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Metastasis is the cause of approximately 90% of cancer-associated deaths. 

Detection of metastatic lesions is a major clinical challenge and current imaging methods 

frequently fail to detect micrometastases (0.2 − 2.0 mm). Electron Paramagnetic 

Resonance Imaging (EPRI) is an emergent in vivo imaging modality. In an analogous 

manner to MRI, EPRI detects magnetic-field-induced resonant absorption of radio-

frequency light. The key difference is that EPRI involves resonant absorption by the 

unpaired electrons in paramagnetic free radicals, whereas MRI involves resonant 

absorption by hydrogen nuclei (protons). Because the free radical concentration in the 

body is negligible, EPRI requires the use of exogenous stable free radicals — known as 

spin probes. The use of exogenous spin probes in EPRI is a key advantage that allows 

high signal-to-background contrast generation. Therefore, EPRI represents an ideal in 

vivo imaging technique for identifying and locating metastatic lesions in cancer. 

Liposomes are lipid bilayer vesicles that can encapsulate a wide variety of 

molecules in their aqueous lumen. Antibody conjugation to the liposomal surface allows 

targeting to specific tissues ― such liposomes are called immunoliposomes. Analogously 



to fluorophores, high concentrations of spin probes exhibit “self-quenching”, a 

phenomenon where spectral signals are greatly attenuated at high concentration. Thus, 

spin probes encapsulated in immunoliposomes ― at high concentration ― are 

spectroscopically “dark”. Immunoliposome endocytosis by tumor cells leads to liposomal 

degradation, releasing the spin probes, which become diluted in the intracellular volume. 

This dilution relieves self-quenching, restoring the spin probe’s spectral signal, making 

the tumor appear “bright,” and thus highlighted in EPRI.   

This thesis details the development of an immunoliposome delivery system for targeting 

spin probes to HER2-overexpresing xenograft tumors in mice. Specifically, this research 

demonstrates: 1) the development of an anti-HER2 single-chain antibody (scFv) for 

streamlined production of immunoliposomes; 2) the efficacy of fusogenic INF7 peptide 

for mediating endosome-to-cytosol delivery of immunoliposome-encapsulated imaging 

probes, which minimizes tumor cell probe extrusion; 3) the efficacy of adding multiple 

ionic charges to imaging probes to prolong cell retention. As a result of these 

enhancements, we hope to produce better signal buildup and retention in the tumor, thus 

improving the signal-to-noise ratio in imaging. 
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Chapter 1 : Introduction 

1.0.0 Significance 

Cancer is a prominent cause of morbidity and death worldwide. According to the 

World Health Organization, there were 14 million new cases and 8.2 million deaths 

attributed to cancer in 2012, making cancer the second leading cause of death 

worldwide.1 Metastasis is the cause of approximately 90% of cancer-associated deaths.2 

Detection of metastatic lesions is a major clinical challenge and current imaging methods 

frequently fail to detect micrometastases (0.2 − 2.0 mm).3-7   Thus, new technologies that 

facilitate more reliable and earlier detection of metastases will have a far-reaching impact 

on cancer therapy. 

In vivo imaging techniques such as magnetic resonance imaging (MRI) and 

positron emission tomography (PET) enable non-invasive detection and localization of 

specific tissue types inside the human body. These imaging methods have a wide variety 

of medical applications, including the identification of primary tumors and secondary 

metastatic lesions.8 As such, in vivo imaging procedures are frequently an early step in 

the diagnosis and staging of cancer. 

Electron paramagnetic resonance imaging (EPRI) is an emerging in vivo imaging 

technology. In an analogous manner to MRI, EPRI detects magnetic-field-induced 

resonant absorption of radio-frequency light. The key difference is that EPRI involves 

resonant absorption by paramagnetic free radicals instead of the proton (as in MRI). 

Because the endogenous free radical concentration is negligible, EPRI requires the use of 

exogenous stable free radicals (referred to as spin probes). The use of exogenous spin 

probes in EPRI is a key advantage that allows the generation of high signal-to-
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background contrast. Another advantage EPRI offers is that the magnetic moment of the 

electron is 660-fold greater than that of the proton, making EPRI potentially more 

sensitive than MRI. Together these advantages make EPRI an ideal in vivo imaging 

technique. 

1.1.0 Overview of EPR spectroscopy and imaging 

  The electron’s charge and spin give rise to a magnetic moment (Fig. 1.1). A 

magnetic moment is the vector quantity that describes the torque exerted on a particle 

(e.g., electron) by an external magnetic field. Because paired electrons have inverted 

spins (i.e., +½ and –½), their net magnetic moment is zero; thus paired electrons are 

magnetically inert. This is the situation in essentially all molecules. As a result, EPR 

spectroscopy can only detect molecules bearing at least one unpaired electron — i.e., free 

radicals.  

 

Figure 1.1 The magnetic moment of the electron. The electron (grey) properties of spin (red) and charge 
gives rise to a magnetic moment, μ (yellow vector). 

In the absence of an external magnetic field the orientation of the electron’s 

magnetic moment is random. However, when a magnetic field (B) is applied, two distinct 

energy states are created (Fig. 1.2): A low-energy ground state where an electron’s 

magnetic moment is aligned with the magnetic field (α), and a high-energy excited state 
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where an electron’s magnetic moment is oriented against the magnetic field (β). The 

energy difference (∆E) between these two states is directly proportional to the strength of 

the applied magnetic field (Fig. 1.2). By applying electromagnetic radiation at an energy 

equal to ∆E, electrons in the ground state can be promoted to the excited state — a 

process referred to as resonant absorption. Essentially, it is by using this mechanism and 

measuring the absorption of light that EPR spectroscopy is performed.  

 

Figure 1.2 The dependence of Zeeman energy splitting on magnetic field strength. 

 In most forms of spectroscopy, the absorption of light is solely determined by the 

atomic or molecular structure of the sample. Therefore the energy states that give rise to 

resonant absorption are fixed, and the only way to determine the spectrum is by scanning 

the frequency (or, equivalently, the wavelength) of light. Uniquely, in magnetic 

resonance spectroscopy, the energy at which absorption of light occurs depends on the 

strength of the applied magnetic field. This means there are two ways to acquire a 

spectrum: 1) applying a constant magnetic field and scanning the frequency of light, or 2) 

delivering light at a constant frequency and scanning the magnetic field. Historically, 

EPR spectroscopy uses the second method to acquire spectra; this mode of acquisition is 

referred to as continuous-wave (CW). The acquired data are absorption vs. field strength 



4 
 

(Fig. 1.3A), where light absorption is directly proportional to the number of unpaired 

electrons in the sample. To improve signal-to-noise in CW acquisition, as the magnetic 

field is being scanned, the EPR spectrometer makes rapid (e.g, 100 kHz), small-

amplitude modulations in magnetic field strength; the result is that the recorded spectrum 

is actually the first derivative of the absorption spectrum (Fig. 1.3B).  

 

Figure 1.3 EPR spectra. (A) Lorentzian spectrum of absorption vs. magnetic field strength. (B) The first-
derivative spectrum. 

The transition from spectroscopy to imaging requires the ability to localize 

spectral signals in physical space. In EPRI, images are produced using the CW 

acquisition protocol. This requires the uniform application of light at a fixed frequency to 

the 3-D object of interest. Along an arbitrary axis (e.g., y-axis in Fig 1.4), a magnetic 

field gradient is applied. The gradient is typically linear (i.e., the magnetic field strength 

varies linearly with distance in the chosen direction). Consequently, there is a unique 
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distance along y (a single y-coordinate, yR) where the field strength is appropriate for the 

resonant absorption of light at the applied fixed frequency. All the points in 3-D space 

that have this unique y-coordinate together form a plane that is perpendicular to the y-axis 

and intersects it at yR. Any unpaired electron in the sample that touches this plane is in 

resonance and thus can absorb light. This x-z “plane-of-resonance” is shown 

schematically in Fig. 1.4 (yellow rectangle). In addition to the gradient field along a 

chosen direction, there is the external applied field, B, which is spatially uniform (has the 

same strength at every point in space). The field strength at any given point is the sum of 

the B field and the gradient field. By uniformly varying the strength of the B field, the 

plane-of-resonance is made to sweep through the object, allowing light absorption in 

successive “slices” along y to be measured. The resulting trace shows absorption at every 

position along y. Once the plane-of-resonance has completed the scan along y, the 

magnetic field gradient is rotated (around the z-axis) by some angle Φ (Fig. 1.4B). Again, 

the plane-of-resonance is passed through the object along the direction of this new angle 

(Φ1), generating a unique absorption-vs-position trace for the Φ1 direction. This is then 

repeated for a series of different angles (Φ2 – Φn). Once enough Φ angles have been 

scanned, the distribution and intensity of signal in the x-y plane can be reconstructed. At 

this point the result is a single 2-D cross-section of the object perpendicular to the z-axis. 
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Figure 1.4 Schematic representation of 2-D magnetic resonance image generation. (A) 3-D object 
comprised of two small cylinders, each filled with imaging probes, contained by a large cylinder. Arrow 
indicates magnetic field gradient along the Y-axis. “Plane-of-resonance” is represented by Yellow 
rectangle. (B) 2-D projection (red) generated by scanning through the object along multiple field gradients 
(Arrows) oriented along various angles (Ф1-Фn). Depicted along each field gradient are the resulting 
spectra. 

To make a 3-D reconstruction, more information must be gathered. To 

accomplish this, the direction of the magnetic field gradient is tilted out of the x-y plane 

by some angle, θ (Fig. 1.5). At the angle θ1, the gradient is again rotated through a series 

of Φ-angles (Φ1 – Φn), and the plane-of-resonance is passed through the object along the 

direction of each Φ angle. This process is repeated for a series of θ angles (θ1 – θn), with 

each of the θ angles representing a tomograph of the 3-D object from a unique 

perspective. Once enough of these tomographs have been obtained, the information can 

be used to construct a 3-D image of the object. 
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Figure 1.5 Schematic depiction of magnetic field gradient orientations. 2-D images are produced by 
scanning a series of magnetic field gradients rotated by azimuthal angles, Φ (Cyan). 3-D images are 
produced by repeating the series of azimuthal scans at various polar angles, θ1 – θn (red), until a sufficient 
number of angles are scanned. 

1.2.0 Advantages of EPRI over other common in vivo imaging techniques 

 EPRI is an attractive imaging modality because it offers potential advantages over 

currently used imaging methods. Due to the inherent similarities in mechanism, the 

comparison with MRI is of particular importance to the potential clinical relevance of 

EPRI. The fundamental difference between EPRI and MRI is the elementary particle 

each images — the electron and proton, respectively. Despite the fundamental similarities 

of the two techniques, this single difference offers unique advantages to EPRI. The key 

advantage, because the magnetic moment of the electron is 660-fold greater than that of 

the proton, is that EPRI potentially has higher sensitivity than MRI. Because MRI images 

endogenous protons, which are ubiquitous and extremely abundant in the body, it can 

provide exquisitely detailed views of anatomy. By the same token, MRI provides little 

physiological contrast between tissues, which makes distinguishing normal and patho-

physiology more difficult. In comparison, EPRI images exogenous spin probes, the 

advantages of which are discussed separately below. Because the endogenous 

concentration of free radicals in the body is negligible, there is no background in EPRI. 

Together, these properties allow a superior generation of contrast in EPRI.  
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 Positron Emission Tomography (PET), another clinical imaging modality, makes 

use of molecular probes incorporating radioisotopes that produce positrons upon decay. 

The positron annihilates a nearby electron and produces two counter-propagating γ 

photons, whose detection allows inference about the spatial location of the radioactive 

decay. However, the use of radioisotopes has disadvantages. First, and most obvious, is 

the patient’s exposure to ionizing radiation. Second is the fact that the required 

radioisotopes are short-lived; for example, the commonly used 18F has a half-life of 110 

minutes. This has consequences that severely constrain the use of PET. One consequence 

is that a source of the radioisotopes must be rapidly accessible, which imposes 

geographic restrictions on the availability of PET. Another consequence is the need for 

“fast chemistry” to incorporate isotopes into probe molecules that then must be purified 

rapidly for injection into patients. Finally, the need to minimize radiation dose combined 

with the short half-life can limit the temporal window for imaging. This can negatively 

impact image contrast and resolution. In comparison, magnetic resonance modalities — 

MRI and EPRI — do not suffer from these limitations. Further, EPRI offers similar 

performance in resolution (millimeter range) and superior contrast.9-11  

 The requirement for exogenous spin probes in EPRI also offers important 

advantages. First, spin probes exhibit concentration-dependent self-quenching — a 

decrease in spectroscopic signal with increasing concentration (this is analogous to self-

quenching in fluorophores). Thus, spin probes encapsulated in liposomes at high 

concentrations are spectroscopically invisible. After endocytosis, disruption of the 

liposomes releases (and dilutes) the spin probes, and thus restores their spectral signal. 

This serves as a cell-triggered signal generation mechanism. Second, spin probes can be 
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designed to report various physiological conditions of a tissue, e.g., redox-status, pH, 

temperature, and oxygen tension. These developments may provide valuable insights into 

the progression and response to treatment of various diseases, including cancer. Being 

able to assess an array of physiological parameters may also permit grading and 

subtyping of tumors to enable more finely tuned treatment. Therefore, clinical application 

of EPRI may improve diagnosis and therapy. 

1.3.0 Nitroxides as EPR spin probes 

  Free radicals — molecules that have unpaired electrons — are generally unstable 

due to their reactivity. These properties make most free radicals short-lived and damaging 

to cells. An exception is the class of molecules known as nitroxides (Fig. 1.6). Owing to 

delocalization of the unpaired electron between the oxygen and nitrogen, nitroxides are 

relatively inert.12, 13 Because of this unusual stability, nitroxides are generally well 

tolerated by the body. In fact, for the commonly used nitroxide CTPO, no acute toxicity 

is observed in mice at concentrations as high as 31 grams per kilogram of body weight.14 

This lack of acute toxicity makes nitroxides particularly suitable for in vivo EPRI. 

 

Figure 1.6  Nitroxide structure. Our nitroxide comprises a 5-member ring with dimethyl substituents at 
the 2 and 5 positions, and ionically charged substituents (R) at positions 3 and 4.  

Another valuable aspect of nitroxides is that they can be chemically tailored. This 

allows the integration of various desirable chemical properties into the probe such as 
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aqueous solubility, biocompatibility and resistance to bio-reduction. Further, chemically 

tailoring nitroxides allow expansion of the probes’ functionality. For instance, nitroxides 

have been tailored for assaying a wide range of physiological conditions including pH 

and oxygen concentration. The nitroxide probes used in this proposal are 5-member rings 

(Fig. 1.6). Dimethyl substituents at positions 2 and 5 lend steric protection against 

bioreduction. Also, the nitroxide probes incorporate charged substituents at positions 3 

and 4; the increased number of charges improves intracellular retention, as we have 

demonstrated 15. Together, the resistance to reduction and increased intracellular retention 

improve the persistence of signal in the tumor. These qualities make nitroxides an ideal 

spin probe for EPRI. 

1.4.0 Advantages of immunoliposomal delivery 

Liposomes are lipid-bilayer vesicles that can encapsulate and deliver a wide 

variety of therapeutic and diagnostic agents. Because their composition is similar to that 

of endogenous membranes, liposomes are inherently biocompatible. Liposomes can 

encapsulate cargo molecules at high concentration, sequestering the molecules and 

protecting them from normal elimination processes.   

Cell-type-specific targeting is readily achievable by conjugation of antibody 

fragments to the liposomal outer surface — the resulting liposomes are referred to as 

immunoliposomes (IL) (Fig. 1.7). Antibody conjugation enables the IL to bind a cell-

surface antigen (e.g., a growth factor receptor) and thus can facilitate specific uptake into 

the cell by receptor-mediated endocytosis. IL targeting of tumor tissue has been 

demonstrated in various tumor models.16-20 After endocytosis, the liposome is degraded, 
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resulting in release of encapsulated cargo into the endo-lysosomal compartment of the 

target cell.21 

 

Figure 1.7 Immunoliposome structure. 100 nm diameter lipid-bilayer (yellow) vesicles. Imaging probes 
(purple) are encapsulated in the aqueous luminal volume. Immunoliposome surface modifications include 
anti-HER2 antibody fragments (red) for cell-specific targeting, and poly(ethyleneglycol) (PEG; blue) for 
increased circulation lifetime. For some studies reported in this thesis, a fusogenic peptide (INF7) was co-
encapsulated with imaging agent in the lumen of the liposome. 

The use of liposomes in vivo is complicated by rapid clearance from circulation 

by the mononuclear phagocyte system (MPS).22 The MPS is composed of tissue-

embedded phagocytes and is responsible for the removal of debris and foreign particles 

from the blood.23 Phagocytes constitutively undergo pinocytosis, which results in the 

passive removal of liposomes by the MPS.24 Also, it has been demonstrated that 

liposomes are subject to opsonization by members of the complement system, 

particularly C3b, resulting in opsonin-mediated phagocytosis of liposomes by the MPS.25 

Despite these mechanisms, the rate of MPS clearance can be dramatically reduced by 

incorporating into the liposome a lipid-conjugated poly(ethyleneglycol) (PEG) (Fig. 1.7, 

blue).26-28 The resulting increased lifetime in circulation improves liposome uptake by the 

tumor.  
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Liposome size critically affects liposome function. Although larger liposomes 

have greater luminal volume and carrying capacity, extravasation of liposomes into tumor 

interstitia becomes restricted as liposome diameter increases above ~120 nm.29 Moreover, 

receptor-mediated endocytosis through clathrin-coated pits declines sharply at particle 

diameters > 100 nm.30 The balance between optimal carrying capacity and the functional 

requirements of extravasation and endocytosis occurs at a liposomal diameter of ~100 

nm, which can be conveniently prepared by extrusion through a 100 nm porosity 

polycarbonate membrane. 

We use liposomes coated with PEG and anti-HER2 Fab’ fragments. By 

encapsulating imaging probes at self-quenched concentrations, the ILs in circulation are 

spectroscopically invisible. After endocytosis by the tumor cell, ILs are disrupted by 

endosomal processes, leading to release of imaging probes; the resulting dilution restores 

spectral signal. Thus, this technology is a signal-generating mechanism activated 

specifically by HER2-overexpressing tumor cells. We have previously used this approach 

to deliver nitroxides to HER2-overexpressing xenograft tumors in mice for the purpose of 

determining the biodistribution and clearance of IL-encapsulated nitroxides. Adaptation 

of this technology could enable tumor-specific EPR signal generation for in vivo imaging 

in humans.    

1.5.0 HER2 and trastuzumab 

 The human epidermal growth factor receptor (HER) family of receptor-tyrosine-

kinases (RTK) is comprised of four members, HER1-4.31, 32 Typically, ligand binding 

promotes HER dimerization, which enables cross-phosphorylation of C-terminal tyrosine 

residues which, in turn, provide a scaffold for recruiting downstream signal transducers.33 
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HER-family receptors can form either homo- (e.g., HER1-HER1) or hetero- (e.g., HER1-

HER2) dimers. Since each HER-family member has a unique repertoire of signaling 

partners, heterodimerization can change the specificity and potency of intracellular 

signaling.  

Since HER-receptors are involved in a wide array of growth/survival signaling 

pathways, expression and activity of these receptors are carefully modulated. 

Dysregulation in expression or activity can result in malignant transformation. 

Particularly, the overexpression of HER2 is implicated in the pathogenesis of a number of 

cancers, including some ovarian, lung, and a large subset (~30%) of breast cancers. 

Because HER2 is a preferential partner in the formation of heterodimers, and HER2-

containing dimers are the most highly mitogenic and are especially oncogenic.34, 35 

Overexpression of HER2 results in an increased proportion of HER2 to other HER-

family receptors which leads to increased HER2-containing dimers and thus maximizes 

mitogenic signaling. Also, HER2 overexpression promotes ligand-independent 

dimerization. The specific involvement of HER2 in the regulation of cell motility makes 

HER2-overexpressing cancers more likely to possess a metastatic phenotype.36-38 

Therefore, HER2 overexpressing tumors are generally aggressive and have poor clinical 

prognosis. 

In light of the above, HER2 is a prime target for therapeutics. A notable advance 

in the therapy for HER2 overexpressing tumors has been the development of humanized 

monoclonal anti-HER2 antibodies — such as trastuzumab (trade name Herceptin). 

Trastuzumab principally functions by two mechanisms: by disrupting HER2 dimerization 

and function, and by facilitating antibody-dependent cell-mediated cytotoxicity (ADCC). 
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Together these mechanisms nullify the growth advantage offered by HER-2 

overexpression while mediating an antitumor immune response. Finally trastuzamab has 

been used as a targeting agent for HER2-expressing cells and for targeted delivery of a 

wide variety of therapeutics and diagnostics.  

1.6.0 Fusogenic protein: INF7 

IL can deliver cargo to the endo-lysosomal compartment of the target cell. 

However, once in the endo-lysosomal system, hydrophilic molecules — including the 

spin probes used in EPRI — are subject to rapid removal from the cell by endosomal 

recycling processes (Fig. 1.8A).39 This results in poor retention of spin probes by the 

tumor. With the development of nitroxides with long cytosolic retention times, a method 

for facilitating endosome-to-cytosol delivery is desirable.  

Various methods for promoting endosome-to-cytosol transfer are currently under 

development.40-45 These often use a fusogen (e.g., a peptide) that facilitates membrane 

fusion and/or pore formation. Many common fusogens are derived from the membrane-

destabilizing domains of viral proteins. INF7 is a fusogenic peptide that is an analogue of 

the membrane-disrupting domain of influenza hemagglutinin 2 (HA2), which is activated 

at low pH.41, 46 INF7 has been engineered to remain inactive at near-neutral pH, but 

becomes fusogenic at endosomal pH (≤ 6). INF7 is an oligopeptide that has good aqueous 

solubility and is easily encapsulated in liposomes. These properties make INF7 an 

appealing mediator of endosome-to-cytosol transfer (see Fig. 1.8B).39 Previous 

demonstrations of INF7’s ability to mediate endosome-to-cytosol delivery have used 

diphtheria toxin or plasmids encoding reporter proteins.40, 41, 46 However, due to the 

oversensitivity of these methods ― only requiring INF7-mediated trafficking of a single 
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plasmid or diphtheria toxin molecule to produce a measurable response, the efficacy of 

INF7 in mediating large-scale trafficking of hydrophilic molecules from the endosomal 

compartment to the cytoplasm remains undetermined. 

 

Figure 1.8 Schematic illustration of INF7 function. (A) Normal liposome scenario: (1) Endocytosis of 
liposome (black circle; encapsulated content blue). (2) Liposome in endosome. (3) Disruption of liposome 
in endosome, with release of content. (4) Recycling processes removes endosome contents from cell. (B) 
INF7 liposome scenario: (1) Endocytosis of INF7-containing liposome (content blue; INF7 red). (2) 
Endosomal pH results in activation of INF7, which facilitates endosome-to-cytosol delivery of blue cargo. 
Endosome-retained liposomes are degraded (3) and their release contents are lost through endosome 
recycling. 

1.7.0 Overview of approach 

This research project demonstrates a novel approach that utilizes ILs for delivery 

of EPRI spin probes for EPR imaging of solid tumors in vivo. This lab has previously 

demonstrated IL delivery of nitroxides in biodistribution-clearance assays. Building on 

this experience, optimizations to our previous IL-spin-probe delivery system are 

presented. Specifically, this research demonstrates: 1) the development of an anti-HER2 

single-chain antibody (scFv) for streamlined production of ILs; 2) the efficacy of 
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fusogenic INF7 peptide for mediating endosome-to-cytosol delivery of IL-encapsulated 

imaging probe, which minimizes extrusion of the probes from the tumor cell; 3) the 

validation of multiply-charged nitroxides for prolonged retention by cells. As a result of 

these enhancements, we hope to produce better signal buildup and retention in the tumor, 

thus improving the signal-to-noise ratio in imaging.  
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Chapter 2 : Characterization of fusogenic peptide INF7 

2.0.0 Introduction 

In vivo cellular imaging is an invaluable clinical and biomedical research tool that 

permits localization, tracking, and physiological monitoring of specific cells and tissues. 

The utility and versatility of an imaging modality is often enhanced by exogenous 

imaging probes or contrast agents. Indeed, such agents are obligatory for some imaging 

modalities. In vivo cellular imaging requires strategies to deliver imaging probes 

selectively, and in sufficient quantities, to cells of interest. Liposomes are attractive 

carriers for many therapeutic and diagnostic agents, including imaging probes. This is 

due to their biocompatibility,47 controllable pharmacokinetic properties,26, 48 and ability to 

target specific cell types, including tumors.49-51 Liposomes have been used to label cells 

with imaging agents for various biomedical imaging modalities 52-54 and can be used both 

in vitro and in vivo.51, 54 While endocytosis is the principal mode of liposome uptake by 

cells, susceptibility of liposomes to endocytosis can be modulated by chemical 

modification of the liposome , by modifying the lipid composition, altering surface 

charge,55, 56 or by decorating the liposome surface with specific polymers,26, 57, 58 ligands 

59-61 or antibodies.50, 51, 62 After endocytosis, liposomes are degraded in the endolysosomal 

pathway (Fig. 2.1A), and the material encapsulated in the liposome lumen is released into 

the endolysosomal compartment.21, 36 Luminal components that are large hydrophilic 

molecules or molecules bearing multiple ionic charges cannot readily cross 

biomembranes and thus remain entrapped in endolysosomal compartment. This is 

inconsequential for cellular imaging applications that only require imaging probes to be 

localized intracellularly. However, endosomal retention creates obstacles that limit the 
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full potential of cellular imaging. First, new developments in cellular imaging aim to 

probe intracellular physiology in vivo, which is not possible if probes are confined to 

endosomes and isolated from other physiologically-relevant compartments. Second, 

intracellular signal retention of endosome-entrapped probes can be poor. This can lower 

the signal-to-noise ratio (SNR) and shorten the time window for cellular imaging. 

Imaging probes trafficked through the endosomal system can be shuttled into secretory 

pathways and eventually exocytosed (Fig. 2.1A).63, 64 Imaging probes in the 

endolysosomal pathway also could be destroyed through cellular degradative 

mechanisms. Both of these scenarios would lead to reduction of imageable probe signal. 

Therefore, strategies to facilitate escape of liposomally-encapsulated imaging probes 

from the endolysosomal pathway into the cytosol would improve many cellular imaging 

applications. 
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Figure 2.1 Liposome endocytosis and the endo-lysosomal pathway. A. A liposome (L; dark blue luminal 
content) is endocytosed and enters an early endosome (EE). Thereafter, it can pass through the recycling 
endosome (RE) and be exocytosed, or pass through the late endosome (LE) and enter the lysosome (LYS), 
where it is degraded and releases its luminal contents. Potential trafficking through the Golgi (G) is also 
shown. B. Liposome whose luminal content includes the pH-sensitive fusogenic peptide INF7 (red 
squiggles) is endocytosed. The acidic pH of the late endosome activates the INF7 to permeabilize the 
liposomal and endosomal membranes and thus facilitate release of liposomal contents into the cytosol. 

Endosomal escape after endocytosis is critical for delivery of agents such as 

nucleic acids, which require access to the nucleo-cytosolic compartment. Nucleic acids 

are highly susceptible to endosomal/lysosomal degradation and are generally ineffective 

when they are excluded from the nucleo-cytosolic compartment. A variety of fusogenic 

peptides (FP) have been engineered to enable endosomal escape (for review see 

citation).65 Many FPs are virally-derived sequences that evolved to enable virion entry 

into the cytosol post-infection. The influenza hemagglutinin membrane protein HA2 is a 
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pH-sensitive fusogenic protein that is activated by endosomal acidification to allow 

escape of the viral genome into the cytosol.66, 67 The INF7 peptide is a glutamine-

enriched analogue of the membrane-disruptive segment of HA2 (amino acids 1–23) that 

exhibits greater pH sensitivity and has been shown to preserve the integrity of membrane 

bilayers at pH > 6, but disrupt them at endosomal pH (~5.0).40, 68 Therefore, INF7 

represents an ideal FP to investigate endosomal escape of imaging probes. Previous 

demonstrations of INF7-mediated endosomal escape used nucleic acids encoding reporter 

proteins or the potent endotoxin, diphtheria toxin.68, 69 Such studies may over-estimate the 

efficacy of INF because even a few copies of reporter-encoding nucleic acids escaping 

into the nucleo-cytosolic compartment can result in detectable reporter expression and 

even a single molecule of diphtheria toxin entering the cytosol can kill a cell.70 Therefore, 

it remains unclear whether INF7 can promote escape of large quantities of imaging 

probes into the cytosol. It is also unknown whether intracellular probe retention would be 

improved by having probe molecules reside in the cytosol rather than the endo-lysosomal 

pathway. 

We demonstrate in this study that INF7 can be co-encapsulated in liposomes with 

high concentrations of rhodamine-type fluorophores (>10 mM). At such concentrations, 

rhodamine fluorescence is quenched, making intact un-endocytosed liposomes appear 

“dark”. After endocytosis by CV1 cells (African green monkey kidney epithelial cell 

line), liposomes are disrupted in the endo-lysosomal compartment.21 This dilutes 

encapsulated fluorophores into the much-larger endo-lysosomal volume, whereupon de-

quenching occurs and robust endo-lysosomal fluorescence is generated.54 INF7 is 

activated by endosomal acidification and should efficiently release fluorophores into the 
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cytosol (Fig. 2.1B). We demonstrate endosomal escape by encapsulating sulforhodamine 

B (SR) and rhodamine-conjugated dextran (RD; MW ~4,400) (Fig. 2.2), which are both 

retained by endosomes following endocytosis, but have very different extrusion rates 71, 72 

once they have escaped from the endosome into the cytosol. SR is a small molecule 

bearing three ionic charges at physiologic pH and is rapidly extruded from cells by 

cytosolic transport mechanisms.71 Thus when SR is released from endosomes into the 

cytosol by INF7, its intracellular retention time is actually shorter than if it remained in 

the endolysosomal pathway. Like all dyes conjugated to dextran polymers, RD is not 

extruded from the cytosol. Thus when RD is released into the cytosol by INF7, its 

intracellular retention time is longer than if it remained in the endolysosomal pathway. 

These findings are especially relevant to electron paramagnetic resonance imaging 

(EPRI). EPRI is an emerging magnetic resonance modality that uses exogenous 

paramagnetic molecular probes such as nitroxides. EPRI with tailored nitroxides can be 

employed for deep tissue imaging to identify and track specific cell populations and 

image cellular physiology in vivo.62 EPRI of cells labeled by nitroxides delivered through 

targeted liposomes is promising, but cell labeling currently suffers from poor retention of 

nitroxide signal. Methodology to facilitate endosomal escape, coupled with improved 

design of nitroxide molecules for extended intracellular retention, should advance cellular 

and physiological imaging by EPRI.  



22 
 

 

Figure 2.2  Fluid-phase fluorescent tracers. 

2.1.0 Methods 

2.1.1 Peptide Synthesis. INF7 peptide (H2N-GLFEAIEGFIENGWEGMIDGWYGC-

CO2H) was synthesized on an Applied Biosystems 433 A synthesizer using the published 

DIEA in situ neutralization/HBTU activation protocol for Boc solid-phase peptide 

synthesis (DIEA = N,N-diisopropylethylamine, HBTU = 2-(1H-benzotriazole1yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate, Boc = tert-butoxycarbonyl).73, 74 

Specifically, Boc-amino acids (2.2 mmol) were activated in N,N-dimethylformamide 

(DMF) for 3 min by 2.0 mmol of HBTU in the presence of 20% DIEA (v/v), and coupled 

in stepwise fashion for 10 min on 0.25 mmol of PAM resin (PAM = 4-hydroxy-

methylphenylacetamidomethyl). Trifluoroacetic acid (TFA, 100%) was used for removal 

of N-Boc groups; DMF and CH2Cl2 were used for batch washes throughout the entire 

synthesis. The following side chain protections were used: Asn(Xanthyl), Asp(OcHxl), 

Cys(4-MeBzl), Glu(OcHxl), Tyr(BrZ), Trp(CHO) (cHxl = cyclohexyl, MeBzl = 4-

methylbenzyl, BrZ = 2-bromobenzyloxycarbonyl). After chain assembly, the peptides 

were deprotected and cleaved by anhydrous HF in the presence of 5% p-cresol at 0 °C for 

1 h, followed by precipitation with cold ether. 
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INF7 monomers were dimerized by oxidative disulfide formation between C-

terminal cysteines. The desired product was verified by mass spectrometry and purified 

by preparative reversed phase (RP) HPLC and subsequently lyophilized. Preparative RP-

HPLC was carried out on a Waters Delta Prep 600 system (Milford, MA, USA) equipped 

with a Vydac preparative C18 column (15 – 20 µm, 50 × 250 mm). The binary solvent 

system comprised water containing 0.1% v/v TFA, and acetonitrile containing 0.1% v/v 

TFA was used. The desired product eluted as the major HPLC peak and corresponding 

fractions were collected and lyophilized to a white powder, which gave a unique 

molecular mass of 5386.5 ± 0.5 Da by electrospray mass spectrometry, in agreement, 

within experimental error, with the theoretical value of 5386.0 Da calculated on the basis 

of the average isotopic compositions of dimeric INF7. 

The disulfide-linked dimer of INF7 is used in all biological studies presented 

here. For simplicity, hereafter the term “INF7” refers to the dimer. 

2.1.2 Liposome preparation. Liposomes comprised 1,2-distearoylphosphatidylcholine 

(DSPC), cholesterol (Chol), L-α-phosphatidylserine (PS; porcine brain isolate), and 1,2-

dioleoyl-sn-glycero-3-phosphatidylethanolamine-N-(carboxyfluorescein) ammonium salt 

(CF-PE) in the molar ratio 3:2:0.3:0.003 (DSPC:Chol:PS:CF-PE). All lipids were 

obtained from Avanti Polar Lipids (Alabaster, AL). CF-PE serves as a lipid-phase 

fluorescent tracer. A solution of 10 μmol phospholipid in 100 μL EtOH was injected into 

1 mL of rapidly stirred aqueous solution to be encapsulated (see below). The mixture was 

extruded 11 times through a 100-nm porosity filter membrane (Nucleopore Track-etch 

Membrane, Whatman, a division of GE Healthcare, Piscataway, NJ) in a Mini Extruder 

(Avanti Polar Lipids) to yield a suspension of liposomes. All solutions and the extruder 
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were maintained at >55 °C to ensure fluidity of the lipid phase. Encapsulated solutions 

contained either 90 mM sulforhodamine B (SR; Exciton, Dayton, OH) or 10 mM 

tetramethylrhodamine isothiocyanate-dextran (RD; MW ~4,000; Sigma-Aldrich, St. 

