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Abstract 

Compared with the porphyrin, metalloporphyrin compounds are more common in 

nature due to the quenching phototoxicity of porphyrin by the metal chelation. 

Meanwhile, the metal chelation confers diverse biomedical applications to the 

porphyrin molecules. Through conjugating metalloporphyrin with lyso-lipid, the 

obtained metallporphyrin-lipid can form the liposome bilayer structure, which is well-

suited for theranostic applications. Motivated by the unique chemical property of 

metalloporphyrin, this thesis focuses on exploring the novel biomedical applications of 

metalloporphyrin liposome. Chapter 1 provides a comprehensive background on 

metalloporphyrin, especially reviewing existing metalloporphyrin nanoparticles for 

theranostic applications. Chapter 2 describes a novel and convenient method to stably 

attach His-tagged polypeptides to liposome based on the chelation between histidine 

and cobalt porphyrin lipid (CoPoP). The CoPoP immunogenic liposome is applied in 

the design of MPER vaccine against HIV disease. Chapter 3 demonstrates the 

capacity of CoPoP liposome as a multivalent antigens carrier and a potential universal 

vaccine against influenza is designed and evaluated. Chapter 4 introduces the 

synthesis of N-HPPH-lipid which can form a hydrated bilayer structure through the 

hydrogen bond between amine terminal and water molecules. When N-HPPH-

liposome is chelated with Mn, an enhanced MR imaging can be observed. Chapter 5 

presented a brief conclusion and some future directions. The metalloporphyrin 

nanoparticles represent a promising platform for developing theranostic functions. It is 
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believed that number of versatile and useful metalloporphyrin nanoparticles will be 

designed and applied in the biomedical applications. 
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Chapter 1: Theranostic Metalloporphyrin Nanoparticles 

1.1 Acknowledgement 

In large part, this chapter is a reformatted version of the manuscripts entitled 

“Metalloporphyrin Nanoparticles: Coordinating Diverse Theranostic Functions” 

published in Coodination Chemistry Review. Under the supervision of Jonathan F. 

Lovell, my contributions to the manuscripts included writing most of the manuscripts. 

Thanks to Venugopal Rajendiran for the completion of the Coordination Chemistry and 

PET sections. 

1.2 Introduction 

Abundant in nature, porphyrin molecules and related compounds well-suited for 

theranostic applications [1-5]. Metalloporphyrins have unique chemical properties 

which confer distinct bioinorganic function. Beyond roles in natural bioprocesses, 

metalloporphyrins can be used for biomedical applications. As shown in Fig. 1-1, by 

adding different metals, new capabilities can be conferred by the metal. For example, 

Mn- and Gd-porphyrin have been applied as magnetic resonance imaging (MRI) 

contrast agents; 64Cu-porphyrin has been demonstrated as an efficient positron 

emission tomography (PET) agent; Mn-, Ni- and Fe-porphyrins show potential for use 

in surface enhanced Raman scattering (SERS); Pd- and Pt-porphyrin have been used 

as photosensitizers for upconversion nanoparticles (UCNPs), as well as components 

for optical oxygen sensors; Zn- and Al-porphyrin have been used for photodynamic 

therapy (PDT); Mn- and Fe-porphyrin have been used as superoxide dismutase (SOD) 

mimicking agents; Co-, Sn- and Si-porphyrin are able to participate in bioconjugation 

by axial coordination ligands. This chapter provides an overview of some of these 

unique nanoscale applications of metalloporphyrins. 
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1.2.1 Metalloporphyrins in Nature 
The Fe2+ containing heme group (Fig. 1-2A), is not just the oxygen carrier found in 

hemoglobin; it is a cofactor of hemeproteins including cytochromes and peroxidases 

that carry out diverse biological reactions. Through shuttling electrons, these iron 

porphyrins catalyze oxidation and reduction reactions. Cytochrome P450, one of the 

most important heme enzymes, was so-named when an unexpected pigment was 

observed with 420 nm absorbance in microsomes during reduction in presence of 

carbon monoxide [6]. The pigment was later recognized specifically as a hemeprotein 

in 1964 [7]. Cytochrome P450 is a crucial component for catalyzing the hydroxylation 

of organic substrates [8]. Heme dependent peroxidases are another important group 

of hemeproteins, composed of single polypeptide chains with a heme complex 

attached by the chelation between iron and histidine, that catalyzes the breakdown of 

hydrogen peroxide [9]. 

Occurring in most plants and algae, photosynthesis converts light energy into chemical 

energy and is the primary source of biological energy and molecular oxygen on earth. 

Chlorophyll, a family of green pigments that absorb sunlight, is central to 

photosynthesis. It chelates a magnesium atom center (Fig. 1-2B). Chlorophyll is a 

reduced pophyrin (chlorin) macrocycle, which contains two  electrons less than 

porphyrin. Chlorophyll is intensely studied in biological, environmental, and agricultural, 

and plant sciences [10-13]. 

Another metal pyrrole-like macrocycle is Vitamin B12, a crucial vitamin for nervous 

system function (Fig. 1-2C). It contains a cobalt atom in the center of the aromatic 

tetrapyrrole. Vitamin B12 is necessary for the function of methionine synthase and L-

methylmalonyl coenzyme A mutase. Vitamin B12 deficiency results in megaloblastic 

anemia and nervous system disease [14-17]. Sea food and meat are good dietary 

sources of vitamin B12. 
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Methane is the simplest organic compound and a potential clean energy source. 

Methane-producing archaea produce nearly 1 billion metric tons of methane annually 

in the global carbon cycle [18]. Cofactor F430, a nickel-containing tetrapyrrole (Fig. 1-

2D), is found in methyl-coenzyme M reductase (MCR) and catalyzes the terminal step 

of methanogenesis. The successful biosynthesis of F430 was achieved recently and 

holds potential for industrial metabolic bioenergetic engineering [19]. 

