we sought to shape 
the morphological properties of the IDP protein carrier by varying the degree and type of 
passivation layers that was incorporated into the protein. Previous studies have shown that the 
density of PEG chains can determine the conformation of the polymer on the surface of the 
nanoparticle and greatly affect particle clearance rates.3, 10-13 In the low density regime, the PEG 
chains will most likely be in the so-called mushroom conformation, which is less extended from 
the surface of the carrier. This conformation also implies that more of the surface of the 
nanoparticle is accessible for interaction with serum proteins or immune system components. In 
the high-density regime, the PEG chains will organize in a brush conformation, which is more 
efficient at covering the surface of the nanoparticle and preventing opsonization. To explore the 
effect of PEGylation on the IDP morphology, IDP was reacted with four different types of 
amine-reactive PEG reagents under various conditions. These amine reactive reagents were able 
to react with any of the 25 lysine residues on the IDP protein as well as the N-terminus. These 
regents included monodisperse PEG (0.5 kDa PEG NHS-ester, 1.2 kDa PEG NHS-ester, 4 kDa 
branched PEG TFP-ester) as well as polydisperse PEG (5 kDa PEG-NHS ester).  

 
As can be seen from SDS protein gel electrophoresis (Figure 5-5), the number of PEG 

chains incorporated into the IDP protein seems to follow a statistical distribution. As the 
equivalent of reagent is increased, the modification of protein carrier is increased. The samples 
of IDP modified with 0.5 kDa PEG show bands that blur together because the mass difference 
that is incorporated to the protein structure is not significant enough to be resolved in this gel 
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Figure 5-4. Dimer formation condition screen.
SDS-Page gel electrophoresis of purified IDP samples. (Left) Testing dimer visualization by SDS-Protein gel stained 
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region. At higher equivalent of reagent, the IDP samples tend to converge to a single band that 
suggests saturation of the IDP carrier with PEG. It is hypothesized that these PEG saturated 
samples tend to produce faint bands on the gel since the incorporated PEG chains blocks the 
Coomassie  interaction with the protein. Additionally, the faint staining at high PEG equivalents 
(50-100 eq) can also be due to the presence of free PEG that was not completely removed before 
gel analysis.  

 
 
With the exception of the 4 kDa branched PEG TFP-ester, ESI-TOF- MS spectra of IDPs 

functionalized with monodisperse PEG (0.5 kDa, 1.2 kDa, 4kDa branched) at various conditions 
were obtained (not shown). Gaussian curves fitted to the mass spectrum of these samples were 
used to determine the average number of PEG chains added to the IDP protein and the 
respective predicted effective protein charge (Zeff) of these functionalized carriers (Figure 5-6 & 
Table 5-1).  

 
Ongoing studies seek to use fluorescence anisotropy and fluorescence correlation 

spectroscopy (FCS) to characterize the biophysical properties of this PEGylated library of IDP. 
Once characterized, these PEGylated IDP carriers can be modified with cargo such as drugs and 
imaging agents and can be studied in vivo for differences in biodistribution properties (if any). A 
study such as this would help to inform how the physical parameter of flexibility plays a role in a 
the biodistribution of the nanocarriers. 
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Figure 5-5. SDS-Page gel of a Library of PEGylated IDPs.
SDS-Page protein gels stained with Coomassie of IDP samples modified with various equivalents of monodisperse 0.5 
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Figure 5-6. Gaussian fit to determine number of PEG chains on modified IDP scaffolds.
Peaks from ESI-MS spectra were integrated and their areas were used to construct column plots of the distribution of 
PEG modifications. A Gaussian single peak fit (Gauss fit in Origin, blue curve) was applied to the plots using Origin 8.0 
Software. 
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5.7. IDP protein functionalization for in vivo drug delivery 
 

Although the flexibility of the PEGylated IDP library is (at the moment) uncharacterized 
by fluorescence anisotropy and fluorescence correlation spectroscopy (FCS), its 50 nm length 
(fully extended) makes the IDP scaffold directly comparable with the length of the filamentous 
nanophage. Both of these structures serve as models of high-aspect ratio carriers with varying 
degree of flexibility. To investigate how the biodistribution of a disordered stand (IDP) 
compares to that of flexible rod (nanophage) the IDP scaffold was chemically modified with a 
passivation layer (PEG5k) and doxorubicin (DOX). The doxorubicin to be used in the tumor 
shrinkage study relies on the use of an acid-labile DOX derivative (DOX-EMCH) that modifies 
protein carriers through use of a maleimide14 (Chapter 6). To increase therapeutic efficiency of 
the IDP carrier, multiple copies of DOX-EMCH must be incorporated into IDP scaffold. For 
this, the 26 free amines (25 lysines, N-terminus) were ideal targets for modification. By using the 
LC-SPDP (succinimidyl 6-(3(2-pyridyldithio)propionamido)hexanoate) and 2IT (2-
Iminothiolane) strategies, free amines on a protein carrier can be functionalized with linkers 
that will react with maleimide chemistry (discussed in Chapter 3). 
 
5.7.1. Doxorubicin incorporation on IDP using 2-Iminothiolane (2IT) 
 

Multiple 2IT reaction conditions (with and without TCEP) were screened for maximum 
incorporation of maleimide cargo using a 2IT/mal-PEG5k. Figure 5-7 shows that maximum 
amount of PEG5k is incorporated without the presence of TCEP at approximately 5-10 
equivalent of 2IT. The 2IT reactions that did not include TCEP were processed for protein gel 
electrophoresis under both reducing and non-reducing loading buffer conditions to confirm 
that the band shifts seen by gel are due to the PEG5k modification of IDP and not formation of 
dimer. 

 

0.5 kDa PEG Avg # of conjugated PEG Z
5 equiv. 4.9 +0.7
10 equiv. 6.9 -1.3
25 equiv. 12.6 -7.0
50 equiv. 18.8 -13.2
100 equiv. 21.4 -15.8

1.2 kDa PEG Avg # of conjugated PEG Z
5 equiv. 2.7 +2.9
10 equiv. 4.3 +1.3
25 equiv. 9.5 -3.9
50 equiv. 14.8 -9.2
100 equiv. 15.3 -9.7

4 kDa branched PEG Avg # of conjugated PEG Z
5 equiv. 2.4 +3.2
10 equiv. 4.6 +1.0

Table 5-1. Average number of conjugated PEG chains for the Library of PEGylated IDPs.
The average number of PEG chains added was obtained using a Gaussian single peak fit (Figure 5-6). The number of 
PEG chains was calculated by subtracting the average number of conjugated PEG chains from the theoretical protein 
charge at pH 7.5 (which is 5.6).
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For reasons described above, 5 eq of 2IT (per lysine) was chosen for optimal cargo 

attachment via maleimide. Following this, a maleimide equivalent screen was performed to 
determine the optimal reaction conditions that would limit the presence of free DOX (by non-
specific interactions) but maximize PEG5k and DOX-EMCH incorporation. A example set of 
the reaction conditions that were tested are shown in Figure 5-8c. Reaction conditions that use a 
2-step 2IT/maleimide method (described in experimental) had low recovery of samples and also 
showed little to no PEG5k modification by SDS protein gel electrophoresis (Figure 5-8b, right).  
It is hypothesized that the IDP-2IT sample may cross-link with one another since the 25 lysine 
resides that would interact with 2IT are very closely spaced. This may explain why these 
conditions result in low reactivity and recovery. PEG5k and DOX are effectively incorporated 
into the carrier with 40-70% protein recovery when the one-pot 2IT/maleimide strategy is used, 
as evidenced by RP-HPLC, SEC, and protein gel electrophoresis (Figure 5-8). Although 
promising, using this one-pot strategy may allow for the 2IT reagent to react with the free-amine 
present in the mal-DOX-EMCH reagent. For this reason, the use of LC-SPDP for DOX 
incorporation is explored (below). 
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Figure 5-7. Traut’s reagent optimization reactions.
IDP samples modified with 2IT/mal-PEG5k with and without the presence TCEP during the modification reaction. The 
figure shows Coomassie stained gels of modified samples. (Left) Non-reducing loading buffer and no heat to visualize 
the presence of dimers. (Right) Samples prepared with reducing buffer and heat (gel sample conditions that prevent 
dimer formation).
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Figure 5-8. Doxorubicin incorporation to IDP using 2-Iminothiolane (2IT).
IDP samples modified with 2IT/mal-PEG5k/mal-DOX. (a) (Left) HPLC chromatographs of IDP samples modified under 
different conditions. (red = A480 nm, blue=A280 nm); (Right) SEC chromatographs of IDP samples modified under 
different conditions. (red = A480 nm, blue=A280 nm). (b) (Left) Fluorescence image of modified samples. (Right) 
Coomassie stained gel of modified samples. (c) Example 2IT modification reactions for DOX incorporation onto IDP 
scaffold. Spectra for chromatographs are overlaid to compare retention times. Note: Spectra for chromatographs are 
overlaid to compare retention times. y-axis for A280 and A480 is not to scale. Degree of PEGylation could not be deter-
mined.
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5.7.2. Doxorubicin incorporation on IDP using succinimidyl 6-(3(2-pyridyldithio)propionamido) 
hexanoate (LC-SPDP) 