Louis, MO) as the fluid-phase fluorescent tracer, with or without the addition of 500 

μg/mL INF7 (93 µM dimer concentration). Liposomes were purified on Sephadex G-50 

resin (~4 g; GE Healthcare) packed into a FlexColumn (15 × 300 mm; Kimbal-Kontes, 

Vineland, NJ), and equilibrated with Dulbecco’s phosphate-buffered saline (DPBS). Gel 

filtration yielded ~4 ml of purified liposome suspension in DPBS (final phospholipid 

concentration ~2 μmol/mL), which was stored at 4 °C until use. We have previously 

shown that liposomes produced as described above are very stable.75 INF7 peptide was 

engineered to be fusogenic at pH ~5 and to have minimal activity at pH >6.40, 41 In our 

experience, liposomes encapsulating INF7 are stable for at least 4 weeks when stored in 

DPBS at 4 °C (see data below), but are always used within 2 weeks of preparation.  

For use in fluid-phase endocytosis experiments, liposomes were prepared as 

described above without incorporating fluorescent tracers; the liposomes were prepared 

and extruded in DPBS. This preparation is referred to as “empty liposomes”. 

2.1.3 Stability of liposomes encapsulating INF7 peptide. Stability of liposomes 

encapsulating INF7 peptide was assayed as a function of 1) pH, and 2) time. A 

suspension of liposomes encapsulating 90 mM SR and 500 µg/mL INF7 was prepared as 

described above and was stored at 4 °C. For measurements over a wide pH range, an 

assay buffer of DPBS supplemented with 10 mM citric acid was adjusted with 

concentrated NaOH (~10 M) to prepared 9 solutions with the following pH values: 3.5, 

4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.45. Measurement confirmed that the pH values of the 
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assay buffers at room temperature (22 °C) and 37 °C were essentially identical (± 0.02 

pH unit); this is consistent with the known insensitivity of citrate and phosphate buffers 

to temperature. An initial-rate experiment was used to assess liposome stability as a 

function of pH. Assay buffer (2.5 mL) at a known pH was stirred and thermally 

equilibrated in a fluorescence cuvette at 37 °C. Liposome suspension (11.25 µL) was 

added to the stirred assay solution as the SR fluorescence emission was monitored. 

Because SR was encapsulated at self-quenching concentration, any loss of liposome 

integrity would cause SR to leak and be diluted into the bulk assay buffer. The 

consequent increase in SR fluorescence (de-quenching) is a sensitive read-out of leakage 

from liposomes. Separate experiments showed that 60 sec of stirring was required to 

achieve homogeneity in the cuvette; therefore data from the first 65 sec after liposome 

addition were not used in the analysis. Intensity-vs-time data for the next 500 – 600 sec 

were analyzed by nonlinear least-squares, single-exponential curve fitting. The slope 

(rate) of the fitted curve at 180 sec after liposome addition was used for subsequent 

analysis. Replicate measurements at each pH were averaged and all average rates were 

normalized to the slowest rate (which was observed at the highest pH, 8.45). The 

normalized data were fit to a dose-response function by nonlinear least-squares curve-

fitting (Fig. 2.3). The midpoint of the fitted dose-response function occurs at pH = 5.64 ± 

0.09, consistent with previous observation.34  
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Figure 2.3 Stability of liposomes containing INF7 peptide as a function of pH. Liposomes 
encapsulating 90 mM sulforhodamine B (SR) and 500 µg/mL INF7 peptide were added to stirred assay 
buffer in a fluorescence cuvette at 37 °C. Any loss of liposome integrity causes SR to leak out and be 
diluted into the assay buffer. The consequent rise of SR fluorescence due to de-quenching gives a sensitive 
read-out of liposome leakage. Identical measurements were conducted in 9 assay buffer solutions ranging 
in pH from 3.5 to 8.45. The leakage rate at 180 sec after liposome addition was normalized to the lowest 
rate observed (which was at pH 8.45), and plotted against pH (blue circles are the normalized rates, and 
error bars indicate ± std. dev.). The data were fit by nonlinear least-squares procedures to a dose-response 
function (solid red line), whose midpoint occurs at pH = 5.64 ± 0.09, with a Hill coefficient of −0.98 ± 
0.18. Measurements were performed in duplicate at every pH except the extrema. Error bars represent 
standard deviation 

In order to assess the stability of the liposomes over time, the de-quenching of SR 

upon liposome lysis was measured immediately after preparation, and again 4 weeks 

later. To 2.5 mL of assay buffer (pH 7.5) stirred in a fluorescence cuvette at 22 °C was 

added an 11.25-µL aliquot of liposome suspension, and the SR fluorescence intensity was 

monitored. After 180 sec, 60 µL of 50% (wt/wt) Triton X-100 was added to lyse the 

liposomes and release all the SR. Measurement was terminated when the fluorescence 

had stabilized at its maximum post-lysis value. The average post-lysis (de-quenched) 

intensity was normalized by the pre-lysis (quenched) intensity. The ratio determined 

immediately after liposome preparation was 34.8 ± 6.5 (n = 4); the ratio determined 4 

weeks later was 31.0 ± 1.4 (n = 2); the ratios are not significantly different (p = 0.174 by 
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t-test). Thus, the INF7 liposomes stably retain their encapsulated content for at least 4 

weeks when stored at 4 °C. 

2.1.4 Cell Culture. CV1 cells (ATCC, Manassas, VA) were maintained at 37 °C under a 

5% CO2 atmosphere in Dulbecco’s modified Eagle medium (DMEM) supplemented with 

10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 

μg/mL streptomycin. 

2.1.5 Cellular uptake of liposomes for microscopic analyses. CV1 cells (~8×104) were 

plated on 25-mm round No. 1 glass coverslips for 24 – 48 h. Liposomes encapsulating 

either SR or RD with and without INF7 were prepared and diluted to a concentration of 

0.1 μmol of phospholipid/mL in Hanks’ balanced salt solution (HBSS). CV1 cells were 

incubated with liposomes for 30 min at 37 °C and then washed thrice with divalent-

cation-free HBSS (containing no Ca2+ or Mg2+ but 1 mM ethylenediaminetetraacetic acid 

disodium salt, Na2H2EDTA). Thereafter, the cells were maintained in normal (Ca2+- and 

Mg2+-containing) HBSS for fluorescence microscopy. Rhodamine fluorescence in cells 

was imaged before and after the addition of 1% (v/v) acetic acid to the extracellular 

solution. To examine INF7-mediated release of rhodamine after physiological endosomal 

acidification, cells were incubated with liposomes at 37 °C for 1 hr and washed as 

described above. Cells were then incubated in normal HBSS at 37 °C for an additional 2 

hr before imaging. 

2.1.6 Cellular uptake of fluorophores through fluid-phase endocytosis. CV1 cells were 

plated at ~35% confluence in replicate 60-mm diameter Petri dishes and allowed to grow 

for 2 d. For studies on recycling of fluid–phase tracers, the culture medium was removed 

by aspiration and each dish received 2 mL DMEM (10% FBS), 300 µM SR, and “empty 
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liposomes” at a concentration of 0.12 µmol/mL phospholipid. The dishes were incubated 

at 37 °C for 1 hr. Thereafter, the incubation medium was removed by aspiration, and each 

dish was washed 3 time with 2 mL DMEM (10% FBS) and once with 2 mL HBSS. Care 

was taken to ensure that no residual SR-containing medium adhered to the walls of the 

dishes. After receiving 1.5 mL HBSS each, the dishes were incubated at 37 °C. Sets of 3 

replicate dishes were removed at 0, 30, 60, 105, 150 and 300 minutes. The HBSS from 

each dish was collected individually. Each dish then received 1 mL divalent-cation-free 

DPBS containing 1% w/v Triton X-100 and 2 30-sec episodes of sonication (model 

G112SP1G, Laboratory Supplies Co., Hicksville, NY) separated by 2 min. Any 

remaining cells or cell debris were detached with a cell scraper and the total cell lysate 

from each dish was collected. The HBSS and lysate samples were centrifuged at 20,937 × 

g. SR fluorescence in each sample was quantitated by fluorescence spectroscopy (λexc = 

564 nm, λem = 582 nm, determined for the present lysate composition). The relative 

amounts of intracellular and extracellular SR were computed for each time point. 

To assess whether SR could be degraded intracellularly in the several-hour time 

frame of endocytosis experiments, replicate dishes of cells were loaded with SR and 

incubated in HBSS exactly as described above. Sets of 3 dishes were removed at 0, 150, 

and 300 min, and the HBSS in each dish was made up to 1% w/v Triton X-100, 2 mM 

Na4EGTA. The dishes were sonicated and scraped as described above and the total lysate 

from each dish was collected and centrifuged at 20,937 × g. SR fluorescence in each 

lysate was quantitated by fluorometry (λexc = 564 nm, λem = 582 nm). 

2.1.7 Cellular uptake of liposomes for fluorescence spectroscopy measurements. 

Replicate 60-mm plastic Petri dishes of CV1 cells were incubated at 37 °C with a 
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suspension of liposomes encapsulating SR or RD with and without INF7. Cells were 

incubated for 4 hr with liposomes at a concentration of 0.1 μmol of phospholipid/mL 

HBSS. At each time point, cells were washed with HBSS and then released from the 

plate with trypsin–EDTA solution. Cells were centrifuged at 145×g for 3 min, and the 

pellet was washed twice with divalent-cation-free HBSS. After the final wash, the pellet 

was resuspended in 1 mL normal HBSS. Cells were lysed with 120 μM digitonin and 

sonicated for 1 min. SR or RD and CF-PE in the lysates were analyzed by fluorescence 

spectroscopy. To determine any effects of INF7 on the uptake of liposomes, cells were 

incubated with liposomes for 30 min and processed as describe above. In each sample, 

CF-PE fluorescence was first measured; thereafter ethidium bromide (EthBr, 10 µM) was 

added and EthBr fluorescence was measured.  

2.1.8 Fluorescence Microscopy. Fluorescence images were acquired on an inverted 

epifluorescence microscope (Eclipse TE200; Nikon Corp., Tokyo, Japan) equipped with 

a 40× oil-immersion objective (Super Fluor, NA 1.4; Nikon). The excitation light source 

was a xenon arc lamp coupled to a monochromator (PolyChrome II; TILL Photonics, 

Gräfelfing, Germany). Fluorescence was passed through an appropriate band-pass filter 

before capture by a CCD camera (CoolSnap HQ; Roper Scientific, Tucson, AZ). 

MetaFluor software (Molecular Devices, Downingtown, PA) was used for instrument 

control and image acquisition. 

2.1.9 Fluorescence Spectroscopy. Fluorescence spectra were recorded on a dual-

excitation spectrofluorometer (CM1T-10I; SPEX Industries, Metuchen, NJ); the 

temperature of the cuvette holder was controlled by a thermostatic water bath/circulator 

and was monitored with a type-T thermocouple. Instrument control and data acquisition 
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were performed with Datamax software (Galactic Industries Corporation, Salem, NH). 

Emission and excitation spectra were acquired to determine optimal wavelength settings 

(CF-PE: λex = 490 nm, λem = 515 nm; Rhodamine (SR and RD): λex = 550 nm, λem = 588 

nm; EthBr: λex = 310 nm, λem = 610 nm). 

2.1.10 Image and Statistical Analyses. The mean and SD of pixel intensity in 

fluorescence images was determined using ImageJ (National Institutes of Health, 

Bethesda, MD). One-way ANOVAs with post-hoc tests (Scheffe method of means 

comparison) were used for data sets containing more than two groups. Student’s t-test 

was used for pairwise comparisons. A 95% confidence interval (p < 0.05) was used to 

determine significance. Values are presented as mean ± SD. 

2.2.0 Results 

2.2.1 Retention of SR in the endo-lysosomal pathway 

We first investigated the intracellular retention time of fluid-phase tracers in the 

endo-lysosomal pathway. We therefore loaded SR into CV1 cells through fluid-phase 

endocytosis. Because CV1 cells avidly endocytose liposomes displaying negatively 

charged lipid headgroups,76 we added empty DSPC:PS liposomes into the SR-containing 

medium to promote endocytosis. After 1 hr, the cells were washed and transferred into 

HBSS and the proportion of intracellular and extracellular SR was assessed at various 

times over a 5-hr period. The results are shown in Fig. 2.4A: The majority (80%) of fluid-

phase tracers taken up by endocytosis into the endolysosomal pathway reappear in the 

extracellular solution with a half-life of 21.3 min. Interestingly, a minor fraction (20%) of 

the tracers appear to be quite stably retained, at least on the 5-hr time scale of this 
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experiment. The well-retained fraction could represent tracers that trafficked to stable 

compartments such as the lysosome and Golgi. In a second, related experiment, we 

examined if the fluid-phase tracer was degraded over a 5-hour time span. CV1 cells were 

allowed to take up SR by fluid-phase endocytosis exactly as above. Thereafter, at 0, 2.5 

and 5 hr, the total amount of SR (extracellular and intracellular) was assayed (n = 3 for 

each time point). As shown in Fig. 2.4B, the total SR did not diminish with time (p = 

0.159), which indicates that the SR tracer molecules were not destroyed by cellular 

mechanisms. 

 

Figure 2.4 Intracelluar retention of sulforhodamine (SR) tracer after fluid-phase endocytosis. A. 

Dishes of CV1 cells were incubated with 300 µM SR and empty DSPC:PS liposomes for 1 hr to promote 
fluid-phase endocytosis, and then maintained in HBSS. The proportion of intracellular and extracellular SR 
was assayed at various times (see Methods for details). The majority (80%) of endocytosed SR reappeared 
in the extracellular medium with a half-life of t1/2 = 21.3 ± 1.0 min, while 20% was retained more stably. 
Solid curves are least-squares single-exponential fits to the data, with exponential time constant τ = 30.8 ± 
1.5 min (t1/2 = τ × ln2 = 0.693⋅τ). Each data point is the average of 3 replicates. B. CV1 cells endocytosed 
SR as above. At 3 time points thereafter, cells in each dish were lysed and the total amount of SR was 
assayed by fluorescence spectroscopy. The total SR fluorescence recovered did not differ significantly 
between time points; each time point is the average of 3 replicates. The means are not significantly 
different (one-way ANOVA, p = 0.159). 

2.2.2 Activation of INF7 by acetic acid to promote SR release into the cytosol 

To investigate endosomal release of fluorophores by INF7, CV1 cells were 

incubated with liposomes bearing a negative surface charge and encapsulating SR at 90 
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mM, at which concentration SR fluorescence is quenched. CV1 cells avidly endocytose 

negatively-charged liposomes;76 subsequent degradation of liposomes releases SR into 

the endosomal compartment and the consequent dilution de-quenches SR to restore its 

fluorescence. Since SR bears three ionic charges at physiological pH it is expected to 

remain trapped inside endosomes in the absence of INF7. Liposomes, with or without 

INF7, were incubated with cells for 1 hr. Thereafter, the cells were washed in divalent-

cation-free HBSS to remove un-endocytosed liposomes, returned to normal HBSS, and 

then immediately imaged for SR fluorescence (Fig. 2.5A). After 1 hour, sufficient 

liposomal degradation had occurred in the endocytic pathway and SR fluorescence was 

visualized as intense puncta in both groups. The cells were then rapidly acidified by 

addition of acetic acid (1% v/v) to the extracellular solution, which attained pH ~3.5; SR 

in cells incubated with INF7-containing liposomes rapidly dispersed through the 

intracellular volume and was visualized as more homogenous fluorescence throughout 

the volume of the cell. Cells that were incubated with liposomes lacking INF7 showed no 

change in appearance after acidification—demonstrating that without INF7 to facilitate 

its release, SR remained inside endosomes (Videos S1 and S2 in Supporting 

Information). The visually apparent changes in intracellular localization of SR after 

acidification can also be quantitatively analyzed by measuring changes in the standard 

deviation of pixel intensity normalized by the mean pixel intensity (σF/F; Fig. 2.5B). 

Before acidification, endosomal localization of SR is seen as a high spatially 

heterogeneous distribution of fluorescence in the cells, and σF/F is high for both groups 

of cells. In the cells incubated with INF7-containing liposomes, after acidification and 

consequent INF7 activation, SR fluorescence becomes more homogenously distributed in 
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the cells, resulting in lower σF/F values. In contrast, cells incubated with liposomes 

containing no INF7, SR fluorescence remains spatially heterogeneous, and the σF/F value 

remains high. 

 

Figure 2.5 Activating endocytosed INF7 with acetic acid causes endosomal escape of SR into the 

cytosol. A. Liposomes containing SR with or without INF7 were incubated with CV1 cells for 1 hr, washed 
with Ca2+/Mg2+-free HBSS containing 1 mM EDTA, and imaged by fluorescence microscopy (Pre Acid);  
endosomal SR appears as fluorescent puncta. After the addition of 1% acetic acid to the extracellular 
solution, fluorescence in cells incubated with INF7-containing liposomes (+INF7) becomes cytosolic and 
more homogeneous. In contrast, in cells incubated with liposomes lacking INF7 (-INF7), the appearance of 
SR fluorescence is unchanged by acidification. B. Time course showing changes in SD of pixel intensity 
relative to mean intensity (σ/F, normalized to mean baseline value before acidification at time 0). Time of 
addition of acetic acid is indicated by the black arrowhead. Activated INF7 rapidly releases SR into the 
cytosol, and the more homogeneous distribution of SR leads to lower SD values than in the case of 
incubation without INF7, where SR remains confined to endosomal compartments. Also see Videos S1 and 
S2 in Supporting Information. 

2.2.3 Intracellular distribution and retention of SR during endosomal maturation 

While artificially and abruptly acidifying the cells led to SR release from 

endosomal compartments, it was still uncertain whether physiological acidification 

during the course of endosomal maturation would result in SR release into the cytosol. To 

investigate this, cells were incubated with liposomes for 1 hr and then washed to remove 

unendocytosed liposomes. Cells were then incubated for an additional 2 hr in the absence 

of liposomes and then imaged. After incubation with both types of liposomes, 
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fluorescence in cells was highly heterogeneous in appearance. Importantly, however, the 

fluorescence was much less intense in cells incubated with INF7-containing liposomes 

(Fig. 2.6). Because the liposomes also incorporated CF-PE as a tracer, we were able to 

demonstrate that initial uptake of INF7+ and INF7− liposomes was the same in cells after 

the 1 hr incubation (n = 3, p = 0.25; Fig. 2.7). Since the amount of CF-PE per cell did not 

differ significantly between cells incubated with either liposomal formulation, the lower 

intracellular SR fluorescence after liposomal uptake suggests that SR was released from 

naturally acidifying endosomes by INF7; but once SR entered the cytosol, it became 

susceptible to cytosolic transport,71 and was rapidly extruded out of the cells. 
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Figure 2.6 INF7 mediates release of endosomal SR into the cytosol. Liposomes containing SR with or 
without INF7 were incubated with CV1 cells for 1 hr, washed to remove un-endocytosed liposomes, and 
allowed to incubate without liposomes for an additional 2 hr. SR remains confined in endosomes without 
INF7 (-INF7), but after release into the cytosol by INF7, SR is rapidly transported from the cytosol into the 
extracellular volume (+INF7) leading to much dimmer fluorescence in cells incubated INF7-containing 
liposomes. See main text for more detailed mechanistic explanation. 
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Figure 2.7 Liposomal encapsulation of INF7 does not alter the quantity of liposomes endocytosed by 

CV1 cells. Liposomes containing CF-PE as a lipid marker of endocytosis, with and without INF7, were 
incubated with CV1 cells for 1 hr. After incubation, cells were washed with Ca2+/Mg2+-free PBS containing 
1 mM EDTA to release un-endocytosed liposomes. Cells were then lysed and measured for CF 
fluorescence that was then normalized to DNA content measured by ethidium bromide (EthBr) 
fluorescence. The means are not significantly different (p = 0.25; n = 3). The magnitude of effect is too low 
to be biologically relevant. Error bars represent the standard error. 

Intracellular SR retention was also measured by spectrofluorometry. Liposomes 

with or without INF7 were incubated with cells for 1 hr, washed in divalent-ion-free 

solution to remove un-endocytosed liposomes. Then at various time points over the 

subsequent 4 hr, cells were removed from replicate culture dishes (n = 3 dishes per time 

point), lysed and measured for both CF-PE and SR fluorescence (Fig. 2.8). Intracellular 

SR fluorescence, relative to CF-PE, decayed more rapidly in cells incubated with INF7-

containing liposomes compared to cells incubated with liposomes containing no INF7 (p 

< 0.05). Because cytosolic SR is more efficiently extruded than endosomal SR, the faster 

loss of intracellular SR fluorescence in the presence of INF7 implies that INF7 activation 

facilitates SR escape from endosomal compartments.  
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Figure 2.8 Time course of intracellular SR signal after incubation with liposomes containing or 

lacking INF7. CV1 cells were incubated with liposomes for 1 hr, washed with Ca2+/Mg2+-free PBS 
containing 1 mM EDTA, and allowed to incubate in Ca2+/Mg2+-containing HBSS without liposomes (time 
0). At various time points, cells were trypsinized and lysed (n = 3 dishes per time point). Lysates were 
measured for SR and CF-PE fluorescence and the SR/CF-PE ratio was normalized to the value at time 0. 
SR fluorescence, relative to CF-PE fluorescence, decays more rapidly in cells receiving INF7-containing 
liposomes compared to cells receiving liposomes without INF7; this reflects rapid extrusion of SR from the 
cytosol after SR release from endosomal compartments. Asterisks indicate significance (p < 0.05; two-way 
ANOVA). Error bars indicate the SEM and are not shown when smaller than the plotted symbol. 

2.2.4 Intracellular distribution and retention of rhodamine-labeled dextran during 

endosomal maturation 

Alternatively, INF7 activation and release of imaging probes can be demonstrated 

using liposomally-encapsulated rhodamine-conjugated dextran (RD, MW ~4,000). 

Because cells lack transport mechanisms to extrude nonmetabolizable biopolymers like 

dextran, fluorescent dextran conjugates are retained in the cytosol for very long periods 

of time.72 Liposomes containing RD, either with or without INF7, were incubated with 

cells for 1 hr. Cells were washed in divalent-cation-free HBSS to remove un-endocytosed 

liposomes and incubated in fresh HBSS for another 2 hr and then imaged (Fig. 2.9A). In 

the case of liposomes containing INF7, because RD is well retained in the cytosol, RD 
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released from endosomes by INF7 appeared uniformly distributed through the 

intracellular volume (Fig. 2.9A, +INF panels). In contrast, when liposomes lacking INF7 

were used, RD fluorescence remained punctate, reflecting its continued confinement 

within the endosomal system (Fig. 2.9A, –INF panels). INF7-mediated release of RD was 

further confirmed by analyzing the SD of pixel intensity relative to mean pixel intensity 

(σF/F) in cellular fluorescence images. Cells receiving INF7-containing liposomes had 

significantly lower σF/F than cells that were incubated with INF-free liposomes (n = 15; 

t-test p = 6.3 × 10-6) (Fig. 2.9B). 

 

Figure 2.9 INF7 mediates release of endosomal RD into the cytosol. A. Liposomes containing RD with 
or without INF7 were incubated with CV1 cells for 1 hr, washed to remove un-endocytosed liposomes, and 
incubated for an additional 2 hr. RD fluorescence appears more evenly distributed throughout the 
intracellular volume after endosomal release by INF7 (+INF7). In contrast, in cells incubated with INF7-
free liposomes, RD is retained endosomally and appears punctate. B. The standard deviation of pixel 
intensity relative to mean pixel intensity (σF/F) is significantly lower after incubation with INF7 liposomes 
compared to incubation with INF7-free liposomes (n = 5). Error bars indicate SD and asterisk indicates 
significance (p = 6.3 × 10-6) determined by t-test. 

2.3.0 Discussion 

We have shown that fluid-phase tracers loaded into the endolysosomal 

compartment rapidly reappear in the extracellular solutionconsistent with known 

endosomal recycling mechanisms. Poor retention of imaging probes in the endosomal 
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compartments lowers SNR and narrows the time window for cellular imaging. The 

inability to deliver imaging probes to the nucleo-cytosolic compartment thus limits the 

application of liposomes for in vivo cellular imaging. Therefore, an agent such as an FP, 

which can facilitate escape of imaging probes from the endolysosomal compartment into 

the nucleo-cytosolic compartment, may enhance in vivo cellular imaging. This study 

demonstrates that co-encapsulation of the influenza-derived INF7 peptide with 

rhodamine-type fluorescent tracers in liposomes causes efficient translocation of 

endosomal rhodamine into the cytosol after endocytosis of the liposomes by CV1 cells 

(Fig 2.1B). We show by fluorescence microscopy that acidification by organic acid 

acutely activates the fusogenicity of INF7 to enable endosomally-trapped SR to escape 

rapidly into the cytosol (Fig 2.5 A). Moreover, we show that physiological acidification 

of endosomes in the normal course of endosome maturation also activates INF7 to cause 

robust release of rhodamine tracers into the cytosol. This is demonstrated by incubating 

CV1 cells with liposomes encapsulating either SR or RD, with or without INF7. INF7-

facilitated escape of SR or RD from the endosome causes cells to show quantitative 

differences in the fluorescence microscope. When SR, which is a low-MW organic anion, 

enters the cytosol from endosomes, it is efficiently extruded by cytosolic transporters 

(Fig. 2.8); this results in weak fluorescence in cells incubated with liposomes 

encapsulating SR and INF7 (Fig. 2.6). In contrast, because RD, being a nonmetabolizable 

polymer, eludes transporters, it is well retained in the cytosol and appears brighter and 

uniformly dispersed through the intracellular volume after INF7 activation (Fig. 2.9A). 

Incorporation of a CF-labeled lipid tracer into liposomes permits quantitative monitoring 

of endocytosis which, in turn, allows quantification of SR and RD relative to the progress 
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of liposome endocytosis. Intracellular fluorescence of endosomally-confined fluid-phase 

tracers (no INF7) does decay over time as the tracers are lost from the cell through 

normal endosome recycling.21, 36 With the inclusion of INF7 in the liposomes however, 

intracellular SR signal declines more rapidly owing to cytosolic extrusion, while 

intracellular RD accumulates to greater levels after endosomal release by INF7 because 

RD, being macromolecular, is not extruded from the cytosol.  

Co-encapsulation of INF7 with imaging probes that are resistant to extrusion from 

the cytosol could greatly improve many in vivo cell imaging and cell tracking 

applications. Both intracellular signal generation and retention are essential to optimal 

performance of many imaging applications. Liposome technology has been refined over 

recent years and targeted liposomal delivery of imaging probes in vivo can be performed 

readily. This is especially true for tumors that frequently have aberrant vasculature that 

permits greater extravasation of liposomes.77 Circulating liposomes extravasate into 

interstitial spaces of tumors and can be endocytosed by tumor cells. Furthermore, 

endocytosis can be selectively targeted through liposomal modification. We have 

demonstrated that fluorescent probes are better retained intracellularly when their release 

into the cytosol is mediated by INF7, but in vivo fluorescence imaging applications are 

limited because light in the visible wavelength range use to excite common fluorophores 

penetrate tissue poorly. However, our group is developing targeted liposomal delivery of 

imaging probes for in vivo electron paramagnetic resonance imaging (EPRI) that could 

also benefit greatly from the action of INF7. 

EPRI is a magnetic resonance modality that is highly promising for in vivo 

cellular imaging. EPRI images the magnetic resonance of unpaired electrons, which is the 
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defining characteristic of free radicals. The body has negligible levels of endogenous free 

radicals; therefore, EPRI requires the use of exogenous, stable free radicals (so-called 

“spin probes”) as contrast agents. Nitroxides constitute the major class of spin probes 

used in EPR spectroscopy and imaging. EPRI with nitroxides may be viewed as the 

magnetic resonance equivalent of optical imaging with fluorophoresi.e., targeting of 

molecular probes enables us to see features of interest that are otherwise invisible. 

Nitroxides are thus analogous to fluorophores: they can be used to label cells for 

visualization or, with appropriate chemical tailoring, they can report on cellular 

physiology. EPRI, like MRI, uses radiofrequency waves for imaging. Radio waves show 

excellent tissue penetration, and thus permit imaging of large animals, including humans. 

This unique combination of attributes gives EPRI the potential to image the vast array of 

biological phenomena that can be interrogated by fluorescence and the ability to do so in 

deep tissues in vivo. 

We have already developed a liposome-based in vivo targeting strategy to deliver 

nitroxides to breast tumor cells that overexpress human epidermal growth factor-2 

(HER2).51 Analogously to fluorophores, nitroxides exhibit a concentration-dependent 

self-quenching of their spectroscopic signal. Nitroxides can be encapsulated at self-

quenching concentrations in liposomes; such liposomes are spectroscopically “dark”, 

which minimizes background signal when the liposomes are in the circulation. The 

liposomes are decorated with anti-HER2 antibody fragments; therefore, when they 

extravasate into HER2+ tumors, they bind to, and are selectively endocytosed by, the 

HER2+ tumor cells. In the endosomal system, disruption of the liposomes causes the 

release of their nitroxide contents. The consequent dilution relieves quenching to restore 
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“bright” nitroxide signal. This strategy is essentially a targetable, cell-activated contrast-

generating mechanism that could be used to “highlight” HER2+ lesions for in vivo EPRI.  

The nitroxides we have delivered to cells by liposomes are ionically charged at 

physiologic pH and like the fluorophores employed in this study, are retained 

endosomally and subject to metabolic and endosomal recycling processes. Any 

improvement in intracellular accumulation would increase signal-to-noise ratio in 

imaging and potentially the intracellular signal lifetime (the longer the signal persists, the 

wider the temporal window during which imaging can be performed). The INF7 peptide 

should also allow release of nitroxides from the endosomes into the cytosol and thus 

prevent their loss through endosome recycling or potential metabolism. The nitroxide that 

we have successfully delivered with liposomes is a small molecule bearing three ionic 

charges at physiological pH, and is susceptible to cytosolic extrusionit has a cellular 

retention half-life of t½ = 79 min.78 Our earlier work showed that the intracellular 

retention half-life increases with ZTot, the total (not net) number of ionic charges on the 

nitroxide: log(t½) = 0.532ZTot + 0.286.78 Thus, a nitroxide with a total of 4 ionic charges 

(e.g., 2 positive and 2 negative) would be expected to have t½ > 4 hr, which would be 

very useful for most in vivo EPRI experiments. Chemical syntheses of such highly-

charged nitroxides are under way. 

In summary, liposomes can be targeted to deliver imaging probes into the 

endosomal system of specific cells in vivo. Co-encapsulation of peptides such as INF7 

with imaging probes in the liposomes can facilitate transfer of the probe molecules from 

the endocytic pathway into the cytosol. Rational improvements to the probe molecules 
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would greatly increase the intracellular retention time of the probes and thus widen the 

temporal window for in vivo imaging. 
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Chapter 3 : Characterization of INF7 by GFP Complementation  

3.0.0 Introduction 

Liposomes are small lipid-bilayer vesicles useful for delivering a wide variety of 

therapeutic and diagnostic agents. Their biocompatibility and tunable pharmacokinetics 

make liposomes an attractive drug delivery system.26, 47, 48 Furthermore, cell-type-specific 

targeting is readily achieved by conjugation of antibody fragments to the liposomal 

surface.50, 51, 79 Antibody conjugation enables the liposome to bind a cell surface antigen 

(e.g., a receptor) and could promote internalization through receptor-mediated 

endocytosis. Thus, current liposome technology enables delivery of encapsulated cargo to 

the endo-lysosomal compartment of the target cell. 

Diverse therapeutic approaches target cellular processes occurring in the nucleo-

cytoplasmic compartment. Despite the ability of liposomes to deliver cargo into the endo-

lysosomal system, many cargo molecules (e.g., hydrophilic molecules or 

macromolecules) cannot escape from the endo-lysosomal compartment into the nucleo-

cytoplasm. Despite their proximity, cargo trapped in the endo-lysosomal compartment is 

isolated from their targets in the nucleo-cytoplasm. Moreover, liposomal cargo trapped in 

the endo-lysosomal system is subject to destruction by degradative pathways and 

extrusion from the cell by endosomal recycling.80 These processes cause poor retention 

and reduced activity of many types of cargo (e.g., DNA, proteins, hydrophilic drugs). The 

inability to deliver cargo directly to the nucleo-cytoplasmic compartment is a limitation 

of current liposome technology. Therefore, a method for facilitating endosome-to-cytosol 

translocation is desirable. 
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Various methods for promoting endosome-to-cytosol transfer are under 

development.40, 42-45, 81 These often use a fusogen (e.g., a peptide) that facilitates 

membrane fusion and/or pore formation. Many common fusogenic peptides are derived 

from the membrane-destabilizing domains of viral proteins. INF7 is a fusogenic peptide 

that is an analogue of the membrane-disrupting domain of influenza hemagglutinin 2 

(HA2), which is activated by low pH.40, 81 INF7 has been engineered to remain inactive at 

near-neutral pH, but to become fusogenic at endosomal pH (< 6). INF7 is an oligopeptide 

with good aqueous solubility and is easily encapsulated in liposomes.80 These properties 

make INF7 an appealing mediator of endosome-to-cytosol-transfer.  

We would like to use INF7 to facilitate endosome-to-cytosol delivery in animal 

models. Before testing INF7 in vivo, however, we wished to study its efficacy in live 

cells. Previous demonstrations of INF7-mediated endosomal escape have used plasmid-

encoded reporter protein expression or cell killing by diphtheria toxin as readouts. These 

approaches may overestimate INF7 efficacy,40, 46, 81 because the amplification inherent to 

transcription and translation can give detectable reporter expression from even a single 

plasmid, and because a single molecule of diphtheria toxin is sufficient to kill a cell.70 

Thus the “signal gain” of these assays is too high for assessing the physiological 

relevance of INF7 activity. We have previously demonstrated INF7-mediated endosomal 

escape by using the fluorescent tracers sulforhodamine B (SR) and rhodamine-labeled 

dextran to monitor fluid-phase endosome-to-cytosol trafficking.80 Compared to other 

approaches, using fluorescent tracers offers greater dynamic range of measurement. But 

the use of exogenous fluorescent tracers to study INF7 efficacy is complicated by rapid 

extrusion of low-molecular-weight fluorophores such as SR from the cytosol by organic 
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anion transporters at 37 °C, and by the intense fluorescence associated with endosomally-

retained tracer. Using exogenous fluorescent tracers to assess the efficacy of fusogens in 

promoting endosome-to-cytosol translocation is thus challenging. An ideal assay for 

detecting trafficking of fluid-phase markers into the nucleo-cytoplasm should 1) give 

readout in a physiologically relevant range, 2) have minimal background signal, 3) be 

stable over time, and 4) be easy to perform.  

In this report, we detail the development of a split-GFP-complementation cell line 

for studying trafficking of fluid-phase markers from the endo-lysosomal system to the 

cytosol. We use a split-GFP system comprising two nonfluorescent fragments, GFP1-10 

and GFP11, which spontaneously reassemble to regenerate fluorescent GFP (see Fig. 

3.1A).82 GFP1-10 is a truncated GFP lacking the 16 C-terminal residues, which constitute 

GFP11. We engineered GFP1-10 to be constitutively expressed in the nucleocytoplasm of 

CV1 cells. The CV1 cell line was chosen for their ability to avidly endocytose liposomes 

bearing anionic lipid headgroups — a property that makes CV1 cells an ideal cell culture 

model for studying endocytic uptake of liposomes.21 We use this system to assess the 

efficacy of the fusogen, INF7, in mediating endosome-to-cytosol translocation of GFP11 

that was delivered by liposomes through endocytosis. If INF7 is ineffective, GFP11 and 

GFP1-10 will remain segregated in separate compartments and no fluorescence increase 

would be observed (see Fig. 3.1B). In contrast, if INF7 effectively promotes endosome-

to-cytosol fluid-phase transfer, assembly of endosomally-delivered GFP11 with cytosolic 

GFP1-10 to reconstitute functional GFP would generate green fluorescence (see Fig. 