1.2.2 Nanoparticles in Biomedicine 

Nanoparticles hold promise for many biomedical applications [20-23]. Intravenous 

administration of pharmaceutical suspensions was historically avoided, given the risk 

of embolism, but clinical colloidal drug delivery approaches have been made possible 

by suitable nanoparticles, like liposomes and micelles [24]. Compared to small 

molecules, nanoparticles can improve drug efficiency via prolonging circulation times 

and reducing toxicity [25]. For some diseases like cancer, nanoparticles can 

accumulate in tumors due to the enhanced permeability and retention (EPR) effect [26-

29]. Nanoparticles can act as efficient transport vehicles for drugs or functional 

molecules with potential for high loading capacity and tunable chemical and biological 

stability [30-33]. The high surface-to-volume ratios of most nanoparticles allows for 

productive surface modification by grafting biomolecules such as targeting ligands or 

detection probes [34]. These intrinsic properties motivate the development and design 

of nanoparticles as theranostic agents capable of multiple functions, such as optical 

imaging, bio-sensing, ligand targeting, and delivery of drugs. 

1.3 Preparation of Metalloporphyrin Nanoparticles 

1.3.1 Coodination Chemistry 
Tetrapyrroles are versatile functional molecules that have found applications in 

chemistry, biology, medicine, and materials science [35]. As mentioned above, metals 

play a central role in many naturally occurring porphyrins, highlighting the significance 

of bioinorganic coordination chemistry. Coordination of metals in the porphyrin can 
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enhance the stabilization of the ring, thereby promoting a more planar conformation 

[36] or enhance thermodynamic and kinetic stability [37, 38]. The photochemical and 

photophysical properties of the porphyrin can be altered by the nature of the metal 

atom coordinated in the porphyrin ring. Porphyrins and many of their derivatives readily 

form N-ligated complexes with a variety of metals by deprotonation of one or two of 

the pyrrole NH protons via the formation of σ bonds, either within the core or above it 

[39]. The nature of the bonds and orbital overlap between metal ions and the porphyrin 

ligand have been comprehensively reviewed [40]. Generally, σ-complexes of 

porphyrins are known for almost every metal cation in the periodic table. In addition to 

σ-complexes, a considerable number of -complexes derived from tetrapyrrolic ligands 

have been recently reported [41]. This review discusses coordination chemistry of σ-

complexes, especially transition metal complexes because these have been studied 

more frequently in metalloporphyrin nanoparticles. 

When 2 protons are lost, the porphyrin core forms a dianion that acts as a tetradentate 

ligand, so chelated metal ions usually have a coordination number of at least 4 [42]. 

Importantly,  electronic delocalization, which occurs within the porphinato ligand, 

leads to planarity of the macrocycle and an essentially square-planar environment for 

the metal ion in the four-coordinate complexes. Upon addition of other ligands in 

addition to four coordinate metalloporphinato core, there is a possibility of forming 4-8 

higher coordination number (C.N) metalloporphyrins. The geometries of square-planar 

(C.N = 4), square-pyramidal (C.N = 5) and octahedral (C.N = 6) metalloporphyrins are 

shown in Scheme 1-1 [42, 43]. In general, the geometry of transition metal complexes 

depends on the electronic configuration of the d orbital of the coordinating metal ion. 

In the case of four-, five- and six- coordinated first-row transition metalloporphyrins, 

the influence of occupied or unoccupied 3dx
2
-y

2 and 3dz
2 orbitals on the bond distances 

of M-N and M-L is significant [42]. Relatively large M-N bond distances are observed 

in the case of five-coordinated metalloporphyrins compared to four and six-coordinated 
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metalloporphyrins due to displacement of the metal atom out of the porphinato plane 

[42]. 

Other properties are also relevant besides metalloporphyrin geometry. The periodic 

table of metalloporphyrins, synthesis, selected metal insertion procedures, role of the 

metal oxidation state in the carrier, the stable oxidation states of metal ions in 

metalloporphyrins and optical absorption spectra are all other considerations [44]. 

Apart from transition metal-based metalloporphyrins, non-metallic and semi-metallic 

elements are also able to be chelated [45]. This includes boron and tellurium 

porphyrins complexes, and Group 14 (silicon and tin) and Group 15 porphyrin 

complexes. 

1.3.2 Incorporation of Metalloporphyrins in Nanoparticles 

Typically, chelation of metals in the porphyrin is completed prior to nanoparticle 

formation, although this need not be the case. In some uses, like 64Cu PET imaging, 

post-chelation is advantageous due to the limited half-life of the radionuclide. There 

are other advantages of post-chelation approaches, since if chelation is possible 

without degradation of the nanoparticles, one single batch of nanoparticles can be 

divided and chelated with various metals to confer multiple functions. 

Metalloporphyrins can attach to the nanoparticle carrier either as encapsulated cargo 

or via surface modification. In this section, some common methods to prepare 

metalloporphyrin nanoparticles are briefly discussed. 