As described in Chapter 3, LC-SPDP is a heterobifunctional crosslinker that reacts with 
free amines to install a protected disulfide bond that can be cleaved in the presence of reducing 
agents. The ability of this reagent to be used to functionalize IDP with PEG5k and doxorubicin 
was explored using several reaction screens. A highlighted set of the reaction conditions that 
were tested is shown in Figure 5-9 bottom. Sulfo-LC-SPDP was used instead of LC-SPDP due to 
solubility. Successful incorporation of DOX and PEG5k cargo was shown by SEC and protein 
gel electrophoresis (Figure 5-9 top). This method routinely produced DOX-PEG5k-IDP samples 
at >50% recovery which was sufficient recovery to prepare the IDP carrier for in vivo tumor 
reduction studies (Chapter 6). 
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Figure 5-9. Doxorubicin incorporation to IDP using LC-SPDP.
IDP samples modified with LC-SPDP/reducing agent/mal-PEGK5k/mal-DOX. (a) SEC chromatographs of IDP samples 
modified under different conditions. (red = A480nm, blue=A280nm). (b) Fluorescence and Coomassie stained gels of 
modified samples (c) Example LC-SPDP modification reactions for DOX incorporation onto IDP scaffold. Spectra for 
SEC chromatographs are overlaid to compare retention times. y-axis for A280 and A480 is not to scale. Degree of 
PEGylation could not be determined. 
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5.8. Conclusion 
 

A genetically engineered IDP monomer  (16.2 kDa) that presents 25 lysine residues and a 
C-terminal cysteine residue has been successfully cloned, expressed and purified. This construct 
offers several sites for chemical modification that allows for incorporation of a varying degrees 
and types of PEG passivation layers. Through NHS-ester chemistry, a library of PEGylated IDPs 
has been created. These PEGylated IDPs are passivated using monodisperse PEG (0.5k Da PEG 
NHS-ester, 1.2 kDa PEG NHS-ester, 4 kDa branched PEG TFP-ester) as well as polydisperse 
PEG (5 kDa PEG-NHS ester). The number of PEG chains incorporated into the IDP protein 
seems to follow a statistical distribution. 

 
To functionalize the IDP protein as an in vivo nanocarrier, LC-SPDP and 2IT 

modification strategies were employed to allow the free amines on IDP to attach cargo bearing 
a maleimide handle.  Both methods proved successful, however the use of the LC-SPDP strategy 
allowed for the incorporation of DOX-EMCH cargo in a process that does not expose the 
primary amine on DOX-EMCH to amine reactive reagents. Additionally, this LC-SPDP 
method proved to have more consistent protein recovery. The methodology discussed in this 
chapter will be used to produce IDP nanocarriers that serve as a model for highly flexible rods 
in an in vivo tumor shrinkage study of different carrier morphology for glioblastoma models 
(Chapter 6). The presence of an IDP carrier in this study will give insight to how the physical 
parameter of flexibility plays a role in a nanocarrier extravasation through tumor pores. 

 
5.9. Experimental 
 
General Procedures and Materials: 
 

Unless other wise noted all reagents were purchased from Aldrich. Succinimidyl 6-(3-[2-
pyridyldithio]-propionamido)hexanoate (LC-SPDP), 2-iminothiolane (2IT or Traut’s reagent), 
Bond-breakerTM TCEP, and Alexa Fluor® 480 maleimide was purchased from Thermo Fisher 
Scientific. Monodisperse 0.5 kDa PEG NHS-ester (cat# 10260), 1.2 kDa PEG NHS-ester (cat# 
10304) and 4 kDa branched PEG TFP-ester (cat# 10458) were purchased from Quanta 
BioDesign. Polydisperse 5 kDa PEG-NHS ester (Fmoc-PEG-SVA, MW 5000) was purchased 
from Laysan Bio.   SDS-Page Gels, MES/MOPS SDS Running Buffer and Novex sharp protein 
standard were purchased from Life Technologies. Water used to create buffers or as reaction 
solvent was deionized using the NANOpure purification system from Barnstead, USA. Gibson 
master mix was obtained from the M. Chang lab. 
 
General Instrumentation: 
 

UV-Vis spectrophotomer readings were carried out using both a Cary 50 Bio 
Spectrophotometer (Agilent) and NanoDrop 1000 (Thermo Scientific).  Bench top 
centrifugations were performed with an Eppendorf Mini Spin Plus (Eppendorf). MALDI 
spectrum were obtained as previously described in Chapter 3.  
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Instruments 
 
Liquid chromatography-mass spectrometry (LC/MS): 
LC/MS was performed on an Agilent 6224 TOF LC/MS system equipped with a Turbospray ion 
source, an Agilent 1260 Infinity Series HPLC system and a Proswift RP-4H LC column (Thermo 
Fisher, cat# 069477). Chromatography was performed using a Acetonitrile (ACN) with H2O 
gradient containing 0.1% formic acid (0 min , 5% acetonitrile (ACN); 2 min, 10% ACN; 5.5 min 
100% ACN). Protein mass reconstruction was performed on the charge ladder with Mass 
Hunter software (Agilent Technologies).  
 
SDS Protein Gel Electrophoresis  

Unless other wise stated, protein gel electrophoresis was performed as described in 
Chapter 3. In an effort to improve the resolution of band separation of some samples, some gels 
were ran using 12% or 4-12% NuPAGE Bis-Tris gels (Thermo Fisher) with MOPS running 
buffer. When appropriate loading buffer containing the reducing agent 2-mercaptoethanol 
(BME) were added to samples and heated for 10 min at 100 ºC. For non-reduced samples, 
loading buffers did not contain reducing agents and samples were not heated. 
 
Cloning IDP Construct 

A strategy involving two gene blocks (gBlocks: IDT Technologies) and Gibson assembly 
was employed using a 32 bp consensus sequence. For this, 100 ng of gBlocks and 10 µL of 2X 
Gibson master mix were diluted to a final volume of 20 µL with water and allowed to incubate at 
50 °C for 60 min. Following QiaQuick II DNA clean up (Qiagen), the product was PCR 
amplified using VENT polymerase (New England Biolabs), and forward and reverse primers (5’- 
ATA ATA GCT AGC TTA GTT CCT CGT GCC TGG CGT G -3’ and 5’- TAT TAT CTC GAG 
CTA TTA GGC ACA CCA GTA CGG AGA TTT C -3’). The insert was then double digested at 
the NheI and XhoI sites followed by enzyme heat inactivation (80 ºC, 10 min). Quick ligase 
(New England Biolabes) was used to ligate the double digested insert with a pSKB3 vector 
containing genes for the maltose-binding protein (MBP). The E.coli ( BL21 – DE3) containing 
the ligated plasmid was grown up on Kanamycin agar plates (1X). Colonies were cultured and 
then sequenced by Quintara BioSciences.  
 
IDP Protein Expression and Purification 

BL21 (DE3) competent cells containing plasmid constructs were grown on Kanamycin 
agar plates. Single colonies were selected to grow a starter culture in 20 mL of LB containing    50 
mg/L kanamycin. The starter culture was used to inoculate 1 L of terrific broth (TB) media 
containing 50 mg/L of Kanamycin for protein expression. Flasks were shaken at 250 rpm at     37 
ºC, until cell density reached an OD600 of 0.5.  Following this, flasks were cooled for 25 min at 
25 ºC and then induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Protein 
expression was allowed to precede overnight (~18 h) at 25 ºC.  

Centrifugation at 4000 g 4 ºC for 15 min was used to harvest the cell pellet. In a 50 mL 
Falcon tube containing PBS, cells were redissolved and then repelleted for 10 min at 4000 g 4 ºC. 
The pellet was resuspended in approximately 20 mL of buffer A (20 mM pH 7.5 HEPES, 300 
mM NaCl, 10 mM imidazole) containing a tablet of EDTA-free SigmaFast Protease Inhibitor 
(Sigma Aldrich), 2 mM PMSF, and 10 mg lysozyme. An Avestin C3 homogenizer was used to 
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lyse the cells. The supernatant from the lysate was collected by centrifugation for 20 min at 
24,000 g 4 ºC.  