3.1C). 
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Figure 3.1. Schematic representation of GFP complementation. (A) GFP11 (yellow) binds GFP1-10 
(purple-brown) to reconstitute fluorescent GFP (green). (B) Liposomes lacking fusogenic peptide are 
endocytosed (left), progress through the endosomal pathway (middle), and are ultimately degraded in the 
lysosome (right), thus causing no GFP complementation and no increase in fluorescence. (C) Liposomes 
containing fusogenic peptides (red lines) are endocytosed (left), and progress through the endosomal 
pathway (middle). In the course of endosomal maturation, the luminal pH decreases sufficiently to activates 
the fusogenic peptides, which facilitate GFP11 entry into the cytosolic compartment (right). Once in the 
cytosol, GFP11 can bind to GFP1-10 to reconstitute fluorescent GFP (as shown in A).  

3.1.0 Methods  

3.1.1 Cell culture. All cells used in this study were maintained at 37 °C under a 

humidified 5% CO2 atmosphere in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% (v/v) fetal bovine serum (FBS) and 2 mM L-glutamine (Gln), 

and with 100 U/mL penicillin and 100 μg/mL streptomycin (Pen/Strep). Cell culture 

media and biochemicals were from Gibco (Life Technologies, Grand Island, NY) 

3.1.2 Synthesis of GFP11, GFP11-NLS and INF7. INF7 peptide (H2N-

GLFEAIEGFIENGWEGMIDG-WYGC-CO2H) and GFP11 peptide (H2N-

RDHMVLHEYVNAAGIT-CO2H) were synthesized on an Applied Biosystems 433 A 

synthesizer using the published DIEA in situ neutralization/HBTU activation protocol for 
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Boc solid-phase peptide synthesis73, 74 (DIEA = N,N-diisopropylethylamine, HBTU = 2-

(1H-benzotriazole1yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, Boc = tert-

butoxycarbonyl). Specifically, Boc-amino acids (2.2 mmol) were activated in N,N-

dimethylformamide (DMF) for 3 min by 2.0 mmol of HBTU in the presence of 20% 

DIEA (v/v), and coupled in stepwise fashion for 10 min on 0.25 mmol of 4-hydroxy-

methylphenylacetamidomethyl (PAM) resin. Trifluoroacetic acid (TFA, 100%) was used 

for removal of N-Boc groups; DMF and CH2Cl2 were used for batch washes throughout 

the entire synthesis. The following side chain protections were used: Arg(Tos), 

Asn(Xanthyl), Asp(OcHxl), Cys(4-MeBzl), Glu(OcHxl), His(Bom), Thr(Bzl), Tyr(BrZ), 

Trp(CHO) (Bom = benzyloxymethyl, BrZ = 2-bromobenzyloxycarbonyl, Bzl = benzyl, 

cHxl = cyclohexyl, MeBzl = 4-methylbenzyl, Tos = p-toluensulfonyl). After chain 

assembly, the peptides were deprotected and cleaved by anhydrous HF in the presence of 

5% p-cresol at 0 °C for 1 h, followed by precipitation with cold ether. The crude product 

was purified by preparative reversed phase (RP) HPLC and subsequently lyophilized. 

Preparative RP-HPLC was carried out on a Waters Delta Prep 600 system (Milford, MA, 

USA) equipped with a Vydac preparative C18 column (15 – 20 µm, 50 × 250 mm). The 

binary solvent system comprised water containing 0.1% v/v TFA, and acetonitrile 

containing 0.1% v/v TFA. The desired product eluted as the major HPLC peak and 

corresponding fractions were pooled and lyophilized to a white powder. The INF7 

monomers were dimerized by oxidative disulfide formation between C-terminal cysteines 

exactly as previously described;80 the dimer gave a unique m/z = 5386.5 ± 0.5 by 

electrospray mass spectrometry. The disulfide-linked dimer of INF7 is used in all 

biological studies presented herein. For simplicity, hereafter the term “INF7” refers to the 
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dimer. GFP11-NLS peptide (H2N-RDHMVLHEYVNAAGITGGGPKKKRKV-CO2H, 

Gly3 linker and nuclear localization sequence83, 84 are in italics) was purchased from 

GenScript (Piscataway, NJ).  

3.1.3 Polymerase chain reaction (PCR). The PCR reaction was performed with 20 u/mL 

Pfu polymerase (Promega Corp., Madison, WI) in a buffer comprising (in mM) 20 

Tris∙HCl [pH 8.8 at 25 °C], 10 KCl, 10 (NH4)2SO4, 2 MgSO4, 0.001 forward primer, 

0.001 reverse primer, 0.2 of each dNTP, 1 mg/mL bovine serum albumin (BSA), and 1% 

Triton X-100. The three phases of the PCR reaction were: 1) 95 °C for 120 sec; 2) 35 

cycles of 95 °C for 30 sec, 58 °C for 30 sec and 72 °C for 120 sec; and 3) 72° C for 120 

sec. The following PCR primers were used (underlined sequences are restriction sites): 

mCherry-Forward (mCfwd) 5’-

CATTGCTAGC⋅GGATCCCACCATGGTGAGCAAGGG-3’; mCherry-Reverse 

(mCrev) 5’-TAGTCTCGAGCTTATACAGCTCGTCCATGC-3’; GFP1-10Forward 

(GFPfwd) 5’-CATAAAGCTTATGGTTTCGAAAGGCGAGG-3’; GFP1-10Reverse 

(GFPrev) 5’-TAGAAAGCTT⋅GGTACCTTATTTCTCGTTTGGGTC-3’; CMV-Forward 

(CMVfwd) 5’-CGCAAATGGGCGGTAGGCGTG-3’; BGH-Reverse (BGHrev) 5’-

TAGAAGGCACAGTCGAGG-3’; 2Asense 5’-

CGAGCTAGC⋅CTCGAG⋅GTCGACCGCAAGAGAAGGGCCCCTGTGAAACAGACT

TTGAATTTTGACCTACTTAAGTTGGCGGGTGACGTTGAGTCCAACCTTGGGCC

CAAGCTTCATA-3’; 2Aanti 5’-

TATGAAGCTTGGGCCCAAGGTTGGACTCAACGTCACCCGCCAACTTAAGTAG

GTCAAAATTCAAAGTCTGTTTCACAGGGGCCCTTCTCTTGCGGTCGAC⋅CTCG

AG⋅GCTAGCTCG-3’. The underlined sequences are restriction enzyme sites.  
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3.1.4 MPG Construct Synthesis. The MPG construct was made and inserted into a 

lentiviral backbone vector using a 4-step cloning scheme: 

Step 1: A pCDNA3.1(-) expression vector containing a Picornavirus 2A sequence 

(2A) from Foot-and-Mouth Disease virus (FMDV)85 was provided by Dan Schulze. 2A 

from FMDV was synthesized by annealing two complementary oligonucleotides, 

2Asense and 2Aanti. This annealed product was then cleaved with NheI and HindIII. 

Similarly the plasmid pCDNA3.1 was digested with the same enzymes. The fragments, 

2A and the plasmid, were run on a 1% agarose gel; appropriate bands were cut from the 

gel and eluted using a gel purification kit (Macherey-Nagel, Bethlehem, PA). The 

fragments were ligated using a Rapid DNA Ligation Kit (Clontech Laboratories, 

Mountain View, CA), transformed into competent DH5α E. coli cells, which were plated 

on ampicillin (Amp)-containing Lysogeny Broth (LB) agar plates overnight. Colonies 

were randomly picked and grown in Super Optimal Broth (SOB) at 37 °C. A small 

sample from each expanded clone was assayed by PCR to determine the presence of the 

correct ligation product — as confirmed by comparison to the anticipated size of the 

correct ligation product. A clone carrying the ligation product of the correct size was 

grown overnight in 5 mL of SOB and DNA was isolated using a miniprep procedure 

(Macherey-Nagel, Bethlehem, PA). The product plasmid was confirmed by Sanger 

sequencing with flanking primers (CMVfwd and BGHrev). Sanger sequencing was 

performed by the Biopolymer Facility at the University of Maryland School of Medicine. 

This plasmid containing the 2A sequence is referred to as p3.1-2A.  

Step 2: A pRRL vector containing the GFP1-10 construct was provided by 

Shengyung Fang.86, 87 The GFP1-10 coding region was amplified by PCR using the 
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GFPfwd and GFPrev primers, and the PCR product was separated by electrophoresis on 

1% agarose, the band was cut from the gel and eluted using a gel purification kit 

(Macherey-Nagel). Both the eluted GFP1-10 fragment and the p3.1-2A construct were 

digested with HindIII. After digestion the fragments were separated by electrophoresis, 

cut from the gel, eluted and ligated as described above. The ligation mix was transformed 

into DH5α E. coli cells, which were plated on AMP LB agar plates and incubated 

overnight at 37 °C. Randomly picked colonies were grown in SOB and small samples 

were assayed by PCR to ascertain the presence of ligation product of the correct size. 

These clones were grown overnight in SOB and the DNA was purified using a miniprep 

procedure as described above. Sanger sequencing using CMVfwd and BGHrev primers 

confirmed the integration of GFP1-10 3’ to the 2A sequence and this construct was called 

pPG. 

Step 3: The mCherry coding region from pmCherry-N1 (Clontech) was amplified 

by PCR using the mCfwd and mCrev primers, and the PCR product was purified by 

electrophoresis and eluted using a gel purification kit. The pPG construct and the 

mCherry PCR product were both digested with restriction enzymes NheI and XhoI. The 

restriction fragments were purified by electrophoresis on agarose, and the appropriate 

bands were cut from the gel, eluted using a gel purification kit, and ligated using a Rapid 

DNA Ligation Kit. The ligation mix was transformed into DH5α E. coli cells, which 

were plated on Amp LB agar plates and incubated at 37 °C overnight. Colonies were 

picked and grown in SOB; small samples were assayed by PCR to determine the presence 

of ligation product of correct size. Mini preps of clones were made and the correct 
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ligation was confirmed by Sanger sequencing using CMVfwd and BGHrev primers. The 

ligation product is referred to as pMPG.  

Step 4: The final step was to remove the insert (mCherry-2A-GFP1-10) from 

pMPG and insert it into the pRRLSIN.CMV.GFP.Wpre lentiviral vector. This was 

accomplished by digestion of pMPG and the lentiviral vector with BamHI and KpnI. The 

restriction fragments for the pMPG insert and the lentiviral vector were purified by 

electrophoresis, on 1% agarose gel; the DNA in the bands was eluted using a gel 

purification kit. The fragments were ligated using a Rapid DNA Ligation Kit, 

transformed into DH5α E. coli cells, which were plated on AMP LB agar plates. The 

following day colonies were picked and grown in SOB at 37 °C for 1 h. A small sample 

of the culture of each clone was assayed by PCR to determine the presence of correct-

sized ligation product. Selected clones were grown overnight in 5 mL of SOB and DNA 

was purified as described above. The correct ligation product was confirmed by Sanger 

sequencing using CMVfwd and BGHrev primers. This construct is referred to as pMPG-

RV. 

3.1.5 Production of MPG lentiviral vector. All reagents to prepare virus stock were 

obtained from Invitrogen (Life Technologies, Grand Island, NY). HEK 293FT cells were 

grown in T-75 culture flasks, and 24 h before transfection the cells were put into 

antibiotic-free DMEM supplemented with FBS and Gln. At ~75% confluency the cells 

were transfected. A mixture of 3 μg pMPG-RV DNA, 9 μg ViraPowerTM packaging mix 

(see below), and 50 μL LipofectamineTM 2000 in 3 mL OptimemTM was kept at room 

temperature for 30 min and added gently to the cells. The cells were incubated for 16 h, 

exchanged into fresh DMEM (+ FBS, Gln, Pen/Strep), and incubated for a further 48 h. 
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Thereafter, the virus-containing supernatant was filtered through a sterile 0.22-μm 

porosity filter. Aliquots of the filtered virus stock were snap-frozen in liquid N2 and 

stored at -80 °C until use.    

3.1.6 Generation and selection of CV1-MPG clones.   CV1 cells were grown in T-75 

culture flasks. At 75 – 100% confluency, the cells were transduced with 3 mL of the virus 

stock in 7 mL fresh DMEM (+ FBS, Gln, Pen/Strep) and incubated for 24 h. The cells 

were then washed and exchanged into fresh DMEM and expanded to ~3 × 107 cells over 

~3 weeks, at which point the cells were trypsinized, suspended in PBS containing 1% 

(v/v) FBS, and sorted in a flow cytometer. Cells positive for mCherry fluorescence 

(highest 1%) were collected into FBS. The enriched cells where expanded and resorted 

using the same gating parameters. This enrichment process was performed a total of six 

times. On the 7th enrichment, individual MPG-positive cells (highest 0.3% of mCherry 

fluorescence) were sorted directly into wells of a 96-well plate. From the remaining cells 

a second population (highest 20% of mCherry fluorescence) was collected, expanded, 

and frozen in 10% (v/v) DMSO in FBS and stored at −80 °C. Individual clones on the 96-

well plate were grown and expanded. Three clones were selected on the basis of mCherry 

fluorescence and growth rate. These were frozen in 10% (v/v) DMSO in FBS and stored 

at −80 °C until use. 

3.1.7 Introducing GFP11 into cells by mild detergent permeabiliztion. CV1-MPG cells 

were plated on No. 1 glass coverslips at ~30% confluency and used 24 – 48 h after 

plating. To minimize cell damage, permeabilization was done in a high-K+, 0-Na+, 0-Ca2+ 

saline  comprising (in mM) 100 KCl, 4 MgCl2, 2 K2H2EGTA, and 10 KHEPES, adjusted 

to pH 7.2 with 1 M KOH. Permeabilization was initiated by adding 1 mM GFP11 and 15 
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µM digitonin dissolved in the 0-Ca saline. Wide-field fluorescence images of the cells 

were acquired at 5 sec intervals throughout the experiment (see below for microscopy 

details).  

3.1.8 Introducing GFP11 and GFP11-NLS into cells. GFP11 was introduced into cells by 

mild detergent permeablization. GFP11-NLS was introduced into cells by the scratch-

loading technique.88 A No. 1 glass coverslip bearing CV1-MPG cells was mounted in a 

custom-made flow chamber. Maintaining cell viability during scratch loading required a 

0-Ca2+, low-Na+, high-K+ saline comprising (in mM) 145 KCl, 8 MgCl2, 10 KH2PO4, 1 

K2H2EGTA, 1 NaATP, and 1 NaGTP, adjusted to pH 7.2 with 1 M KOH. Immediately 

before scratch loading, cells were washed once with a 250 µL of 0-Ca2+ saline, and then 

bathed in 250 µL of 0-Ca2+ saline containing 10 mM GFP11-NLS. The tip of a 

microdissection forceps was drawn rapidly across the cell-bearing surface of the 

coverslip; cells closely bordering the resulting scratch took up GFP11-NLS. After the 

scratch the cells were incubated at 37 °C for 1 min. Thereafter the cells were transferred 

into FluoroBriteTM DMEM (Gibco; 10 mM HEPES added) for confocal microscopy (see 

below for microscopy details). During microscopy, the cells were continuously 

superfused with FluoroBrite-HEPES at ~0.5 mL/min at 37 °C. 

3.1.9 Liposome Preparation. Liposomes were produced by extrusion of 1,2-

distearoylphosphatidylcholine (DSPC), cholesterol (Chol), L-α-phosphatidylserine (PS; 

porcine brain isolate) in a molar ratio 3:2:0.3 (DSPC:Chol:PS) through a 100-nm porosity 

filter membrane (GE Healthcare, Piscataway, NJ). All lipids were from Avanti Polar 

Lipids (Alabaster, AL). A solution of 10 μmol phospholipid in 100 μL EtOH was injected 

into 1 mL of rapidly stirred aqueous solution to be encapsulated and vigorous stirring was 
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continued for 2 h. The mixture was extruded 11 times through a 100-nm porosity filter 

membrane (Nucleopore Track-etch Membrane, Whatman, a division of GE Healthcare, 

Piscataway, NJ) in a Mini Extruder (Avanti Polar Lipids) to yield a suspension of 

liposomes. All solutions and the extruder were maintained at >55 °C to ensure fluidity of 

the lipid phase. Encapsulated solutions contained 2 mM GFP11, 8 mM O-carboxymethyl-

pyranine (CM-pyranine), with or without 500 μg/mL (93 µM) INF7, in a saline 

comprising (in mM) 73.73 NaCl, 2.00 KCl, 0.34 CaCl2, 0.25 MgCl2. Liposomes were 

purified by gel filtration on Sephadex G-50 resin (~4 g; GE Healthcare) packed into a 

FlexColumn (15 × 300 mm; Kimbal-Kontes, Vineland, NJ), and equilibrated with 

HEPES-buffered saline (HBS, comprising, in mM, 150 NaCl, 4 KCl, 0.68 CaCl2, 0.49 

MgCl2, and 10 NaHEPES, pH 7.4). Gel filtration yielded ~4 mL of purified liposome 

suspension in HBS (final phospholipid concentration ~2 μmol/mL), which was stored at 4 

°C until use. We have previously shown that liposomes produced as described above are 

very stable.75 INF7 peptide was engineered to be fusogenic at pH ~5 and to have minimal 

activity at pH >6.40, 80, 81 In our experience, liposomes encapsulating INF7 are stable for 

at least 4 weeks when stored in DPBS at 4 °C, but are always used within 2 weeks of 

preparation. 

3.1.10 Cellular uptake of liposomes. CV1-MPG cells were plated (~15% confluency) on 

25-mm round No. 1 glass coverslips and used over the next 3 d. At 24 h before 

experiment, the cells were transferred into FluoroBriteTM DMEM (+ FBS, Gln, 

Pen/Strep). Liposomes encapsulating GFP11 and CM-pyranine, with or without INF7, 

were diluted to a concentration of ~5 μmol/mL phospholipid in FluoroBrite containing 8 

mM CM-pyranine, with or without 500 μg/mL (93 µM) INF7. CV1-MPG cells were then 
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incubated with the liposome mixture at 37 °C for 90 min. The cells were then washed 

twice with FluoroBrite (+FBS) containing 20 mg/mL BSA, then once with FBM (+FBS). 

The cells were then incubated in FluoroBrite (+ FBS, Gln, Pen/Strep; pH 7.2) at 37 °C for 

an additional 45 min before imaging. 

3.1.11 Wide-field fluorescence microscopy. Fluorescence images were acquired on an 

inverted epifluorescence microscope (Eclipse TE200; Nikon Corp., Tokyo, Japan) 

equipped with a 40× oil-immersion objective (Super Fluor, NA 1.4; Nikon). The 

excitation light source was a xenon arc lamp coupled to a monochromator (PolyChrome 

II; TILL Photonics, Gräfelfing, Germany). Fluorescence was passed through an 

appropriate band-pass filter before capture by a CCD camera (CoolSnap HQ; Roper 

Scientific, Tucson, AZ). MetaFluor software (Molecular Devices, Downingtown, PA) 

was used for instrument control and image acquisition. 

3.1.12 Laser-scanning confocal fluorescence microscopy. Fluorescence images were 

acquired on a laser scanning confocal microscope (LSM 5Live, Carl Zeiss Microscopy, 

GmbH, Jena, Germany). All images were collected through a 40× oil-immersion 

objective (EC-Plan-NEOFLUAR, NA 1.3, DIC; Zeiss). The following excitation 

wavelength and emission bandpass parameters were used: for GFP, excitation at 488 nm, 

emission 495 – 555 nm; for mCherry, excitation at 561 nm, emission 580 nm long-pass; 

for CM-pyranine, excitation at 405 nm, emission 415 – 505 nm. 

3.1.13 Image and numerical data analysis. Wide-field fluorescence images were 

analyzed with MetaFluor (Molecular Devices); confocal images were analyzed with 

ImageJ.89 Average cellular fluorescence intensities were determined by defining regions-

of-interest (ROI) around the perimeter of each cell using the ImageJ ROI manager. 
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Average fluorescence intensities were then compiled for each experimental group 

(control liposome, INF7 liposome, and control liposome plus extra-liposomal INF7), a 

threshold was defined as the control mean plus 2 standard deviations with any cell with a 

average fluorescence intensity greater than the threshold being defined as positive for 

GFP-complementation. Photoshop (Adobe Systems, San Jose, CA) was used for image 

processing and presentation. Origin software (OriginLab Corp., Northampton MA) was 

used for numerical and statistical analysis. ANOVA with Scheffe post hoc analysis was 

used to assess significant differences between experimental groups. 

3.2.0 Results 

3.2.1 Fabrication of molecular constructs and creation of CV1 clones stably expressing 

GFP1-10 and mCherry.  

A cassette containing mCherry, FMDV 2A sequence, and GFP1-10 (MPG) was 

produced for co-expression of GFP1-10 and mCherry. The MPG cassette was cloned into 

a lentiviral backbone vector for transfection of HEK 293FT cells to produce lentivirus, 

which was used to transduce CV1 cells. The mCherry served as a reporter for expression 

of (non-fluorescent) GFP1-10 and allowed the selection of transduced CV1 cells by 

mCherry fluorescence intensity. Iterative cell sorting by flow cytometry yielded an 

enriched transduced cell population. Single clones were sorted from this enriched 

population and expanded. From these expanded clonal lines, three were selected on the 

basis of having the highest mCherry fluorescence and the fastest growth (shortest 

doubling time).     

3.2.2 Test of GFP complementation in selected CV1-MPG clones — Loading GFP11 by 

digitonin permeabilization.  
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First, we wanted to demonstrate that delivery of GFP11 peptide into the selected 

CV1-MPG cells could indeed complement the cytosolic GFP1-10 to reconstitute 

fluorescent GFP. To test GFP complementation in the three CV1-MPG clonal cell lines, a 

low-Ca2+ and low Na+ saline containing 1 mM GFP11 and 15 mM digitonin was applied 

to the CV1-MPG cells. Digitonin is a mild non-ionic glycoside detergent that 

preferentially permeabilizes cholesterol-containing membranes: at 20 µM it rapidly 

permeabilizes the plasma membrane of mammalian cells to permit passage of molecules 

as large as lactic dehydrogenase while leaving intracellular membrane compartments 

largely intact.90 Because permeabilization is both concentration- and time-dependent, 15 

mM digitonin enabled gradual permeabilization, thus allowing extracellular GFP11 (MW 

1.8 kD) to enter the cytoplasm before significant loss of GFP1-10 (MW 25 kD) from the 

cell. Once in the cell, GFP11 should bind GFP1-10 to reconstitute fluorescent GFP. 

Using this method we demonstrated that all three CV1-MPG clones were able to produce 

measurable green fluorescence as a result of GFP complementation (Fig. 3.2). The 

observed fluorescence increase was comparable in all three CV1-MPG clones. Of the 

three clones, 1 and 2 displayed a change in morphology from the parental CV1 cells, 

while clone 3 retained normal CV1 morphology. Therefore, clone 3 was used for all 

subsequent experiments. 
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Figure 3.2. Loading GFP11 peptide into candidate CV1-MPG clones by detergent permeabilization. 
CV1-MPG clones were treated with 1 mM GFP11 and 15 mM digitonin in a 0-Ca2+, low-Na+, high-K+ 
saline. GFP11 entering from the extracellular medium binds to GFP1-10 in the cytosol to reconstitute 
fluorescent GFP. In all three clones, GFP reconstitution post-permeabilization (bottom panels) causes an 
increase in green fluorescence compared to the same cells before permeabilization (upper panels). 

Fig. 3.3 shows the time course of a digitonin permeabilization experiment 

performed on clone 3. Digitonin addition caused an initial decline in cellular 

fluorescence, but as permeabilization proceeded and GFP11 entered the cells, 

fluorescence increased by ~30-fold (compare points and panels B and D). In separate 

experiments, we found that the autofluorescence that is lost rapidly upon digitonin 

application is mostly attributable to the cells having been grown in DMEM. Therefore, 

for all subsequent experiments, the cells were incubated in FluoroBriteTM DMEM, which 

substantially reduces autofluorescence (Fig. 3.4). 
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Figure 3.3. Loading GFP11 peptide into CV1-MPG clone 3 cells by detergent permeabilization. Cells 
were treated with 1 mM GFP11 and 15 mM digitonin in a 0-Ca2+, low-Na+, high-K+ saline. GFP11 entering 
from the extracellular medium binds to GFP1-10 in the cytosol to reconstitute fluorescent GFP. The 
average green fluorescence in cells is plotted as a function of time. Blue arrowhead marks the time 
GFP11/digitonin addition began; the dotted line shows the time interval (~15 sec) during which the solution 
change precluded image acquisition. Red filled circles, labeled A – D, mark time points corresponding to 
the images shown below the graph; also shown is an image (R) of mCherry fluorescence, acquired 
immediately before image A. Note the loss of autofluorescence upon permeabilization (see main text for 
discussion). Difference in intensity between B and D is ~30-fold. 

 
Figure 3.4 Fluorescence excitation and emission spectra of different formulations of DMEM. Solid 
curves are excitation spectra (λem = 524 nm); dashed curves are emission spectra (λex = 442 nm). Blue 
curves are recorded from DMEM; green curves from DMEM containing 10% (v/v) FBS; red curves from 
FluoroBriteTM DMEM. The principal component of DMEM that emits green fluorescence is riboflavin; the 
fluorescence is partially quenched by the presence of FBS, which is likely attributable to binding of 
riboflavin by serum proteins. Compared to DMEM, FluoroBriteTM DMEM emits negligible fluorescence. 
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3.2.3 Test of GFP complementation in CV1-MPG cells — introducing GFP11-NLS by 

scratch loading.  

Although the digitonin permeabilization experiments showed that GFP 

complementation can work, permeabilized cells are not viable. It is therefore important to 

show that GFP complementation can work in living cells. We designed a new peptide, 

GFP11-NLS, in which the nuclear localization sequence (NLS) of the SV40 large T-

antigen 83, 84 is linked to the C-terminus of GFP11 by a flexible Gly3 linker. The GFP11-

NLS peptide offers both practical and biological advantages. First, the nuclear 

localization signal is highly charged and thus makes GFP11-NLS much more water-

soluble than GFP11. Second, GFP11-NLS causes the reconstituted GFP to concentrate in 

the nucleus, which occupies ~10% of total cellular volume, thus increasing signal-to-

noise ratio in fluorescence imaging experiments. Moreover, because nuclear import and 

localization is an energy-requiring process, preferential nuclear localization of GFP 

fluorescence gives a read-out of cell health. 

The scratch loading technique was used to introduce GFP11-NLS into CV1-MPG 

cells. A 10 mM solution of GFP11-NLS in an intracellular buffer (low-Ca2+, low-Na+, 

high-K+) was applied to CV1-MPG cells grown on glass coverslips, and a scratch through 

the cell monolayer was immediately made with the tip of microdissection forceps. After a 

1-min incubation at 37°C, the cells were washed and bathed in FluoroBrite-HEPES 

medium for imaging. By the time the first image was acquired, GFP complementation 

was already detectable in the CV1-MPG cells (Fig. 3.5, t = 0 min). Nucleus-localized 

fluorescence was close to maximal by 15 min (Fig. 3.5, t = 15 min), and is stable through 

at least an hour (Fig. 3.5, t = 60). Stable reporter signal is a desirable property of assays. 
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Figure 3.5. Introducing GFP11-NLS peptide into CV1-MPG cells by scratch loading. Graph shows 
time course of average whole-cell (blue line) and nuclear (red line) GFP after scratch loading of GFP-NLS 
(n = 33 cells from 19 fields). Images show a field of cells bordering a scratch track; corresponding GFP and 
mCherry fluorescence images are shown in the top and bottom rows, respectively. Time of acquisition of 
each pair of images is marked. The mCherry images reveal the locations and morphology of the cells. GFP 
fluorescence was already apparent at the time of first image acquisition (t = 0), and nuclear localization was 
clearly discernible at t = 15 min. Contrast between the nucleus and the cytoplasm continued to increase at 
longer times, with total cellular fluorescence remaining high through the experiment. 

3.2.4 Demonstrating INF7-mediated endosome-to-cytosol translocation of fluid-phase 

markers in CV1-MPG cells.  

To confirm the ability of CV1-MPG cells to report endosome-to-cytosol fluid-

phase traffic mediated by INF7, CV1-MPG cells were incubated for 90 min with 

liposomes bearing negative surface charge and encapsulating GFP11, CM-pyranine (a 

fluorescent fluid-phase tracer),91 with or without INF7. The cells were washed free of 

liposomes and then incubated for another 45 min. Thereafter, the cells were imaged for 

mCherry, CM-pyranine, and GFP fluorescence. When incubated with control liposomes, 

which lack INF7, cells showed negligible green fluorescence (Fig. 3.6, left column, top 
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row). In contrast, after incubation with INF7-containing liposomes, green GFP 

fluorescence was distributed throughout the cell, which indicates that INF7 was able to 

mediate sufficient endosome-to-cytosol delivery of the GFP11 to produce visible GFP 

fluorescence in the CV1-MPG cells (Fig. 3.6, middle column, top row). The blue 

fluorescence of CM-pyranine fluorescence allowed tracking of the liposomal fluid phase. 

In the case of control liposomes, the cells displayed a punctuate pattern of CM-pyranine 

fluorescence, consistent with retention of the liposomes and their encapsulated content 

within the endosomal system (Fig. 3.6, left column, middle row). In contrast, in the case 

of INF7-containing liposomes, the CM-pyranine is diffuse in the cytoplasm — consistent 

with INF7-mediated fluid-phase trafficking between the endosomal system and the 

cytosol (Fig. 3.6, middle column, middle row).  

To confirm that INF7 was the actual mediator of endosome-to-cytosol transfer of 

GFP11, we treated cells with control liposomes in medium containing 90 μM INF7. Cells 

thus treated displayed increased GFP fluorescence (Fig. 3.6, right column, top row) and a 

diffuse pattern of CM-pyranine fluorescence (Fig. 3.6, right column, middle row)—

essentially identical to what was observed in cells treated with INF7-containing 

liposomes (Fig. 3.6, middle and right columns). Therefore, INF7 is the mediator of 

endosome-to-cytosol delivery of GFP11. The mCherry fluorescence provides a reference 

for the spatial dimensions of the cell, and serves as a reporter of GFP1-10 expression 

(Fig. 3.6, bottom row). These observations demonstrate that the CV1-MPG cell line is a 

useful assay for detecting fluid-phase trafficking into the cytosol, and that INF7 is 

effective at mediating endosome-to-cytosol transfer. 
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Figure 3.6. Delivery of GFP11 to CV1-MPG cells by fusogen-containing liposomes. CV1-MPG cells 
were either incubated with liposomes encapsulating GFP11, CM-pyranine, and the fugsogenic peptide 
INF7 (INF7 Lipos.), or with control liposomes containing GFP11 and CM-pyranine, but no INF7 (Control 
Lipos.). To demonstrate that INF7 is the causative agent, CV1-MPG cells were incubated with control 
liposomes and an extracellular solution containing INF7, which allowed INF7 to be endocytosed with the 
control liposomes (Control lipos. + Extracellular INF7). GFP fluorescence images (top row) show results of 
the GFP-complementation assay. INF7-containing liposome exposed cell, an increase in green fluorescence 
intensity, as compared to the control liposomes cell, is consistent with INF7-mediated translocation of 
GFP11 into the cytosol. Similar results were seen with incubation of control liposomes with extracellular 
INF7. CM-pyranine fluorescence images (middle row) reveal the fate of the aqueous phase of the 
liposomes. The mCherry fluorescence images (bottom row) show cell morphology and location. 

3.2.5 INF7 causes GFP-complementation in the cell population.  

To determine INF7 efficacy, the imaging data were analyzed quantitatively. The 

mean GFP fluorescence intensity of each imaged cell was computed and the values for all 

cells in a treatment group were compiled as a histogram; the three resulting histograms 

for the three treatments (Control liposomes, INF7 liposomes, and Control liposomes plus 

extraliposomal INF7) are shown in Fig. 3.7. Using the statistics of the cells treated with 

control liposomes, a threshold was defined as the control mean plus 2 standard 

deviations. Applying this threshold showed that 39.4% of the cells treated with INF7-
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containing liposomes were positive for GFP complementation (Fig. 3.7, middle), in 

contrast to the cells treated with control liposomes, where only 2.87% exceeded the 

threshold (Fig. 3.7, top). The significantly larger percentage of INF7-liposome-treated 

cells scoring positive for GFP fluorescence shows that INF7 encapsulated in endocytosed 

liposomes is effective in mediating endosome-to-cytosol transfer of GFP11. The 

population of cells treated with control liposomes plus extracellular INF7 was 52.4% 

positive for GFP complementation (Fig. 3.7, bottom), which shows that endocytosis of 

control liposomes along with INF7 in the medium enabled GFP complementation, 

whereas endocytosis of control liposomes alone did not. 
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Figure 3.7. INF7 mediated release of endosomal GFP11 increases green fluorescence across cell 

population. Liposomes encapsulating GFP11, either with or without INF7 were incubated with CV1-MPG 
cells for 90 min. Thereafter, the cells were washed to remove un-endocytosed liposomes, and incubated for 
an additional 45 min. The cells were then imaged and the mean green fluorescence intensity for each cell 
was determined; the population data are presented as intensity histograms. An arrowhead marks the mean 
of each distribution; the vertical dashed line marks the threshold for positive GFP complementation, set as 
the Control mean + 2 standard deviations. The percentage on each histogram indicates the percentage of the 
population that scores positive for GFP-complementation. Control: n = 208; INF7: n = 216; Control + 
extracellular INF7, n = 185. The difference between all groups were determined to be significant by 
ANOVA [F(2, 666) = 55.19, p = 0]. Post hoc comparisons using the Scheffe test show significant 
differences between all groups: INF7 vs Control (p = 2.7 × 10-12); Control plus extracellular INF7 vs 
Control (p = 1.6 × 10-20); Control plus extracellular INF7 vs INF7 (p = 0.032). 
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3.3.0 Discussion  

Advances in liposome technology offer new therapeutic opportunities. At present, 

liposome technology is limited by an inability to reliably deliver cargo to the nucleo-

cytoplasmic compartment. Agents and methods that facilitate endosome-to-cytosol 

delivery of liposome cargo are thus of considerable interest. Existing assays of 

endosome-to-cytosol delivery often rely on plasmids encoding reporters or extremely 

efficient cytotoxins. As explained in the Introduction, such systems either have inherently 

high amplification, or are extremely sensitive, and are thus likely to over-estimate the 

efficiency with which an agent promotes endosome-to-cytosol translocation. Here we 

report the design, implementation, and validation of a split-GFP complementation cell 

line that enables reliable assay of agents that mediate trafficking of fluid-phase markers 

into the nucleo-cytoplasm. Further, we make use of this cell line to demonstrate the 

efficacy of the fusogen, INF7, in mediating endosome-to-cytosol fluid trafficking.  