Solvent Mixing 
Similar to freebase porphyrins, many metalloporphyrins and derivatives are 

hydrophobic and soluble only in organic solvents. For the mixing solvent method, 

sometimes involving host–guest methods, the first step is dissolving hydrophobic 

metalloporphyrins (and possibly stabilizers) in organic solvents which are miscible with 

water such as methanol, acetonitrile, or dimethyl sulfoxide. Addition of water, which 

may contain surfactants, leads to colloidal self-assembly that prevents the hydrophobic 
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metalloporphyrin core from aggregation. The organic solvents can subsequently be 

removed by dialysis and the final metalloporphyrin nanoparticles are transferred to a 

fully aqueous solution (Fig. 1-3A) [46, 47]. If the nanoparticles are dense enough, they 

may be collected through centrifugation. By cross-linking metalloporphyrin cores to the 

polymer matrix, the thermal stability of the nanoparticles could be improved [48]. The 

size and polydispersity of the obtained nanoparticles depends on the types of 

metalloporphyrin, the selection of surfactants, the ratio between host and guest 

solvents, and the reaction temperature [46, 47]. There are many possible selections 

for matrix polymers, such as (Polyethylene)glycol (PEG), poly(methyl vinyl ether-co-

maleic anhydride) (PVM/MA), chitosan derivatives and surfactants like Tween and 

Pluronic. The solvent mixing method is a convenient method to form metalloporphyrin 

nanoparticles. However, the process might result in leakage of metalloporphyrins from 

the matrix in biological settings and may be difficult to accurately control particle size 

and polydispersity. 

Surface Attachment 
Covalent conjugation techniques can use routine chemistry such as amide 

functionalization, which for example can be implemented if the surface of nanoparticles 

are modified with amine groups and the metalloporphyrin contains carboxylic acid 

groups, or vice versa [49, 50]. Non-covalent binding to nanoparticles is another 

strategy. Surfaces of the nanoparticles provide capacity to adsorb metalloporphyrins. 

Some drug delivery systems have used this approach to design metalloporphyrin 

nanostructures with specific features, like pH sensitivity [51] or specific electron 

coupling effect [52]. Mesoporous silica nanoparticles (MSNP) are a versatile system 

for cargo delivery through physical absorption. The high surface area and pore volume 

allows good loading efficiency. Besides weak electrostatic interactions, surface 

modification enables control of drug release during intracellular uptake or by external 

stimuli [53] (Fig. 1-3B). 
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Liposome Encapsulation 
Liposome are frequently used as nanocarriers. Water-soluble metalloporphyrins can 

be passively loaded in the liposome aqueous core. Metalloporphyrins with poor water 

solubility can be loaded within the bilayer (Fig. 1-3C). However, loading efficiency and 

stability could be problematic and hydrophobic metalloporphyrins could induce over-

saturated packing structure and decreased stability, especially in biological conditions. 

To enhance performance of liposome-loaded porphyrins, unique amphiphiles like 

metalloporphyrin-phospholipids have been developed. Instead of encapsulating the 

cargo into the liposome core or bilayer, metalloporphyrin can be pre-conjugated 

directly to a phospholipid side chain. In this way, the metalloporphyrin lipid self-

assembles to form a lipid-like bilayer structure [54-56]. 

Dendrimers 
Metalloporphyrins can be incorporated into dendrimer nanoparticles, the size of which 

can be precisely controlled by stepwise iterative synthesis. The structures of four 

different types of metalloporphyrin dendrimers are shown in Fig. 1-3D. 

Metalloporphyrins may form the core, the branch nodes, the branch terminal nodes or 

both the core and every node. Metalloporphyrin-cored dendrimers can be synthesized 

through divergent or convergent approaches. In the divergent strategy, the 

metalloporphyrin core is the starting point of the architecture, and branches are 

extended layer by layer. However, this often leads to structural imperfections in the 

final product. The convergent strategy pre-assembles the dendrons before attachment 

to the metalloporphyrin cores [57]. Metalloporphyrin dendrimers can also be combined 

with block copolymers [58]. 

1.4 Biomedical Applications of Metalloporphyrin Nanoparticles 

1.4.1 Magnetic Resonance Imaging (MRI) 

Since the first MR images of human body were demonstrated several decades ago, 

MRI has become an indispensable noninvasive diagnostic imaging technology [59]. 

T1 relaxation time, also known as the spin-lattice relaxation time, tends to be more 
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important for paramagnetic contrast agents containing manganese or gadolinium, 

although these paramagnetic metals reduce both T1 and T2 relaxation times. The T2 

relaxation time, also known as the spin-spin relaxation time, is a more relevant signal 

for super-paramagnetic agents, especially iron oxide nanoparticles. 

Due to the stable chelation, metalloporphyrins reduce risk of transmetallation which 

can cause fibrosis disorders or neurotoxicity [60, 61]. Mn(II), carrying 5 unpaired 

electrons and Gd(III), carrying 7 unpaired electrons, are commonly used in T1-

weighted MR contrast imaging. In porphyrins, the distance between the two diagonal 

N is 2.9 Å. For Gd3+, its ionic radius 1.08 Å plus the Gd-N average bond length 2.6 Å 

results in a small N-Gd-N angle, which causes higher distress and instability to the 

whole complex. Comparatively, Mn(II) and Mn(III) display a ionic radius of 0.6-0.7Å 

and an Mn-N average bond length of 2 Å indicating a more stable planar complex [62-

65]. 

In the past 20 years, numerous studies have reported Mn-porphyrins as MRI contrast 

agents [66-68]. Both Mn(III)-porphyrin (7.4 mM−1 s−1) and Mn(III)-porphyrin conjugated 

dextrans (8.9 mM−1 s−1) showed a higher longitudinal relaxivity (R1) than an existing 

MRI agent Gd-DTPA (5.1 mM−1 s−1), low cytotoxicity and specific binding to tumor cell 

membranes [69]. 