Once being filtered though a 40 mm Steriflip filter (Millipore) the supernatant was 
purified by Ni-NTA chromatography (5 mL Ni-NTA column - Protino, Machery Nagel) using 
an AKTA FPLC system (GE Healthcare Life Sciences, Buffer A). The sample is pre-equilibrated  
onto a 5 mL Ni-NTA column (Protino, Machery Nagel) connected to an AKTA FPLC system 
(GE Healthcare Life Sciences). 50 mL (10 CV) of buffer A containing 10 mM BME is used to 
pre-equilibrate the column. Supernatant (filtered through 0.22 µM) was loaded onto the column 
and then the column was washed with 50 mL (10 CV) of buffer A (20 mM pH 7.5 HEPES, 300 
mM NaCl, 10 mM imidazole) containing 10 mM BME. IDP was eluted off the column by 
washing with 20 mM pH 7.5 HEPES, 300 mM NaCl, 250 mM imidazole, 10 mM BME. 

Using a 10DG desalting column (BioRad), imidazole was removed and the sample was 
buffer exchanged into 20 mM HEPES (pH=7.5) containing 100 mM NaCl. The sample is 
digested with thrombin (1 mg) (high purity from Bovine, MP Biomedicals) for 1 hour at room 
temperature and then diluted to 50 mL with 20 mM pH 7.5 HEPES buffer (no salt). This is then 
loaded onto a HiTrap SP HP cation exchange column (1 mL) which is equilibrated with 20 mM 
pH 7.5 HEPES containing 10 mM BME using the AKTA FPLC system. The column is washed 
with 10 mL of 20 mM pH 7.5 HEPES containing 10 mM BME and then the sample recovered 
using a gradient elution from 0 M to 1 M NaCl over the course of 50 mL. A desalting column 
(10DG, BioRad) is used to recover the purified IDP sample in 20 mM pH 7.5 HEPES, 50 mM 
NaCl. Under these co  nditions IDP forms dimers. To reverse dimerization reducing agents such 
as BME, Tris(2-carboxyethyl)phosphine (TCEP) or dithiothreitol (DTT) can be used. 
 
IDP modification 
 
IDP functionalization with Alexa Fluor® 488 (AF488) using maleimide.   

To a solution of 270 µM IDP in 20 mM pH 7.5 HEPES, 50 mM NaCl, 5.6 mM TCEP 
AF488-maleimide (4 eq) was added. The solution was incubated for 30 min at room 
temperature. Excess reagent was removed using a desalting column (10DG, BioRad) and 20 mM 
pH 7.5 HEPES, 50 mM NaCl.  
 
NHS ester modification of IDP with amine-reactive PEG’s 

A varying equivalent NHS-ester or TFP-ester reagent is added to 40 µL of 152 µM IDP in 
20 mM pH 7.5 HEPES, 50 mM NaCl using fresh stocks of NHS-ester or TFP-ester reagent (20 
mM) in water. The final reaction is diluted to 150 µL using 20 mM pH 7.5 HEPES, 50 mM NaCl 
and then left to react overnight at room temperature. Following this, modified IDP are 
recovered by repeated centrifugation with 10 kDA MWCO filters (Millipore) and stored at 4ºC 
in 20 mM pH 7.5 HEPES, 50 mM NaCl. This same procedure was used for 0.5 kDa PEG NHS-
ester, 1.2 kDa PEG NHS-ester and 4 kDa branched PEG TFP-ester as well as polydisperse 5 kDa 
PEG-NHS ester. 
 
Succinimidyl 6-(3-[2-pyridyldithio]-propionamido)hexanoate (LC-SPDP) modification: 

To a 20 µM IDP in 100 mM PB pH 7.5, a varying equivalent of sulfo-LC-SPDP-is added 
by use of a 50 mM stock in buffer. Samples are left to react overnight at room temperature. 
Following this, the modified IDP are recovered by repeated centrifugation with 10 kDa MWCO 
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filters. The sample is recovered and in100 mM PB pH 8.5 and diluted to 25 µM IDP. To this 
solution, 25 equivalent of DTT is added using a 50 mM frozen DTT stock in water. The sample 
is left to react at room temperature for 30 min. Excess reducing agent is removed from the 
samples by repeated centrifugation with 10 kDa MWCO filters. IDP is recovered in 100 mM 
phosphate buffer pH 7.4 and reacted with a varying equivalent of maleimide using 10 mM stocks 
of maleimide in DMSO. The reaction is allowed to proceed for 1 hour at room temperature in 
the dark. Excess reducing agent is removed from the samples by repeated centrifugation with    
10 kDa MWCO filters and IDP is recovered in 5 mM phosphate buffer pH 7.4. 
 
2-iminothiolane (2IT or Traut’s reagent) modification: One pot reaction 

To a solution of 25 µM IDP in PBS an equivalent of 2IT is added using a freshly made 
stock solution of 2IT in buffer (typically 14-140 mM). The solution is left to react at room 
temperature for 15 min. Following this, a volume of maleimide (DMSO) stock is added (1-10 eq) 
and left to react for at room temperature (1 h-overnight). Samples are purified with Nap-5, Nap-
10, and repeated centrifugation with 10 kDa MWCO filters. 
 
2-iminothiolane (2IT or Traut’s reagent) modification: Two step reaction (To make DOX-PEG5k-
IDP) 
  To a solution of 25 µM IDP in PBS an equivalent of 2IT is added using a freshly made 
stock solution of 2IT in buffer (typically 14 mM – 140 mM). Excess reagents are removed by 
repeated centrifugation with 10 kDa MWCO filters. To 25 µM of the IDP solution recovered, 1-
10 equivalent of mal-DOX-EMCH and mal-PEG5k are immediately added in 10 mM PB pH 7.4 
and allowed to react for 45 min at room temperature. Samples are purified with Nap-5, Nap-10, 
and repeated centrifugation with 10 kDa MWCO filters. 
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CHAPTER 6:  INVESTIGATING THE AFFECT OF CARRIER  
MORPHOLOGY ON TUMOR ACCUMULATION OF PROTEIN-BASED CARRIERS  

 
6.1. Introduction 

 
Recent work has demonstrated that nanomaterials have become a fundamental tool in 

cancer research. Studies investigating the effect of carrier morphologies on tumor uptake and 
biodistribution have been reported (described in Chapter 1). However, the limited set of studies 
that have examined these variables in detail are not readily comparable, as they typically cover a 
wide-array of material compositions. This leaves it unclear which parameters will actually 
dominate the biological behavior of new particles of interest. To address this knowledge gap, 
the study described in this chapter aims to investigate how the shape and size of protein-based 
nanocarriers affect biodistribution, permeability, and passive targeting to the tumor.   

 
6.2. Study overview 
 

A series of protein-based agents with different morphologies were expressed and 
physically characterized. This included spherical MS2, double disks from the tobacco mosaic 
virus coat protein (TMVdd), and the filamentous nanophage.  Following the production of each 
of these carriers, the properties of each scaffold were characterized by use of dynamic light 
scattering (DLS) and transmission electron microscopy (TEM). These scaffolds were then 
chemically functionalized with imaging agents and passivation layers for in vitro 
characterization. The chemically modified structures were then evaluated for use in in vivo 
delivery applications by probing their stability in serum and affect on cell viability. Following 
this, in vivo baseline biodistribution properties of each carrier type were investigated utilizing 
positron emission tomography (PET) imaging. Finally, the carriers were chemically modified 
with drug cargo, doxorubicin, and evaluated for their ability to serve as passive drug delivery 
agents in tumor reduction study. In this study, a genetically engineered intrinsically disordered 
protein (IDP, Chapter 5) was added to the study to explore how the physical parameter of 
flexibility plays a role in a nanocarrier extravasation through tumor pores. 

 
  The work described in this chapter was a collaborative effort between multiple 

researchers: from the University of California Berkeley (Matthew Francis, Ioana Aanei, Jenna 
Bernard, Joel Finbloom and Rafi Mohammed) to produce, isolate, chemically modify, and 
characterize the particles for in silico, in vitro and in vivo studies; from Stanford University (Eric 
Shaqfeh, Tiras Lin and Preyas Shah) for computational work on nanocarrier extravasation and 
in vitro diffusion studies; from the University of California San Francisco (Mitch Berger, 
Theodore Nicolaides, Tomoko Ozawa, Raquel Santos and Edgar Lopez-Lepe) for animal 
preparation and imaging and (Sergio Wong and Tony Huynh) for PET imaging. The findings 
from these experiments are reported below. 
 