The key to the new assay is the CV1-MPG cell line that we engineered to stably 

express GFP1-10, a nonfluorescent GFP lacking 16 C-terminal residues; the 16-mer is 

referred to as GFP11. Exogenous GFP11 delivered into the cytosol through any pathway 

or mechanism binds to endogenous GFP1-10 to reconstitute fluorescent GFP. Because 

reconstitution of fluorescent GFP requires 1:1 stoichiometry of GFP1-10 and GFP11, 

GFP fluorescence is a direct read-out of the amount of GFP11 transferred. 

CV1-MPG cells incorporate a reporter construct encoding mCherry and GFP1-10 

with an intervening 2A sequence from the FMDV — a Picornavirus.85, 92 The 2A 

sequence allows the two distinct proteins to be expressed from a single transcript by a 

ribosomal skip mechanism.92 That the proteins are translated simultaneously imples equal 
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expression of the two proteins. The caveat is that their half-lives may differ. 

Nevertheless, one expects that in the steady state, expression of the two proteins should 

remain roughly proportional. Co-expression of mCherry serves multiple functions. As a 

surrogate for GFP1-10 expression, it enabled selection of high- expression clones and 

acts as a positive indicator of continued protein expression in stable culture. In imaging 

studies, mCherry is useful in revealing cellular location and morphology. 

Using the digitonin permeabilization technique to deliver GFP11, we showed that 

all selected clones were equally competent in GFP complementation (Fig. S1). Clone 3 

was used for all subsequent experiments because it alone retained the morphology of the 

parent CV1 cells. When GFP11-NLS (GFP11 with a C-terminal nuclear localization 

sequence attached through a flexible Gly3 linker) was introduced into clone 3 CV1-MPG 

cells by scratch loading, the reconstituted GFP accumulated preferentially in the nucleus. 

The presence of the NLS is potentially useful because targeting reconstituted GFP to the 

nucleus concentrates the fluorescence into a volume that is ~10-fold smaller than that of 

the whole cell. In fluorescence microscopy studies, this should enhance the signal-to-

noise ratio of imaging.  

It is interesting to note that when GFP11 was loaded into cells by digitonin 

permeabilization, the fluorescence increase due to GFP reconstitution was fairly rapid, 

being >90% complete in ~4 min (Fig. 3.3). This is quite reasonable because the rate-

limiting step is entry of GFP11 into permeabilized cells; once inside cells the binding of 

GFP11 and GFP1-10 to reconstitute fluorescent GFP is expected to be fast.93 

We showed that a chimeric peptide, GFP11-NLS, resulting from fusion of a 

monopartite nuclear localization sequence (NLS) to the C-terminus of GFP11 was able to 
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complement GFP1-10, and the reconstituted GFP was directed to the nucleus. 

Concentrating GFP fluorescence in the nucleus meant improved signal-to-noise in 

imaging microscopy. At 37 °C the reconstituted GFP fluorescence persisted for at least 1 

h (the length of the experiment), which suggests that the nuclear localized GFP was 

stable. 

Interestingly, the increase in GFP fluorescence after scratch loading of GFP11-

NLS was much slower (~90% complete after 15 min, Fig. 3.5) than when unmodified 

GFP11 peptide was loaded into permeabilized cells. The limitation is not the nuclear 

import mechanism, because nuclear import of proteins bearing “classical” NLSs occurs 

with t1/2 ≈ 20 sec even at room temperature.94 A plausible explanation may stem from the 

fact that the NLS is attached to the 11th β-strand of GFP, which must bind to GFP1-10 to 

reconstitute functional GFP, which then can be localized in the nucleus. Scratch loading 

causes abrupt entry of GFP11-NLS peptide into the cell, where it can bind to two species 

with high affinity: The GFP11 moiety can bind to GFP1-10 to reconstitute GFP, and the 

NLS moiety can bind to importins.95 The reconstituted GFP is immediately fluorescent, 

and contributes to the fluorescence in the first images acquired after scratch loading (see 

Fig. 3.5, where ~30% of maximal fluorescence was already observed at time 0). 

Importin-bound GFP11-NLS may be sterically hindered from binding GFP1-10, and thus 

only becomes competent to bind GFP1-10 after import and GTP-dependent release in the 

nucleus. GFP1-10 can freely equilibrate between the cytoplasm and nucleus, because the 

molecular weight of GFP1-10 is 25 kD, which is well below the nuclear pore exclusion 

limit of ~40 kD.96 Therefore GFP11-NLS released in the nucleus can bind to GFP1-10 

that is already there. The capture of released GFP11-NLS by intranuclear GFP1-10 is 
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likely to be less than quantitative owing to the mobility of GFP11-NLS, as suggested by 

the following simple calculation. GFP11-NLS has molecular mass 2.9 kD, and is thus 

expected to have an intracellular diffusion coefficient of D > 200 µm2s-1.97 Knowing the 

CV1 cell volume to be ~2 × 10-12 L, and that the nucleus constitutes ~10% of cell volume 

gives the CV1 nuclear diameter as ~7 µm.98 Since the time dependence of diffusion 

distance is � = √6�� , GFP11-NLS can traverse the nucleus in ~40 msec or less. 

Therefore, GFP11-NLS released in the nucleus has a reasonable probability of escape 

back into the cytosol, where again it can bind either GFP1-10 or importins. Such an 

iterative process could underlie the gradual buildup of reconstituted GFP fluorescence 

after scratch loading. The crux of the putative mechanism described above is that 

importin binding of GFP11-NLS hinders binding to GFP1-10 sterically. This hypothesis 

can be tested by replacing the short Gly3 linker in the present GFP11-NLS with a longer 

one. Regardless of the precise mechanism underlying the gradual nuclear accumulation of 

GFP fluorescence, our findings demonstrate that GFP11 linked to an NLS is functional in 

the GFP complementation assay, and that nuclear localization of reconstituted GFP 

fluorescence enhances the signal-to-noise ratio of imaging measurements. 

We noticed that reconstituted GFP fluorescence was always lower than mCherry 

fluorescence (not shown). Ribosome skipping mediated by the 2A sequence is expected 

to generate GFP1-10 and mCherry in equimolar amounts—i.e., the two proteins are 

expressed at the same rate.99, 100 If G and C are, respectively, the concentrations of GFP1-

10 and mCherry, R is the rate of expression, and the rate constants governing degradation 

of GFP1-10 and mCherry are kG and kC, respectively, then the corresponding rate laws 

are: 
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�	
�


= � − G ∙ �      and      
��
�


= � − C ∙ � 

In the steady state (dG/dt = dC/dt = 0), the two proteins must be present in 

constant proportion: � �⁄ = C G⁄ . That GFP1-10 is significantly less than mCherry 

implies that kC < kG, i.e., GFP1-10 is degraded faster than mCherry. At least two factors 

could contribute to this difference. Firstly, as expressed in CV1-MPG cells, mCherry and 

GFP1-10 have methionine and proline, respectively, as their N-terminal residues. In the 

N-end rule pathway,101-103 N-terminal methionine confers longer intracellular half-life 

than N-terminal proline. Secondly, faster degradation of GFP1-10 is unsurprising in light 

of the fact that mCherry is a fully matured β-barrel protein, whereas GFP1-10, lacking 

the 11th β-strand, is likely in a “looser” conformation different from that of mature 

GFP.93, 104 Such more labile conformations could be preferentially recognized by 

cytoplasmic protein quality control pathways.105 If it should become desirable, GFP1-10 

expression could be increased by using multiple GFP1-10 and 2A sequences in tandem. 

Another potential solution is reordering the construct so that GFP1-10 is in the upstream 

position (before the 2A sequence), thus potentially improving the stability by making the 

N-terminal residue of GFP1-10 methionine instead of proline. However, the FMDV 2A 

sequence requires an addition of 21 amino acids to the C-terminus of the upstream 

protein. This 21-residue extension to the C-terminus of GFP1-10 would likely interfere 

with the binding of GFP11, and thus could reduce or prevent GFP complementation. 

Therefore, reordering the construct brings considerable risk of making it nonfunctional.      

Using liposomes encapsulating 2 mM GFP11 and 90 µM of the fusogenic peptide 

INF7, we demonstrated that the CV1-MPG cells are capable of reporting INF7-mediated 

delivery of fluid phase from the endosomal system into the cytosol. Some insight into the 
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sensitivity of the measurement can be gained by considering the dimensions of the 

relevant structures in the process. With a mean diameter of ~100 nm, the liposomes have 

a volume of ~3.8 × 10-4 µm3. The transition between early and late endosomes occurs 

when the vesicle diameter is ~2 µm;106 this implies a mean endosomal volume of ~4 µm3. 

The volume of a CV1 cell is 1.7 × 10-12 L,98 or 1,700 µm3. Thus, release of liposomal 

content into the endosome represents an average dilution factor of 11,000. If the 

liposomal content ultimately enters the nucelo-cytoplasm, there is a further 400-fold 

dilution (for a total dilution factor of 4.4 × 106). From our previous study,54 we estimate 

that in the 90-min incubation period, a CV1 cell endocytoses ~1.05 × 104 liposomes. 

Since 2 mM GFP11 was encapsulated in the liposomes, the maximal intracellular GFP11 

concentration that could have been achieved is ~5 µM. Since it is likely that not all of the 

endocytosed liposomes have their contents enter the nucleocytoplasmic compartment, the 

actual concentration attained is probably less than 5 µM. Nonetheless, the cells could be 

imaged by confocal fluorescence microscopy with good signal-to-noise ratio. This 

indicates that the system affords good detection sensitivity. A parallel conclusion is that 

the ability of INF7 to facilitate fluid-phase trafficking between the endosomal and 

nucleocytoplasmic compartments is robust. 

We also show that co-encapsulation of INF7 with GFP11 in liposomes increases 

the GFP-complementation-positive subpopulation of treated cells as compared to cells 

that were treated with control liposomes lacking INF7 (Fig. 3.7). It should be noted that 

the INF7-containing liposomes produce detectable positive GFP-complementation in 

39.4% of the treated cells. Comparison to control liposomes (no INF7), which only 

produce GFP-complementation in 2.87% of cells, demonstrates that INF7 is functioning 
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at a physiologically relevant level. When cells were treated with control liposomes along 

with INF7 in the incubation medium at the same concentration as inside the INF7-

liposomes, the percentage of cells scoring positive for GFP complementation was 52.4%, 

higher than in cells treated with INF7-containing liposomes. This is not surprising 

because when INF7 is delivered as encapsulated cargo in INF7-containing liposomes, the 

concentration of INF7 that can be achieved in the endosome is far less than when INF7 is 

endocytosed in the fluid phase along with control liposomes. In the former case, the INF7 

content of endocytosed liposomes is diluted into the much-larger volume of the 

endosome; in the latter case, endocytosis of the extracellular medium fills the entire 

endosomal volume with INF7 at the applied concentration.  

To address the fact that not all cells are positive for GFP-complementation, there 

are a number of factors to consider. First, as discussed above, if INF7 mediates transfer of 

all the GFP11 in all endocytosed liposomes into the cytosol, a maximal GFP11 

concentration of ~5 µM would be achieved. In actuality, the efficiency of INF7-mediated 

endosomal escape is probably significantly lower than 100%, in part due to variation in 

endocytosis across the cell population. Any decrease in the number of liposomes 

endocytosed will decrease the endosomal concentration of GFP11 and INF7. One might 

expect that a decrease in the endosomal GFP11 concentration will merely cause a 

proportional decrease in the final cytosolic GFP11 concentration. However, because 

INF7 fusogenic activity requires oligomerization,107, 108 any drop in endosomal INF7 

concentration would cause a nonlinear decrease in INF7 efficacy. Thus, a decrease in the 

endosomal concentrations of both GFP11 and INF7 will synergistically reduce the 

achievable cytosolic GFP11 concentration. A final factor to consider is that this process is 
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occurring during endosomal maturation. Since endosomal maturation ultimately leads to 

the lysosome, where GFP11 and INF7 can be degraded, INF7 must mediate the 

endosome-to-cytosol transfer of GFP11 before reaching the lysosome. This constrains the 

temporal window of INF7 activation. Any decrease in the endosomal INF7 concentration 

would slow INF7 oligomerization and activation. There is thus likely to be a threshold 

INF7 concentration below which INF7 activation becomes too slow to mediate efficient 

endosome-to-cytosol transfer before arrival in the lysosome. This would prevent GFP 

complementation in the cytosol.    

An important aspect of the CV1-MPG cell assay of fusogen activity is its ease of 

use. The assay can be performed in two simple ways. First, one can encapsulate a fusogen 

along with GFP11 in liposomes and allow the cells to endocytose the liposomes. 

Alternatively, and more simply, the fusogen and GFP11 can be dissolved in the 

extracellular solution and be taken up by cells through fluid-phase endocytosis. The 

second method tends to give much higher reconstituted GFP fluorescence, because the 

entire volume of each newly formed endosome contains GFP11 and fusogen at the same 

concentrations as in the extracellular medium. Irrespective of the method, after 

endocytosis, fluorescence resulting from GFP complementation can be quantified using a 

microtiter plate reader or by fluorescence microscopy. It is important to note that 

although the present study focuses on using the CV1-MPG cells as an assay of fusogens, 

the cell line has general utility. CV1-MPG cells can be used to detect and quantify 

trafficking from any compartment (e.g., ER, Golgi, mitochondria, extracellular fluid) into 

the cytosol. 
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Current liposome technology allows for the targeted delivery of molecular probes 

to specific cell types. This is particularly true for tumors because: 1) tumors frequently 

express unique surface antigens that can be used for targeted delivery, and 2) the 

increased permeability of tumor vasculature enhances liposome extravasation. Following 

extravasation into the tumor interstitium, liposomes targeted to cell-surface antigens can 

be endocytosed by the tumor cells. However, probe molecules delivered to tumors in this 

way are not retained for long periods of time, because endosomal recycling processes 

rapidly extrude the fluid phase into the extracellular space.80 The resulting loss of 

imaging probe signal from the tumor tissue lowers the signal-to-noise ratio of the images 

and narrows the time window in which imaging can be performed. The present study 

shows that INF7 can mediate endosome-to-cytosol translocation of imaging probes; this 

is particularly relevant to the application of liposomes for in vivo imaging. The ability to 

deliver imaging probes into the cytosol and prevent removal of the imaging probes by 

endosomal recycling is expected to improve probe retention. Therefore, co-encapsulation 

of INF7 with imaging probes that are well-retained in the cytoplasm78 should offer 

dramatic improvements for in vivo imaging. Specifically, our group is interested in the 

development of in vivo electron paramagnetic resonance imaging (EPRI). EPRI is a 

magnetic resonance imaging modality that requires exogenous paramagnetic molecular 

probes referred to as “spin-probes”. Spin-probes are stable free radicals such as 

nitroxides, and their use enables deep-tissue imaging. Together, targeted delivery of spin 

probes by liposomes and improved probe retention from the use of fusogens like INF7 

offer the potential to identify, track, and monitor the physiology of specific cell types and 

tissues in vivo by EPRI. 
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In summary, the CV1-MPG cell system provides physiologically relevant measure 

of endosome-to-cytosol fluid-phase traffic. The assay is easy to perform and gives a 

simple read-out signal that is stable for long periods. These characteristics make the CV1-

MPG cell system a superior assay of fusogen activity. Finally, we have used the CV1-

MPG assay to show that the fusogen, INF7, mediates endosome-to-cytosol delivery of 

GFP11 which, upon entering the cytosol, binds to GFP1-10 to reconstitute functional, 

fluorescent GFP.  
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Chapter 4 : Nitroxide design for prolonged intracellular retention 

4.0.0 Introduction 

Locating and tracking specific cell types in situ is a long-term goal in medicine, 

which should enhance clinical diagnostics (e.g., for evaluating tumor growth and 

metastasis) and offer insights into human physiology and disease that could lead to more 

effective therapies. 

Currently, magnetic resonance imaging (MRI) is the foremost technique for 

imaging anatomical features with high spatial resolution. However, because MRI images 

ubiquitous endogenous protons, it has limited ability to provide physiological 

information. In contrast, electron paramagnetic resonance imaging (EPRI) is an emergent 

modality that images exogenous, paramagnetic molecular probes (so-called “spin-

probes”). The use of spin probes confers unique advantages to EPRI. First, because spin 

probes can be targeted to specific cell types, they can highlight the target cells against the 

rest of the body. Second, spin probes can be chemically “tailored” to have flexible 

functionality. For example, spin probes can be tailored for desired pharmacokinetics or 

designed to report specific physiological information (e.g., oxygen tension, pH, redox 

status).109-117 

As for all imaging applications, signal-to-noise ratio (SNR) is crucial for in vivo 

EPRI. Upon delivery into cells, a spin probe that has a short intracellular lifetime limits 

the maximal attainable signal, and consequently shortens the time window for imaging. 

Conversely, a spin probe that has a long intracellular lifetime lengthens the temporal 

window for imaging, which enables greater signal averaging, and thus improves SNR. 

Therefore, development of spin probes with long intracellular lifetimes is desirable. Key 
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determinants of a spin probe’s intracellular lifetime are biostability and resistance to 

extrusion by cellular transporters. Owing to their excellent stability under physiological 

conditions,118 pyrrolidinyloxyls (Fig. 4.1) are well suited for in vivo cellular imaging 

applications. 

 

Figure 4.1 Basic Pyrrolidinyloxyl Structure.  

We have shown that rational modification of the basic pyrrolidinyloxyl structure 

can increase resistance to extrusion by cellular organic anion transporters, and thus 

improve intracellular retention.78 Specifically, when loaded into cells in culture, at 37 °C, 

nitroxides 1, 2, and 3 have intracellular half-lives of 6.8, 21, and 79 min, respectively (see 

Fig. 4.2). This comparison shows that nitroxides bearing more ionic groups are retained 

intracellularly for longer times. Furthermore, having both cationic and anionic functional 

groups may also be beneficial.78, 119 

 

Figure 4.2 Ionic pyrrolidinyloxyls and their intracellular retention half-lives at 37 °C.  
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Recently, we have used immunoliposomes to target delivery of nitroxide 3 (Fig. 

4.2) to solid tumors in mice, where the tumor cells overexpress the human epidermal 

growth factor receptor 2 (HER2).51, 120 However, because tumor cells did not retain 

nitroxide 3 long enough to permit imaging, our attempts to perform in vivo EPRI on the 

tumors were unsuccessful. Here, we report the chemical synthesis and biological testing 

of nitroxide 4 (Fig. 4.3), which has a total of six ionically charged functional groups at 

physiological pH  four negative and two positive. Using cultured cells, we demonstrate 

that nitroxide 4 has superior intracellular retention  t1/2 of ~13 hours, and exceptional 

biostability. Highly-charged nitroxides such as 4 should make in vivo EPRI of nitroxide-

loaded tumors feasible.  

 

Figure 4.3 Pyrrolidinyloxyl derivative bearing 6 ionic functional groups.  

 The logic underlying the multi-step synthesis of nitroxide 4 and its cell-permenant 

ester is outlined in Fig. 4.4, below. For completeness, individual steps in the synthesis, as 

well as analytical data on the newly-synthesized compounds, are presented in the 

Methods section. Studies reported in this chapter, including the chemical syntheses, have 

appeared in published form.121 
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4.1.0 Methods 

The chemical syntheses in sections 4.1.1 ─ 4.1.9 were performed by Drs. Gerald Rosen 

and Joseph Kao. 

4.1.1 General. For organic synthesis, chemical reagents and solvents of ACS or higher 

grade from commercial vendors were used without further purification. TLC plates 

(Silica gel 60, EMD Millipore) were used for analytical chromatography, and silica gel 

(Silica Gel 60, 230 – 400 mesh, EMD Millipore) was used for flash chromatography. 

NMR spectra were recorded at 400 MHz (400 MR, Varian Instruments) in CDCl3 and 

referenced to tetramethylsilane. Abbreviations denoting the multiplicity of NMR 

resonances are: s = singlet, d = doublet, t = triplet, m = multiplet. IR spectra were 

recorded in CHCl3 on an FT-IR spectrometer (model 6100, JASCO, Inc.). High-

resolution mass spectrometry (electrospray ionization) was performed at the mass 

spectrometry facility in the Chemistry and Biochemistry Department at the University of 

Maryland, College Park. Procedures and instrumentation for determination of rotational 

correlations times are detailed in a separate section below. For biological experiments, 

EPR spectra were acquired on a benchtop X-band spectrometer (microESR, Active 

Spectrum, Inc.). All cell culture media, reagents, and supplements were purchased from 

Gibco (Invitrogen). 

4.1.2 1-(tert-Butoxycarbonyl)ethylenediamine (5). The procedure reported by Yavin and 

colleagues was used.122 To a vigorously stirred solution of ethylenediamine (8.4 g, 9.3 

mL, 140 mmol) in CH2Cl2 (50 mL) at room temperature, a solution of di-tert-butyl 

dicarbonate (3.05 g, 14 mmol) in CH2Cl2 (200 mL) was added dropwise over 6 h. 

Thereafter, the reaction mixture was stirred for 24 h, filtered, and washed with aqueous 2 
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M Na2CO3 (50 mL). The organic phase was dried over anhydrous Na2SO4, filtered, and 

evaporated to dryness to give a thick oil (1.80 g, 80% yield). The crude product was used 

in the subsequent reaction without further purification. 1H-NMR (CDCl3): 1.40 (s, 2H, 

NH2), 1.46 (s, 9H, t-butyl), 2.80 (t, 2H, CH2CH2NH), 3.18 (d, 2H, CH2CH2NH), 4.91 (br, 

1H, NH). 

4.1.3 N-tert-butoxycarbonyl-N’,N’-bis(ethoxycarbonylmethyl)ethylenediamine (6). The 

synthesis was adapted from that reported by Hamachi et al.123 Anhydrous K2CO3 (2.6 g, 

18.8 mmol) was added to a solution of the Boc-protected ethylenediamine (5) (1 g, 6.3 

mmol) in DMSO (7 mL), and the mixture was stirred at room temperature for 5 min. 

Ethyl bromoacetate (2.3 g, 1.53 mL, 13.8 mmol) was then added, and stirring was 

continued for 5 h. Thereafter, water (50 mL) was added, and the mixture was extracted 

with CH2Cl2 (4 × 50 mL). The combined organic phase was dried over anhydrous 

Na2SO4, filtered, and CH2Cl2 was removed by rotary evaporation. Residual DMSO was 

removed under high vacuum. Chromatography on silica gel with petroleum ether:ethyl 

acetate (10:3) as eluent afforded compound 6 as a thick oil (1.5 g, 70% yield). 1H-NMR 

(CDCl3): 1.26 (t, 6H, -CH2CH3), 1.43 (s, 9H, t-butyl), 2.85 (m, 2H, NHCH2CH2N=), 3.15 

(m, 2H, NHCH2CH2N=), 3.50 (s 4H, -NCH2CO-), 4.20 (q, 4H, -CH2CH3). 

4.1.4 N,N-bis(ethoxycarbonylmethyl)ethylenediamine (7). The synthesis was adapted 

from Hamachi, et al.123 A solution of trifluoroacetic acid (2.38 mL, 30.9 mmol) in 

CH2Cl2 (15 mL) was added dropwise over 30 min to a solution of the dialkylated, Boc-

protected ethylenediamine (6) (0.7 g, 2.1 mmol) in CH2Cl2 (5 mL) maintained at 0 °C. 

The reaction mixture was stirred at room temperature for 3 h more; thereafter, rotary 

evaporation gave an oil. The oil was dissolved ethyl acetate (50 mL) and carefully 
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washed with saturated aqueous NaHCO3. The organic solution was dried over anhydrous 

Na2SO4, filtered, and evaporated to dryness on a rotary evaporator. The crude product 7 

(0.33 g, 66% yield) was used in the subsequent step without further purification. 1H-

NMR (CDCl3): 1.27 (t, 6H, -CH2CH3), 3.15 (m, 4H, NHCH2CH2N-), 3.62 (s 4H, -

NCH2CO-), 4.19 (q, 4H, -CH2CH3), 7.55, (s, 2H, NH2). 

4.1.5 3-Cyano-2,2,5,5-tetramethyl-1-pyrrolinyloxyl (9). To a stirred solution of 3-

carbamoyl-2,2,5,5-tetramethyl-1-pyrrolinyloxyl (8); 7.6 g, 41.5 mmol; prepared by the 

method of Rozantsev124) in pyridine (50 mL) was added p-toluenesulfonyl chloride (14.4 

g, 75.8 mmol), whereupon the solution became warm. The reaction mixture was kept at 

room temperature for 2 d. An aqueous solution of KOH (5 g in 125 mL water) was then 

added, and the mixture was heated to 80 °C. Upon reaching 80 °C the mixture was 

immediately cooled in an ice bath, and extracted with ether (4 × 100 mL). The ether 

solution was washed first with ice-cold dilute HCl (10%) until the pH of the aqueous 

wash solution was ~2 – 3, and then with saturated aqueous Na2CO3 until the pH of the 

aqueous wash solution was ≥ 10. After drying over anhydrous Na2SO4 and filtration, the 

ether solution was reduced to dryness by rotary evaporation. The resulting solid was 

purified on silica gel (4:1 hexane:ethyl ether) to yield compound 9 as a yellow solid (3 g, 

45%) A small sample recrystallized from hexane had mp = 63 °C.124 

4.1.6 trans-3,4-Dicyano-2,2,5,5-tetramethyl-1-pyrrolidinyloxyl (10). To a solution of 

pyrrolinyloxyl 9 (3.2 gm, 14.4 mmol) in absolute ethanol (100 mL) was added an 

aqueous solution (100 mL) of KCN (4 g, 61.5 mmol) and NH4Cl (3.4 g, 64 mmol); the 

reaction mixture was heated to 70 °C for 5 h. The reaction mixture was then cooled in an 

ice bath, and extracted with ether (4 × 100 mL). The combined organic phase was 
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reduced to dryness by rotary evaporation. The residue was dissolved in ether; the solution 

was dried over anhydrous Na2SO4, filtered, and again reduced to dryness on a rotary 

evaporator. The crude solid was purified on silica gel: a small amount of the starting 

material was eluted with 3:1 hexane:ethyl ether; elution with1:1 hexane: ethyl ether 

afforded trans 3,4-dicyano-2,2,5,5-tetramethyl-1-pyrrolidinyloxyl (10) as a yellow solid 

(1.7 g, 46%). A suspension of the solid in hexane was maintained at reflux and ethyl 

ether was added to achieve complete dissolution. Cooling the solution at −10 °C yielded 

yellow crystals; mp = 141 − 142 °C.125 IR (CHCl3): 2229 (CN) cm-1. 

4.1.7 trans-3,4-Dicarboxy-2,2,5,5-tetramethyl-1-pyrrolidinyloxyl (11). Hydrolysis of 

trans 3,4-dicyano-2,2,5,5-tetramethyl-1-pyrrolidinyloxyl by sodium hydroxide was 

performed, as described by Chatani and colleagues.126 Aqueous NaOH (2 M, 60 mL) was 

added to the dicyano compound 10 (1 g, 5.2 mmol). The mixture was refluxed for several 

days until evolution of NH3 ceased (judged by dampened pH paper). After cooling, the 

alkaline solution was extracted with ethyl ether (2 × 100 mL) to remove any starting 

material. The solution was then acidified to pH ~1 – 2 with cold HCl (10%), and 

extracted exhaustively with ethyl ether. The combined organic extract was dried over 

anhydrous Na2SO4, filtered, and dried by rotary evaporation to yield trans 3,4-dicarboxy-

2,2,5,5-tetramethyl-1-pyrrolidinyloxyl (11) as a light yellow powder (0.84 g, 70%), mp = 

222 – 224 °C. 125 

4.1.8 trans-3,4-bis[2-bis(Ethoxycarbonylmethyl)aminoethylaminocarbonyl]-2,2,5,5-tetra-

methyl-1-pyrrolidinyloxyl (12).125-128 Diisopropylethylamine (0.36 g, 0.48 mL, 2.38 

mmol) was added to a solution of N,N-bis(ethoxycarbonylmethyl)ethylenediamine (7) 

(0.33 g, 1.4 mmol) and trans-3,4-dicarboxy-2,2,5,5-tetramethyl-1-pyrrolidinyloxyl (11) 
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(0.15 g, 0.7 mmol) in 10 mL DMF  and the mixture was stirred for 30 min. Thereafter, 

(benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP) 

(0.62 g, 1.4 mmol) was added, and the mixture was stirred for 5 h at room temperature. 

Saturated NaCl solution (50 mL), saturated NaHCO3 (5 mL) and CH2Cl2 (100 mL) were 

added to the reaction mixture. The organic layer was separated, dried over anhydrous 

Na2SO4, filtered, and dried by rotary evaporation; residual DMF was removed under high 

vacuum. The residue was purified on silica gel with CHCl3:acetone (4:1) to yield 

compound 12 as a thick yellow oil, which eventually solidified at room temperature. 

Recrystallization by dropwise addition of ethyl ether to a boiling hexane solution 

afforded compound 12 as a light yellow powder (0.2 g, 44% yield); mp = 84 – 85 °C; IR 

(CHCl3): 3335 (N-H), 1668 and 1735 (C=O) cm-1; HRMS(ESI): [M+H]+
 calcd 659.3736, 

found 659.3737. 

4.1.9 trans-3,4-bis[2-bis(acetoxymethoxycarbonylmethyl)aminoethylaminocarbonyl]-

2,2,5,5-tetramethyl-1-pyrrolidinyloxyl (13). Methanolic tetrabutylammonium hydroxide 

(43.2% solution, 323 μL, 489 μmol) was added to the tetraethyl ester (12) (40.3 mg, 61.2 

μmol), which rapidly dissolved to give a golden yellow solution. The solution remained 

homogeneous after addition of water (100 μL). The sealed flask containing the solution 

was maintained at 45 – 50 °C for 24 h. The solvent was removed by rotary evaporation. 

The residue was dissolved in water (1 mL) and aqueous 1 M HCl (172 μL) was added to 

adjust the pH to ~9; the solution was frozen and lyophilized to yield a fine powder. With 

magnetic stirring, the powder was dissolved in DMSO (dried over CaH2; 300 μL). After 

sequential addition of diisopropylethylamine (63.2 mg, 85.2 μL, 489 μmol) and 

bromomethyl acetate (74.7 mg, 47.9 μL, 489 μmol), the reaction mixture was stirred 
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under dry argon at 65 – 70 °C for 40 h. The residue remaining after of all volatile 

components have been removed under high vacuum was purified by flash 

chromatography on silica gel (1:9 hexane:ethyl acetate containing 1% v/v Et3N and 0.5% 

v/v EtOH) to yield the tetraacetoxymethyl ester (13) as a light yellow solid (15.1 mg, 

29.6%). HRMS(ESI): [M+H]+ calcd 835.3335, found 835.3353. 

4.1.10 Cell culture. The T-lymphoblastoid Jurkat cell line (gift of Dr. Alfredo Garzino-

Demo) was grown at 37 °C in suspension culture, in RPMI 1640 medium supplemented 

with 2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, and 10% (v/v) 

fetal bovine serum, and equilibrated with humidified air containing 5% CO2. Culture 

density was maintained at ≤ 1.5 × 106 cells/mL. 

4.1.11 Loading cells with AM ester 13 for studying nitroxide 4 intracellular retention. 

Tetra-AM ester (13) (14.7 mg, 17.6 μmol, in 600 μL DMSO) was mixed with 330 μL of 

Pluronic F-127 (20% w/v in DMSO). The mixture was dispersed into 200 mL of serum-

free RPMI 1640 medium (final concentration of tetra-AM ester was 88 μM). The medium 

was used to suspend 6.63 × 108 Jurkat cells. The cell suspension was divided equally 

between two T-75 culture flasks, which were charged with carbogen (5% CO2, 95% O2), 

and gently rocked at room temperature for 3 h. Thereafter, the cells were sedimented by 

centrifugation at 400 g, resuspended in fresh serum-free RPMI medium equilibrated with 

carbogen, and gently rocked for a further 50 min at room temperature to ensure complete 

de-esterification of the intracellular nitroxides. The cells were then centrifuged, washed 

with fresh serum-free RPMI medium by resuspension, sedimented again, and finally 

resuspended in 200 mL serum-free RPMI. 
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 The final cell suspension was equipartitioned into 5 15-cm plastic Petri dishes, 

with each dish receiving 40 mL of suspension containing 1.325 × 108 cells. The dishes 

were maintained in an incubator at 37 °C under a humidified air containing 5% CO2. At 

0, 45, 90, 180 and 360 min, a dish was harvested by transferring the cell suspension to a 

50-mL culture tube. The cells were centrifuged at 400 g; 38 mL of supernatant medium 

were withdrawn; any remaining supernatant was rapidly removed by suction to leave the 

cell pellet. The 38-mL supernatant aliquots were rapidly frozen in liquid N2, lyophilized 

to dryness, and reconstituted with 0.75 mL deionized water (18.2 MΩ⋅cm). 

To each cell pellet was added 250 µL of 300 µM digitonin solution (15 µL 20 

mM digitonin in DMSO per mL water containing 0.5 mM Na4EGTA). The pellet was 

dispersed by repeated aspiration through a 1-mL plastic pipette tip. The lysate was 

sonicated for ~12 sec in a sonicator bath (Branson 2510), frozen with liquid N2 and 

immediately thawed. The sonication/freeze-thaw cycle was performed 3 times. The final 

thawed lysate was centrifuged at 21,920 g for 10 min at 10 °C to sediment cell debris and 

produce a clear lysate. 

A separate suspension of Jurkat cells not incubated with the AM ester was 

processed identically to produce nitroxide-free supernatant medium and clear lysate for 

preparing standard samples of nitroxide 4. 

4.1.12 Analysis of cell lysates. The EPR spectra of the lysates and the reconstituted 

supernatant media from the experimental group were recorded. The spectra of standard 

samples of nitroxide 4 at known concentrations in nitroxide-free lysate and supernatant 

media were also recorded. Because the corresponding experimental and standard samples 

are in the same solution medium, matrix effects are controlled for, which enables 
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quantitative comparison of the spectra. Thus, the concentration of nitroxide 4 in each 

experimental sample could be determined. 

The time course of the fraction of intracellular and extracellular nitroxide 4 (y vs t 

data) was fit to the linearized exponential function, ln�� − �,�� = � − �/� to determine 

the exponential time constant, τ. Total nitroxide at each time point is the sum of the 

moles of intra- and extracellular nitroxide 4. The intracellular concentration of nitroxide 4 

was calculated with the knowledge that the total amount of nitroxide 4 was originally in 

1.33 × 108 Jurkat cells, whose mean volume is 7.65 × 10-13 L.129 

4.1.13 Determination of tumbling correlation times. This work was performed by Lukas 

Woodcock in the laboratory of Gareth and Sandra Eaton (University of Denver). EPR 

spectroscopy was performed on an X-band spectrometer (EMX, Bruker). Measurements 

were conducted at room temperature (20 – 22 °C). Nitroxides (K+ salts) were dissolved at 

100 μM in 0.9% (wt/vol; 0.154 M) NaCl containing 10 mM HEPES buffer at pH 7.4. 