Pan et al. developed a self-assembled nanobialys which was labeled with Mn(III)-

porphyrin as an MR contrast agent (Fig. 1-4A) [70]. The “bialy” nanostructure, with 

tunable particle size and low polydispersity, had good stability. Mn(III)-porphyrin was 

encapsulated in the polymeric inverted-micelle by a phase transfer process. With the 

addition of biotin, this toroidal-shaped nanoparticle efficiently targeted fibrin, a 

component of intravascular thrombosis, and offered site-specific MR T1-weighted 

imaging of the clot (Fig. 1-4B). Additionally, the nanobialys showed more than 98% 

drug loading efficiency and more than 80% drug retention. 
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Another approach involved covalently conjugating Mn-porphyrins on the surface of 

doxorubicin (DOX)-loaded PLA nanoparticles (MnP-DOX NPs) [71]. MnP-DOX NPs 

were internalized by HeLa cells and suppressed cancer cell growth due to faster drug 

release in an acidic environment than in a neutral pH condition. As a MRI contrast 

agent, MnP-DOX NPs (r1 value of 27.8 mM-1s-1) exhibited enhanced relaxivity and high 

performance in T1-weighted MRI both in vitro and in vivo. Gradual accumulation of 

MnP-DOX NPs resulted in MR signal enhancement in tumors occurred 24 hrs after 

intravenous injection of nanoparticles (100 µl, 8 mg/ml). Photodynamic therapy was 

performed by encapsulating the free porphyrin as the photosensitizer, for MRI-guided 

PDT cancer theranostic nanoparticles (TPD NPs). Taking advantage of the EPR effect, 

TPD NPS passively accumulated in the tumor site. The PDT and MRI capabilities of 

TPD NPs were optimized with loading 31% freebase porphyrin and 19% Mn-porphyrin. 

In mice bearing HT-29 human colon tumors, after intravenous administration, the Mn-

porphyrin led to enhanced MRI signal and clear T1-weighted MR images, theoretically 

allowing precise delivery of the laser light. After laser treatment, compared to the 

control groups, tumor growth was fully inhibited [50]. 

PLA-coated Au nanoshells were developed that were modified by Mn-porphyrin and 

encapsulated doxorubicin for light-triggered drug release due to NIR light absorption 

by the Au nanoshell (Fig. 1-5A) [72]. T1-weighted images of phantoms containing 

aqueous dispersions of DOX@PLA@Au-PEG-MnP NPs showed MRI contrast (Fig. 1-

5B). The signal at the tumor enhanced over time and clear and bright images of tumor 

structure were observed after 0.5 hrs and 24 hrs post-injection (Fig. 1-5C, 5D and 5E). 

This multifunctional theranostic agent combining photothermal therapy (Au nanoshell), 

chemotherapy (DOX) and MRI (Mn-porphyrin) could offer a synergistically improved 

therapeutic treatment to the cancer. 

Fullerene derivatives have been combined with Mn-porphyrins [73]. By conjugating 5-

(4-aminophenyl)-10,15,20-tris(4-sulfonatophenyl)porphyrin (APTSPP) to [6,6]-phenyl-
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C61-butyric acid (PC61BA), the obtained PC61BA-APTSPP-Mn displayed a relaxivity of 

19.2 mM-1s-1, a higher value than Mn-APTSPP (11.2 mM-1s-1) and the clinically used 

MRI reagent Gd-DTPA (4.1 mM-1s-1) at 0.5 T. The influence of fullerene could be 

explained by the charge density variation of Mn(III) and steric decompression caused 

by PC61BA, rather than the rotational correlation time. 

Mn-porphyrin-phospholipid-lipid has been developed as a multifunctional building 

block (Fig. 1-6). MacDonald et al. developed porphysomes using Mn-porphyrin-

phospholipid as both a MRI contrast agent and a photothermal sensitizer [74]. The Mn-

porphyrin porphysome was composed of 95% Mn-porphyrin lipid and 5% DSPE-PEG-

2K. MR relaxivity was evaluated in both intact and disrupted conditions. In the 

presence of detergent, the liposome structure was disrupted and increased relaxivity 

was observed. Although insertion of Mn quenched the generation of singlet oxygen, 

the Mn-porphyrin liposome exhibited resistance to bleaching and enhancement in 

photothermal activity. No loss of photoacoustic signal was observed in Mn-porphyrin 

liposome while the freebase porphyrin liposome decreased 4 fold. The enhancement 

in photostability ensured good performance of Mn-porphyrin liposome in repeated 

photothermal treatments without loss in heat production. 

Based on a similar idea, Keca et al. reported Mn-texaphyrin phospholid for MRI. 

Texaphyrin, a larger pyrrole-based macrocycle, offers pentadentate coordination for 

metal chelation with one more coordinator compared to the 4-coordination model in 

porphyrins [75]. The additional coordination could result in improved chelation stability 

in some cases. Enhanced visualization of lymphatic drainage from the tumor site to 

adjacent lymph nodes was detected after rabbits were injected with Mn-

nanotexaphyrin (8 mg/ml, 1.5 ml) (Fig. 1-7). 

The Mn-texaphyrin-phospholipid liposomes demonstrates the potential application of 

Mn-porphyrin-phospholipid liposome used in vivo. In addition, considering porphyrin 
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liposomes have been demonstrated as a carrier of water soluble molecules and 

chemophototherapeutic agents [76-81], Mn-porphyrin liposomes hold potential to be 

an inherently multifunctional theranostic agent with MRI, photoacoustic, chemotherapy, 

photothermal therapy and photodynamic therapy properties. 

Although Gd-porphyrin chelation stability may not be highly robust, a series of Gd-

porphyrin molecules was synthesized as T1-weighted MRI enhance contrast agents. 

Jahanbin et al. developed a MRI contrast agent by conjugating gadolinium meso-

tetrakis(4-pyridyl)porphyrin [Gd(TPyP)] to chitosan [82]. The Gd(TPyP) was passively 

absorbed into optimized chitosan nanoparticles with a narrow size distribution of 35– 

65 nm. No evident distortion was observed during the encapsulation process and the 

loading capacity Gd(TPyP) was 87%. MRI experiments showed that Gd(TPyP) 

chitosan nanoparticles had T1 relaxivity of 38.35 mM-1s-1, 12 fold higher than the 

conventional Gd-based MR contrast agents such as Gd-DOTA (∼4 mM-1s-1 at 3T). 