6.3. Carrier properties 
 

To fully explore the effects of carrier morphology on uptake and biodistribution it would 
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be best to compare carriers with different morphologies, but virtually identical overall 
compositions. In practice, this is challenging to achieve, as there are few materials that have 
demonstrated this versatility while still maintaining low polydispersity and low toxicity needed 
for carrier delivery. An intriguing option for this study would be polymer-based carriers, as they 
offer many advantages such as their chemical composition, degradation properties, and 
solubility. These types of carriers have already been met with great success in drug delivery 
applications.1, 2 However, one remaining feature that is difficult to control for polymer-based 
carriers is their morphology when the dimensions are below 200 nm.2 As a result, this study uses 
viral capsids to template the morphologies of protein-polymer hybrid nanoscale carriers. The 
use of viral capsids as the core structure for these carriers has several advantages. The multiple 
monomers present in the viral coat create many discrete chemical handles that can be modified 
to load a large amount of cargo. Because viral capsids are typically amenable to both genetic and 
chemical modifications, cargo can be loaded at site-specific locations on the platform. This 
degree of controlled modification provides the opportunity to create highly engineered 
multimodal agents that can serve to target, image, and treat forms of cancer. In addition to these 
advantages, these protein structures are produced by recombinant expression making them 
relatively inexpensive to produce. Furthermore, protein-based scaffolds have typically been 
shown to have low polydispersity, low toxicity, and the ability to degrade into individual protein 
subunits that do not bioaccumulate.3-5  

 

 
 
Protein-based carriers used in this study are bacteriophage MS2, tobacco mosaic virus 

double disks (TMVdd), filamentous nanophage and intrinsically disordered protein (IDP). 
These protein assemblies were chosen to represent spheres, disks, flexible rods and a disordered 
strand, respectively, and are summarized in Figure 6-1. These structures are ideal candidates for 
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nanoparticle delivery studies as the size of each carrier falls within the ideal 10-100 nm range for 
delivery agents. Details regarding carrier properties of each of these scaffolds can be found below.  
 
6.4. Carrier scaffolds 
 
MS2 
 
    Bacteriophage MS2 capsids are monodisperse 27 nm spherical structures each 
containing 180 sequence-identical copies of coat protein.6, 7 These structures can be obtained in 
an fully assembled form through the expression of the coat protein in E. coli hosts with yields 
ranging from 10-100 mg of protein per liter of expression culture. The hollow protein shells 
produced in this manner do not contain genomic RNA, but they typically do have small 
amounts of adventitious mRNA molecules inside. If required, mRNA can be removed by 
exposing the capsids to alkaline conditions, or by subjecting them to a recently reported 
disassembly/reassembly cycle.8 
 
TMV disks 
 

Tobacco mosaic virus (TMV) is naturally present as a 300 by 18 nm rod assembled from 
2130 coat proteins. The virus coat protein (TMVp) has been well characterized, and has been 
shown to involve an 18 nm double disk structure comprising 34 monomers.9 However, disk 
assemblies prepared with wild type TMVp are only metastable10 and yield unpredictable 
dynamic assemblies that would not be appropriate for in vivo studies. Through previous work 
done in the Francis lab, it was discovered that K58R, K68R TMVp mutants form double disks 
that are C2-symmetric (TMVdd).10, 11 These structures are stable in a wide temperature and pH 
range and remain assembled after substantial levels of modification. The TMVdd is non-
covalently assembled from two disks of 17 protein monomers.  Each TMVd is 18 nm in 
diameter and 5 nm in height, and consists of 34 protein monomers (17 in each disk layer). The 
TMVdd is a very interesting drug delivery vehicle in terms of general morphology as it is a novel 
morphology that to our knowledge is not found with any other viral capsid currently being 
studied. It is not well understood what the biodistribution of a discoidal shaped nanocarrier will 
be, but preliminary research of polymeric disks by other investigators demonstrate greater cell 
penetration and cell-binding by disk-shaped nanocarriers in comparison to their spherical and 
rod-shaped counterparts (discussed in Chapter 1). For the purposes of this dissertation, the term 
“TMV” will refer to the TMV disk form described above. 
 
Nanophage 
 

The physical properties and structure of the nanophage is covered in detail in Chapter 3. 
Briefly, the nanophage scaffold is derived from filamentous phage by introducing truncation 
pathways in the rolling circle method used for phage genome replication.12, 13 The shortened 
circular ssDNA strands are then packaged to produce truncated phage particles that measure 50 
nm in length. The nanophage viral capsid contains the same composition and arrangement of 
the full-length phage but contains fewer copies of the p8 coat proteins (95 copies). 
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Intrinsically disordered protein (IDP) 
 

The physical properties of the genetically engineered intrinsically disordered protein 
construct is covered in detail in Chapter 5. Briefly, this IDP construct is a truncated version of a 
full length IDP (neurofilament heavy side-arm). The IDP monomer consists of a 150 amino acid 
segment that presents 25 lysines available for modification and contains a C-terminal cysteine 
residue. When fully extended, this sequence is 50 nm in length, making it directly comparable 
with the length of the filamentous nanophage.  
 
6.5. Carrier production 
 

Carriers MS2, and TMV double disks were expressed and characterized using previously 
established protocols that have been used in the Francis lab. The nanophage and IDP scaffold 
were expressed, purified, and characterized as discussed in Chapter 3 and Chapter 5, respectively. 
Following carrier production and isolation, the assemblies were physically characterized to 
determine their size and shape through use of transmission electron microscopy (TEM) (Figure 
6-1). As expected, MS2, TMV, and nanophage present as spheres, disks and rod-like structures 
as described above.  

 
6.6. In silico studies of nanoparticle extravasation for optimal tumor accumulation  
 

The design of new carriers for cancer delivery can be greatly aided by the use of 
computer models that can explain and eventually predict the parameters that affect travel 
through the circulatory system and maximize accumulation in tumor tissue. In this study, the 
geometric factors affecting tumor accumulation were critically examined through computer 
modeling by Prof. Eric Shaqfeh (Stanford, Institute of Computational and Mathematical 
Engineering). Details of the BD algorithm designed by the Shaqfeh lab are described in more 
detail in the experimental section of this chapter.  

 
Initial experiments using the BD algorithm have examined finite-size spheres and rods 

(corresponding to the MS2 and nanophage) extravasating through isolated, circular nanopores 
with shear over a range of Peclet numbers using Brownian dynamics equations. Using this 
model, high-aspect ratio particles out perform spheres as they have higher pore transport flux at 
all flow rates and pore sizes. From this, it can be determined that there is very strong difference 
between the fluxes predicted for rods and spheres in the same flow because of the different 
geometric ratios and Peclet numbers. To test these predictions, in vitro diffusion studies were 
performed by the Shaqfeh lab to measure the diffusion rates of the nanocarriers (MS2, TMV, 
and nanophage) through a 50 nm pore. For this experiment, AF488-PEG5k-nanocarriers were 
loaded into an inlet well of diffusion chamber (Figure 6-2 bottom) and allowed to diffuse across 
a membrane for 24 h. Over the course of 24 h, aliquots were collected from the outlet well and 
the diffusion rate of each particle were determined from the fluorescence of the outlet aliquots 
over time. Predicted sherwood numbers for the BD simulation and experimental assay are 
shown in Figure 6-2 (top right). Large error bars for the in vitro data set are hypothesized to be 
caused by the experimental set up. Each diffusion experiment is done in triplicate with a 
different house made diffusion chamber. Because of this, the overlap of the PDMS inlet and 
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outlet well can vary which can cause large variations in the area of the membrane exposed for 
diffusion during each trial. Additionally, the repeated process of collecting aliquots over time 
can cause for disturbances in chamber volume beyond that of correcting for reduction in 
volume after aliquot removal (i.e. evaporation over 24 h, residual volume removed from 
pipetting etc.). For these reasons, no direct conclusions can be made from the in vitro 
experimental data, although comparison to the BD predicted values seem to suggest that in vitro 
results adhere to BD algorithm predictions (with the exception of MS2). Ongoing efforts in the 
Francis and Shaqfeh lab are focusing on minimizing batch-to-batch variations in data by 
reengineering the diffusion chamber. 
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6.7. Carrier functionalization for in vivo PET imaging  
 

Functionalization of carriers for in vivo PET imaging involved the attachment of PEG5k 
chains to the external surfaces of the protein scaffolds and the installation of the NOTA-chelator 
for PET imaging. Different strategies were used for the attachment of this cargo for each scaffold.  
 