Samples were placed in thin Teflon tubing, which were contained in quartz EPR tubes. 

As required, samples were de-oxygenated by passing N2 through the space surrounding 

the Teflon tubing. Spectra of air-saturated and de-oxygenated samples were recorded. 

Oxygen removal did not significantly change the spectral envelope, which suggests that 

the line shape is dominated by hyperfine couplings of the multiple inequivalent protons. 

Spectral line shapes were simulated using EasySpin130 software to permit calculation of 

the tumbling correlation time; anisotropic g and A values were assumed to be similar to 

values reported previously.131 

To estimate molecular volumes, the geometries of three molecules (nitroxides 1 

and 4, and the trityl radical, OX063) were optimized by the PM3 semiempirical method 
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implemented in HyperChem132 (vers. 7.52; HyperCube). For each molecule, 7 – 11 

structures were optimized from different starting conformations, and the volumes of all 

optimized structure was computed and averaged. In all cases, standard deviations were 

less than 1% of the average volumes. 

For calculations using the modified Stokes-Einstein relation, the viscosity of 

0.154 M NaCl at 21 °C was taken to be η = 0.995 cP, calculated using tabulated values of 

temperature-and concentration-dependent density and viscosity of NaCl solutions.133, 134  

4.1.14 Data analysis. Numerical and statistical analyses were performed through 

OriginPro software (OriginLabs). ANOVA was used to assess differences between 

means. Data are presented as mean ± standard deviation. 

4.2.0 Results and Discussion 

Synthesis of the cell-permeant AM ester of nitroxide 4 (Fig. 4.3) is summarized in 

the chemical scheme shown in Fig. 4.4. Compounds 5 – 11 are intermediates in the 

synthesis of nitroxide 4 and its AM ester (13), and were not used in biological studies.  

Nitroxide 4 was prepared as its tetraethyl ester derivative 12, which was assembled from 

the ethylenediamine-N,N-diacetate derivative 7 and trans-3,4-dicarboxypyrrolidinyloxyl 

11, as outlined in Fig. 4.4. Compound 7 was prepared as follows: ethylenediamine was 

monoprotected with Boc (5), then dialkylated with ethyl bromoacetate (6), followed by 

removal of Boc with trifluoroacetic acid (7). To prepare trans-3,4-dicarboxypyr-

rolidinyloxyl (11), 3-carbamoylpyrrolinyloxyl (8) was dehydrated with tosyl chloride to 

yield 3-cyanopyrrolinyloxyl (9), conjugate addition of cyanide to which gave the 

dicyanopyrrolidinyloxyl as a mixture of cis and trans isomers, which could be separated 

chromatographically on the basis of polarity difference. Once assembled, the tetraethyl 
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ester 12 was hydrolyzed with tetrabutylammonium hydroxide and then alkylated with 

bromomethyl acetate to afford the tetrakis(acetoxymethyl) (AM) ester 13. Chemical 

properties of the newly synthesized compounds 5 – 13 are compiled in the Methods 

section. The AM ester 13 was the form used in all cellular studies. 

 

Figure 4.4 Synthetic Scheme. a) (t-BuO2C)2O, CH2Cl2; b) BrCH2CO2Et, K2CO3, DMSO; c) TFA, 
CH2Cl2; d) Tosyl-Cl, pyridine; e) KCN, NH4Cl, EtOH/H2O; f) NaOH; g) BOP, DIPEA, DMF; h) i. 
Bu4NOH, ii. BrCH2O2CCH3, DIPEA, DMSO. 

 To examine how well the highly charged nitroxide 4 is retained in cells, we 

loaded the nitroxide into a cultured human T-lymphoblastoid cell line by incubation with 

the AM ester 13. With all carboxyl groups masked as AM esters, 13 can permeate into 

cells (Fig. 4.5). Once inside cells, abundant cellular esterases cleave the AM esters to 

liberate nitroxide 4 which, being multiply charged, is trapped and accumulated in the cell. 

Thus, the tetra-AM ester 13 may be viewed as the “prodrug” form of nitroxide 4. 
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Figure 4.5 Loading of nitroxide 4 into cells by incubation with the tetra-AM ester 13. The tetra-AM 
ester 13 permeates the plasma membrane to enter a cell. Cellular esterases cleave the AM esters to unmask 
the negatively changed carboxyl groups to yield nitroxide 

 After incubation with the tetra-AM ester, we quantified intracellular and 

extracellular nitroxide 4 as a function of time. The time course for transfer of nitroxide 4 

from the intracellular compartment to the extracellular medium is shown in Fig. 4.6A. 

The average of the half-lives from nonlinear least-squares curve fits to the two time 

courses was t1/2 = 12.5 ± 1.1 h (or exponential lifetime of τ = 18.0 ± 1.6 h) at 37 °C. Such 

a long intracellular retention time should be ample for any in vivo imaging applications. 
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Figure 4.6 Fate of intracellular nitroxide 4. (A) Time course of change of intracellular and extracellular 
proportions of nitroxide 4 at 37 °C. Filled circles are data at nominally 0, 0.75, 1.5, 3, and 6 hr. Curves are 
least-squares single-exponential fits to the data. Half-lives derived from the intra- and extracellular data are 
t1/2 = 12.33 ± 0.85 hr and 13.4 ± 2.5 hr, respectively. (B) Total nitroxide recovered (intracellular + 
extracellular) at various time points; average of the five time points = 4.69 ± 0.15 nmol. 

 Because the environment inside the cell is reducing, intracellularly trapped 

nitroxide could be reduced and thus lose its EPR signal, which would be undesirable. To 

determine whether nitroxide 4 was being reduced, we measured the total amount of 

nitroxide (i.e., intracellular plus extracellular) at each time point. As shown in Fig. 4.6B, 

the total nitroxide content remained essentially constant over the 6-hour course of the 
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experiment, at 4.69 ± 0.15 nmol. Thus nitroxide 4 is remarkably resistant to 

bioreductiona desirable characteristic for a spin probe designed for EPR imaging. This 

bodes well for the use of highly-charged nitroxides in vivo, where tissue O2 levels are 

typically ≤ 10%, compared with ~18% in cell culture in vitro (water-saturated air 

containing 5% CO2 at 37 °C).  

 Knowing the total number of Jurkat cells (1.325 × 108), the mean cell volume 

(7.65 × 10-13 L),129 and the total amount of nitroxide initially loaded into the cells (4.69 ± 

0.15 nmol) leads to the estimate that the intracellular concentration of nitroxide 4 was 

initially ~50 μM. This level of intracellular loading is comparable to what has been 

achieved when cells are incubated with the AM esters of common fluorescent 

polycarboxylate ion indicators,135-137 but is much lower than what we have achieved by 

incubation with the AM esters of nitroxides 1, 2, and 3.78, 138 The simplest rationale for 

the difference in loading is the aqueous solubility of the AM esters. The tetra-AM ester 

13 has MW = 834, approaching that of the AM esters of the common polycarboxylate 

indicators (e.g., fura-2 AM and fluo-4 AM, MW ~1,000), which are known to be 

sparingly soluble (< 1 µM) in aqueous media.137 In contrast, the AM esters of nitroxides 1 

– 3 range in MW from 258 to 431. Since only dissolved AM ester molecules can 

permeate the cell membrane, the flux of AM esters into the cell is much less when the 

solubility is very low. Importantly, the Km of the intracellular esterases has been 

estimated to be in the several-µM range.139-142 Therefore, hydrolysis of AM esters whose 

solubility is less than Km would be expected to proceed with low velocity. Low AM ester 

solubility thus severely limits the intracellular accumulation of the hydrolyzed form of 

the probe molecules. Finally, it is important to stress that limitations of the AM ester do 
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not affect the utility of the nitroxide in immunoliposome applications, where the 

nitroxides are encapsulated as their salts at high concentrations in the liposomes and 

delivered into cells through an entirely different mechanismnamely receptor-mediated 

endocytosis.  

To put the present findings in perspective, we examined the relationship between 

intracellular half-life (t1/2) to the total number of charged groups (Ztot) in the probe 

molecule, as shown in Fig. 4.7. It can be seen that increasing the total number of ionic 

functional groups in the molecule resulted in systematic lengthening of the intracellular 

half-life. This validates the strategy of increasing the number of charged functional 

groups to deter extrusion, and thus enhance retention in the cytosol. 

 

Figure 4.7 Dependence of intracellular half-life (t1/2) on total number of ionic groups (Ztot). Numerals 
refer to nitroxide structures in Fig. 4.2 and Fig. 4.3. Red curve is the least-squares fit to a single-exponential 

function (��� � /! = 4.518 − 4.369)* +tot
,.-,,). The exponential function was chosen because it has an 

asymptotic upper bound, but is not intended to have mechanistic implications. Data for nitroxides 1 – 3 are 
from our earlier study.78 
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 A final important issue to consider is the dependence of the EPR spectral 

linewidth on molecular structure. Linewidth (LW) is a determinant of signal-to-noise ratio 

because a narrower line has higher spectral amplitude. Molecular structure affects the 

tumbling correlation time, τc —a larger molecule is expected to tumble more slowly and 

thus have a longer τc. Under typical physiological conditions, nitroxide spin probes are in 

the fast-tumbling regime, and one expects LW ∝ τc, i.e., a longer correlation time means a 

larger linewidth. The correlation time can be modeled by a modified form of the Stokes-

Einstein relation:143 �. =
 �slip23 

45
, where η is the solvent viscosity, V is the volume of the 

molecule, k is the Boltzmann constant, T is the absolute temperature, and Cslip is an 

empirical parameter that accounts for deviation of the spin probe from spherical 

symmetry and for its interactions with the solvent (0 ≤ Cslip ≤ 1). Fig. 4.8 shows the X-

band EPR spectra of nitroxides 1 and 4; simulation of the spectra in EasySpin permits 

one to extract τc. Table 1 presents the values of τc and Cslip for nitroxides 1 and 4 

determined in this study, as well as for nitroxide 8 and OX063, whose properties have 

been published.144-147 
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Figure 4.8 EPR spectra of nitroxdes. Blue traces are X-band EPR spectra recorded from deoxygenated 
aqueous solutions of 50 μM nitroxides 1 and 4. Red traces are spectra simulated in EasySpin. 
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Table 4.1 : Tumbling correlations times of radicals in water 

 MW V (Å3)a τc (ps) Cslip 

Nitroxide 1 185.2 576 20b,c 0.14 

Nitroxide 4 544.5 1,400 135b 0.39 

Nitroxide 8 (2,2,5,5-2H12) 195.1 593 13d 0.09 

Trityl OX063 1357.8 2,730 500e 0.75 

a. Volume of structure optimized by semi-empirical modeling (see Experimental Procedures for details). 

b. Average of values determined under aerated and deoxygenated conditions, which were not 
significantly different. 

c. Compare with 19 ps determined by pulse methods.131 

d. Reported in Biller et al. (2011)144 for the dodecadeuterio analogue of 8 (structure shown in Scheme 1). 

e. Literature value.146-148 

Generally, the values in Table 4.1 show that, not surprisingly, bulkier molecules 

tend to have longer τc. Moreover, charged or highly polar substituents that are expected 

to interact strongly with water hinder tumbling. For example, nitroxide 2H12-8, which is 3 

– 5% larger than nitroxide 1, has a τc that is actually 35% shorter. This is consistent with 

2H12-8 having an amide substituent where 1 has a carboxylate; the latter is expected to 

interact more strongly with water molecules. Similarly, if nitroxides 1 and 4 strictly obey 

the Stokes-Einstein relation, then the ratio of the correlation times, τc,4/τc,1, should equal 

the ratio of the molecular volumes, V4/V1 = 1400/576 = 2.43, whereas the observed ratio 

is 135/20 = 6.75. This deviation is reflected in nitroxide 4 having a larger Cslip, which 

takes into account two effectssix charged functional groups that can interact strongly 

with water and an extended structure that precludes isotropic tumbling (see Fig. 4.9). In 

this context it is interesting to compare nitroxide 4 with the highly symmetrical trityl 

radical, OX063 (Fig. 4.9): not quite doubling the molecular volume nearly quadruples τc. 
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OX063 has three CO2
- and 12 OH groups, all of which are expected to interact with water 

thus hinder tumbling. 

 

Figure 4.9 Structures of three radicals. Geometry-optimized structures of nitroxides 1 and 4 and the trityl 
OX063 (see Experimental Procedures for details). Color scheme: gray = C, white = H, blue = N, red = O, 
yellow = S. 

 The above considerations suggest two ways to reduce τc: 1) reducing the number 

of charged functional groups, and 2) reducing the size and asymmetry of the molecule. In 
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view of the finding that charged groups improve retention, we must reject option 1. In 

contrast, the structure of nitroxide 4 can be made much more compact while retaining the 

six essential charged functional groups. To further narrow the EPR lines and thereby 

increase signal amplitude, the pyrrolidinyloxyl ring can be isotopically substituted with 

15N and deuterium.149 Synthesis of such nitroxides is feasible, and will provide the next 

generation of nitroxide compounds. 
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Chapter 5 : Construction of a single chain anti-HER2 antibody 

5.0.0 Introduction  

Liposomes are lipid bilayer vesicles capable of encapsulating diverse cargo 

molecules including therapeutic and diagnostic agents. Liposomes are an attractive 

vehicle for drug delivery because cell-type-specific targeting is readily achievable by 

conjugation of antibody fragments to the liposomal surface. 50, 51, 79 Antibody conjugation 

enables the liposome to bind a cell surface antigen (e.g., a receptor) and promotes 

internalization through receptor-mediated endocytosis. Thus, liposomes enable delivery 

of cargo molecules to internal compartments of the targeted cell.  

The human epidermal growth factor receptor (HER) family of receptor-tyrosine-

kinases (RTK) comprises four members, HER1–4.31, 32 HERs are involved in a wide array 

of growth/survival signaling pathways. Expression and activity of these receptors are 

carefully regulated; dysregulation in expression or activity can result in malignant 

transformation. Particularly, the overexpression of HER2 is implicated in the 

pathogenesis of a number of cancers, including some ovarian, lung, and a large subset 

(~30%) of breast cancers. Because HER2 is a preferential partner in the formation of 

heterodimers, and HER2-containing dimers are the most mitogenic, HER2 is especially 

oncogenic.34, 35 Therefore, HER2 is a prime target for therapeutics. A notable advance in 

the therapy for HER2 overexpressing tumors has been the development of humanized 

monoclonal anti-HER2 antibodies — such as trastuzumab (trade name Herceptin). 

Trastuzumab principally functions by two mechanisms: by disrupting HER2 dimerization 

and function, and by facilitating antibody-dependant, cell-mediated cytotoxicity (ADCC). 
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150, 151 Together they nullify the growth advantage offered by HER-2 overexpression 

while mediate an antitumor immune response. 

The clinical relevance of HER2 overexpression as well as the wide availability of 

trastuzumab make HER2-overexpressing tumors an ideal model for targeted liposomal 

delivery. Typically, the process for attaching trastuzumab to the liposomal surface 

requires digestion, reduction, and purification of the fragments ─ a laborious and time-

consuming procedure. We developed a new single chain variable fragment (scFv) derived 

from trastuzumab. An anti-HER2 scFv obviates digestion and reduction, thus improving 

homogeneity of the antibody and streamlining the process for conjugation to the 

liposomal surface.   

5.1.0 Methods 

5.1.1 Polymerase chain reaction (PCR). The PCR reaction was performed with 20 u/mL 

Pfu polymerase (Promega Corp., Madison, WI) in a buffer comprising (in mM) 20 

Tris∙HCl [pH 8.8 at 25 °C], 10 KCl, 10 (NH4)2SO4, 2 MgSO4, 0.001 forward primer, 

0.001 reverse primer, 0.2 of each dNTP, 1 mg/mL bovine serum albumin (BSA), and 1% 

Triton X-100. The three phases of the PCR reaction were: 1) 95 °C for 120 sec; 2) 35 

cycles of 95 °C for 30 sec, 58 °C for 30 sec and 72 °C for 120 sec; and 3) 72° C for 120 

sec. The following PCR primers were used (underlined sequences are restriction sites):  

mCherry-Forward (mCfwd) 5’-

CATTGCTAGC⋅GGATCCCACCATGGTGAGCAAGGG-3’; mCherry-Reverse 

(mCrev) 5’-TAGTCTCGAGCTTATACAGCTCGTCCATGC-3’; CMV-Forward 

(CMVfwd) 5’-CGCAAATGGGCGGTAGGCGTG-3’; 

BGH-Reverse (BGHrev) 5’-TAGAAGGCACAGTCGAGG-3’; 
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2Asense 

5’-CGAGCTAGC⋅CTCGAG⋅GTCGACCGCAAGAGAAGGGCCCCTGTGAAACAG-

ACTTTGAATTTTGACCTACTTAAGTTGGCGGGTGACGTTGAGTCCAACCTTGG

GCCCAAGCTTCATA-3’; 

2Aanti 

5’-TATGAAGCTTGGGCCCAAGGTTGGACTCAACGTCACCCGCCAACTTAAGT-

AGGTCAAAATTCAAAGTCTGTTTCACAGGGGCCCTTCTCTTGCGGTCGAC⋅CT

CGAG⋅GCTAGCTCG-3’; 

Lenti-scFvfwd 5’-CATA GCTAGC ATGGAGACAGACACACTCCT-3’; 

Lenti-scFvrev 5’-TAGA TGTACA GTCGAC 

TTAACAGGCTCCGCCATGGTGATGGTGATGATG-3’ 

5.1.2 Synthesis of variant anti-HER2 scFv constructs. Four anti-HER2 scFv variants were 

constructed using a 4-step cloning scheme: 

Step 1: Two plasmids containing either a 218 or Link1 cassette were provided by Dr. Dan 

Schulze. The 218 cassette was amplified by PCR using the 218fwd and 218rev primers. 

The Link1 cassette was amplified by PCR using the Linkfwd and Linkrev primers. Both 

PCR products contain a 3’ non-coding spacer that simplified electrophoretic separation 

by increasing the molecular weight. Both PCR products were purified by electrophoresis 

on 1% agarose; appropriate bands were cut from the gel and eluted using a gel 

purification kit (Macherey-Nagle, Bethlehem, PA). Both linker cassette (Link1, 218) 

PCR products as well as the pCDNA3.1(+) plasmid were cleaved with NheI and XhoI. 

The linker cassette fragments and pCDNA3.1(+) fragments were purified by 

electrophoresis on agarose; appropriate bands were cut from the gel and eluted using a 
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gel purification kit. The 218 cassette fragments and pCDNA3.1(+) fragments were 

ligated using a Rapid DNA Ligation Kit (Clontech Laboratories, Mountain View, CA). 

Separately, the Link1 cassette fragments and pCDNA3.1(+) fragments were ligated using 

a Rapid DNA Ligation Kit. Competent DH5α E. coli cells were transformed with each 

ligation mix, plated on ampicillin (Amp)-containing Lysogeny Broth (LB) agar plates and 

incubated at 37°C overnight. Randomly picked clones were grown in Super Optimal 

Broth (SOB) at 37°C for 1 h. A small sample from each expanded clone was assayed by 

PCR to determine the presence of the correct ligation product — as confirmed by 

comparison to the anticipated size of the correct ligation product. A clone carrying the 

ligation product of the correct size was grown overnight in 5 mL of SOB and DNA was 

isolated using a miniprep procedure. Correct ligation was confirmed by Sanger 

sequencing using CMVfwd and BGHrev primers (performed by the Biopolymer Facility 

at the University of Maryland School of Medicine). The ligation products are referred to 

as p3.1-218 and p3.1-L1 respectively. 

Step 2A: For the Light-then-Heavy orientation, the heavy-chain variable region was 

cloned into site-2. Plasmids encoding the trastuzumab-heavy-chain and the trastuzumab-

light-chain were provided by Dr. Dan Schulze. The heavy-chain variable region was 

amplified using the primers Site2-Heavyfwd and Site2-Heavyrev, and the PCR product 

was purified by electrophoresis and eluted using a gel purification kit. The heavy-chain 

PCR product, the p3.1-218 plasmid, and the p3.1-L1 plasmid were then cleaved with 

BamHI and XhoI. After digestion the fragments were separated by electrophoresis, cut 

from the gel, and eluted as described above. The heavy-chain and p3.1-218 fragments 

were then ligated; separately, the heavy-chain and p3.1-L1 fragments were ligated using a 
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Rapid DNA Ligation Kit. Each ligation mix was transformed into DH5α E. coli cells, 

which were plated on AMP LB agar plates and incubated overnight at 37 °C. Colonies 

were picked and grown in SOB; small samples were assayed by PCR to determine the 

presence of ligation product of correct size. Mini preps of clones were made and the 

correct ligation was confirmed by Sanger sequencing using CMVfwd and BGHrev 

primers. The ligation products are referred to as p2Hv and pL1Hv respectively. 

Step 2B: For the Heavy-then-Light orientation, the light-chain variable region was cloned 

into site-2. The light-chain variable region was amplified using the primers Site2-

lightfwd and Site2-lightrev, and the PCR product was purified by electrophoresis and 

eluted using a gel purification kit. The light-chain PCR product, the p3.1-218 plasmid, 

and the p3.1-L1 plasmid were cleaved with BamHI and XhoI. After digestion the 

fragments were separated by electrophoresis, cut from the gel, and eluted as described 

above. The light-chain and p3.1-218 fragments were then ligated using a Rapid DNA 

Ligation Kit. Separately, the light-chain and p3.1-L1 fragments were ligated. Each 

ligation mix was transformed into DH5α E. coli cells, which were plated on AMP LB 

agar plates and incubated overnight at 37 °C. Colonies were picked and grown in SOB; 

small samples were assayed by PCR to determine the presence of ligation product of 

correct size. Mini preps of clones were made and the correct ligation was confirmed by 

Sanger sequencing using CMVfwd and BGHrev primers. The ligation products are 

referred to as p2Lv and pL1Lv respectively. 

Step 3A: An expression pCDNA3.1(+) vector containing the kappa light-chain signal 

sequence was provided by Dr. Dan Schulze; this vector is referred to as pSIG. For the 

Light-then-Heavy orientation, the light-chain variable region was cloned into pSIG so 
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that the light-chain variable region was directly adjacent (3’) to the kappa light-chain 

signal sequence. The light-chain variable region was amplified using the primers Site1-

lightfwd and Site1-lightrev, and the PCR product was purified by electrophoresis and 

eluted using a gel purification kit. The light-chain PCR product and the pSIG plasmid 

were cleaved with HinDIII and NotI. After digestion the fragments were separated by 

electrophoresis, cut from the gel, and eluted as described above. The light-chain 

fragments and pSIG fragments were then ligated and transformed into DH5α E. coli 

cells, which were plated on AMP LB agar plates and incubated overnight at 37 °C. 

Colonies were picked and grown in SOB; small samples were assayed by PCR to 

determine the presence of ligation product of correct size. Mini preps of clones were 

made and the correct ligation was confirmed by Sanger sequencing using CMVfwd and 

BGHrev primers. The ligation product is referred to as pSLv.  

Step 3B: For the Heavy-then-Light orientation, we cloned the heavy-chain variable 

region into pSIG so that the heavy-chain variable region was directly adjacent (3’) to the 

kappa light-chain signal sequence. The heavy-chain variable region was amplified using 

the primers Site1-Heavyfwd and Site1-Heavyrev, and the PCR product was purified by 

electrophoresis and eluted using a gel purification kit. The heavy-chain PCR product, the 

pSIG plasmid were then cleaved with HinDIII and NotI. After digestion the fragments 

were separated by electrophoresis, cut from the gel, and eluted as described above. The 

heavy-chain fragments and pSIG fragments were ligated using a Rapid DNA Ligation 

Kit. Competent DH5α E. coli cells were transformed with each ligation mix, plated on 

ampicillin (Amp)-containing LB agar plates and incubated at 37°C overnight. Colonies 

were picked and grown in SOB; small samples were assayed by PCR to determine the 
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presence of ligation product of correct size. Mini preps of clones were made and the 

correct ligation was confirmed by Sanger sequencing using CMVfwd and BGHrev 

primers.  The ligation product is referred to as pSHv. 

Step 4A: For the Light-then-Heavy orientation, we cloned the signal sequence and the 

light-chain variable region into site-1. The light-chain coding region was amplified using 

the primers Site1-lightfwd and Site1-lightrev. The pSLv, the p2Hv plasmid, and the 

pL1Hv plasmid were then cleaved with NheI and AgeI. After digestion the fragments 

were separated by electrophoresis, cut from the gel, and eluted as described above. The 

sig-light and p2Hv fragments were then ligated; separately, the sig-light and pL1Hv 

fragments were ligated using a Rapid DNA Ligation Kit. Competent DH5α E. coli cells 

were transformed with each ligation mix, plated on Amp-containing LB agar plates and 

incubated at 37°C overnight. Colonies were picked and grown in SOB; small samples 

were assayed by PCR to determine the presence of ligation product of correct size. Mini 

preps of clones were made and the correct ligation was confirmed by Sanger sequencing 

using CMVfwd and BGHrev primers. The ligation products are referred to as pL2H and 

pLLH respectively.  

Step 4B: For the Heavy-then-Light orientation, we cloned the signal sequence and heavy-

chain variable region into site-1. The pSHv, the p2Lv plasmid, and the pL1Lv plasmid 

were then cleaved with NheI and AgeI. After digestion the fragments were separated by 

electrophoresis, cut from the gel, and eluted as described above. The heavy-chain 

fragments and p2Lv fragments were then ligated; separately, the heavy-chain fragments 

and pL1Lv fragments were ligated using a Rapid DNA Ligation Kit. Competent DH5α E. 

coli cells were transformed with each ligation mix, plated on Amp-containing LB agar 
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plates and incubated at 37°C overnight Colonies were picked and grown in SOB; small 

samples were assayed by PCR to determine the presence of ligation product of correct 

size. Mini preps of clones were made and the correct ligation was confirmed by Sanger 

sequencing using CMVfwd and BGHrev primers. The ligation products are referred to as 

pH2L and pHLL respectively. 

5.1.3 MP-scFvL2H Construct Synthesis. The scFvL2H was inserted into a lentiviral 

backbone vector using a 5 step cloning scheme: 

Step 1: A pCDNA3.1(-) expression vector containing a Picornavirus 2A sequence (2A) 

from Foot-and-Mouth Disease virus (FMDV)85 was provided by Dr. Dan Schulze. 2A 

from FMDV was synthesized by annealing two complementary oligonucleotides, 

2Asense and 2Aanti. This annealed product was then cleaved with NheI and HindIII. 

Similarly the plasmid pCDNA3.1 was digested with the same enzymes. The fragments, 

2A and the plasmid, were run on a 1% agarose gel; appropriate bands were cut from the 

gel and eluted using a gel purification kit. The fragments were ligated using a Rapid 

DNA Ligation Kit, transformed into competent DH5α E. coli cells, which were plated on 

Amp LB agar plates and grown overnight. Colonies were picked and grown in SOB; 

small samples were assayed by PCR to determine the presence of ligation product of 

correct size. Mini preps of clones were made and the correct ligation was confirmed by 

Sanger sequencing using CMVfwd and BGHrev primers. This plasmid containing the 2A 

sequence is referred to as p3.1-2A.  

Step 2: The mCherry coding region from pmCherry-N1 (Clontech) was amplified by 

PCR using the mCfwd and mCrev primers, and the PCR product was purified by 

electrophoresis on agarose. A band containing the PCR product was cut from the gel and 
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eluted using a gel purification kit. The p3.1-P2A construct and the mCherry PCR product 

were digested with restriction enzymes NheI and XhoI. The restriction fragments were 

purified by electrophoresis on agarose, bands containing the fragments were cut from the 

gel, eluted using a gel purification kit, and ligated using a Rapid DNA Ligation Kit. The 

ligation mix was transformed into DH5α E. coli cells, which were plated on Amp LB 

agar plates and incubated at 37 °C overnight. Colonies were picked and grown in SOB; 

small samples were assayed by PCR to determine the presence of ligation product of 

correct size. Mini preps of clones were made and the correct ligation was confirmed by 

Sanger sequencing using CMVfwd and BGHrev primers. The ligation product is referred 

to as pMP. 

Step 3: The mCherry-P2A coding region from pMP was amplified by PCR using the 

MPfwd and MPrev primers, and the PCR product was purified by electrophoresis on 

agarose. A band containing the PCR product was cut from the gel and eluted using a gel 

purification kit. The purified mCherry PCR product was ligated into pJET1.2/blunt using 

the associated kit (Fermentas, Waltham, MA). The ligation mix was transformed into 

DH5α E. coli cells, which were plated on Amp LB agar plates and incubated at 37 °C 

overnight. Colonies were picked and grown in SOB, small samples were assayed by PCR 

to determine the presence of ligation product of correct size. Mini preps of clones were 

made and the correct ligation was confirmed by Sanger sequencing using pJET1.2/blunt 

kit sequencing primers. The ligation product is referred to as pBluntMP. 

Step 4: The pBluntMP construct and pRRLSIN.CMV.GFP.Wpre lentiviral backbone 

plasmid were cleaved with BamHI and KpnI. The restriction fragments were purified by 

electrophoresis on agarose; bands containing the fragments were eluted using a gel 
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purification kit. The fragments were ligated using a Rapid DNA Ligation Kit. Competent 

DH5α E. coli cells were transformed with the ligation mix, plated on Amp LB agar plates 

and incubated at 37°C overnight. Colonies were picked and grown in SOB, small samples 

were assayed by PCR to determine the presence of ligation product of correct size. Mini 

preps of clones were made and the correct ligation was confirmed by Sanger sequencing 

using the CMVfwd and T7 primers. The ligation product is referred to as pMP-RV. 

Step 5: The scFv2 coding region was amplified from the pL2H using the Lenti-scFvfwd 

and Lenti-scFvrev primers, and the PCR product was purified by electrophoresis on 

agarose. A band containing the PCR product was cut from the gel and eluted using a gel 

purification kit. The scFv PCR product was cleaved with NheI and BsrGI and pMP-RV 

were cleaved with NheI and KpnI. The restriction fragments were purified by 

electrophoresis on agarose; bands containing the fragments were eluted using a gel 

purification kit. The fragments were ligated using a Rapid DNA Ligation Kit. Competent 

DH5α E. coli cells were transformed with the ligation mix. The ligation product was 

isolated by miniprep, correct ligation was confirmed by Sanger sequencing using 

CMVfwd and T7 primer primers. The ligation product is referred to as pL2H-RV. 

5.1.4 Production of MPG lentiviral vector. All reagents were from Invitrogen (Life 

Technologies, Grand Island, NY). HEK 293FT cells were grown in T-75 culture flasks. 

At 24 h before transfection the cells were exchanged into antibiotic-free DMEM 

supplemented with FBS and Gln. At ~75% confluency the cells were transfected. A 

mixture of 3 μg pL2H-RV, 9 μg ViraPowerTM packaging mix (Life Technologies), and 50 

μL LipofectamineTM 2000 in 3 mL OptimemTM was kept at room temperature for 30 min 

and added gently to the cells. The cells were incubated for 16 h, exchanged into fresh 
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DMEM (+ FBS, Gln, Pen/Strep), and incubated for a further 48 h. Thereafter, the virus-

containing supernatant was filtered through a sterile 0.22-μm porosity filter. Aliquots of 

the filtered virus stock were snap-frozen using liquid N2 and stored at -80 °C until use.    

5.1.5 Generation and selection of HEK-L2H clones. HEK293T cells were grown in T-75 

culture flasks. At 75 – 100% confluency, the cells were transduced with 3 mL of the virus 

stock in 7 mL fresh DMEM (+ FBS, Gln, Pen/Strep) and incubated for 24 h. The cells 

were then washed and exchanged into fresh DMEM and expanded to ~3 × 107 cells over 

~3 weeks, at which point the cells were trypsinized, suspended in PBS containing 1% 

(v/v) FBS, and sorted in a flow cytometer. Cells positive for mCherry fluorescence 

(highest 1%) were collected into FBS. The enriched cells where expanded and resorted 

using the same gating parameters. This enrichment process was performed a total of six 

times. On the 7th enrichment, MPG-positive cells (highest 0.3% of mCherry fluorescence) 

were directly plated singly into individual wells on a 96-well plate. From the remaining 

cells a second population (highest 20% of mCherry fluorescence) was collected, 

expanded, and frozen in 10% (v/v) DMSO in FBS and stored at −80 °C. Individual clones 

on the 96-well plate were grown and expanded. 18 clones were selected on the basis of 

mCherry fluorescence and growth rate. Aliquots of each clone were frozen in 10% (v/v) 

DMSO in FBS and stored at −80 °C until use. The clones were further expanded and 

analyzed again by flow cytometry for mCherry expression and the best clone was 

selected for production of the antibody. 

5.1.6 scFv production and purification. HEK-L2H cells were grown in a C2008 hollow 

fiber bioreactor (Fibercell Systems Inc., Frederick, MD) (for details, see below). The 

bioreactor was harvested every 48 hr, cells were pelleted by centrifugation (400 g, 10 
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min), and the supernatant was immediately frozen in liquid nitrogen and stored at -80 °C 

until purification. At time of purification the supernatants were thawed at room temp and 

filtered through a 0.45 μm cellulose acetate (CA) filter (Corning Inc., Corning, NY) to 

remove any cellular debris. A His60 nickel affinity column (Takara Bio, Mountainview, 

CA) was prepared by rinsing with 10 column volumes of equilibration buffer (50 mM 

Na-phosphate, 300 mM NaCl, 20 mM imidazole; pH 7.4). The filtered supernatant was 

then loaded onto the His60 nickel affinity column (Takara, Mountainview, CA) and 

allowed to equilibrate for 1 hour at 4 °C. The column was washed with 10 column 

volumes of wash buffer (50 mM Na-phosphate, 300 mM NaCl, 40 mM imidazole; pH 

7.4). The scFv was eluted from the column with 10 column volumes of elution buffer (50 

mM Na-phosphate, 300 mM NaCl, 300 mM imidazole; pH 7.4) and collected in 5-mL 

fractions, which were stored at 4 °C overnight. The fractions were assayed by western 

blot using an α-his-tag antibody. Fractions containing the scFv were collected, and 

desalted by ultrafiltration through a 3 kDa Ultracel membrane (Amicon Stirred Cell; 

EMD Millipore). The retained protein was diluted in nanopure water and frozen in liquid 

nitrogen and stored at -80 °C. 

5.1.7 Assay of scFv variants by flow cytometry. HEK293T cells were transiently 

transfected with each scFv variant plasmid (pLLH, pL2H, pHLL, pHLL) independently 

using Lipofectamine LTX (ThermoFisher Scientific). After 48 hr, the supernatants from 

the transfected cells were collected and incubated for 1 hr with HER2-overexpressing 

Hc7 cells. The cells were washed three times and incubated for 1 hr with a fluorescently 

labeled anti-his-6 secondary antibody. The Hc7 cells were washed 3 times and were 
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assayed for fluorescence intensity by flow cytometry. Flow cytometry performed by Dr. 

Michelle Sallin. 