Gong et al. reported a multifunctional polymeric micelle system containing a NIR dye, 

IR825 and chlorin e6 (Ce6), a photosensitizer which additionally served as the Gd3+ 

chelator (Fig. 1-8A) [83]. This nanoparticle displayed 7 times higher r1 value than 

Magnevist, a clinical Gd-based T1-weighted contrast agent (Fig. 1-8B). In animal 

experiments, triple-modal fluorescence, MR and photoacoustic imaging demonstrated 

efficient accumulation occurred in the tumor site via the EPR effect (Fig. 1-8C). 

Inhibition of the tumor growth was achieved with the combination of photothermal and 

photodynamic therapy. These properties demonstrate the capability of porphyrin 

nanoparticles for multimodal imaging and image guided treatments [84, 85]. 

The weaker chelation stability of Gd in porphyrins has likely limited their use as 

chelators for MR agents. Liang et al. developed a facile one-step aqueous dispersion 

polymerization to fabricate polypyrrole nanoparticles from a mixture of pyrrole and 

pyrrole-1-propanoic acid [86]. Gd was subsequently attached using a DOTA chelator 
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with a polyethylene glycol linker. The obtained PEGylated poly-pyrrole nanoparticles 

conjugating gadolinium chelates (Gd-PEG-PPY NPs) displayed a high T1 relaxivity 

coefficient of 10.6 mM-1s-1, more than twice as high as Gd-DOTA at 3T magnetic field. 

Clear MR images of tumors were observed in mice bearing U87-MG tumors after 

intravenous administration of Gd-PEG-PPY NPs (100 µl, 5 mg/ml). 

Due to improved coordination, Gd(III)-texaphyrin compounds, developed by the 

research group of Sessler, are more stable in vivo than the corresponding Gd(III)-

porphyrin analogues [87-89]. Polymer micelles encapsulating Gd-texaphyrin as an 

MRI contrast agent have been described [90]. Multiples copies of specific ligands for 

the melanocortin 1 receptor (MC1R), a cell-surface marker for melanoma, were 

stabilized through the Fe(III) cross-linking. These ligand-Gd-texaphyrin micelles 

demonstrated effective targeting to the MC1R-expressing xenograft tumors based on 

MR images. 

Another Gd-porphyrin theranostic nanoparticle was reported by Lee et al. [91]. 

Through a disulfide bond, DOX was conjugated with Gd-texaphyrin and resulted in 

DOX fluorescence quenching. Gd-texaphyrin offered MRI guidance for tracking the 

compound. In the presence of glutathione, the bonds were cleaved and the recovery 

of fluorescence at 592 nm was observed as the signal of release of free DOX. The Gd-

texaphyrin conjugated DOX could be encapsulated into folate-receptor-targeted 

liposomes (Fig. 1-9). Liposomal Gd-texaphyrin showed specific uptake and cleavage 

to release DOX, which enhanced antiproliferative effects in cancer cells 

overexpressing the folate-receptor. Reduction of tumor burden was observed in two 

mouse tumor models (metastatic liver cancer orthotropic model and a subcutaneous 

KB cell xenograft model). This theranostic nanoparticle also presented enhanced T1-

weighted MR imaging in vivo for detection metastatic cancer progression at the early 

stage. 
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Iron oxide compounds are often used as superparamagnetic nanoparticles (SPIONs). 

This type of contrast agent shortens the T2 relaxation time for T2-weighted MRI. Zn-

porphyrin modified Iron oxide nanoparticles have been developed as multifunctional 

theranostic agents. Yoon et al. reported a layer-by layer self-assembled polymeric 

nanocapsule (NC) with a SPION core and a dendrimeric Zn-porphyrin shell (Fig. 1-

10A) [92]. PEGylation provided the NC with water-solubility and the NCs displayed 

adequate magnetic character (>20 emu/g) for MRI applications with a T2 relaxivity (r2) 

value of 93.5 mM-1s-1. In another approach, Zn-porphyrins were used with dextran 

SPIONs [93]. The Zn-porphyrin was covalently conjugated with the dextran-based 

paramagnetic nanoparticles by “click” reaction. Zn-porphyrin was used instead of the 

freebase porphyrin since the copper used during the “click” reaction would chelate the 

freebase porphyrin and result in quenched porphyrin fluorescence and singlet oxygen 

generation. The grafting of cationic Zn-porphyrin resulted in an increased r2 value 

around 245 mM-1s-1 and a high r2/r1 relaxivity ratio up to 27 indicating this Zn-porphyrin 

modified magnetic dextran nanoparticle was an efficient T2 contrast agent. This is a 

unique example in which a metal porphyrin was selected to prevent the chelation of 

another metal (copper) during synthetic reaction in order to preserve desirable 

fluorescence and singlet oxygen generation properties. 

Phthalocyanines can form coordination complexes with zinc (ZnPC). Boudon reported 

a SPIO-phthalocynine nanoparticle as a magneto-optical agent (Fig. 1-10B) [94]. By 

consecutively coating each layer, a high yield of up to 30% ZnPC grafting to the SPIO 

surface was achieved due to the low steric hindrance of the neighboring ZnPC and 

short PEG chains. This SPIO-ZnPC nanoparticle was demonstrated as a T2 MRI 

contrast agen t with an r1 value of 3 mM-1s-1 and an r2 value of 73 mM-1s-1 (r1/ r2 = 24). 

Xuan et al. reported the design of highly magnetized silica-coated porous 

microspheres with porous γ-Fe2O3 core in which the size of magnetic core and the 

shell thickness could be controlled and optimized by tuning the synthetic parameters 
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(Fig. 1-10C) [95]. Hydrophobic ZnPC was encapsulated in the microsphere and this 

nanoparticle displayed an r2 value of 76.5 mM-1s-1. 