MS2-NOTA-PEG5k 
 

 MS2 was modified with approximately 54 PEG5k chains using a mild oxidative coupling 
strategy previously developed in the Francis lab.8 Here, the aniline groups on the unnantural 
amino acid T19pAF are reacted with PEG5k-aminophenol in the presence of potassium 
ferricyanide.14 Any present sulfhydryl groups are blocked temporarily as disulfides using 
Ellman’s reagent, and then liberated using DTT or TCEP following the oxidative coupling 
reaction. For NOTA functionalization, a MS2 mutant which presented a non-native cysteine 
residue (N87C) on the inward-facing surface of each of the 180 capsid monomers was used. 
These sites were alkylated using maleimides to install 126 copies of NOTA chelators (Figure 6-3)  
for use in in vivo PET experiments ( described in detail below).  
 
TMV-NOTA-PEG5k 
 

 PET imaging tracers were incorporated into the TMV scaffold by reacting maleimide-
NOTA with the cysteine residues present on the TMV S123C mutant. Mass spectra of TMV-
NOTA showed 100% modification (34 chelators). The monomers of the TMV were modified on 
the outer rim of the disk using N-terminal serine oxidation followed by subsequent reaction 
with PEG5k-alkoxyamine. The monomers were estimated to be approximately 20% modified (7 
PEG chains per particle) by densitometry Figure 6-3.  
 
Nanophage-NOTA-PEG5k 
 

 Nanophage was modified using 2-S-(4-Isothiocyanatobenzyl)-1,4,7-triazacyclononane-
1,4,7-triacetic acid (p-SCN-Bn-NOTA) for amine modification to incorporate approximately 24 
chelators per particle (25 % modification by MALDI).  Subsequent N-terminal Rapoport’s salt 
modification was used to install PEG5k chains as passivation layers. SDS protein gel    
electrophoresis of the modified scaffold showed approximately 15% of the p8 coat proteins 
modified by densitometry (14 PEG5k chains per particle) (Figure 6-3). 
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6.8. Evaluation of carrier cytotoxicity 

To determine if the protein carriers possess any intrinsic cytotoxicity, a cell viability 
assay was conducted using MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium)). In this assay the MTS stain was added to U87MG cells after 
incubation with PEGylated protein scaffolds (no chelator). UV-VIS absorbance measurements 
were then used to determine the degree of cell viability at different scaffold concentrations 
(0.048 nM - 30 nM) for 24 h.  Performing this assay with the U87MG cell line showed that the 
nanocarriers were not toxic to the cells upon 24 h of incubation at 37 ºC up to 30 nM 
nanocarrier (viability higher than 95%, Figure 6-4a)  
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Figure 6-3. Carrier functionalization for in vivo PET imaging 
MS2, TMV and nanophage are functionalized with PEG5k and NOTA for PET imaging. (Top) summarizes scaffolds 
used in PET study. (Bottom left) MALDI or LC/MS spectra of NOTA incorporation. (Bottom right) SDS-Page protein gel 
stained with Coomassie of carrier PEG5k functionalization stained with Coomassie. 
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6.9. Characterization of 64Cu radiolabled protein carriers 
 

Protein scaffolds modified with apo-NOTA metal chelators were exposed to 64Cu in 
aqueous solution. The samples were then desalted and centrifuged using molecular weight cutoff 
filters (100 kDa for nanophage and MS2; 30 kDa for TMV). Radiolabeled protein scaffolds were 
analyzed for the presence of free copper using size exclusion chromatography (SEC) as shown in 
Figure 6-4c. All protein scaffolds showed an peaks with retention times that indicated the 
association of copper ions with the carriers. Initially, the nanophage sample showed a peak with 
a retention time that indicated free copper. Another round of buffer exchange using molecular 
cutoff filters allowed this free copper to be removed as shown in Figure 6-4c, bottom. 
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Figure 6-4. Evaluation of carriers for in vivo PET imaging. 
Functionalized nanocarriers are evaluated for the potential use in in vivo applications. (a) PEG5k-nanocarrier cytotoxici-
ty with MTS over 24 h(0.05-30 nM carrier tested) (b) Monitoring PEG5k-NOTA carrier serum stability at 37 ºC over         
24 h using SEC and radioactive copper detection. (c) Characterization of 64Cu PEG5k-NOTA radiolabled proteins 
using SEC and radioactive copper detection. 
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6.10. Evaluation of carrier serum stability 
 

The integrity of the protein scaffolds after incubating in serum were evaluated using 
high-performance liquid chromatography. The specific retention times for the fully assembled 
scaffolds were recorded. These numbers were then used as references to monitor for possible 
degradation products that formed after being incubated in mouse serum, 37 ˚C. To monitor 
these retention times, the NOTA-carriers were labeled with the use of 64Cu. The use of 
radiolabled 64Cu was used to provide clear detection against the complex background of serum 
proteins. Preliminary results using this methodology shows a large amount nanophage and 
TMV carrier decomposition over 24  and 48 h, respectively, Figure 6-4b. Data from this study 
were obtained using small batch reactions that could have been affected  by evaporation, 
therefore, the study should be revisited. 
 
6.11. In vivo positron emission tomography with glioblastoma models  
 

Positron emission tomography (PET) was chosen as a mode for image detection as it was 
a sensitive non-invasive method to image particle distribution. In this study, the ability of 
protein carriers to accumulate in glioblastoma tumor models following intravenous 
administration (IV) was analyzed.  Four groups of mice (n=4) bearing implanted U87MG cells 
with a luciferase reporter were used in this experimental study. These mice were treated with a 
64Cu labeled protein nanocarrier (MS2, TMV, and nanophage) by intravenous injection of the 
agent in the tail vein. All carriers were PEGylated and functionalized with NOTA-64Cu as shown 
in Figure 6-3. One mouse belonging to each nanocarrier group was analyzed using dynamic PET 
imaging for 1 h followed by computed tomography (CT) for 20 min. Figure 6-5 (top)  shows 
circulation profile from 1 h dynamic PET scans.  Transverse views of the mice at 1 h post 
injection show agent accumulation in tumor region for nanophage and TMV (Figure 6-5 
bottom-middle). The biodistribution of 64Cu labeled protein nanocarriers at 5 h post injection 
was determined by evaluating the radioactivity present in the blood, tumor, and major organs. 
The decay corrected percent injected dose (%ID) per gram of each sample was determined, as 
has been previously published15 and is shown in Figure 6-5 (bottom-right). Biodistribution at 5 
h showed specific accumulation in tumor over brain for all three agents.  It is important to note 
that an unexpected amount of the control (free 64Cu) showed accumulation in the tumor. Upon 
literature research, it was found that U87MG tumor models have been shown to preferentially 
accumulate free copper.16 Of the three scaffolds tested, the nanophage seemed to have the most 
accumulation, but large error bars may indicate lack of statistical significance. These carriers are 
expected to have accumulated in the tumors by the enhanced permeability and retention effect 
(EPR). 
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6.12. Carrier functionalization for in vivo optical imaging  
 

Functionalization of each carrier for in vivo optical imaging involved the attachment of 
PEG5k to the external surfaces of the protein scaffolds and the installation of Alexa Fluor® 680 
(AF680). The attachment strategy for the PEG5k passivation layer used the same modification 
strategy that was described for creating the PET imaging agents (above). For the attachment of 
AF680, on the TMV and MS2 protein scaffolds, non-native cysteines were alkylated using 
maleimide-AF680. The functionalization of the nanophage scaffold with dye utilized AF680 N-
hydroxysuccinimide (NHS ester) to target the free amines present on the nanophage. Successful 
functionalization of each scaffold with PEG5k and AF680 was evaluated by protein gel 
electrophoresis and degree of dye modification was determined by UV-VS, respectively.  Figure 
6-6a shows the modification of each nanocarrier construct that was used for optical imaging 
studies. 
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Figure 6-5. Nanocarriers for in vivo imaging of glioblastoma models.
This study evaluates the ability of protein carriers to accumulate in glioblastoma tumor models following intravenous 
administration (IV). (Top) circulation profile from 1 h dynamic PET scans. (Bottom - middle) Transverse views of the 
mice at 1 hour post injection. (Bottom right) Biodistribution of carriers in decay corrected percent injected dose (%ID) 
per gram.
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6.13. In vivo optical imaging using convection enhanced delivery 