5.1.8 Cell culture. Cells in tissue culture flasks were maintained at 37 °C under a 

humidified 5% CO2 atmosphere in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% (v/v) fetal bovine serum (FBS) and 2 mM L-glutamine (Gln), 

and fortified with 100 U/mL penicillin and 100 μg/mL streptomycin (Pen/Strep). Cell 

culture media and biochemicals were from Gibco (Life Technologies). Conditions for 

cells grown in a C2008 hollow fiber bioreactor are as follows. The bioreactor was 

maintained at 37 °C under a humidified 5% CO2 atmosphere; circulating through the 

reactor was Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% (v/v) 

CDM-HD serum replacement (Fibercell Systems Inc.) and 2 mM L-glutamine (Gln), and 

fortified with 100 U/mL penicillin and 100 μg/mL streptomycin (Pen/Strep). 
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Figure 5.1 Schematic of anti-HER2 scFv variants. Four variants consisted of two orientations of variable 
regions (VH, red; VL, blue) and two linkers (green). All variants have these key features: N-terminal signal 
sequence (S. Seq.) ─ enables secretion, C-terminal His-6 tag (H6) ─ enables purification by nickel 
chromatography, and a C-terminal cysteine (C-SH) ─ enables conjugation to the liposomal surface.    

5.2.0 Results  

5.2.1 Fabrication of scFv molecular constructs and assay of scFv variants for affinity. 

The trastuzumab variable regions (Hv, Lv) and linkers (L1, 218) were assembled 

by a multi-step cloning scheme (see Methods section for details) to produce expression 

cassettes for four scFv variants (LLH, L2H, HLL, H2L) (see Fig 5.1). Each scFv variant 

was produced by transient transfection of HEK293T cells. To test the scFv variants’ 

ability to bind HER2, the four scFv variants were individually incubated with Hc7 cells 

― HER2 overexpressing cells derived from the MCF7 cell line. A fluorescently labeled 
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anti-his-tag secondary antibody was then used to stain scFv bound to the Hc7 cells, and 

the cells were analyzed by flow cytometry to determine scFv binding (Fig. 5.2). A 

threshold for positive binding was arbitrarily established so that 95% of control cells, i.e., 

Hc7 cells incubated with only the α-his-tag secondary antibody, fall below the threshold. 

With this criterion, the L2H variant was chosen for having both the highest mean 

fluorescence as well as the greatest percent shift in population above the threshold. It is 

noteworthy that both the LLH and HLL performed nearly as well as the L2H variant in 

this binding assay, and it is likely that both would have been equally viable for further 

development. The H2L variant alone showed reduced binding, presumably resulting from 

reduced affinity of this variant. 
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Figure 5.2 Assay of scFv variants by flow cytometry. The scFv variants were produced by transient 
transfection of HEK293T cells. The supernatants containing the scFv were harvested and were incubated 
with HER2-overexpressing Hc7 cells. The Hc7 cells were subsequently incubated with fluorescently 
labeled anti-His-6 secondary antibody. Finally, the Hc7 cells were assayed by flow cytometry for 
fluorescence intensity as a measure of scFv binding. Supernatant from non-transfected cells were used as 
control (black histogram, all panels). LLH (red histogram, top-left panel), L2H (red histogram, top-right 
panel), and HLL (red histogram, center-left panel) performed nearly identically (bottom left panel). The 
L2H variant was chosen because it showed the highest mean fluorescent intensity and also produced the 
largest percent shift in the population above the threshold (set as fluorescence intensity where 5% of the 
control cells are above the threashhold). Dot plot (bottom right) shows gating (red line).    



115 
 

5.2.2 Construction of lentiviral vector and creation of HEK293T clones stably expressing 

the L2H variant. 

An expression cassette containing mCherry, FMDV 2A sequence, and L2H 

variant was constructed and cloned into a lentiviral backbone vector for transfection of 

HEK293FT cells to produce lentivirus, which was used to transduce HEK293T cells. The 

mCherry served as a reporter for expression of the L2H scFv and allowed the selection of 

transduced HEK293T cells by mCherry fluorescence intensity. Iterative cell sorting by 

flow cytometry yielded an enriched transduced cell population. Single clones were sorted 

from this enriched population and expanded. From these expanded clonal lines, the clone 

with the highest mCherry fluorescence was chosen. This clone is named HEK-L2H. 

 

Figure 5.3 Production and purification of the L2H scFv. Non-reducing western blot (panel A) shows 
production of the L2H scFv by hollow fiber bioreactor (as assayed by an anti-His-6 antibody conjugated to 
horseradish peroxidase). The bottom band, occurring at 30 kDa, is consistent with the molecular weight of 
the monomeric form of the scFv. The faint top band, occurring at 60 kDa, is consistent with the molecular 
weight of the L2H dimeric form (formed through formation of a disulfide bond between C-terminal 
cysteines in the two monomers). The relative intensity of the two bands suggests that the scFv is primarily 
produced in its monomeric form. A dot blot (panel B) shows scFv contained in elution fractions collected 
during nickel affinity purification. 
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5.2.3 Production and purification of the L2H scFv. 

The HEK-L2H line was seeded into a hollow fiber bioreactor. Every other day, 

supernatant from the reaction was harvested and tested for production of the L2H scFv by 

western blot (see Fig. 5.3A). The supernatants were pooled and filtered through 0.45 μm 

porosity cellulose acetate (CA) filters and the filtrate was collected in the filter flasks. 

The filtrate through was purified by nickel affinity chromatography. The eluate was 

collected as 5-mL fractions, which were assayed by dot blot to determine the presence of 

L2H scFv see (Fig. 5.3B). The fractions containing L2H scFv were desalted by 

ultrafiltration through a 3 kDa cutoff membrane. The purified scFv was rapidly frozen in 

liquid nitrogen and stored at –80 °C.  

5.3.0 Conclusions 

We have produced the L2H scFv and demonstrated its ability to target HER2. 

However, owing to time constraints, it has not been tested in a liposome-conjugated form. 

For conjugation to liposomes, a scFv offers several advantages over a normal IgG. First 

and most important, the IgG must be digested by proteases and reduced by thiol 

reductants to expose free cysteine side-chain thiol groups, which are necessary for the 

thiol-maleimide reaction used to attach the Fab’ to the liposome surface. In contrast, the 

L2H scFv design incorporates a free cysteine at the C-terminus. This allows attachment 

of the L2H scFv to liposomes without requiring proteolytic cleavage and reduction, 

which improves the structural homogeneity of the liposome-attached antibodies and 

streamlines an otherwise laborious process. Results from non-reducing western blots 

show that the L2H scFv is primarily produced as monomers (not dimerized through 

disulfide bridges) (see Fig 5.3A). Thus, the C-terminal cysteine remains free for 



117 
 

liposomal attachment without an additional reduction step, again improving homogeneity 

and streamlining the liposome production process. Potentially, the scFv can be pre-

conjugated to lipids and the scFv-conjugated lipids can be stored and used in the 

production of many liposome batches. This would eliminate the antibody conjugation 

step from the liposome preparation process, and thus dramatically reduce the labor and 

time necessary for immunoliposome production.  

We expect that the L2H scFv binds HER2 with a similar affinity to trastuzumab 

Fab’, and the flow cytometry experiment results in Fig. 5.2 show binding of the L2H 

scFv to HER2. However, there is a possibility that L2H scFv affinity is reduced relative 

to trastuzumab Fab’, potentially making the L2H scFv unusable on immunoliposomes. 

To this end, it is important to consider the L2H scFv in a liposome-attached context. In 

previous experiments ~100 Fab’ fragments were attached to each liposome. Given that 

we use 100 nm diameter liposomes, the liposome outer surface area is ~31,400 nm2, 

which implies an attachment density of one Fab’ per 314 nm2 of liposome surface. 

Assuming the liposome is a perfect sphere, and curvature of the cellular membrane is 

negligible at the liposome size scale (~100 nm), the interface area is limited by the 

curvature of the liposomal membrane. Since the curvature of a sphere is the same as a 

circle, the sphere’s curvature can be represented by the equation for a circle: � = �� +

 78! − (: − :�)!, where 8 is the radius of the circle (liposomal radius) and (��, :�) 

represent the circle’s center coordinates. Because the antibodies are attached to PEG-lipid 

on the liposome, and the length of the PEG and scFv is ~20 nm,152, 153 the liposome-cell 

interface area is where � ≤ combined length of the PEG and scFv. Given that the 

liposome surface is curved, the PEG must bend to reach the cell surface, therefore a 
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conservative estimate of the area is where � ≤ 10 nm. The surface area of the liposome in 

interface with the cell is a spherical cap whose surface area is represented by the 

equation: =� = 2?8ℎ, where ℎ is the height of the cap, r is the radius of the sphere; thus 

the area of the liposome-cell interface is ~3140 nm2. The liposome-interface surface area 

and the liposome antibody frequency means there are, on average, 10 antibody molecules 

at the liposome-cell interface. Assuming that the Hc7 cell has a surface area similar to the 

parent MCF7 cell from which it is derived ─ ~900 µm2,154 and a similar number of HER2 

molecules as a HER2-overexpressing cancer cell, between 1 and 2 million molecules per 

cell,155, 156 the density of HER2 on the surface of the cell is one HER2 per ~900 nm2. 

Again, with the assumption that the cell-membrane curvature is negligible at the scale of 

the liposome, the interface area is a circle with a radius of 30 nm (as determined from the 

above circle equation; : − :�, where � = 10 nm), giving an interface area of 2827 nm2. 

Therefore, there should be 3 — 6 HER2 molecules at the cell-liposome interface.  

For comparing IgG trastuzumab and the liposomal-attached L2H scFv, the key 

difference is valency. An IgG has 2 binding regions, while our calculated estimate 

suggests liposomal scFv has potentially  10 binding sites per liposome. Because of 

cooperative effects, multiple binding regions act synergistically. When a scFv-

functionalized liposome binds to a cell the initial binding event is expected to be closely 

governed by the scFv’s association constant (Ka). However, subsequent binding events by 

other scFv on the same liposome will have increased Ka (more likely to bind) because of 

the proximity afforded by being pre-attached to the cell. Further, we expect the 

dissociation constant (Kd) to be similarly affected by the increased valency arising from 

multiple scFv conjugation to a liposome. Thus, liposomal attachment effectively 
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enhances the affinity of the targeting moiety. Likely, there is a broad range of intrinsic 

affinity where targeting moieties remain functional. Therefore the L2H scFv is predicted 

to have sufficient affinity for liposomal targeting, although this remains to be verified 

empirically.   

There is also capacity for increasing the number of scFv on the surface. Currently, 

our liposomes each bear ~100 Fab’ fragments, despite the fact that the each liposome has 

~420 reactive sites where Fab’ fragments can attach.157 The scFv frequency could be 

increased 4-fold without changing the lipid composition of the liposomes. Moreover, the 

number of attachment sites can also be increased. Therefore, it is reasonable to expect the 

L2H scFv to be functional as a targeting moiety for liposomes. 

 

  



120 
 

Chapter 6 : Immunoliposome delivery of fluorescent probes to Hc7 xenograft tumors 

6.1.0 Introduction 

Metastasis is the cause of approximately 90% of cancer-associated deaths.2 

Detection of metastatic lesions is a major clinical challenge and current imaging methods 

frequently fail to detect micrometastases (0.2 − 2.0 mm).3-7 Electron Paramagnetic 

Resonance Imaging (EPRI) is an emergent magnetic resonance modality that uniquely 

can image exogenous paramagnetic probes, in vivo. Because EPRI probes can be imaged 

with high contrast, and the body produces negligible background, EPRI is particularly 

suited to highlighting tissues or anatomical structures in an analogous manner to 

fluorescence microscopy. Potentially, if EPRI probes can be specifically targeted to 

metastatic lesions in vivo, EPRI becomes an attractive method for detecting metastases as 

well as monitoring their response to therapy.  

Liposomes are lipid bilayer vesicles that can encapsulate a wide variety of 

molecules in their aqueous lumen. Through conjugation of an antibody to the liposomal 

surface, liposomes can be targeted to specific tissues ― such liposomes are called 

immunoliposomes. We have previously demonstrated that immunoliposomes can 

encapsulate EPRI probes at high concentration (>10 mM).51, 158 Analogously to 

fluorophores, high concentrations of EPRI probes exhibit “self-quenching”, a 

phenomenon where spectral signals are greatly attenuated at high concentration. Thus, 

EPRI probes encapsulated in immunoliposomes are spectroscopically “dark,” 

contributing minimally to background during imaging. Endocytosis of the 

immunoliposome by tumor cells leads to liposomal degradation, releasing the EPRI 

probes, which become diluted in the intracellular volume. This dilution relieves self-
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quenching and restores the spectral signal of the EPRI probes, making the tumor appear 

“bright,” and thus highlighted in EPRI. In light of the foregoing, an immunoliposome 

system for delivering EPRI probes is highly desirable. Here we demonstrate an 

immunoliposome delivery system that is capable of delivering imaging probes selectively 

to HER2-overexpressing Hc7 tumors in mice.  

6.2.0 Methods 

6.2.1 General Materials and Methods. The near-infrared fluorophore, IRDye 800CW 

(shorthand designation: IR800), was from LI-COR Biotechnology (Lincoln, Nebraska). 

Sulforhodamine 101 (SR101) was from Exciton (West Chester, Ohio). All lipids were 

from Avanti Polar Lipids (Alabaster, Alabama). Cell culture media and biochemical were 

from Cellgro (Corning, Corning, New York). Chromatography resins were from GE 

Healthcare (Piscataway, NJ). Data analyses and presentation were performed with 

OriginPro 9.0 (OriginLabs, Northampton, MA), Photoshop CS4 (Adobe Corp., San Jose, 

CA), and ImageJ.159  

6.2.2 Cell culture. Hc7 cells in tissue culture flasks were maintained at 37 °C under a 

humidified 5% CO2 atmosphere in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% (v/v) fetal bovine serum (FBS) and 2 mM L-glutamine (Gln), 

and with 100 U/mL penicillin, 100 μg/mL streptomycin (Pen/Strep), and 500 μg/mL 

Hygromycin. 

6.2.3 Animals and Hc7 Inoculation. All animal protocols were approved by the 

Institutional Animal Care and Use Committee at the University of Maryland, Baltimore. 

Female NOD SCID mice (6 weeks old at delivery; Jackson Laboratory, Bar Harbor, ME) 

were used for experimentation. Mice were housed under positive pressure on an 
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alternating 12-h light/dark cycle and given free access to food and water. SCID mice 

were previously ovariectomized by the vendor. At least 48 hr prior to tumor inoculation 

(more typically 7 days), estrogen pellets (2.5 mg, 90-day release, Innovative Research of 

America, Sarasota, FL) were implanted in SCID mice. Hc7 cells (2 × 107 suspended in 

0.1 mL Matrigel (12.5 mg/mL) + DPBS) were subcutaneously injected into each flank of 

SCID mice. Tumors were allowed to grow until palpable. Isoflurane inhalant was used 

for anesthesia (5.0% in O2 for induction, 1.5% in O2 for maintenance). Euthanasia was 

performed by asphyxiation with CO2 followed by cervical dislocation.  

6.2.4 Liposome Preparation. Liposomes were composed of 1,2-distearoylphosphatidyl-

choline (DSPC), cholesterol (Chol), ammonium 1,2-distearoyl-sn-glycero-3-phosphati-

dylethanolamine-N-[poly(ethyleneglycol)2000] (PEG-PE). Liposomes were prepared in 

the molar ratio 3 : 2 : 0.21, DSPC : Chol : PEG-PE. 30 – 60 μmol of phospholipid in 100 

μL EtOH were injected into 1 mL of rapidly stirred aqueous solution of either 1 mM 

IR800 or 90 mM SR101 in DPBS. The mixture was passed 11 times through a 100 nm 

porosity polycarbonate filter membrane in a Mini Extruder (Avanti Polar Lipids) to yield 

a suspension of liposomes. Throughout the process, the extruder and all solutions were 

maintained at >55 °C to ensure fluidity of the lipid phase. Following extrusion, liposomes 

were purified on a Sephadex G-100 column with DPBS as eluant; purified liposomes 

were stored at 4 °C.   

Immunoliposomes were composed of DSPC, Chol, PEG-PE, and ammonium 1,2-

distearoyl-sn-glycero-3-phosphatidylethanolamine-N-[maleimide-poly(ethylene-

glycol)2000] (mal-PEG-PE). Immunoliposomes were prepared in the molar ratio 3 : 2 : 

0.15 : 0.06,  DSPC : Chol : PEG-PE : mal-PEG-PE respectively. Extrusion was 
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performed as detailed above. Following extrusion, the liposome suspension was 

combined with trastuzumab Fab’ fragments (detailed in next section) and incubated at 4 

°C under N2 overnight. Following Fab’ conjugation, the immunoliposome suspension 

was purified on a Sephadex G-100 column with DPBS as eluant; purified 

immunoliposomes were stored at 4 °C. Antibody coupling was verified by dot blot using 

an anti-kappa light chain polyclonal antibody (PA5-16647; Thermo Fisher Scientific, 

Waltham, MA) (Fig. 6.1).  

 

Figure 6.1 Dot blot confirming trastuzumab conjugation to liposomes. (+) Positive control consisting 
of 10 μg raw trastuzumab (both 1× and 2×). (L) liposomes conjugated with trastuzumab Fab’ fragments, 
0.5 μg (1×) and 1.0 μg (2×) (estimate of trastuzumab equivalents based on liposome suspension volume). 
100 second exposure.  

6.2.5 Preparation of trastuzumab Fab’ fragments. Trastuzumab (10 mg, 20 mg/mL) in 20 

mM Na acetate buffer (pH 4.5) was added to 125 μL of immobilized pepsin gel (Pierce, 

Rockfod, IL), which had been washed three times in the same buffer. After digestion for 

4 hr at 37 °C, the resulting solution containing F(ab’)2 fragments were separated from the 

pepsin gel by centrifugation. The supernatant solution was made 50 mM in cysteamine 

and incubated for 45 min at 37 °C to convert the F(ab’)2 fragments into Fab’ fragments. 

The reaction mixture was chromatographed on a Sephadex G-15 column that was 

equilibrated with de-aerated elution buffer [100 mM NaCl, 50 mM HEPES (pH 7.4), 2 
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mM EDTA, purged with water-saturated N2 for 30 min]. During elution, the buffer 

reservoir was sparged with water-saturated N2 to exclude air. Tetramethylrhodamine-

labeled dextran (TMR-dextran, 40 kD) was mixed with the Fab’ reaction mixture to 

enable visual tracking of the progress of Fab’ fragments through the column. Because the 

molecular weights of the Fab’ (~50 kD) and the TMR-dextran (~40 kD) are similar, and 

much larger than the molecular weight cutoff of the G-15 resin, both the TMR-dextran 

and Fab’ antibody fragments are eluted from the column simultaneously. Fractions 

containing Fab’ (as indicated by the presence TMR-dextran fluorescence) were collected 

under N2, and either frozen in liquid N2 and stored at -80 °C until used, or immediately 

used, for making immunoliposomes.  

6.2.6 In vivo clearance of “naked” and PEG-liposome-encapsulated IR800. SCID mice 

bearing Hc7 tumors were administered, via tail vein injection, 100 μL of either a 100 μM 

IR800 solution, or a suspension of PEG-liposomes encapsulating 1 mM IR800. The 

animals were then imaged using an in vivo fluorescence imager (Xenogen IVIS-200, 

Perkin-Elmer, Waltham, Massachusetts) at the following settings: excitation filter, 745 

nm; emission filter, 840 nm; 4 sec acquisition time; ƒ-stop, 2; medium binning (8×8 

pixels); focal height, 1.5 cm. 

6.2.7 Biodistribution of SR100-loaded immunoliposomes. SCID mice bearing Hc7 tumors 

were administered via tail vein injection 100 μL of a suspension of immunoliposomes 

encapsulating 90 mM SR101. At 3 hr post-injection, the mice were transcardially 

perfused to displace blood from the circulation. Briefly: After the chest cavity of the 

deeply anesthetized mouse was surgically exposed, DPBS containing 10 u/mL Heparin 

was peristaltically pumped at 3 – 3.5 mL/min through a 30-gauge needle inserted into the 
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left ventricle. A small incision was made in the right atrium with fine scissors to allow 

drainage of blood and perfusate. Animals were perfused until clear saline emerged from 

the right atrium. Tissues (heart, lung, liver, spleen, kidneys, skeletal muscle [gluteal, 

contralateral to the tumor], tumor) were excised and weighed. The tissues were imaged 

using an in the Xenogen IVIS fluorescence imager, at the following settings: excitation 

filter, 570 nm; emission filter, 640 nm; acquisition time, 4 s; ƒ-stop, 2; medium binning 

(8×8 pixels); focal height, 0.2 cm. Following imaging, the tissues were frozen using 

liquid N2 and stored overnight at -80 °C. The next day, each tissue was thawed, finely 

diced, and mixed with 5 mL of homogenization buffer (100 mM NaCl, 10 mM HEPES, 1 

mM Na2H2EDTA, pH 7.4); the samples were maintained on ice. Each sample was 

homogenized for 2 × 15 s using a tissue homogenizer (PowerGen 1000, Fisher Scientific, 

Pittsburgh, Pennsylvania) maintained at 4 °C. Thereafter, each tissue homogenate was 

sonicated at 5 – 10 °C for 3 × 10 s at 25 watts with a probe sonicator (Sonifier 450, 

Branson Ultrasonics, Danbury, Connecticut). Approximately 2.5-ml aliquots of each 

sonicated tissue homogenate was centrifuged at 5 °C for at least 60 mins at 20,700 × g in 

a microcentrifuge to sediment tissue and cell debris. The resulting clarified supernatant 

was carefully removed and SR101 fluorescence was quantified using a 

spectrofluorometer (Model FS5, Edinburgh Instruments, Livingston, UK); acquisition 

parameters were as follows: λexcitation = 587 nm, λemission = 594 – 640 nm, bandwidth = 2 

nm, integration time = 1 sec. 

6.2.8 Correction for residual liposomes in the vasculature after transcardial perfusion 

Transcardial perfusion cannot displace 100% of the blood in the vasculature. Therefore, 

some residual blood, and thus the liposomes in that blood, is expected to be present in the 
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microcirculation in all tissues. Upon tissue homogenization, liposomally encapsulated 

SR101 (90 mM in the lumen) is released and thus de-quenched, which would contribute 

substantially to the total fluorescence in the tissue homogenate. Therefore, we sought to 

estimate the effect of residual liposomes that remain in the tissue vasculature. 

 Estimating the contribution of liposomal SR101 in residual blood requires several 

pieces of information: the total amount of liposomal SR101 injected into a mouse, and 

the fraction of blood present in each tissue relative to the total volume in circulation. The 

issue of fractional vascular volume in tissue has been addressed in several recent studies 

in mice.160-163 Averages of the published tissue vascular volumes are (in μL/g tissue): 

muscle, 6.58; heart, 55.0; lung, 185.8; kidney, 95.8; liver, 45.8; and spleen, 101.5. 

Knowing the weights of all the excised tissues from all animals, we can calculate the 

vascular volume for each of the excised tissues. Total vascular volume in mice is 75 

mL/kg,164 which translates to 1.67 mL for the mice used in the liposome experiments, 

whose average weight was 21.4 g. We can use these data to calculate the fraction of total 

vascular volume that is present in each excised tissue or organ. 

 The dose of liposome-encapsulated SR101 injected into each mouse can be 

estimated as follows. The liposomes average 100 nm in diameter, 10 of which are due to 

the bilayer thickness; this implies a combined (inner + outer) surface area of 56,863 nm2, 

and a luminal volume of 3.82 × 10-19 L. The immunoliposomes contain PC and PE 

phospholipids at a relative mole ratio of 0.935:0.065, and the surface area occupied by 

PC and PE molecules are 0.74 and 0.6 nm2, respectively.165, 166 The mole-ratio-weighted 

mean area per phospholipid molecule in the liposomes is thus 0.73 nm2 which, together 

with the total liposomal surface area, implies that each liposome contains 77,805 
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phospholipid molecules, or 1.29 × 10-19 mol. Since 60 μmol phospholipid are used for 

each liposome prep, the resulting batch of liposomes should contain 4.64 × 1014 

liposomes, with a total luminal volume of 1.77 × 10-4 L. The liposomes are eluted from a 

Sephadex G-100 size-exclusion column in 3 ~1.25-mL fractions, with fraction 2 (the 

center fraction) containing ~68% of the total. Fraction 2 thus contains 2.54 × 1014 

liposomes/mL. Fraction 2 is diluted 50-fold and 100 μL of the diluted suspension is 

injected into tail vein, which means that each mouse received 5.07 × 1011 liposomes, with 

a total luminal volume of 1.94 × 10-7 L. Because the luminal concentration of SR101 is 

90 mM, the total amount of SR101 injected into each mouse is 1.74 × 10-8 mol. This is 

the total amount of SR101 in the circulation before transcardial perfusion. If we make the 

conservative estimate that 1% of the liposomal SR101 remains in the vasculature after 

transcardial perfusion, then the amount remaining would be 1.74 × 10-9 mol. It is then 

straightforward to use the tissue vascular volume fractions to estimate how much 

liposomal SR101 remains in each excised tissue. Because each tissue sample was 

homogenized in 5 mL of buffer, the concentration of liposomal SR101 that in the lysate 

can be calculated. The estimated concentration of liposomal SR101 in non-tumor tissue 

homogenates was in the range 2.8 × 10-11 M < [SR101]lipo < 9.5 × 10-10 M; in tumor tissue 

homogenates, the concentration was almost negligibly low (1.6 – 3.1 × 10-12 M). By 

referring to a calibration curve of fluorescence vs SR101 concentration (Fig. 6.2), the 

artifactual increment of fluorescence contributed by the residual liposomal SR101 in 

every sample of tissue homogenate can be estimated. The increment is then deducted 

from the raw fluorescence intensities and the corrected data are re-analyzed. 
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Figure 6.2 Calibration of fluorescence intensity vs SR101 concentration. Samples of SR101 were 
prepared by serial dilution in homogenization buffer (100 mM NaCl, 10 mM HEPES, 1 mM Na2H2EDTA, 
pH 7.4). Spectra were acquired at the same instrumental settings as used for the tissue homogenates. Red 

line is the least-squares fit to the data: y-intercept = -386 ± 214, slope = 2.2751 (± 0.0052) × 1013, adjusted 
R2 = 0.99996. 

6.3.0 Results 

6.3.1 PEG-liposome-encapsulated IR800 displays longer lifetime than free IR800 in 

circulation. 

To demonstrate the ability of PEG-liposomes to improve the pharmacokinetics of 

molecules in the blood stream, mice were injected via tail vein either a solution of 100 

μM IR800 or a suspension of PEG-liposomes encapsulating a solution of 1 mM IR800. 

The in vivo fluorescence signals in the injected mice were monitored using in vivo 

fluorescence imaging until the free IR800 fluorescence declined to less than half of its 

initial value. The time course of decline of free IR800 fluorescence fit with a single-

exponential decay function, gave the half-life of free IR800 in circulation as t1/2 = 134 ± 

10 min. Over the same 4-hour period of imaging, the in vivo fluorescence of PEG-

liposome-encapsulated IR800 showed no significant change (Fig. 6.3), demonstrating that 

encapsulation in PEG-liposomes greatly increases circulation lifetime of IR800 as 
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compared to that of free dye. Another notable result is the difference in distribution of 

fluorescence intensity between the free and liposome-encapsulated IR800. The free 

IR800 is principally confined to the vasculature, which is essentially uniformly 

distributed in the body. This implies that the in vivo fluorescence should exhibit 

approximate bilateral symmetry, as was indeed observed. The free IR800 intensity is 

greatest along the midline, which is consistent with the thickness of the animal being 

greatest at the midline. In contrast, there is a noticeable lateral asymmetry in the 

distribution of fluorescence intensity for the liposome-encapsulated IR800. A region 

displaying relatively high intensity occurs on the animal’s left side, in the approximate 

location of the spleen. This is consistent with the expected accumulation of liposomes by 

the MPS in the spleen.  
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Figure 6.3 PEG-liposome-encapsulated IR800 displays longer lifetime than free IR800 in circulation. 
Top left: Mouse injected (via tail vein) with 100 μM free IR800; comparing in vivo fluorescence images at 
0 and  240 min (0 min represents immediately after injection) shows marked decrease of fluorescence with 
time. Top right: Mouse injected (via tail vein) with suspension of PEG-liposomes encapsulating 1mM 
IR800; comparing in vivo fluorescence images at 0 and 240 min shows essentially no change in 
fluorescence intensity with time. Bottom: graph displaying mean whole-body fluorescence intensity 
(normalized to maximum) vs. time. Free IR800 fluorescence (open circles) decreases by > 50% over the 
course of 240 min. Red line is a single-exponential decay fit to free IR800 time course. In contrast, in vivo 
fluorescence from injected PEG-liposomal IR800 (filled circles) shows no significant change over the 
course of 240 min. Grey bar represents the mean ± one standard deviation of all liposomal-IR800 time 
points.     
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6.3.2 HER2-targeting immunoliposomes preferentially deliver SR101 to Hc7 tumors in 

mice.  

To demonstrate the ability of our immunoliposomes to selectively deliver cargo to 

HER2-overexpressing Hc7 tumors in mice, a suspension of immunoliposomes encap-

sulating 90 mM SR101 was injected via tail-vein. After 3 hours, the mice were 

transcardially perfused with DPBS to displace blood, which contains immunoliposomes 

encapsulating self-quenched SR101. Various tissues (heart, lungs, liver, spleen, kidneys, 

skeletal muscle (gluteal), tumor) were excised. The SR101 fluorescence in the tissues 

were imaged using an in vivo fluorescence imager. As revealed by imaging, the 

fluorescence intensity of the tumor was significantly higher than that of any other tissue 

(p < 0.002; Fig. 6.4), a result that is consistent with the selective delivery of SR101 to the 

tumor by the immunoliposomes. 
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Figure 6.4  Fluorescence imaging of mouse tissues demonstrating preferential delivery of SR101 to 

Hc7 tumors by HER2-targeting immunoliposomes. Top, left: greyscale photograph of tissues (H = heart, 
Lg = lung, Lv = liver, S = spleen, K = kidney, T = tumor, M = skeletal muscle). Top, right: pseudocolor 
image displaying tissue-associated fluorescence intensity; pseudocolor intensity scale bar is shown to the 
right of the image. Bottom: Graph displaying mean fluorescence intensity of the imaged tissues; tumor-
associated fluorescence is significantly greater than that in all other tissues (ANOVA, p < 0.002) 
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Subsequent to imaging, the tissues were thoroughly homogenized mechanically 

and by sonication to release SR101. The tissue homogenates were clarified by prolonged 

centrifugation. SR101 in the clarified supernatants were quantified by spectro-

fluorometry. The tissue-weight-normalized fluorescence of the tumor is significantly 

greater than that of skeletal muscle, heart, lung (Fig. 6.5; p < 0.035). This result is 

consistent with preferential delivery of SR101 to the tumor by the immunoliposome. It is 

noteworthy that the tissue-weight-normalized fluorescence of both the spleen (not shown, 

see Discussion) and liver (Fig. 6.5; p = 9.59 × 10-11) are significantly greater than that of 

the tumor. This result is consistent with nonspecific uptake of immunoliposomes by the 

MPS. In this analysis, the kidney is the only tissue that is not significantly different from 

the tumor (p = 0.185).  

 

Figure 6.5 Specific tissue fluorescence in various tissues. Bar graph shows raw SR101 fluorescence in 
various tissue homogenates from Hc7 tumor-bearing mice. Fluorescence is normalized to tissue weight. 
The triangular matrix indicate significance between tissues: Tu = tumor, Ms = muscle, Ht = heart, Ln = 
lung, Kd = kidney, and Lv = liver; red indicates significance (p ≤ 0.05); green indicates no statistical 
significance; yellow indicates near-significance (0.05 < p < 0.07). Red asterisk highlights SR101 
fluorescence in any tissue that is significantly different from the fluorescence in tumor (ANOVA; p < 0.05, 
Fisher test; n = 3 mice). The p values for comparison with tumor are: muscle, 6.98 × 10-4; heart, 0.0269; 
lung, 0.0327; kidney, 0.185; liver, 9.59 × 10-11. 
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6.4.0 Discussion 

The primary objective of the above-described experiments was to produce an in 

vivo fluorescence image of a HER2-overexpressing tumor in a mouse after injection with 

anti-HER2 immunoliposomes encapsulating self-quenching concentrations of a 

fluorophore. Such an experiment is the optical equivalent of the EPR imaging 

experiment.  Because visible light has extremely low penetration through tissue, in vivo 

fluorescence imaging is successful only if the fluorophore used absorbs and emits light in 

the near-infrared (near-IR) wavelength region. The original experimental plan was to 

encapsulate into immunoliposomes 1 mM indocyanine green (ICG; Fig. 6.5) ― a near-IR 

dye typically used as a fluorescent tracer in ophthalmic angiography and for assessing 

cardiac and hepatic blood flow. We found, however, owing to ICG’s structure and 

amphiphilic nature (it has extended hydrophobic regions with a net charge of only −1 at 

physiologic pH), liposomes containing ICG were unstable. This finding is consistent with 

ICG’s propensity to bind to plasma proteins,167 especially lipoproteins,168, 169 its ability to 

aggregate lipid nanopraticles,170 and its tendency, even in dilute aqueous solution, to form 

insoluble aggregates.171 
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Figure 6.6 Structures and excitation-emission spectra of fluorophores used for in vivo fluorescence 

experiments. Left panels: The names and chemical structures of the three fluorophores tested for use in in 

vivo experiments, along with their molecular weights and net ionic charge at physiologic pH. In the 
structure drawings positive charges are red and negative charges are blue. Right panels: the fluorescence 
spectra for the fluorophores; blue traces are excitation spectra, and red curves are emission spectra. Note 
that ICG and IR800 have very similar excitation/emission spectra in the near-infrared region, whereas the 
SR101 spectra are blue-shifted by about 200 nm. 



136 
 

In order to remedy the shortcomings of ICG, attempts were made to encapsulate 

another near-IR dye, IR800. The structure of the IR800 chromophore is similar to ICG, 

but differs in that it has 6 ionic functional groups and a net charge of −4 at physiological 

pH. IR800 thus has superior aqueous solubility (Fig. 6.7). An initial attempt to 

encapsulate IR800 at 1 mM proved successful in that extrusion of the lipid-dye mixture 

was possible, and the resulting liposomes were stable, and could be used for imaging in 

vivo. However, IR800 at 1 mM remains largely unquenched; therefore, while useful for 

demonstrating the improved pharmacokinetics of liposomally encapsulated dye in 

circulation, the unquenched liposomes were not useful for an in vivo demonstration of 

selective targeting to the Hc7 tumors. Attempts were made to encapsulate IR800 at 

various concentrations at which dye fluorescence was self-quenched (60 mM, 20 mM, 

and 10 mM). Unfortunately, however, these attempts all failed because at these dye 

concentrations the lipid-dye mixture proved impossible to extrude. We were forced to 

conclude that dyes of the cyanine class are not suitable for formation of liposomes at self-

quenched concentrations. Observation of precipitation in stock solutions of IR800 at 

moderately high concentrations, as was the case for ICG, suggests that this class of 

fluorophores are prone to form insoluble aggregates with increasing concentration. The 

highly-charged nature of IR800 retards aggregate formation at intermediate 

concentrations (~1 mM), but the dye eventually succumbs to aggregation at self-

quenching concentrations (≥ 10 mM). The interaction of the lipid and dye-aggregates 

during extrusion either prevents extrusion outright or results in liposome instability. 