1.4.2 Positron Emission Tomography (PET) 

Single-photon emission computerized tomography (SPECT) and positron emission 

tomography (PET) are commonly used clinically for non-invasive, imaging diagnosis 

of human diseases [96]. Although both have advantages and disadvantages, 

compared to SPECT, PET has greater sensitivity and resolution [97]. In general, 

porphyrins have been widely explored as radionuclide chelators [98]. Although there 

have been some recent examples of using porphyrins for chelation and imaging of 

SPECT tracers such as 111In and 99mTc [99, 100], we will focus on nanoparticulate PET 

approaches. 

Porphyrins and phthalocyanines are promising PET agents as they are also NIR 

fluorophores, are biologically compatible, metal complexes are thermodynamically and 

kinetically stable, and they usually exhibit some specificity for tumors, with or without 

the presence of a coordinated metal in the central core [101-103]. Cu-phthalocyanine 

was described as a 64Cu chelator that accumulated in rodent brain tumors as early as 

1951 [104]. The physical properties and availability of 64Cu make it a useful nuclide for 

PET imaging: t1/2 = 12.7 hrs, β+: 17.4%, Eβ +max = 656 keV [105]. The in vivo 

pharmacokinetics and biodistribution of porphyrins are generally not altered by 

chelation with 64Cu [105-107]. 

The Zheng group investigated incorporating 64Cu into a porphyrin-peptide-folate (PPF) 

probe as a folate receptor (FR) targeted fluorescent/PDT agent [108]. 64Cu-PPF uptake 

in FR-positive tumors was apparent with small animal PET with a high tumor-to-muscle 

ratio of 8.9 observed after 24 hrs. Competitive blocking studies confirmed the 

specificity of the FR-mediated tracer uptake in the tumor. This concept was advanced 

from peptide to nanoparticle, when it was discovered that organic porphysome 

nanoparticles could function as seamless 64Cu radiotracers [109]. Incubation of 64Cu 
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with pre-formed nanoparticles in appropriate conditions resulted in a fast (30 min), one-

pot, high yielding (>95%) procedure producing stable radiolabeled nanoparticle (Fig. 

1-11A) The intrinsic ability of the porphysomes to directly chelate 64Cu allows them to 

be accurately and noninvasively tracked in vivo. Only a fraction of the porphyrin-lipid 

bilayer is directly labeled with copper, thereby preserving NIR fluorescence properties. 

This approach was used for tracking and real-time delineation of orthotopic prostate 

tumors and micrometastases [110]. This successful application of 64Cu-porphysomes 

in clinically relevant orthotopic and metastatic cancer models is promising for 

translation. Clear multimodal delineation (using both PET and fluorescence) of 

orthotopic tumors on both the macro- and the microscopic scales was observed, as 

was sensitive detection of small metastases (< 2 mm) (Fig. 1-11B, 11C and 11D). 

Porphyrin-phospholipid can also be used to coat existing nanoparticles and confer 

seamless PET labeling and contrast. This strategy was adopted by using porphyrin-

phosphoplipid to coat UCNPs. This simple approach yielded nanoparticles that could 

be used in 6 different imaging modalities, including Cernkov luminescence and PET 

imaging, which were enabled by 64Cu labeling (Fig. 1-12A) and lymphatics imaging 

was demonstrated (Fig. 1-12B) [111]. Expanding the concept of seamless 64Cu 

labeling for multimodal imaging, a porphyrin polymeric mesh was developed using 

tetracarboxylic porphyrins and PEG diamines as polymer monomers [112]. Following 

intravenous administration, the porphyrin mesh was rapidly cleared via renal excretion 

in healthy mice but not mice suffering from rhabdomyolysis acute renal failure. Renal 

clearance was monitored by fluorescence analysis and seamless whole body 64Cu 

PET imaging. In another example, surfactant-stripped micelles were developed from 

pheophytin or napthaocyanines that results in micelles with very high cargo-to-

excipient ratios [113, 114]. These micelles can be seamlessly labeled with 64Cu for 

whole body gut imaging. 
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Li et al. developed a versatile ‘all-in-one’ porphyrin-based organic nanoconstruct 

termed nanoporphyrin that was self-assembled with a single organic building block, a 

porphyrin/cholic acid (CA) hybrid polymer (Fig. 1-13A) [115]. PET imaging following 

seamless 64Cu labeling showed the nanoporphyrin started to accumulate at tumor sites 

4 hrs after injection, and reached maximum level at 16 hrs. After 24 hrs, the radiolabel 

was found primarily at the implanted tumors, with low background in the rest of the 

body (Fig. 1-13B). The versatility of the approach was extended by developing dual-

modality nanoprobes by synergistically combining PET and MRI to provide accurate 

diagnoses. Both 64Cu(II) and Gd(III) could be efficiently incorporated into 

nanoporphyrin for both MRI contrast and PET tumor imaging [115]. Heterogeneous 

tumor uptake distribution was revealed using PET-MRI (Fig. 1-13C) [115]. 