 
The effectiveness of tumor accumulation for each particle using convection enhanced 

delivery (CED) was evaluated using optical imaging. Four groups of mice (n=4) bearing 
implanted U87MG cells with a luciferase reporter were used for this study. All AF680-
nanocarriers were administered using CED at the University of California San Francisco Helen 
Diller Cancer Research Center. After 5 h post administration, mice were sacrificed and the blood, 
tumor and major organs were removed and evaluated for particle accumulation ex vivo using 
IVIS (Figure 6-6). Images collected from this study indicate a varying degree of tumor 
accumulation for different particles using CED administration. MS2 showed no tumor 
accumulation, TMV showed tumor accumulation in one out of three tumor samples and all 
three nanophage samples showed tumor accumulation using individual max and global settings.  
The free dye control also accumulated in the tumor (comparable to the nanophage); however no 
free dye was present in any of the agents as determined by SEC. Ultimately, this study helped to 
gain more information on the proportion of the nanocarriers that can localize in the brain vs the 
tumor through CED administration. These results suggest that the nanophage scaffold could be 
a promising scaffold for the CED administration of drug cargo as it may allow for preferential 
accumulation of the drug in the tumor over the brain. It is important to note that site of CED 
injection may greatly alter results of nanocarrier accumulation.  
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6.14. Tumor reduction study overview 
 

It is important to determine if nanocarriers that show preferential tumor accumulation 
can be adapted for drug delivery without altering the previously observed tumor uptake and 
accumulation qualities. To explore this, we will incorporate doxorubicin (DOX) as drug cargo 
onto the carriers to evaluate their potential as drug delivery agents. 

 
In the case of imaging applications, cargo molecules do not require release from the 

delivery vehicles and therefore NHS esters or maleimide chemistry can be used to form non-
cleavable covalent attachments. However, for drug delivery, irreversible covalent attachment of 
drug molecules to nanocarriers is not always desired, as the drug molecule may never be 
released from the nanocarrier, which may render the attached drug ineffective. To achieve 
effective reversible covalent attachments, an acid-cleavable linker using a hydrazone linkage 
which has been previously studied was employed.17 These linkers can degrade at pH below 5.5, 
consistent with the pH of the endosome.18 In future studies, other possible approaches that rely 
on enzyme-degradable or redox-degradable linkers can also be employed to achieve reversible 
drug attachments to nanocarriers. 
 
6.15. Carrier functionalization for in vivo tumor reduction study  
 
  Functionalization of each carrier for delivery studies involved the attachment of PEG5k 
chains to the external surfaces of the protein scaffolds as well as the attachment of DOX cargo 
that contains the hydrazone linkage. The attachment strategy for the PEG5k passivation layer 
for MS2 and nanophage used the same modification strategy that was described for the PET and 
optical imaging agents (above). A TMV mutant expressing proline as the N-terminal residue 
was modified with PEG5k-aminophenol using oxidative coupling.  
 

The strategy for DOX cargo attachment onto the nanocarriers relied on the alkylation of 
free thiols on the nanocarrier using an acid-labile DOX derivative (DOX-EMCH). Genetic 
incorporation of a non-native cysteine on MS2 and TMV allowed for facile DOX incorporation 
as represented in Figure 6-7. However, the nanophage scaffold bears no solvent accessible 
cysteines that can be modified. As described in Chapter 3, the chemical strategies succinimidyl 
6-(3(2-pyridyldithio)propionamido)hexanoate (LC-SPDP) and 2-Iminothiolane (2IT or Traut’s 
Reagent) were explored for thiol incorporation. Using a 2-step 2IT and mal-DOX-EMCH 
modification strategy (Chapter 3) sulfhydryl groups were incorporated into nanophage. The 2IT 
treated nanophage were then alkylated with mal-DOX-EMCH. For incorporation of PEG5k and 
DOX-EMCH cargo onto the IDP carrier a LC-SPDP method was used (Chapter 5).   
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SEC and protein gel electrophoresis of these modified samples showed successful 

attachment of the DOX cargo. Figure 6-7 shows the percent modification for the DOX and PEG 
cargo on each protein carrier. The DOX-nanocarrier scaffolds were stored frozen to preserve the 
hydrazine linkage. Upon modification, the protein samples stayed in solution despite the 
necessity for high concentrations that were needed for CED. All samples were passed through a 
0.22 µM filter prior to use. 

 
6.16. MTS cell viability of doxorubicin loaded nanocarriers 
 

The cell response of U87MG to DOX modified nanocarriers were evaluated using the 
MTS cell viability assay. In this study, percent cell viabilities (relative to a control) of U87MG 
cells following 72 h of incubation of MS2-DOX-PEG5k, TMV-DOX-PEG5k, nanophage-DOX-
PEG5k, and free DOX at 5-1250 nM doxorubicin were recorded and are shown in Figure 6-7 

 C
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Figure 6-7. Nanocarrier-DOX-PEG5k for drug studies. 
MS2, TMV, nanophage, and IDP are functionalized with PEG5k and DOX-EMCH for a drug delivery study. (Top) 
Scheme of attachment strategies for scaffolds. (Bottom - left) Summary of nanocarrier modification of drug study 
samples. (Bottom right) MTS U87 cell viability of doxorubicin loaded nanocarriers after 72 hours.
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(bottom-right). Results show that DOX-functionalized particles could effectively decrease 
U87MG cell viability to less than 20% at 1.25 µM of Doxorubicin over the course of 72 h. 
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Figure 6-8. Carrier functionalization for in vivo tumor shrinkage study. 
(a) MS2, (b) TMV, (c) IDP and (d) nanophage are functionalized with PEG5k and DOX-EMCH for a drug delivery study. 
SD gels stained with Coomassie show the attachment of PEG5k. SEC or LC/MS spectra of nanocarrier-doxorubicin 
scaffolds demonstrate the covalent attachment of doxorubicin. 
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6.17. Doxorubicin loaded nanocarriers for tumor reduction drug study 
 

The effects of tumor growth using doxorubicin functionalized nanoparticles for drug 
delivery were investigated. Here, tumor growth was monitored for seven groups of mice (n=7-9) 
bearing implanted U87MG cells with a luciferase reporter. Samples (10 µL of 100 µM DOX) 
were administered at the University of California San Francisco Helen Diller Cancer Research 
Center by CED administration. Tumor growth was monitored by bioluminescent imaging (BLI) 
at three time points (t = 21, 28, 42 d post tumor injection). During this time frame survival rate, 
side effects (if any), and body weight measurements were recorded. The median survival of mice 
over the course of 42 d post cell injection for PBS, Free DOX, MS2-DOX, Nanophage-DOX, 
TMV-DOX and IDP-DOX are shown in Figure 6-9. The median survival of mice treated with 
nanocarriers were greater than that of those treated with liposomal DOX but were comparable 
to the free doxorubicin sample. The median survival of PBS control (27 d) was comparable to 
non-injected controls.  These data do show some difference in survival rates, but they may not 
be statistically significant.  Mice treated with MS2 and IDP developed skin lesions. This side 
effect is most likely not DOX related as mice treated with DOX and lipo-DOX did not present 
these lesions. It is hypothesized that side effects could be related to endotoxins that may be 
present from bacterial expression.  
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Figure 6-9. Tumor growth and survival curve for 42 d drug study. 
(Left) Average U87MG tumor growth for samples during 42 days study.  (Right) Median U87MG survival curves. Differ-
ences seen are not statistically significant. For study: n=7-9 for each sample set tested. CED treatment occurred 11 d 
post U87MG injection (one time administration, 10 uL of 100 uM doxorubicin).  
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Of the agents tested in this pilot study, MS2 and TMV presented the most promising 
results as the growth curves of certain individual mice treated with these samples showed dips in 
the growth curve, which indicates slowed tumor growth for those individual mice (Figure 6-10) . 
A log rank test was used to determine statistically significant differences between mean survival 
times and the TMV and MS2 data sets are the closest to the p<0.05 value that would be 
considered significant (0.0511 and 0.0804, respectively). 

 
 

  
Future CED tumor studies will be designed around administering smaller doses at 

multiple time points. There are multiple considerations in analyzing the data presented from a 
tumor reduction study such as this. First, there is a possibility that some injections might have 
been too far from the tumor, thus would skew the therapeutic effect observed. Secondly, BLI 
signal is dependent on tumor depth, as well as tumor size and time from injection of substrate.  
To correct for these factors future studies will focus on using more mice per group as well as a 
tighter distribution of tumor sizes in each group. Additionally, future studies will explore the 
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Figure 6-10. Tumor growth curves of individual mice in drug study.
U87MG tumor growth monitored for mice over 42 d of drug study using BLI measurements. Some mice show decreas-
es in tumor growth near the date of CED sample administration (MS2 & TMV). PBS, liposomal DOX, and IDP do not 
show this dip in growth curve for any mice. For study: n=7-9 for each sample set tested. CED treatment occurred 11 d 
post U87MG inject (one time administration, 10 uL of 100 uM doxorubicin).  
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effects of tumor growth following intravenous (IV) administration of doxorubicin-
functionalized particles. 
 