In a last attempt at in vivo fluorescence imaging of a tumor, we examined another 

class of dyes that emit fluorescence at relatively long wavelengths — the rhodamines. 
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After considering excitation/emission wavelengths, aqueous solubility, and commercial 

availability, we selected SR101 (Fig. 6.7). SR101 has peak excitation and emission 

wavelengths at 587 nm and 605 nm respectively. The two near-IR dyes we tested both 

have peak excitation wavelengths in the 780-nm range and peak emission wavelengths at 

≥ 800 nm. Light penetration through dense media such as tissues is strongly wavelength-

dependent ― longer-wavelength light penetrates tissue better. Thus, the much shorter 

excitation wavelength of SR101 means much poorer penetration into the animal, and the 

much shorter emission wavelength also means fluorescence would be much attenuated. 

Indeed, in vivo imaging of mice injected with SR101 immunoliposomes showed no 

detectable fluorescence above the background noise, and thus no significant change in 

fluorescence compared to pre-injection controls could be observed. We therefore altered 

the experimental design and imaged various excised tissues from mice injected with 

SR101 immunoliposomes, as well as quantified the total fluorescence of the 

homogenized tissues by spectrofluorometry.  

The result that encapsulation of IR800 in PEG-liposomes greatly prolongs the 

circulation lifetime as compared to free dye is consistent with analogous experiments we 

previously published.172 It has been long known that encapsulation of molecules in 

liposomes retards their removal from blood by filtration in the kidney.173 Liposome-

encapsulated molecules are subject to removal by nonspecific phagocytosis by the 

MPS.48, 174 PEGylation of liposomes is known to reduce the rate of uptake by the MPS, 

thus further prolong circulation lifetime of the liposomally-encapsulated molecules.26, 27 

Together, the effect of encapsulating molecules in PEG-liposomes is to increase 

circulation lifetime from minutes to days. 
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The quantification of total fluorescence (normalized to tissue weight) in the 

homogenized tissues shows that tumor has significantly more fluorescence than skeletal 

muscle, heart, lung (Fig. 6.5; p < 0.035) ― a result consistent with preferential delivery 

by the immunoliposome. The tissue-weight-normalized fluorescence of the liver is 

significantly greater than the tumor (Fig. 6.5; p = 9.59 × 10-11).  A likely explanation for 

this result is nonspecific uptake by the MPS, which is primarily resident in the liver and 

spleen.  

There are notable similarities between these biodistribution results and those of 

our previously published experiment using immunoliposome delivery of nitroxides to 

Hc7 tumors.172 In this experiment the tumor and kidney displayed a small difference in 

total fluorescence that did not reach statistical significance, a result very similar to that 

observed in our prior nitroxide biodistribution experiment. Another consistent result was 

that the spleen-associated signal was greatest. A striking difference is that in the previous 

biodistribution study (conducted with nitroxides), the liver, lung, and skeletal muscle all 

had little or no associated signal, yet the results of the present fluorescence experiment 

show detectable fluorescence in these tissues. A plausible explanation lies in the 

difference in susceptibility to bioreduction between the nitroxide and SR101 ― whereas 

nitroxides are reduced by tissues,172 rhodamine fluorophores like SR101 are largely 

resistant to redox metabolism. Whereas nitroxides are destroyed by bioreduction in each 

tissue with concomitant loss of signal, SR101 is metabolized very slowly if at all. 

Therefore, the results of the fluorescence experiment may better represent the overall 

liposome traffic to those tissues. Also important is the difference in sensitivity of the two 
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measurement techniques ― EPR spectroscopy and spectrofluorometry. Fluorescence 

detection is more sensitive by at least three orders of magnitude. 

Table 6.1 : Total SR101 fluorescence in homogenized tissues* 

Tissue Mean† SD Variance (SD2)‡ Var/Varavg
‡ 

Muscle            8,296          4,941       2.44 × 107 0.00023 

Heart          62,102        35,824       1.28 × 109 0.01221 

Lung          64,986        37,431       1.40 × 109 0.01333 

Kidney          92,059        29,204       8.53 × 108 0.00811 

Liver        684,612        32,528       1.06 × 109 0.01007 

Spleen     3,121,597      853,967       7.29 × 1011 6.93819 

Tumor        129,813        43,306       1.88 × 109 0.01784 

* n = 3 mice; SD is standard deviation; Var/Varavg is the variance for a particular tissue divided by the 
average variance for all tissues. 

† Units are counts per gram tissue weight. 
‡ The variance for spleen is significantly different (Levene’s test, p = 4.3 × 10-5). Excluding spleen, the 

variances are not significantly different (Levene’s test, p = 0.219). 

Statistics for the quantification of total SR101 fluorescence (normalized to tissue 

weight) of the homogenized tissues are summarized in Table 6.1. One striking feature is 

that the variance for the spleen measurements is larger than all other variances by at least 

2.5 orders of magnitude (p = 4.3 × 10-5). This means that ANOVA cannot be applied to 

the full data set because the fundamental equal-variance assumption of the test is 

violated. Generally, when data fail the equal-variance test, certain mathematical 

transformations of the data could equalize the variances. Such transformations are often 

referred to as “variance-stabilizing” transformations. Many commonly-used trans-

formations (e.g., logarithmic, power, etc.) are included under the Box-Cox procedure.175 

Unfortunately, systematic application of the procedure failed to uncover any 

transformation that brought the spleen variance in line with the others. Performing 
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ANOVA on the tissues that meet the equal-variance criterion yielded the results 

presented in the Results section (and shown in Fig. 6.5). 

Thus, SR101 fluorescence in spleen could not be included in the ANOVA. It 

could, however, be compared with any other tissue through a 2-sample t-test that does not 

assume equal variance. Such a t-test showed that spleen had significantly more SR101 

fluorescence than liver, the tissue with the highest fluorescence that was included in the 

ANOVA (p = 0.0384). The inference is that on a weight-normalized basis, spleen has 

more SR101 than all other tissues. 

One potential issue with using the raw fluorescence in tissue homogenates is that 

it does not take into account the fact that whole-body perfusion is imperfect, and that 

some residual blood is expected to be present in the microcirculation in all tissues. 

Indeed, blood retention can be surprisingly high, at least in some tissues. In one study 

using intravenous tritiated inulin as a tracer, as much as 30% of the blood in the brain 

remained after transcardial perfusion in mice.176 The presence of residual blood implies 

the presence of residual immunoliposomes. The liposomes encapsulate 90 mM SR101, 

which is self-quenching as long as the liposomes are intact. When liposomal SR101 is 

released by homogenization, however, the SR101 fluorescence becomes de-quenched and 

would contribute substantially to the total fluorescence in the tissue homogenate. 

Therefore it is prudent to investigate the effect of residual liposomes that remain in the 

tissue vasculature. 

We estimated the contribution of 1% residual blood (and thus liposomes) in the 

vasculature to the SR101 fluorescence in each tissue homogenate (see Methods for 
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details). These estimated contributions were deducted from the raw fluorescence, and the 

statistics for the resulting corrected values are presented in Table 6.2. 

Table 6.2 : Total SR101 fluorescence of homogenized tissues after residual blood 

correction* 

Tissue Mean† SD Variance (SD2)‡ Var/Varavg
‡ 

Muscle             6,849         5,210       2.71 × 107       0.00026 

Heart           40,283       35,961       1.29 × 109       0.01231 

Lung             7,461       12,924       1.67 × 108       0.00159 

Kidney           50,427       29,184       8.52 × 108       0.00811 

Liver         667,245       32,336       1.05 × 109       0.00995 

Spleen      3,078,260     854,507       7.30 × 1011       6.94993 

Tumor         129,813       43,306       1.88 × 109       0.01785 

* n = 3 mice; SD is standard deviation; Var/Varavg is the variance for a particular tissue divided by the 
average variance for all tissues. 

† Units are counts per gram tissue weight. 
‡ The variance for spleen is significantly different (Levene’s test, p = 4.01 × 10-5). Excluding spleen, the 

variances are not significantly different (Levene’s test, p = 0.070). 

 
Figure 6.7 Specific Fluorescence in various tissues after correction for residual blood in tissue 

vasculature. Bar graph shows SR101 fluorescence in various tissue homogenates from Hc7 tumor-bearing 
mice, after correction for 1% residual blood remaining in circulation after whole-body perfusion. 
Fluorescence is normalized to tissue weight. The triangular matrix indicate significance between tissues: Tu 
= tumor, Ms = muscle, Ht = heart, Ln = lung, Kd = kidney, and Lv = liver; red indicates significance (p ≤ 
0.05); green indicates no statistical significance; yellow indicates near-significance (p = 0.097). Red 
asterisk highlights SR101 fluorescence in any tissue that is significantly different from the fluorescence in 
tumor (ANOVA; p < 0.05, Fisher test; n = 3 mice). The p values for comparison with tumor are: muscle, 
2.68 × 10-4; heart, 0.00302; lung, 2.79 × 10-4; kidney, 0.00653; liver, 4.05 × 10-11. 
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As expected, the variance for spleen still far exceeds those of other tissues. The 

fluorescence of the remaining tissues and the results of ANOVA are shown in Fig. 6.7. It 

can be seen that after correction for the contribution of residual blood in the tissue 

vasculature, the liver fluorescence remains dominant, as expected. Comparing the spleen 

and liver with a t-test that does not assume equal variance showed the SR101 

fluorescence in spleen to be significantly higher than that in liver (p = 0.039). Thus the 

inference is again that on a weight-normalized basis, spleen has more SR101 than all 

other tissues. 

The most notable change is that of the total SR101 fluorescence of the kidney, 

which is nearly halved by the residual blood correction. Thus, with the residual blood 

correction, the tumor fluorescence is significantly higher than that in all tissues excluding 

the liver and spleen. A rational hypothesis for this experiment is that if the antibody 

targeting of the immunoliposomes is successful, only tissues capable of endocytosing 

SR101-containing immunoliposomes should accumulate more SR101 fluorescence than 

other tissues. With the exception of the organs with prominent MPS presence (liver, 

spleen), which nonspecifically phagocytose the immunoliposomes, only a tissue that 

highly expresses HER2 ― the Hc7 tumor ― should accumulate SR101 fluorescence. 

Therefore, this result indcates that the immunoliposomes are capable of preferentially 

targeting the HER2-overexpressing Hc7 tumor over other tissues. 

The fluorescence images of the tissues (Fig. 6.3) display tumor-associated 

fluorescence that is significantly higher than any other tissue imaged (p < 0.002; bar 

graph in Fig. 6.3). This is despite a large standard deviation between tumors, likely the 

result of large differences in tumor structure, particularly in vascularization. Together 
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with the results of the tissue-weight-normalized fluorescence measurements of the tissue 

homogenates, these results give evidence that the immunoliposomes selectively delivery 

of SR101 to Hc7 tumors in mice.  An apparent question is the discrepancy between liver- 

and spleen-associated fluorescence assessed by imaging the intact tissues and by 

fluorometry of the tissue homogenates. A likely possibility is attenuation of excitation 

light and emitted fluorescence by the tissue. Both tissues possess high concentrations of 

heme, with strong absorption in the 500 – 600 nm range, which gives rise to a strong 

“inner filter” effect. It is expected that in imaging that the excitation light will be strongly 

absorbed by the tissue, and fluorescence emission would be partly attenuated. These 

effects would contribute to lower observed SR101 fluorescence.   
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Chapter 7 : Conclusions 

7.0.0 Introduction 

My predecessor’s previous attempts to image a tumor in vivo by electron 

paramagnetic resonance imaging (EPRI), after immunoliposomal delivery of EPR probes, 

were unsuccessful. The primary reason for this failure was attributed to insufficient spin 

probe accumulation in the tumor. Two major factors affect accumulation of spin probes 

in the tumor. The first is the efficiency of spin probe delivery to the tumor — how much 

probe can be delivered into the tumor in a given time period. The second is intracellular 

retention — once delivered into tumor cells, how well are the probes retained by the 

cells. The interplay between these two factors determines the success of an EPR imaging 

experiment. Immunoliposomes have been extensively refined to maximize the delivery of 

their cargos to target cells. Further, the efficiency of delivery is heavily dependent on the 

interaction of the antibodies conjugated to the liposome surface and the target receptor on 

the tumor cell. Since the liposomes and antibodies have been refined and optimized over 

decades, the margin for further improvement is likely quite narrow. However, retention is 

a prime candidate for optimization. In our HER2-overexpressing Hc7 tumors, the 

immunoliposomes bind to HER2 on the surface of the tumor cells and are internalized by 

receptor-mediated endocytosis. The spin probes delivered to these cells are confined in 

the endosomal compartment, and thus subject to endosomal recycling processes. Figure 

2.4 shows that endosomally-loaded sulforhodamine B is cleared from cells with a half-

life of ~20 mins at 37 °C. This rapid rate of extrusion from the endosomal system is 

likely what has thwarted previous EPRI attempts. A goal of the present research was to 

find a solution to the nitroxide-retention problem that undermined earlier attempts at 

immunoliposome-directed EPRI. 
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7.1.0 Discussion 

7.1.1 Long-retained nitroxides for EPRI 

Nitroxide spin probes loaded into the nucleo-cytoplasmic compartment are not 

subject to the same mechanisms of extrusion as those loaded into the endosomal 

compartment. Organic anion transporters are the principal mechanism for extrusion of 

ionic nitroxides from the nucleo-cytoplasmic compartment into the extracellular fluid. 

The rate of extrusion by organic anion transporters shows very strong dependence on the 

number of charges on the nitroxide (Fig. 4.7, see above). For this reason, the 

development of highly charged nitroxide spin probes was a primary objective of this 

study. Chapter 4 details the development of a nitroxide bearing 6 charged groups (Fig. 

4.3, see above) that has an intracellular half-life of ~13 hours at 37 °C (Fig. 4.6, above). 

This ideally represents a ~40-fold improvement over the previously used nitroxides, 

which suffered rapid extrusion from the endosome. Alternative chemical approaches to 

prolonging cytosolic retention that do not rely on adding ionic charges are also being 

undertaken in the lab. The strategy is to link a nitroxide covalently to uncharged but very 

hydrophilic moieties that are themselves membrane-impermeant. Thus, a series of neutral 

(uncharged) bioconjugates of nitroxides have been synthesized (Fig. 6.1). Biochemical 

characterization and cell biological testing of these new bioconjugates are beyond the 

scope of this dissertation. Irrespective of which approach ultimately proves optimal, 

improving retention will increase accumulation of spin probes in the tumor. Improved 

retention, in turn, increases the temporal window for imaging, permitting greater signal 

averaging, thus enhancing signal-to-noise ratio (SNR). 
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Figure 7.1 Uncharged bioconjugates of proxyl spin probe. 1. Dodeca(ethylene glycol) conjugate; 2. D-
glucosamine conjugate; 3. 3-aminopropyl-β-D-lactose conjugate. 

7.1.2 Efficiency of INF7-mediated endosome-to-cytosol transfer of imaging molecules  

In order to take advantage of the improved cytosolic retention of the new 

nitroxides, we require a mechanism for delivering the liposomal nitroxides to the cell’s 

nucleo-cytoplasmic compartment. An influenza hemagglutinin derived fusogenic peptide, 

INF7, was chosen for study because of its reported ability to mediate endosome-to-

cytosol delivery. However, previous characterization of INF7 relied on endosome-to-

cytosol transfer of either diphtheria toxin or plasmid DNA encoding reporter proteins. In 

each case, the measurement has extremely high “gain” — translocation of a single or a 

few molecules from the endosome into the cytoplasm would produce a positive read-out. 

The essentially all-or-none nature of these experiments do not permit measurement of 

INF7 efficiency. Therefore, more quantitative characterization of INF7 was a primary 

objective of this research. Chapters 2 and 3 detail more quantitative determination of 

INF7 efficiency. As described in chapter 2, CV1 cells treated with liposomes that co-

encapsulated INF7 sulforhodamine (SR)-dextran showed greatly-increased accumulation 

of SR fluorescence in the cytosol, compared to cells treated with control liposomes 

carrying SR-dextran alone. SR fluorescence in the CV1 cells treated with INF7-

liposomes is diffuse and extends over the whole cell, consistent with cytosolic 

localization (Fig 2.9). In contrast, SR fluorescence in CV1 cells treated with control SR-
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dextran liposomes lacking INF7 was punctate, consistent with retention in endosomal 

compartments. These sharply contrasting results demonstrate that the INF7 was able to 

mediate endosome-to-cytosol delivery of the SR-dextran. The difference in distribution is 

also quantifiable by the standard deviation of fluorescence intensity over the cell. The 

INF7-liposome treated cells have a lower standard deviation of fluorescence intensity as 

compared to cells treated with control liposomes lacking INF7.  

Although these results are convincing, using stable fluorophores to quantify the 

efficacy of INF7 is complicated by the presence of measurable signal independent of 

INF7 activity. Cells treated with control and INF7 liposomes both have intense 

endosomally-retained fluorescence, because the fluorophore-containing liposomes are 

endocytosed in either case. A superior assay is one where measurable fluorescence signal 

is produced if and only if INF7 is active. This rationale led to the creation of a GFP-

complementation system comprising two nonfluorescent fragments, GFP1-10 and 

GFP11, which spontaneously reassemble to regenerate fluorescent GFP (see Fig. 3.1A). 

GFP1-10 is a truncated GFP lacking the 16 C-terminal residues, which constitute GFP11. 

A CV1 cell line was engineered to constitutively express GFP1-10 in the nucleo-

cytoplasm. These cells were then used to assay INF7’s ability to translocate liposomally 

delivered GFP11 from the endosome into the cytosol. If INF7 is ineffective, GFP11 and 

GFP1-10 remain segregated in separate cellular compartments and no fluorescence 

increase would be observed (see Fig. 3.1B). In contrast, if INF7 effectively promotes 

endosome-to-cytosol fluid-phase transfer, assembly of GFP11 entering from the 

endosomes with cytosolic GFP1-10 would reconstitute functional GFP and generate 

green fluorescence (see Fig. 3.1C). Liposomes containing INF7 with GFP11 significantly 
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increased mean cellular green fluorescence as compared to control liposomes containing 

GFP11 but no INF7 (Fig. 3.7). More quantitatively, by setting a fluorescence intensity 

threshold for positive GFP complementation — as the control mean plus 2 standard 

deviations — ~40% of the cells treated with INF7-liposomes were positive for GFP 

complementation, whereas only ~3% of cells treated with control liposomes scored 

positive (Fig. 3.7). Together, these results demonstrate that INF7 is an effective mediator 

of endosome-to-cytosol trafficking. 

7.1.3 Demonstration of preferential delivery of fluorophores to Hc7 tumors by anti-HER2 

immunoliposomes   

To confirm that our immunoliposomes are capable of selectively targeting Hc7 

tumors in vivo, immunoliposomes encapsulating 90 mM sulforhodamine 101 (SR101) 

were injected via tail-vein into mice bearing Hc7 tumors. At 3 hours after injection, the 

mice were transcardially perfused with DPBS to displace blood, so that the great majority 

of intact immunoliposomes may be purged from the circulation. Various tissues (heart, 

lungs, liver, kidneys, skeletal muscle, tumor) were excised. The SR101 fluorescence in 

the tissues was imaged using an in vivo fluorescence imager. As revealed by imaging, the 

fluorescence intensity of the tumor was significantly higher than that of any other tissue 

(p < 0.05, n = 3; Fig. 6.3; see above), a result consistent with selective delivery of SR101 

to the tumor by the immunoliposomes.  The tissues were also thoroughly homogenized 

mechanically and by sonication to release all SR101 contained in the tissue. The tissue 

homogenates were then clarified by prolonged centrifugation, and SR101 fluorescence 

was quantified by spectrofluorometry. The spectrofluorometric results show that the 

tumor has the greatest (tissue-weight normalized) SR101 fluorescence. The spleen and 
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liver are the only tissues to accumulate more SR101, a result consistent with non-specific 

phagocytosis of SR101-containing immunoliposomes by the mononuclear phagocytic 

system. Thus, the tumor has greater total SR101 fluorescence than that of any tissue not 

expected to have a mechanism for internalizing immunoliposomes, suggesting that the 

immunoliposomes preferentially target the tumor over other tissues. There are some 

notable differences between the tissue-weight-normalized spectrofluorometric measure-

ments and those of the fluorescence imaging of the whole tissues — specifically the 

fluorescence associated with the liver and spleen. These differences are likely the result 

of tissue attenuation of excitation light and emitted fluorescence in imaging. Despite 

these differences, both results seem to confirm the immunoliposomes preferentially 

deliver SR101 to the HER2-overexpressing Hc7 tumor. Overall, the results validate the 

utility of immunoliposomes encapsulating self-quenched molecular probes for in vivo 

imaging. 

The use of long-retained nitroxides with INF7 should increase the accumulation 

of nitroxide EPR signal in the tumor. In addition, because of better nitroxide retention, 

the increase in the temporal window for imaging will enable greater signal averaging and 

thus improve the SNR. Together with recent advances in EPR imaging technology and 

methodology, most notably rapid-scan EPR, which enables massive signal averaging and 

thus greatly enhanced SNR, the present enhancements of immunoliposome technology 

for delivery of spin probes should make in vivo EPR imaging of tumors feasible. 

  



150 
 

References     

1. IARC-WHO, World Cancer Report 2014. Stewart, B. W.; C.P., W., Eds. International Agency for 
Research on Cancer and World Health Organization: Lyon, France, 2014. 
http://www.iarc.fr/en/publications/books/wcr/wcr-order.php. 
2. Mehlen, P.; Puisieux, A., Metastasis: a question of life or death. Nature reviews. Cancer 2006, 6 
(6), 449-58. 
3. Huang, S.; Kou, B.; Chi, Y.; Xi, Y.; Cao, Y.; Cui, W.; Hu, X.; Shao, Z.; Guo, H.; Fu, Y.; Xiao, T.; 
Sun, J.; Zhao, J.; Wang, Y.; Wu, J., In-line phase-contrast and grating-based phase-contrast synchrotron 
imaging study of brain micrometastasis of breast cancer. Scientific reports 2015, 5, 9418. 
4. Zevon, M.; Ganapathy, V.; Kantamneni, H.; Mingozzi, M.; Kim, P.; Adler, D.; Sheng, Y.; Tan, M. 
C.; Pierce, M.; Riman, R. E.; Roth, C. M.; Moghe, P. V., CXCR-4 Targeted, Short Wave Infrared (SWIR) 
Emitting Nanoprobes for Enhanced Deep Tissue Imaging and Micrometastatic Cancer Lesion Detection. 
Small (Weinheim an der Bergstrasse, Germany) 2015, 11 (47), 6347-57. 
5. March, D. E.; Wechsler, R. J.; Kurtz, A. B.; Rosenberg, A. L.; Needleman, L., CT-pathologic 
correlation of axillary lymph nodes in breast carcinoma. Journal of computer assisted tomography 1991, 15 
(3), 440-4. 
6. Shien, T.; Akashi-Tanaka, S.; Yoshida, M.; Hojo, T.; Iwamoto, E.; Miyakawa, K.; Kinoshita, T., 
Evaluation of axillary status in patients with breast cancer using thin-section CT. International journal of 

clinical oncology 2008, 13 (4), 314-9. 
7. Kvistad, K. A.; Rydland, J.; Smethurst, H. B.; Lundgren, S.; Fjosne, H. E.; Haraldseth, O., 
Axillary lymph node metastases in breast cancer: preoperative detection with dynamic contrast-enhanced 
MRI. European radiology 2000, 10 (9), 1464-71. 
8. Picchio, M.; Mapelli, P.; Panebianco, V.; Castellucci, P.; Incerti, E.; Briganti, A.; Gandaglia, G.; 
Kirienko, M.; Barchetti, F.; Nanni, C.; Montorsi, F.; Gianolli, L.; Fanti, S., Imaging biomarkers in prostate 
cancer: role of PET/CT and MRI. Eur J Nucl Med Mol Imaging 2015, 42 (4), 644-55. 
9. Elas, M.; Williams, B. B.; Parasca, A.; Mailer, C.; Pelizzari, C. A.; Lewis, M. A.; River, J. N.; 
Karczmar, G. S.; Barth, E. D.; Halpern, H. J., Quantitative tumor oxymetric images from 4D electron 
paramagnetic resonance imaging (EPRI): methodology and comparison with blood oxygen level-dependent 
(BOLD) MRI. Magn Reson Med 2003, 49 (4), 682-91. 
10. Rahmim, A.; Zaidi, H., PET versus SPECT: strengths, limitations and challenges. Nucl Med 

Commun 2008, 29 (3), 193-207. 
11. Halpern, H. J.; Bowman, M. K., Low-frequency EPR spectrometers: MHz range. In EPR Imaging 

and In Vivo EPR, Eaton, G. R.; Eaton, S. S.; Ohno, K., Eds. CRC Press: Boca Raton, FL, 1991; pp 45-63. 
12. Griller, D.; Ingold, K. U., Persistent carbon-centered radicals. Acc. Chem. Res. 1976, 9, 13-19. 
13. Rosantsev, E., Free Nitroxyl Radicals. Plenum Press: New York, NY, 1970. 
14. Kocherginsky, N.; Swartz, H. M., Nitroxide Spin Labels. Reactions in Biology and Chemistry. 
CRC Press: Boca Raton, FL, 1995. 
15. Rosen, G. M.; Burks, S. R.; Kohr, M. J.; Kao, J. P., Synthesis and biological testing of aminoxyls 
designed for long-term retention by living cells. Org.Biomol.Chem. 2005, 3 (4), 645-648. 
16. Freedman, M.; Chang, E. H.; Zhou, Q.; Pirollo, K. F., Nanodelivery of MRI contrast agent 
enhances sensitivity of detection of lung cancer metastases. Acad Radiol 2009, 16 (5), 627-37. 
17. Lapalombella, R.; Zhao, X.; Triantafillou, G.; Yu, B.; Jin, Y.; Lozanski, G.; Cheney, C.; Heerema, 
N.; Jarjoura, D.; Lehman, A.; Lee, L. J.; Marcucci, G.; Lee, R. J.; Caligiuri, M. A.; Muthusamy, N.; Byrd, 
J. C., A novel Raji-Burkitt's lymphoma model for preclinical and mechanistic evaluation of CD52-targeted 
immunotherapeutic agents. Clin Cancer Res 2008, 14 (2), 569-78. 
18. Hu, H.; Chen, D.; Liu, Y.; Deng, Y.; Yang, S.; Qiao, M.; Zhao, J.; Zhao, X., Preparation and 
targeted delivery of immunoliposomes bearing poly(ethylene glycol)-coupled humanized anti-hepatoma 
disulfide-stabilized Fv (hdsFv25) in vitro. Pharmazie 2006, 61 (8), 685-8. 
19. Nam, S. M.; Kim, H. S.; Ahn, W. S.; Park, Y. S., Sterically stabilized anti-G(M3), anti-Le(x) 
immunoliposomes: targeting to B16BL6, HRT-18 cancer cells. Oncol Res 1999, 11 (1), 9-16. 
20. Koning, G. A.; Morselt, H. W.; Gorter, A.; Allen, T. M.; Zalipsky, S.; Scherphof, G. L.; Kamps, J. 
A., Interaction of differently designed immunoliposomes with colon cancer cells and Kupffer cells. An in 
vitro comparison. Pharm Res 2003, 20 (8), 1249-57. 



151 
 

21. Straubinger, R. M.; Hong, K.; Friend, D. S.; Papahadjopoulos, D., Endocytosis of liposomes and 
intracellular fate of encapsulated molecules: encounter with a low pH compartment after internalization in 
coated vesicles. Cell 1983, 32 (4), 1069-79. 
22. Liu, F.; Liu, D., Serum independent liposome uptake by mouse liver. Biochim.Biophys.Acta 1996, 
1278 (1), 5-11. 
23. Davies, L. C.; Jenkins, S. J.; Allen, J. E.; Taylor, P. R., Tissue-resident macrophages. Nat Immunol 

2013, 14 (10), 986-95. 
24. Bohdanowicz, M.; Grinstein, S., Role of phospholipids in endocytosis, phagocytosis, and 
macropinocytosis. Physiol Rev 2013, 93 (1), 69-106. 
25. Ishida, T.; Harashima, H.; Kiwada, H., Liposome clearance. Bioscience reports 2002, 22 (2), 197-
224. 
26. Blume, G.; Cevc, G., Liposomes for the sustained drug release in vivo. Biochim Biophys Acta 

1990, 1029 (1), 91-7. 
27. Papahadjopoulos, D.; Allen, T. M.; Gabizon, A.; Mayhew, E.; Matthay, K.; Huang, S. K.; Lee, K. 
D.; Woodle, M. C.; Lasic, D. D.; Redemann, C.; et al., Sterically stabilized liposomes: improvements in 
pharmacokinetics and antitumor therapeutic efficacy. Proc Natl Acad Sci U S A 1991, 88 (24), 11460-4. 
28. Woodle, M. C.; Lasic, D. D., Sterically stabilized liposomes. Biochim.Biophys.Acta 1992, 1113 
(2), 171-199. 
29. Charrois, G. J.; Allen, T. M., Rate of biodistribution of STEALTH liposomes to tumor and skin: 
influence of liposome diameter and implications for toxicity and therapeutic activity. Biochim Biophys Acta 

2003, 1609 (1), 102-8. 
30. Rejman, J.; Oberle, V.; Zuhorn, I. S.; Hoekstra, D., Size-dependent internalization of particles via 
the pathways of clathrin- and caveolae-mediated endocytosis. Biochem J 2004, 377 (Pt 1), 159-69. 
31. King, C. R.; Kraus, M. H.; Aaronson, S. A., Amplification of a novel v-erbB-related gene in a 
human mammary carcinoma. Science 1985, 229 (4717), 974-6. 
32. Akiyama, T.; Sudo, C.; Ogawara, H.; Toyoshima, K.; Yamamoto, T., The product of the human c-
erbB-2 gene: a 185-kilodalton glycoprotein with tyrosine kinase activity. Science 1986, 232 (4758), 1644-6. 
33. Ferguson, K. M.; Berger, M. B.; Mendrola, J. M.; Cho, H. S.; Leahy, D. J.; Lemmon, M. A., EGF 
activates its receptor by removing interactions that autoinhibit ectodomain dimerization. Mol Cell 2003, 11 
(2), 507-17. 
34. Graus-Porta, D.; Beerli, R. R.; Daly, J. M.; Hynes, N. E., ErbB-2, the preferred heterodimerization 
partner of all ErbB receptors, is a mediator of lateral signaling. EMBO J 1997, 16 (7), 1647-55. 
35. Pinkas-Kramarski, R.; Soussan, L.; Waterman, H.; Levkowitz, G.; Alroy, I.; Klapper, L.; Lavi, S.; 
Seger, R.; Ratzkin, B. J.; Sela, M.; Yarden, Y., Diversification of Neu differentiation factor and epidermal 
growth factor signaling by combinatorial receptor interactions. EMBO J 1996, 15 (10), 2452-67. 
36. Straubinger, R. M.; Papahadjopoulos, D.; Hong, K. L., Endocytosis and intracellular fate of 
liposomes using pyranine as a probe. Biochemistry 1990, 29 (20), 4929-39. 
37. Marone, R.; Hess, D.; Dankort, D.; Muller, W. J.; Hynes, N. E.; Badache, A., Memo mediates 
ErbB2-driven cell motility. Nature cell biology 2004, 6 (6), 515-22. 
38. Gillibert-Duplantier, J.; Duthey, B.; Sisirak, V.; Salaun, D.; Gargi, T.; Tredan, O.; Finetti, P.; 
Bertucci, F.; Birnbaum, D.; Bendriss-Vermare, N.; Badache, A., Gene expression profiling identifies sST2 
as an effector of ErbB2-driven breast carcinoma cell motility, associated with metastasis. Oncogene 2012, 
31 (30), 3516-24. 
39. Burks, S. R.; Legenzov, E. A.; Martin, E. W.; Li, C.; Lu, W.; Kao, J. P. Y. Co-encapsulating the 
fusogenic peptide INF7 and molecular imaging probes in liposomes increases intracellular signal and probe 
retention PLOS ONE [Online], 2015. 
40. Wagner, E.; Plank, C.; Zatloukal, K.; Cotten, M.; Birnstiel, M. L., Influenza virus hemagglutinin 
HA-2 N-terminal fusogenic peptides augment gene transfer by transferrin-polylysine-DNA complexes: 
toward a synthetic virus-like gene-transfer vehicle. P Natl Acad Sci USA 1992, 89 (17), 7934-8. 
41. Plank, C. O., B.; Mechtler, K.; Koch, C.; Wagner, E., The Influence of Endosome-disruptive 
Peptides on Gene Transfer Using Synthetic Virus-like Gene Transfer System. J Biol Chem 1994, 269 (17), 
12918-12924. 
42. Fominaya, J.; Wels, W., Target cell-specific DNA transfer mediated by a chimeric multidomain 
protein. Novel non-viral gene delivery system. J Biol Chem 1996, 271 (18), 10560-8. 
43. Lee, K. D.; Oh, Y. K.; Portnoy, D. A.; Swanson, J. A., Delivery of macromolecules into cytosol 
using liposomes containing hemolysin from Listeria monocytogenes. J Biol Chem 1996, 271 (13), 7249-52. 



152 
 

44. Weng, A.; Manunta, M. D.; Thakur, M.; Gilabert-Oriol, R.; Tagalakis, A. D.; Eddaoudi, A.; 
Munye, M. M.; Vink, C. A.; Wiesner, B.; Eichhorst, J.; Melzig, M. F.; Hart, S. L., Improved intracellular 
delivery of peptide- and lipid-nanoplexes by natural glycosides. J Control Release 2015, 206, 75-90. 
45. Ahmad, A.; Ranjan, S.; Zhang, W.; Zou, J.; Pyykko, I.; Kinnunen, P. K., Novel endosomolytic 
peptides for enhancing gene delivery in nanoparticles. Biochim Biophys Acta 2015, 1848 (2), 544-53. 
46. Mastrobattista, E.; Koning, G. A.; van Bloois, L.; Filipe, A. C.; Jiskoot, W.; Storm, G., Functional 
characterization of an endosome-disruptive peptide and its application in cytosolic delivery of 
immunoliposome-entrapped proteins. J Biol Chem 2002, 277 (30), 27135-43. 
47. Immordino, M. L.; Dosio, F.; Cattel, L., Stealth liposomes: review of the basic science, rationale, 
and clinical applications, existing and potential. Int J Nanomedicine 2006, 1 (3), 297-315. 
48. Gabizon, A.; Papahadjopoulos, D., Liposome formulations with prolonged circulation time in 
blood and enhanced uptake by tumors. P Natl Acad Sci USA 1988, 85 (18), 6949-53. 
49. Gregoriadis, G., Homing of liposomes to target cells. Biochem Soc Trans 1975, 3 (5), 613-8. 
50. Heath, T. D.; Fraley, R. T.; Papahdjopoulos, D., Antibody targeting of liposomes: cell specificity 
obtained by conjugation of F(ab')2 to vesicle surface. Science 1980, 210 (4469), 539-41. 
51. Burks, S. R.; Macedo, L. F.; Barth, E. D.; Tkaczuk, K. H.; Martin, S. S.; Rosen, G. M.; Halpern, 
H. J.; Brodie, A. M.; Kao, J. P., Anti-HER2 immunoliposomes for selective delivery of electron 
paramagnetic resonance imaging probes to HER2-overexpressing breast tumor cells. Breast Cancer Res. 