Feng and colleagues used a liposome approach with the sequential activation pattern 

by encapsulating a hydrophobic photosensitizer chlorin e6 (Ce6) into the bilayers and 

AQ4N into the aqueous cavity of PEGylated liposomes [116]. The AQ4N-Ce6-

liposome demonstrated hypoxia-dependent cytotoxicity and photodynamic cell killing 

ability. In addition to its inherent contrast with fluorescence and photoacoustic imaging, 

seamless 64Cu chelation conferred capabilities as a PET imaging probe. After 

intravenous injection of AQ4N-64Cu-Ce6-liposomes into BALB/c mice bearing 4T1 

tumors (∼10 MBq per mouse), the liposomes accumulated in tumors. Ex vivo 

distribution was carried out by recording the radioactivity extracted tissues. Tumor 

accumulation was measured to be 4.7% ID g−1, comparable to the in vivo PET imaging 

analysis. This approach shows not only that can PET imaging non-invasively assess 

pharmacokinetic and time-dependent biodistribution, but the use of porphyrin 

nanoparticles has the advantage of having the option to use 64Cu to conveniently gain 

critical information about pharmacological behavior. 
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1.4.3 Optical Imaging 

1.4.3.1 Surface Enhanced Raman Scattering (SERS) 

Surface enhance Raman scattering (SERS) based on gold nanoparticles (AuNPs) is a 

promising technique for bioanalysis and diagnosis [117-120]. By analyzing Raman 

signatures, highly multiplexed analysis of nanoparticles is possible. Porphyrins are 

potential SERS agents [121]. SERS analysis can be used to understand how various 

metalloporphyrins (e.g. Fe, Ni, Cu) interact on the surface of AuNPs [119]. 5,10,15,20-

Tetra(4-pyridyl)-21H,23H-porphine metallocomplexes (M-TPyP, M=Cu, Fe. Ni) were 

linked onto AuNPs surfaces in various proportions to form well-ordered monolayers for 

analysis. 

Phospholipid coating can enhance AuNP stability and biocompatibility for biological 

application [122]. However, the strong fluorescence of freebase porphyrin can interfere 

with SERS signal detection. Tam et al. reported that fluorescently quenched Mn-

porphyrin phospholipid could be used as both a stabilizing, biocompatible surface 

coating agent and Raman dye to encapsulate the AnNPs for SERS imaging (Fig. 1-

14A) [123]. Mn-porphyrin lipid coated AuNPs showed clear uptake in A549 lung cancer 

cells based on Raman micrographs (Fig. 1-14B). This is the first use of porphyrins as 

a SERS reporter molecule in contrast enhanced imaging and offers convenient control 

of the Raman dye amount absorbed on the AuNPs. 

Similar to the Mn-porphyrin phospholipid, palladium-porphyrin phospholipid (PdPL) 

was also reported to be applied in the SERS imaging, when coupled with plasmonic 

nanoparticles [124]. The obtained PdPL-NPs can be served both as the SERS 

reporters and PDT photosensitizers in the same wavelength (638 nm), allowing the 

potential real-time monitoring of photosensitizers in vivo through the SERS signal. 

Compared with the fluorescence tracking of photosensitizer, the independent SERS 

eliminated the reliance on the fluorescence so that the light can be fully converted to 

enhance the PDT efficacy. 
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1.4.3.2 Photoacoustic Contrast 

Porphyrins and its derivatives have been evaluated and successfully utilized as the 

contrast agents in photoacoustic (PA) imaging [125-127]. Recently, Kenneth et al. 

reported a novel design of metalloporphyrin for the photoacoustic application [128]. 

The Zn-porphyrin was modified with a formyl side chain and conjugated to a hydroxyl 

lyso-lipid. The obtained Zn-MeO-porphyrin lipid self-assembled inyo the bilayer 

structure, improving the stability of dye dispersing in aqueous (Fig. 1-15A). The 

advantage of using Zn-porphyrin instead of free-base-porphyrin was that within the 

lipid bilayer structure, the Zn formed the coordination with MeO group resulting in a 72 

nm bathochromic shift in the Qy band. This shift was not observed in its monomeric 

state, or in presence of detergent. In addition, the circular dichroism (CD) spectra 

showed a peak signal in the same wavelength region, demonstrating the presence of 

active chiral Zn-porphyrin structure within the bilayer (Fig. 1-15B). The PA imaging of 

20% Zn-MeO-chlorin-lipid nanovesicles was detectable in the tumor-bearing mice after 

the intravenous administration (Fig. 1-15C). An obvious increasement of PA signal 

was observed 5 min after the administration of Zn-MeO-chlorin-lipid nanovesicles (Fig. 

1-15D). 

1.4.3.3 Upconversion Sensitizer 

Chelation of heavy metal atoms into porphyrins, such as palladium (Pd) or platinum 

(Pt), enhances the triplet state conversion and phosphorescence. For example, the 

Pd-TPP has a quantum yield of phosphorescence of ΦP=0.17 whereas the freebase 

TPP has a quantum yield ΦP=4x10-5,. Upconversion luminescence is an anti-Stokes 

energy process and offers distinct advantages in bio-imaging, including elimination of 

background fluorescence from both endogenous chromophores and conventional 

fluorescent probes [129-131]. One of the preparation strategies of the UCNPs is based 

on triplet–triplet annihilation (TTA) upconversion. Due to the independent selection of 

the sensitizer and annihilator, compared with UCNPs prepared by rare-earth-based 

materials co-doped with Yb3+ and Er3+, TTA upconversion nanoparticles (TTA-UCNP) 
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could be designed with adjustable and tunable excitation and emission. A benzene 

solution of Pt(II) tetraphenyltetrabenzoporphyrin (sensitizer) and BODIPY dye showed 

a TTA-based ΦUCL of 15 % which is higher than many Yb3+ based UCNP [132]. 

Liu et al. reported successful fabrication of water-soluble TTA-UCNP with ΦUCL of 4.5% 

in aqueous solution by coloading a photosensitizer (Pd-octaethylporphyrin) and 

annihilator (9,10-diphenylanthracene) into silica nanoparticles (Fig. 1-16) [133]. This 

TTA-UCNP showed good photostability and low cytotoxicity. In vitro confocal imaging 

in live Hela cells and in vivo lymphatic imaging showed that TTA-UNCP could be 

applied for upconversion luminescence imaging with high signal-to-noise ratios. 

The same group reported another TTA-UCNP using Pt(II)-tetraphenyl-

tetrabenzoporphyrin (PtTPBP) and BODIPY dyes (BDP-Green and BDP-Yellow) (Fig. 