 
6.18. Conclusion 
 

The core structure of this investigation is highly relevant to the development of 
successful imaging and drug delivery agents.  A comprehensive understanding of how the 
overall physical properties of a nanoparticle affect uptake and biodistribution is critical to 
advance the field of nanomedicine. Through these initial experiments, the nanocarriers tested 
(MS2, TMV, and nanophage) have each shown promise as carrier agents for in vivo experiments.  
For PET imaging, all three agents were successfully radio labeled with 64Cu and had specific 
accumulation in tumor over brain following IV administration. Of these three agents TMV and 
nanophage showed long circulation half lives (t= 6 min and 3 min, respectively). Upon CED 
administration, all three agents had similar accumulation and limited distribution throughout 
the body. Of the agents tested in the tumor reduction study, MS2 and TMV showed dips in the 
growth curve that indicate slowed tumor growth.  

 
Through the work of the Shaqfeh group, sophisticated simulations of nanoparticle 

behavior in blood flow are becoming available, and these will be used to predict the 
extravasation of carriers through “pores” that have been observed in tumor blood vessels. 
Preliminary results of these in silico studies indicate a great difference in the flux for a virus 
particle that is shaped like a rod vs. a sphere. A deeper understanding of how the shape and size 
affect nanocarrier extravasation through a pore can help to predict how a particle may 
accumulate in in vivo studies. Alternatively, the findings from in vivo experiments can also be 
used to refine computer models that simulate the flow characteristics of the carriers and their 
extravasation through pores of different sizes.  Through both in silico and in vivo studies, we 
seek to gain crucially important insight into how the propensities for cell uptake and 
biodistribution correlate with the morphologies of the carriers. These models will dramatically 
improve our understanding of how physical properties influence tumor uptake that will 
ultimately facilitate the design of future carriers.  
 
6.19. Experimental 
 
General Procedures & Materials 
 

Unless other wise noted all reagents were purchased from Aldrich. Succinimidyl 6-(3-[2-
pyridyldithio]-propionamido)hexanoate (LC-SPDP), 2-iminothiolane (2IT or Traut’s reagent), 
Bond-breakerTM TCEP, Alexa Flour® 488 and Alexa Fluor ® 680 (maleimide and NHS ester) 
were purchased from Thermo Fisher Scientific. p-SCN-Bn-NOTA (2-S-(4-
isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid) was purchased from 
Macrocyclics (Texas, USA). NuPage 10% Bis-Tris Gels, MES SDS Running Buffer, and Novex 
sharp protein standard were purchased from Life Technologies. Formvar TEM film square grids 
were purchased from Ted Pella (400 mesh).                   



104 

 
Water used to create buffers or as reaction solvent was deionized using the NANOpure 
purification system from Barnstead, USA. DMSO was purchased as 
an analytical grade and was used without further purification. N‐methylpyridinium‐4‐carboxald
ehyde benzenesulfonate hydrate (Rapoport’s salt, RS) was obtained from Alfa Aesar (Ward Hill, 
MA). Doxorubicin, liposomal doxorubicin, and tumor bearing mice were gifts from 
collaborators from the University of California San Francisco. Alkoxyamine-PEG5k-OMe, 
nitrophenol-PEG5k-OMe and DOX-EMCH were synthesized as described in previously 
reported work.6, 17, 19 Protein gel electrophoresis was performed as previously described in 
Chapter 3. 
 
General Instrumentation: 
 

UV-Vis spectrophotometer readings were carried out using both a Cary 50 Bio 
Spectrophotometer (Agilent) and NanoDrop 1000 (Thermo Scientific). For fluorescence 
measurements a Horiba Fluoro Log-3 was used (New Jersy, USA). Bench top centrifugations 
were performed with an Eppendorf Mini Spin Plus (Eppendorf). Transmission Electron 
Microscopy (TEM), Dynamic Light Scattering (DLS) and Matrix assisted laser desorption-
ionization time-of-flight mass spectrometry (MALDI-TOF MS) were performed as previously 
described in Chapter 3. Liquid chromatography mass spectrometry (LCMS) analysis of MS2 and 
TMV was performed using previously published methods.6, 17  
 
Size Exclusion Chromatography 
 

Analytical size-exclusion chromatography was performed on an Agilent 1100 series 
HPLC system (Agilent Technologies, USA) fitted to a polysep-GFC-P-5000 column (300 x 7.80 
mm). Sample analysis was performed with an inline diode array detector (DAD) and an inline 
fluorescence detector (FLD). Typical injections of nanocarriers were 15 µL of 20 µM monomer. 
A mobile phase of 10 mM K2HPO4, pH 7.2, was used at a flow rate of 1 mL/min. 
 
In silico studies 
 

Ongoing work in the Shaqfeh group involves the refinement of the BD algorithmbased on 
codes they have developed for handling flexible fluid inclusions and multiparticle interactions 
that are fully parallelized.20  Using these methods, hundreds to thousands of individual particles 
can be simulated under highly non-equilibrium flow conditions in essentially any vascular 
geometry. The extravasation of protein-based nanoparticles through realistic tumor pore 
geometries will be simulated through the development of a series of novel numerical techniques 
and codes.21-23 Brownian motion of the rigid particles (e.g. rods, disks, and spheres) will be 
included by the use of Brownian particle dynamics algorithms that have been developed and 
used in the Shaqfeh group.24 The Brownian dynamic algorithm for linear flexible nanoparticles 
(e.g. the nanophage and IDPs) will be similar, although the conformation dynamics will be 
more complex. Since even the most flexible nanoparticles for this application are relatively stiff 
the models used will most likely be the Kramers or Kratky-Porod chain model.  
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The second phase of the simulations will focus on the extravasation of protein-based 
nanoparticles through nanopores. For these simulations, careful consideration must be used in 
determining whether extravasation through endothelial pores is dominated by thermal motion 
with cross shear over a pore, or if a convective component into the pore is functioning. This 
will depend on the specific tumor neovasculature and the particle shape and size.25, 26 The 
typical pore sizes vary significantly over different tumor types and range from 10 nm to 2 
microns—with mammary carcinomas having the largest pores, and brain tumors the smallest. 

In vitro diffusion experiment (Stanford, Shaqfeh lab) 

In vitro experiments were performed as previously published.20 Briefly, a diffusion 
chamber (Figure 6-2) consisting of two layers of PDMS (polydimethylsiloxane) and a porous 
membrane (50 nm) was used. This device had both an inlet and outlet well that was used to load 
fluorescently labeled nanoparticles and PBS, respectively. To load the chamber PDMS surfaces 
were treated with UVO Cleaner Model No.42 (Jelight, Irvine, CA) for 3 min to attach a cover 
slip. Particles functionalized with AF488 and PEG5k are loaded into the inlet well and PBS into 
the outlet well both at a volume of 100 µL. Over the course of 24 h 5 µL aliquots are collected 
from the outlet well at (t= 0.5, 1 h, 2 h, 4 h, 8 h etc.) Reduction in volume from the inlet well was 
corrected during data analysis. Fluorescence measurements of aliquots diluted six-fold were 
used to determine particle concentration and rate of diffusion.  

Protein expression and purification 

Carriers MS2 and TMV double disks were expressed and characterized using previously 
established protocols established in the Francis lab.6, 17 Briefly, the protein scaffolds were 
propagated using E.coli hosts and purified using ion exchange chromatography (DEAE) and size 
exclusion chromatography (SEC). The nanophage and IDP scaffolds were expressed, purified, 
and characterized as discussed in Chapter 3 and Chapter 5, respectively. 

Carrier functionalization – PEG5k 

 MS2 
 To a solution of 50 µM monomer of T19paF N87C MS2, 5 eq aminophenol-PEG5k in 

25 mM phosphate buffer pH 7.0 are mixed at room temperature. To this 1mM of sodium 
periodate (NaIO4) in water is added to the solution. The reaction is left to react at room 
temperature for 5 min. Excess reagent was removed by repeated centrifugation using a 100 kDa 
MWCO filters (Millipore). Modified MS2 was recovered in 10 mM PB pH 7.2 and stored at 4 °C. 