Treat. 2010, 124 (1), 121-31. 
52. Torchilin, V. P., Liposomes as delivery agents for medical imaging. Mol Med Today 1996, 2 (6), 
242-9. 
53. Erdogan, S., Liposomal nanocarriers for tumor imaging. J Biomed Nanotechnol 2009, 5 (2), 141-
50. 
54. Burks, S. R.; Barth, E. D.; Halpern, H. J.; Rosen, G. M.; Kao, J. P., Cellular uptake of electron 
paramagnetic resonance imaging probes through endocytosis of liposomes. Biochim. Biophys. Acta 2009, 
1788 (10), 2301-8. 
55. Senior, J.; Crawley, J. C.; Gregoriadis, G., Tissue distribution of liposomes exhibiting long half-
lives in the circulation after intravenous injection. Biochim Biophys Acta 1985, 839 (1), 1-8. 
56. Abraham, I.; Goundalkar, A.; Mezei, M., Effect of liposomal surface charge on the 
pharmacokinetics of an encapsulated model compound. Biopharm Drug Dispos 1984, 5 (4), 387-98. 
57. Torchilin, V. P.; Shtilman, M. I.; Trubetskoy, V. S.; Whiteman, K.; Milstein, A. M., Amphiphilic 
vinyl polymers effectively prolong liposome circulation time in vivo. Biochim Biophys Acta 1994, 1195 
(1), 181-4. 
58. Whiteman, K. R.; Subr, V.; Ulbrich, K.; Torchilin, V. P., Poly(Hpma)-coated liposomes 
demonstrate prolonged circulation in mice. J Liposome Res 2001, 11 (2-3), 153-64. 
59. Vidal, M.; Sainte-Marie, J.; Philippot, J. R.; Bienvenue, A., LDL-mediated targeting of liposomes 
to leukemic lymphocytes in vitro. EMBO J. 1985, 4 (10), 2461-7. 
60. Lee, R. J.; Low, P. S., Delivery of liposomes into cultured KB cells via folate receptor-mediated 
endocytosis. J. Biol. Chem. 1994, 269 (5), 3198-204. 
61. Lopez-Barcons, L. A.; Polo, D.; Reig, F.; Fabra, A., Pentapeptide YIGSR-mediated HT-1080 
fibrosarcoma cells targeting of adriamycin encapsulated in sterically stabilized liposomes. J. Biomed. 

Mater. Res. A 2004, 69 (1), 155-63. 
62. Burks, S. R. B., E.D.; Martin, S.S.; Rosen, G.M.; Halpern, H.J.; Kao, J.P.Y., Targeted Delivery of 
Molecular Probes for in vivo Electron Paramagnetic Resonance Imaging. IFMBE Proceedings 2010, 32, 
466–469. 
63. Zhang, W.; Ji, Y.; Wu, X.; Xu, H., Trafficking of gold nanorods in breast cancer cells: uptake, 
lysosome maturation, and elimination. ACS Appl Mater Interfaces 2013, 5 (19), 9856-65. 
64. Maxfield, F. R.; McGraw, T. E., Endocytic recycling. Nat. Rev. Mol. Cell Biol. 2004, 5 (2), 121-
32. 
65. Varkouhi, A. K.; Scholte, M.; Storm, G.; Haisma, H. J., Endosomal escape pathways for delivery 
of biologicals. J. Control. Release 2011, 151 (3), 220-8. 
66. White, J.; Kartenbeck, J.; Helenius, A., Membrane fusion activity of influenza virus. EMBO J. 

1982, 1 (2), 217-22. 
67. Stegmann, T.; Booy, F. P.; Wilschut, J., Effects of low pH on influenza virus. Activation and 
inactivation of the membrane fusion capacity of the hemagglutinin. J. Biol. Chem. 1987, 262 (36), 17744-9. 



153 
 

68. Plank, C. O., B.; Mechtler, K.; Koch, C.; Wagner, E., The Influence of Endosome-disruptive 
Peptides on Gene Transfer Using Synthetic Virus-like Gene Transfer System. J. Biol. Chem. 1994, 269 
(17), 12918-12924. 
69. Mastrobattista, E.; Koning, G. A.; van Bloois, L.; Filipe, A. C.; Jiskoot, W.; Storm, G., Functional 
characterization of an endosome-disruptive peptide and its application in cytosolic delivery of 
immunoliposome-entrapped proteins. J. Biol. Chem. 2002, 277 (30), 27135-43. 
70. Yamaizumi, M.; Mekada, E.; Uchida, T.; Okada, Y., One molecule of diphtheria toxin fragment A 
introduced into a cell can kill the cell. Cell 1978, 15 (1), 245-50. 
71. Kaufmann, A. M.; Toro-Ramos, A. J.; Krise, J. P., Assessment of golgi apparatus versus plasma 
membrane-localized multi-drug resistance-associated protein 1. Mol Pharm 2008, 5 (5), 787-94. 
72. Lane, M. C.; Sheets, M. D., Fate mapping hematopoietic lineages in the Xenopus embryo. 
Methods Mol Med 2005, 105, 137-48. 
73. Kent, S. B., Chemical synthesis of peptides and proteins. Annu Rev Biochem 1988, 57, 957-89. 
74. Schnolzer, M.; Alewood, P.; Jones, A.; Alewood, D.; Kent, S. B., In situ neutralization in Boc-
chemistry solid phase peptide synthesis. Rapid, high yield assembly of difficult sequences. Int J Pept 

Protein Res 1992, 40 (3-4), 180-93. 
75. Burks, S. R.; Legenzov, E. A.; Rosen, G. M.; Kao, J. P., Clearance and biodistribution of 
liposomally encapsulated nitroxides: a model for targeted delivery of electron paramagnetic resonance 
imaging probes to tumors. Drug Metab Dispos 2011, 39 (10), 1961-6. 
76. Heath, T. D.; Lopez, N. G.; Papahadjopoulos, D., The effects of liposome size and surface charge 
on liposome-mediated delivery of methotrexate-gamma-aspartate to cells in vitro. Biochim Biophys Acta 

1985, 820 (1), 74-84. 
77. Huang, S. K.; Lee, K. D.; Hong, K.; Friend, D. S.; Papahadjopoulos, D., Microscopic localization 
of sterically stabilized liposomes in colon carcinoma-bearing mice. Cancer Res 1992, 52 (19), 5135-43. 
78. Rosen, G. M.; Burks, S. R.; Kohr, M. J.; Kao, J. P., Synthesis and biological testing of aminoxyls 
designed for long-term retention by living cells. Org Biomol Chem 2005, 3 (4), 645-8. 
79. Gregoriadis, G.; Neerunjun, E. D., Homing of liposomes to target cells. Biochem Bioph Res Co 

1975, 65 (2), 537-44. 
80. Burks, S. R.; Legenzov, E. A.; Martin, E. W.; Li, C.; Lu, W.; Kao, J. P., Co-Encapsulating the 
Fusogenic Peptide INF7 and Molecular Imaging Probes in Liposomes Increases Intracellular Signal and 
Probe Retention. PloS one 2015, 10 (3), e0120982. 
81. Plank, C.; Oberhauser, B.; Mechtler, K.; Koch, C.; Wagner, E., The Influence of Endosome-
Disruptive Peptides on Gene-Transfer Using Synthetic Virus-Like Gene-Transfer Systems. Journal of 

Biological Chemistry 1994, 269 (17), 12918-12924. 
82. Cabantous, S.; Terwilliger, T. C.; Waldo, G. S., Protein tagging and detection with engineered 
self-assembling fragments of green fluorescent protein. Nat Biotechnol 2005, 23 (1), 102-7. 
83. Kalderon, D.; Richardson, W. D.; Markham, A. F.; Smith, A. E., Sequence requirements for 
nuclear location of simian virus 40 large-T antigen. Nature 1984, 311 (5981), 33-8. 
84. Kalderon, D.; Roberts, B. L.; Richardson, W. D.; Smith, A. E., A short amino acid sequence able 
to specify nuclear location. Cell 1984, 39 (3 Pt 2), 499-509. 
85. Ryan, M. D.; King, A. M.; Thomas, G. P., Cleavage of foot-and-mouth disease virus polyprotein 
is mediated by residues located within a 19 amino acid sequence. J Gen Virol 1991, 72 ( Pt 11), 2727-32. 
86. Zhong, Y.; Fang, S., Live cell imaging of protein dislocation from the endoplasmic reticulum. J 

Biol Chem 2012, 287 (33), 28057-28066. 
87. Zhong, Y.; Shen, H.; Wang, Y.; Yang, Y.; Yang, P.; Fang, S., Identification of ERAD components 
essential for dislocation of the null Hong Kong variant of alpha-1-antitrypsin (NHK). Biochem Biophys Res 

Commun 2015, 458 (2), 424-428. 
88. McNeil, P. L., Direct introduction of molecules into cells. Current protocols in cell biology / 

editorial board, Juan S. Bonifacino ... [et al.] 2001, Chapter 20, Unit 20.1. 
89. Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W., NIH Image to ImageJ: 25 years of image 
analysis. Nat Methods 2012, 9 (7), 671-5. 
90. Kao, J. P.; Harootunian, A. T.; Tsien, R. Y., Photochemically generated cytosolic calcium pulses 
and their detection by fluo-3. J Biol Chem 1989, 264 (14), 8179-84. 
91. Legenzov, E. A.; Dirda, N. D.; Hagen, B. M.; Kao, J. P., Synthesis and Characterization of 8-O-
Carboxymethylpyranine (CM-Pyranine) as a Bright, Violet-Emitting, Fluid-Phase Fluorescent Marker in 
Cell Biology. PLoS One 2015, 10 (7), e0133518. 



154 
 

92. Donnelly, M. L.; Luke, G.; Mehrotra, A.; Li, X.; Hughes, L. E.; Gani, D.; Ryan, M. D., Analysis 
of the aphthovirus 2A/2B polyprotein 'cleavage' mechanism indicates not a proteolytic reaction, but a novel 
translational effect: a putative ribosomal 'skip'. J Gen Virol 2001, 82 (Pt 5), 1013-25. 
93. Kent, K. P.; Boxer, S. G., Light-activated reassembly of split green fluorescent protein. J Am 

Chem Soc 2011, 133 (11), 4046-52. 
94. Gautier, A.; Nguyen, D. P.; Lusic, H.; An, W.; Deiters, A.; Chin, J. W., Genetically encoded 
photocontrol of protein localization in mammalian cells. J Am Chem Soc 2010, 132 (12), 4086-8. 
95. Lange, A.; Mills, R. E.; Lange, C. J.; Stewart, M.; Devine, S. E.; Corbett, A. H., Classical nuclear 
localization signals: definition, function, and interaction with importin alpha. J Biol Chem 2007, 282 (8), 
5101-5. 
96. Paine, P. L.; Moore, L. C.; Horowitz, S. B., Nuclear envelope permeability. Nature 1975, 254 
(5496), 109-14. 
97. Seksek, O.; Biwersi, J.; Verkman, A. S., Translational diffusion of macromolecule-sized solutes in 
cytoplasm and nucleus. J Cell Biol 1997, 138 (1), 131-42. 
98. English, L. H.; Epstein, J.; Cantley, L.; Housman, D.; Levenson, R., Expression of an ouabain 
resistance gene in transfected cells. Ouabain treatment induces a K+-transport system. J Biol Chem 1985, 
260 (2), 1114-9. 
99. de Felipe, P.; Luke, G. A.; Hughes, L. E.; Gani, D.; Halpin, C.; Ryan, M. D., E unum pluribus: 
multiple proteins from a self-processing polyprotein. Trends in biotechnology 2006, 24 (2), 68-75. 
100. Szymczak, A. L.; Workman, C. J.; Wang, Y.; Vignali, K. M.; Dilioglou, S.; Vanin, E. F.; Vignali, 
D. A., Correction of multi-gene deficiency in vivo using a single 'self-cleaving' 2A peptide-based retroviral 
vector. Nat Biotechnol 2004, 22 (5), 589-94. 
101. Bachmair, A.; Finley, D.; Varshavsky, A., In vivo half-life of a protein is a function of its amino-
terminal residue. Science 1986, 234 (4773), 179-86. 
102. Gonda, D. K.; Bachmair, A.; Wunning, I.; Tobias, J. W.; Lane, W. S.; Varshavsky, A., 
Universality and structure of the N-end rule. J Biol Chem 1989, 264 (28), 16700-12. 
103. Sriram, S. M.; Kim, B. Y.; Kwon, Y. T., The N-end rule pathway: emerging functions and 
molecular principles of substrate recognition. Nat Rev Mol Cell Biol 2011, 12 (11), 735-47. 
104. Do, K.; Boxer, S. G., Thermodynamics, kinetics, and photochemistry of beta-strand association 
and dissociation in a split-GFP system. J Am Chem Soc 2011, 133 (45), 18078-81. 
105. Heck, J. W.; Cheung, S. K.; Hampton, R. Y., Cytoplasmic protein quality control degradation 
mediated by parallel actions of the E3 ubiquitin ligases Ubr1 and San1. P Natl Acad Sci USA 2010, 107 (3), 
1106-11. 
106. Poteryaev, D.; Datta, S.; Ackema, K.; Zerial, M.; Spang, A., Identification of the switch in early-
to-late endosome transition. Cell 2010, 141 (3), 497-508. 
107. Chang, D. K.; Cheng, S. F.; Deo Trivedi, V.; Yang, S. H., The amino-terminal region of the fusion 
peptide of influenza virus hemagglutinin HA2 inserts into sodium dodecyl sulfate micelle with residues 16-
18 at the aqueous boundary at acidic pH. Oligomerization and the conformational flexibility. J Biol Chem 

2000, 275 (25), 19150-8. 
108. Sammalkorpi, M.; Lazaridis, T., Configuration of influenza hemagglutinin fusion peptide 
monomers and oligomers in membranes. Biochim Biophys Acta 2007, 1768 (1), 30-8. 
109. Elas, M.; Ahn, K. H.; Parasca, A.; Barth, E. D.; Lee, D.; Haney, C.; Halpern, H. J., Electron 
paramagnetic resonance oxygen images correlate spatially and quantitatively with Oxylite oxygen 
measurements. Clin. Cancer Res. 2006, 12 (14 Pt 1), 4209-4217. 
110. Matsumoto, S.; Hyodo, F.; Subramanian, S.; Devasahayam, N.; Munasinghe, J.; Hyodo, E.; 
Gadisetti, C.; Cook, J. A.; Mitchell, J. B.; Krishna, M. C., Low-field paramagnetic resonance imaging of 
tumor oxygenation and glycolytic activity in mice. J. Clin. Invest. 2008, 118 (5), 1965-1973. 
111. Shen, J.; Sood, R.; Weaver, J.; Timmins, G. S.; Schnell, A.; Miyake, M.; Kao, J. P.; Rosen, G. M.; 
Liu, K. J., Direct visualization of mouse brain oxygen distribution by electron paramagnetic resonance 
imaging: application to focal cerebral ischemia. J. Cereb. Blood Flow Metab. 2009, 29 (10), 1695-1703. 
112. Potapenko, D. I.; Foster, M. A.; Lurie, D. J.; Kirilyuk, I. A.; Hutchison, J. M.; Grigor'ev, I. A.; 
Bagryanskaya, E. G.; Khramtsov, V. V., Real-time monitoring of drug-induced changes in the stomach 
acidity of living rats using improved pH-sensitive nitroxides and low-field EPR techniques. J. Magn. 

Reson. 2006, 182 (1), 1-11. 
113. Bobko, A. A.; Eubank, T. D.; Voorhees, J. L.; Efimova, O. V.; Kirilyuk, I. A.; Petryakov, S.; 
Trofimiov, D. G.; Marsh, C. B.; Zweier, J. L.; Grigor'ev, I. A.; Samouilov, A.; Khramtsov, V. V., In vivo 



155 
 

monitoring of pH, redox status, and glutathione using L-band EPR for assessment of therapeutic 
effectiveness in solid tumors. Magn. Reson. Med. 2012, 67 (6), 1827-1836. 
114. Khramtsov, V. V.; Yelinova, V. I.; Weiner, L. M.; Berezina, T. A.; Martin, V. V.; Volodarsky, L. 
B., Quantitative determination of SH groups in low- and high-molecular-weight compounds by an electron 
spin resonance method. Anal. Biochem. 1989, 182 (1), 58-63. 
115. Khramtsov, V. V.; Yelinova, V. I.; Glazachev Yu, I.; Reznikov, V. A.; Zimmer, G., Quantitative 
determination and reversible modification of thiols using imidazolidine biradical disulfide label. J. 

Biochem. Biophys. Methods 1997, 35 (2), 115-128. 
116. Roshchupkina, G. I.; Bobko, A. A.; Bratasz, A.; Reznikov, V. A.; Kuppusamy, P.; Khramtsov, V. 
V., In vivo EPR measurement of glutathione in tumor-bearing mice using improved disulfide biradical 
probe. Free Radical Biol. Med. 2008, 45 (3), 312-320. 
117. Legenzov, E. A.; Sims, S. J.; Dirda, N. D.; Rosen, G. M.; Kao, J. P., Disulfide-Linked 
Dinitroxides for Monitoring Cellular Thiol Redox Status through Electron Paramagnetic Resonance 
Spectroscopy. Biochemistry 2015, 54 (47), 6973-6982. 
118. Keana, J. F.; Pou, S.; Rosen, G. M., Nitroxides as potential contrast enhancing agents for MRI 
application: influence of structure on the rate of reduction by rat hepatocytes, whole liver homogenate, 
subcellular fractions, and ascorbate. Magn. Reson. Med. 1987, 5 (6), 525-536. 
119. Vorndran, C.; Minta, A.; Poenie, M., New fluorescent calcium indicators designed for cytosolic 
retention or measuring calcium near membranes. Biophys. J. 1995, 69 (5), 2112-2124. 
120. Burks, S. R.; Barth, E. D.; Martin, S. S.; Rosen, G. M.; Halpern, H. J.; Kao, J. P., Targeted 
delivery of molecular probes for in vivo electron paramagnetic resonance imaging. IFMBE Proc. 2010, 32, 
466-469. 
121. Legenzov, E. A.; Muralidharan, S.; Woodcock, L. B.; Eaton, G. R.; Eaton, S. S.; Rosen, G. M.; 
Kao, J. P., Designing Molecular Probes To Prolong Intracellular Retention: Application to Nitroxide Spin 
Probes. Bioconjug Chem 2016, 27 (12), 2923-2930. 
122. Kam, Y.; Rubinstein, A.; Nissan, A.; Halle, D.; Yavin, E., Detection of endogenous K-ras mRNA 
in living cells at a single base resolution by a PNA molecular beacon. Mol. Pharmaceutics 2012, 9 (3), 685-
93. 
123. Hamachi, I.; Matsugi, T.; Wakigawa, K.; Shinkai, S., Design and synthesis of a transition metal 
responsive semisynthetic myoglobin-bearing iminodiacetic acid moiety. Inorg. Chem. 1998, 37 (7), 1592-
1597. 
124. Rozantsev, E. G., Synthesis of some stable radicals and the most important intermediates. In Free 

Nitroxyl Radicals, Plenum Press: New York, 1970; pp 203-246. 
125. Mathew, A. E.; Dodd, J. R., Synthesis of substituted, 2,2,5,5-tetramethylpyrrolidin-l-oxyl spin 
labels–pH sensitivity studies. J. Heterocyc. Chem. 1985, 22 (1), 225-228. 
126. Chatani, S.; Nakamura, M.; Akahane, H.; Kohyama, N.; Taki, M.; Arata, T.; Yamamoto, Y., 
Synthesis of C2-chiral bifunctionalised spin labels and their application to troponin C. Chem. Commun. 

2005,  (14), 1880-1882. 
127. Keana, J. F. W.; Hideg, K.; Birrell, G. B.; Hankovszky, O. H.; Ferguson, G.; Parvez, M., New 
mono- and difunctionalized 2,2,5,5-tetramethylpyrrolidine- and Δ3-pyrroline-1-oxyl nitroxide spin labels. 
Can. J. Chem. 1982, 60 (12), 1439-1447. 
128. Tsai, P.; Cao, G. L.; Merkel, T. J.; Rosen, G. M., Spin labelling of Bacillus anthracis endospores: a 
model for in vivo tracking by EPR imaging. Free Radical Res. 2008, 42 (1), 49-56. 
129. Miossec-Bartoli, C.; Pilatre, L.; Peyron, P.; N'Diaye, E. N.; Collart-Dutilleul, V.; Maridonneau-
Parini, I.; Diu-Hercend, A., The new ketolide HMR3647 accumulates in the azurophil granules of human 
polymorphonuclear cells. Antimicrob. Agents Chemother. 1999, 43 (10), 2457-2462. 
130. Stoll, S.; Schweiger, A., EasySpin, a comprehensive software package for spectral simulation and 
analysis in EPR. J. Magn. Reson. 2006, 178 (1), 42-55. 
131. Biller, J. R.; Elajaili, H.; Meyer, V.; Rosen, G. M.; Eaton, S. S.; Eaton, G. R., Electron spin-lattice 
relaxation mechanisms of rapidly-tumbling nitroxide radicals. J. Magn. Reson. 2013, 236, 47-56. 
132. Froimowitz, M., HyperChem: a software package for computational chemistry and molecular 
modeling. Biotechniques 1993, 14 (6), 1010-1013. 
133. Potter II, R. W.; Brown, D. L. The volumetric properties of aqueous sodium chloride solution from 

0° to 500°C at pressures up to 2000 bars based on a regresson of available data in the literature; 1421-C; 
U.S. Department of the Interior: Washington. DC, 1977. 



156 
 

134. Ozbek, H.; Fair, J. A.; Phillips, S. L. Viscosity of aqueous sodium chloride solutions from 0 - 150° 

C; LBL-5931; Lawrence Berkeley Laboratory: Berkeley, CA, 1977. 
135. Cohen, A. S.; Moore, K. A.; Bangalore, R.; Jafri, M. S.; Weinreich, D.; Kao, J. P., Ca2+-induced 
Ca2+ release mediates Ca2+ transients evoked by single action potentials in rabbit vagal afferent neurones. 
J. Physiol. 1997, 499 (Pt 2), 315-328. 
136. Hagen, B. M.; Boyman, L.; Kao, J. P.; Lederer, W. J., A comparative assessment of fluo Ca2+ 
indicators in rat ventricular myocytes. Cell Calcium 2012, 52 (2), 170-181. 
137. Kao, J. P.; Li, G.; Auston, D. A., Practical aspects of measuring intracellular calcium signals with 
fluorescent indicators. Methods Cell Biol. 2010, 99, 113-152. 
138. Kao, J. P.; Rosen, G. M., Esterase-assisted accumulation of 3-carboxy-2,2,5,5-tetramethyl-1-
pyrrolidinyloxyl into lymphocytes. Org. Biomol. Chem. 2004, 2 (1), 99-102. 
139. Rotman, B.; Papermaster, B. W., Membrane properties of living mammalian cells as studied by 
enzymatic hydrolysis of fluorogenic esters. Proc. Natl. Acad. Sci. U.S.A. 1966, 55 (1), 134-141. 
140. Hofmann, J.; Sernetz, M., A kinetic study on the enzymatic hydrolysis of fluorescein diacetate and 
fluorescein-di-beta-D-galactopyranoside. Anal. Biochem. 1983, 131 (1), 180-186. 
141. Dive, C.; Cox, H.; Watson, J. V.; Workman, P., Polar fluorescein derivatives as improved 
substrate probes for flow cytoenzymological assay of cellular esterases. Mol. Cell. Probes 1988, 2 (2), 131-
145. 
142. Lavis, L. D.; Chao, T. Y.; Raines, R. T., Synthesis and utility of fluorogenic acetoxymethyl ethers. 
Chem. Sci. 2011, 2 (3), 521-530. 
143. McClung, R. E. D.; Kivelson, D., ESR linewidths in solution. V. Studies of spin–rotational effects 
not described by rotational diffusion theory. J. Chem. Phys. 1968, 49 (8), 3380-3391. 
144. Biller, J. R.; Meyer, V.; Elajaili, H.; Rosen, G. M.; Kao, J. P.; Eaton, S. S.; Eaton, G. R., 
Relaxation times and line widths of isotopically-substituted nitroxides in aqueous solution at X-band. J. 

Magn. Reson. 2011, 212 (2), 370-377. 
145. Owenius, R.; Eaton, G. R.; Eaton, S. S., Frequency (250 MHz to 9.2 GHz) and viscosity 
dependence of electron spin relaxation of triarylmethyl radicals at room temperature. J. Magn. Reson. 2005, 
172 (1), 168-175. 
146. Lumata, L.; Kovacs, Z.; Sherry, A. D.; Malloy, C.; Hill, S.; van Tol, J.; Yu, L.; Song, L.; Merritt, 
M. E., Electron spin resonance studies of trityl OX063 at a concentration optimal for DNP. Phys. Chem. 

Chem. Phys. 2013, 15 (24), 9800-9807. 
147. Meyer, V.; Eaton, S. S.; Eaton, G. R., X-band electron spin relaxation times for four aromatic 
radicals in fluid solution and comparison with other organic radicals. Appl. Magn. Reson. 2014, 45 (10), 
993-1007. 
148. Owenius, R.; Eaton, G. R.; Eaton, S. S., Frequency (250 MHz to 9.2 GHz) and viscosity 
dependence of electron spin relaxation of triarylmethyl radicals at room temperature. J Magn Reson 2005, 
172 (1), 168-175. 
149. Burks, S. R.; Bakhshai, J.; Makowsky, M. A.; Muralidharan, S.; Tsai, P.; Rosen, G. M.; Kao, J. P., 
(2)H,(15)N-substituted nitroxides as sensitive probes for electron paramagnetic resonance imaging. J. Org. 

Chem. 2010, 75 (19), 6463-6467. 
150. Cooley, S.; Burns, L. J.; Repka, T.; Miller, J. S., Natural killer cell cytotoxicity of breast cancer 
targets is enhanced by two distinct mechanisms of antibody-dependent cellular cytotoxicity against LFA-3 
and HER2/neu. Exp Hematol 1999, 27 (10), 1533-41. 
151. Albanell, J.; Codony, J.; Rovira, A.; Mellado, B.; Gascon, P., Mechanism of action of anti-HER2 
monoclonal antibodies: scientific update on trastuzumab and 2C4. Adv Exp Med Biol 2003, 532, 253-68. 
152. Hink, M. A.; Griep, R. A.; Borst, J. W.; van Hoek, A.; Eppink, M. H.; Schots, A.; Visser, A. J., 
Structural dynamics of green fluorescent protein alone and fused with a single chain Fv protein. J Biol 

Chem 2000, 275 (23), 17556-60. 
153. Liese, S.; Gensler, M.; Krysiak, S.; Schwarzl, R.; Achazi, A.; Paulus, B.; Hugel, T.; Rabe, J. P.; 
Netz, R. R., Hydration Effects Turn a Highly Stretched Polymer from an Entropic into an Energetic Spring. 
ACS nano 2017, 11 (1), 702-712. 
154. Cahall, C. F.; Lilly, J. L.; Hirschowitz, E. A.; Berron, B. J., A Quantitative Perspective on Surface 
Marker Selection for the Isolation of Functional Tumor Cells. Breast cancer : basic and clinical research 

2015, 9 (Suppl 1), 1-11. 
155. Onsum, M. D.; Geretti, E.; Paragas, V.; Kudla, A. J.; Moulis, S. P.; Luus, L.; Wickham, T. J.; 
McDonagh, C. F.; Macbeath, G.; Hendriks, B. S., Single-cell quantitative HER2 measurement identifies 



157 
 

heterogeneity and distinct subgroups within traditionally defined HER2-positive patients. The American 

journal of pathology 2013, 183 (5), 1446-60. 
156. Aguilar, Z.; Akita, R. W.; Finn, R. S.; Ramos, B. L.; Pegram, M. D.; Kabbinavar, F. F.; Pietras, R. 
J.; Pisacane, P.; Sliwkowski, M. X.; Slamon, D. J., Biologic effects of heregulin/neu differentiation factor 
on normal and malignant human breast and ovarian epithelial cells. Oncogene 1999, 18 (44), 6050-62. 
157. Burks, S. R.; Legenzov, E. A.; Rosen, G. M.; Kao, J. P. Y., Clearance and Biodistribution of 
Liposomally Encapsulated Nitroxides: A Model for Targeted Delivery of Electron Paramagnetic Resonance 
Imaging Probes to Tumors. Drug Metab Dispos 2011, 39 (10), 1961-6. 
158. Burks, S. R.; Barth, E. D.; Halpern, H. J.; Rosen, G. M.; Kao, J. P., Cellular uptake of electron 
paramagnetic resonance imaging probes through endocytosis of liposomes. Biochim. Biophys. Acta 2009, 
1788 (10), 2301-2308. 
159. Abràmoff, M. D.; Magalhães, P. J.; Ram, S. J., Image processing with ImageJ. Biophotonics 

Intern. 2004, 11 (7), 36-43. 
160. Boswell, C. A.; Ferl, G. Z.; Mundo, E. E.; Bumbaca, D.; Schweiger, M. G.; Theil, F. P.; Fielder, P. 
J.; Khawli, L. A., Effects of anti-VEGF on predicted antibody biodistribution: roles of vascular volume, 
interstitial volume, and blood flow. PLoS One 2011, 6 (3), e17874. 
161. Boswell, C. A.; Mundo, E. E.; Zhang, C.; Stainton, S. L.; Yu, S.-F.; Lacap, J. A.; Mao, W.; Kozak, 
K. R.; Fourie, A.; Polakis, P.; Khawli, L. A.; Lin, K., Differential effects of predosing on tumor and tissue 
uptake of an 111In-labeled anti-TENB2 antibody–drug conjugate. J. Nucl. Med. 2012, 53 (9), 1454-1461. 
162. Pastuskovas, C. V.; Mundo, E. E.; Williams, S. P.; Nayak, T. K.; Ho, J.; Ulufatu, S.; Clark, S.; 
Ross, S.; Cheng, E.; Parsons-Reponte, K.; Cain, G.; Van Hoy, M.; Majidy, N.; Bheddah, S.; dela Cruz 
Chuh, J.; Kozak, K. R.; Lewin-Koh, N.; Nauka, P.; Bumbaca, D.; Sliwkowski, M.; Tibbitts, J.; Theil, F.-P.; 
Fielder, P. J.; Khawli, L. A.; Boswell, C. A., Effects of anti-VEGF on pharmacokinetics, biodistribution, 
and tumor penetration of trastuzumab in a preclinical breast cancer model. Mol. Cancer Ther. 2012, 11 (3), 
752-762. 
163. Boswell, C. A.; Mundo, E. E.; Ulufatu, S.; Bumbaca, D.; Cahaya, H. S.; Majidy, N.; Van Hoy, M.; 
Schweiger, M. G.; Fielder, P. J.; Prabhu, S.; Khawli, L. A., Comparative physiology of mice and rats: 
Radiometric measurement of vascular parameters in rodent tissues. Mol. Pharm. 2014, 11 (5), 1591-1598. 
164. Lumley, J. P. S.; Green, C. J.; Lear, P.; Angell-James, J. E., Handling, injection and collection of 
body fluids. In Essentials of Experimental Surgery, Butterworth & Co., Ltd.: London, UK, 1990; pp 17-43. 
165. Huang, C.; Mason, J. T., Geometric packing constraints in egg phosphatidylcholine vesicles. Proc. 

Natl. Acad. Sci. U.S.A. 1978, 75 (1), 308-310. 
166. Kučerka, N.; van Oosten, B.; Pan, J.; Heberle, F. A.; Harroun, T. A.; Katsaras, J., Molecular 
structures of fluid phosphatidylethanolamine bilayers obtained from simulation-to-experiment comparisons 
and experimental scattering density profiles. J. Phys. Chem. B 2015, 119 (5), 1947-1956. 
167. Kamisaka, K.; Yatsuji, Y.; Yamada, H.; Kameda, H., The binding of indocyanine green and other 
organic anions to serum proteins in liver diseases. Clin. Chim. Acta 1974, 53 (2), 255-264. 
168. Baker, K. J., Binding of sulfobromophthalein (BSP) sodium and indocyanine green (ICG) by 
plasma alpha-1 lipoproteins. Proc. Soc. Exp. Biol. Med. 1966, 122 (4), 957-963. 
169. Yoneya, S.; Saito, T.; Komatsu, Y.; Koyama, I.; Takahashi, K.; Duvoll-Young, J., Binding 
properties of indocyanine green in human blood. Invest. Ophthalmol. Visual Sci. 1998, 39 (7), 1286-1290. 
170. Kraft, J. C.; Ho, R. J. Y., Interactions of indocyanine green and lipid in enhancing near-infrared 
fluorescence properties: The basis for near-infrared imaging in vivo. Biochemistry 2014, 53 (8), 1275-1283. 
171. Weigand, R.; Rotermund, F.; Penzkofer, A., Aggregation dependent absorption reduction of 
indocyanine green. The Journal of Physical Chemistry A 1997, 101 (42), 7729-7734. 
172. Burks, S. R.; Legenzov, E. A.; Rosen, G. M.; Kao, J. P., Clearance and biodistribution of 
liposomally encapsulated nitroxides: a model for targeted delivery of electron paramagnetic resonance 
imaging probes to tumors. Drug Metab. Dispos. 2011, 39 (10), 1961-1966. 
173. Kimelberg, H. K.; Tracy, T. F., Jr.; Biddlecome, S. M.; Bourke, R. S., The effect of entrapment in 
liposomes on the in vivo distribution of [3H]methotrexate in a primate. Cancer Res 1976, 36 (8), 2949-57. 
174. de Barsy, T.; Devos, P.; Van Hoof, F., A morphologic and biochemical study of the fate of 
antibody-bearing liposomes. Laboratory investigation; a journal of technical methods and pathology 1976, 
34 (3), 273-82. 
175. Box, G. E. P.; Cox, D. R., An analysis of transformations. J. Royal Stat. Soc. 1964, 26 (2), 211-
252. 



158 
 

176. Patel, S.; Chapman, K. L.; Heald, A.; Smith, A. J.; Freedman, S. B., Measurement of central 
nervous system activity of systemically administered CCKB receptor antagonists by ex vivo binding. Eur. 

J. Pharmacol. 1994, 253 (3), 237-244. 
 