TMV 
 Generally, 10.5 equivalent of sodium periodate (NaIO4 , 100 mM solution) were added 

to a solution of TMV in 100 µM in 25 mM phosphate buffer pH 6.5. The reaction mixture was 
incubated at room temperature for 5 min and then excess reagent was removed by buffer 
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exchange into 25 mM phosphate buffer pH 6.5 using a 30 kDa MWCO filter. To a 100 µM of 
this solution, 1000 equivalent of alkoxyamine-PEG5k were added and allowed to incubate for 18 
h at room temperature. Excess reagent was removed by spin centrifugation using 30 kDa 
MWCO filters (5-10 times). Modified TMV was stored in 10 mM PB  pH 7.5 at 4 °C.  

Nanophage 
This scaffold was modified using Rapoport’s salt transamination followed by a 

subsequent alkoxyamine-PEG5k reaction as described in Chapter 3. 

IDP 
 This scaffold was modified using LC-SPDP modification as described in Chapter 5. 

Carrier functionalization for PET imaging– NOTA 

MS2 
To a solution of 100 µM monomer of T19paF N87C MS2 in 10 mM pH 7.2 phosphate 

buffer NOTA-maleimide (10 eq) was added. The solution was incubated for 4 h at room 
temperature. Excess reagent was removed by spin centrifugation using 100 kDa MWCO filters 
(5-10 times).  Modified MS2 is recovered in 10 mM PB pH 7.4 and stored at 4 °C. Percent 
modification is determined by LC/MS. 

TMV 
 To a solution of 100 µM monomer SSYS TMV in 100 mM phosphate buffer pH 7 

NOTA-maleimide (10 equivalent) was added. The solution was incubated for 1 h at room 
temperature. Excess reagent was removed by spin centrifugation using 30 kDa MWCO filters (3-
5 times). Modified TMV was recovered in 10 mM phosphate buffer pH 7.4 and stored at 4 °C. 
Percent modification is determined by LC/MS. 

Nanophage 
 This scaffold was modified using p-SCN-Bn-NOTA as described in Chapter 3. 

Carrier functionalization – Optical imaging (Alexa Fluor 680) 

MS2 
 To a solution of 100 µM monomer of T19paF N87C MS2 in 10 mM pH 7.2 phosphate 

buffer Alexa Fluor® 680 maleimide (10 eq) was added. The solution was incubated for 4 h at 
room temperature in the dark. Excess reagent was removed by spin centrifugation using 100 
kDa MWCO filters (5-10 times).  Modified MS2 is recovered in 10 mM PB pH 7.4 and stored at 
4 °C. Percent modification is determined by absorbance measurements. 
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TMV 

To a solution of 100 µM monomer SSYS TMV in 100 mM phosphate buffer pH 7 Alexa 
Fluor® 680 maleimide (10 eq) was added. The solution was incubated for 1 h at room 
temperature in the dark. Excess reagent was removed by spin centrifugation using 30 kDa 
MWCO filters (3-5 times). Modified TMV was recovered in 10 mM PB pH 7.4 and stored at     4 
°C. Percent modification is determined by absorbance measurements.  
 
Nanophage 

Using a stock of Alexa Fluor® 680 NHS ester in DMSO, 18 eq of NHS ester was added to 
50 µM of p8 protein in 100 mM of phosphate buffer at pH 8. This mixture is allowed to react 
overnight at room temperature in the dark. Following this, modified phage were recovered by 
repeated centrifugation with 100 kDa MWCO filters. The phage is recovered in 5 mM PB pH 7.4 
and stored at 4 °C. Percent modification is determined by absorbance measurements. 
 
Carrier functionalization DOX 
 
MS2 

 To a solution of 100 µM monomer of T19paF N87C MS2 in 10 mM pH 7.2 phosphate 
buffer DOX-EMCH-maleimide (0.75 eq) was added. The solution was incubated for 1 h at room 
temperature in the dark. Excess reagent was removed using a NAP10 Sephadex size exclusion 
column (GE Healthcare, USA) followed by spin centrifugation (100 kDa MWCO filters, 5-10 
times).  Modified MS2 is recovered in PBS pH 7.4 and frozen with 500 eq of trehalose. Percent 
modification is determined by absorbance measurements and LC/MS. 
 
TMV 

 To a solution of 100 µM monomer SSYS TMV in 100 mM phosphate buffer pH 7.2 
DOX-EMCH-maleimide (1 eq) was added. Excess reagent was removed using a NAP10 
Sephadex size exclusion column (GE Healthcare, USA) followed by spin centrifugation 30 kDa 
MWCO filters (3-5 times). Modified TMV was recovered in 10 mM PB pH 7.4 and frozen. 
Percent modification is determined by absorbance measurements and LC/MS. 
 
Nanophage 

This scaffold was modified using 2IT modification as described in Chapter 3. 
 
IDP 
       This scaffold was modified using LC-SPDP modification as described in Chapter 5. 
 
 
MTS Assay ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- 
(4-sulfophenyl)-2H-tetrazolium)) 
 

U87MG cells are trypsinized and diluted to a density of 50,000 cells/mL. An aliquot of 
100 µL of cell stock is placed in a well of a 96 well plate (Corning 430165) for a density of 5000 
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cells/well. The plate is allowed to incubate at 37 °C 5% CO2 for 2-4 h. Following this, media is 
removed from the plate and 100 µL of appropriate sample stocks in phenol free media is added. 
The cells are incubated at 37 °C 5% CO2 for 3 d. The media containing sample is removed from 
the well and 100 µL of MTS media (20% MTS in phenol free media) is added to each well and 
incubated for 1-3 h. A UV-plate reader is used to measure the absorbance at 490 nm. 
 
 Radiolabeling of nanocarriers with 64Cu for PET imaging 
 

The 64Cu copper stock (20-30 mCi) was diluted with 0.1 M ammonium citrate buffer, pH 
6.2 to approximately 1300 µL at pH 5.5. To approximately 150 µM of monomer nanocarrier 
sample in PBS 300 µL of the diluted 64Cu solution is added and allowed to for 2 h at room 
temperature. Nap-5 columns are used to remove free 64Cu copper.  Samples are concentrated 
down using appropriate MWCO filters (100 kDa for MS2 and nanophage, 30 kDa for TMV). 
Samples are analyzed for free copper using size exclusion chromatography. Analysis took place 
using an inline RAD and UV detector and a PolySep GFC-P5000 column (300 x 7.8 mm, 5 µm 
particle size, 500 Å pore size; Phenomenex, CA) A mobile phase of 10 mM KH2PO4 containing 1 
mM disodium EDTA, pH 7.2 was used at a flow rate of 1.5 mL/min. 

 
In vivo PET/CT imaging 
 
  Four groups of female athymic mice (n=5) (5 weeks old; Simonsen Labs, Gilroy, CA) 
bearing U87MG luciferase intracerebral tumor xenografts (300,000 cells/µL) were injected with 
100 µL in the tail vein (intravenous, IV) with 64Cu labeled samples. One mouse belonging to 
each nanocrarrier group was analyzed using dynamic PET imaging for 1 h followed by CT for   
20 min. Images were reconstructed using the AMIDE software v.1.0.4. After sacrifice, the blood 
and organs were removed, weighed, and counted in a gamma counter, and the decay corrected 
percent injected dose (%ID) per gram of each sample was determined, as has been previously 
published.15 An unpaired t-test with equal variance and a two-tailed p value was performed for 
organs from different data sets. A result was considered statistically significant if it occurred at 
the p < 0.05 level. All in vivo work was performed at the UCSF Helen Diller Cancer Facility. 
 
In vivo Optical imaging following CED administration 
 

Four groups of female athymic mice (n=4) (5 weeks old; Simonsen Labs, Gilroy, CA) 
bearing U87MG lucerifase intracerebral tumor xenografts (300,000 cells/uL) were injected with 
10 µL in of samples (70 µM dye) by CED administration. Luminescence measurement and 
fluorescence images were taking using the IVIS Xenogen 50 system (Caliper). After 5 h mice 
were sacrificed and the blood tumor and major organs were removed and imaged ex vivo. All in 
vivo work was performed at the UCSF Helen Diller Cancer Facility. 

 
Tumor Reduction Drug Study 
 

Seven groups of mice (n=7-9) bearing implanted U87MG cells with a luciferase reporter 
were injected with samples (10 µL of 100 µM DOX) by CED administration at the Helen Diller 
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Cancer Research Center (UCSF). For 42 d post tumor cell injection, tumor growth was 
monitored by BLI at three time points (t = 21, 28, 42 d post tumor injection) using the IVIS 
Xenogen 50 system (Caliper). During this time frame survival rate, side effects (if any), and body 
weight measurements were also recorded.  
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