1-17A) [134]. The TTA-UCNP was prepared by loading both sensitizer and annihilator 

into BSA−dextran stabilized oil droplets, instead of the previous used SiO2-coating 

nanosystems which gave a weak UCL emission (ΦUCL < 0.1%) due to the aggregation-

induced fluorescence quenching of annihilators. The BSA−dextran stabilized oil 

droplets system achieved better upconversion efficacy (ΦUCL for BDP-Green UCNP = 

1.7% and ΦUCL for BDP-Yellow UCNP = 4.8%) by maintaining high translational 

mobility of chromophores to avoid the aggregation-induced luminescence quenching. 

The obtained the TTA-UCNP could be used as a potent probe for in vivo lymph node 

imaging of mice (Fig. 1-17B). 

1.4.4 Photodynamic Therapy (PDT) Agents 

Photodynamic therapy (PDT) is a photoablative technique that has been used for the 

treatment of various solid tumors. Upon excitation with a specific wavelength of laser 

irradiation, an activated photosensitizer (PS) can interact with molecular oxygen to 

produce reactive oxygen species (ROS) including singlet oxygen (1O2), hydroxyl 

radicals (•OH) and superoxide (O2 
−) ions resulting in cell death and tumor destruction 

[135-137]. 
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Zn-porphyrins have been used extensively in the PDT. As a suitable NIR emitting 

fluorophores, most Zn-porphyrin or Zn-phthalocyanine photosensitizers have an 

excitation band in the 650-800 nm range, a fluorescence quantum yield ΦF = 0.04-0.3, 

and a molar extinction coefficient around ℇ = 105 M-1cm-1 [138-142]. Additionally, the 

stable chelation between Zn and porphyrin molecules protects the fluorescence from 

being quenched due to the unexpected chelation of other metals, like the Cu. 

PEGylated SPIONs containing Zn-porphyrin generated intracellular ROS after the light 

irradiation. And using the HeLa cells as a model cell line, cellular phototoxicity 

experiments showed decreasing cell viability as a function of irradiation time and the 

numbers of Zn-porphyrin coated layers [92]. The PDT effect of serial Zn-porphyrin 

magnetic dextran nanoparticles (PS/MNP) was evaluated against the HaCaT cell line. 

The neutral and cationic PS/MNPs, but not the ionic ones exhibited high cell-uptake 

and cytotoxicity after irradiation. The confocal microscopy presented a relative 

colocalization of Zn-porphyrin and mitochondria indicating the PS/MNPs leaded to the 

tumor cell death by intrinsic apoptotic pathway and subsequent elimination by 

phagocytosis [93]. 

Hydrophobic zinc(II) phthalocyanine (ZnPC) was encapsulated into magnetic 

microspheres composed of porous γ-Fe2O3 core and porous SiO2 shell. Due to the 

large BET surface area 222.3 m2/g, the biocompatible microsphere with 170 nm size 

showed the loading capacity of ZnPC up to 53 mg/g. The ZnPC microspheres were 

demonstrated to be internalized by T29 human colorectoral carcinoma cells and 

showed 80% cytotoxicity with the light irradiation [95]. 

A common problem and dose-limiting factor associated with PDT is undesired acute 

phototoxicity during treatment or sunlight phototoxicity following treatment. Carter et al. 

reported a detailed study on the therapeutic activity of metalloporphyrin-phospholipid 

liposomes based on HPPH-phospholipid conjugates. Cu(II) or Zn(II) was chelated into 
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the HPPH-phospholipid [143]. Compared with the freebase HPPH liposome, Cu 

chelation quenched more than 90% fluorescence and significantly reduced the 

generation of singlet oxygen, thereby attenuating all PDT efficacy. The Zn-HPPH 

liposome retained fluorescence and generation of singlet oxygen allowing it to 

permeabilize tumor vasculature and enhance delivery of mitoxantrone to the target 

tumor. Uniquely, the Zn-HPPH-lipid liposome exhibited strong self-bleaching effects 

under laser irradiation, thereby reducing phototoxicity. Photobleaching was observed 

in mice treated with laser irradiation at 24 hrs post-injection with Zn-HPPH-lipid 

liposome compared to the freebase ones (Fig. 1-18). Lethal phototoxicity occurred 

with freebase, but not Zn HPPH liposome phototreatment. Zn-HPPH-lipid was used as 

an efficient antitumor drug carrier in vivo with light-triggered release with eliminated 

phototoxicity. 

In another example, ZnPC was encapsulated into poly (D,L latic-co-glycolic acid) 

(PLGA) PLGA nanoparticles with 70% efficiency using a solvent emulsion and 

evaporation method [144]. 15% of the ZnPC rapidly released in the first 3 days and 

another 25% released more slowly during a period of 25 days. In vitro, up to 60% cell 

death was observed in P388-D1 cells treated with the combination of ZnPC-PLGA 

nanoparticle and light irradiation. 

Some chelated metals in porphyrins can form metallosupramolecular coordination 

complex with the other molecules, like histidine. Yao et al. designed a dual pH sensitive 

MSNP in which the PEGylated tetraphenylporphyrin zinc (ZnPor-CA-PEG) was used 

as the “gate keeper” to control the release of loaded drug [145]. The ZnPor-CA-PEG 

formed a metallosupramolecular-coordination complex, preventing the loaded drug 

from leaking out, with the histidine grafting on the surface of silica nanoparticles. In 

extracellular environments where the pH was ∼6.8, the binding between acid sensitive 

cis-aconitic anhydride (CA) and ZnPor was cleaved resulting in cellular internalization 

of the nanoparticles. Cellular internalization of the MSNP-ZnPor-CA-PEG was 
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demonstrated by confocal laser scanning microscopy. The metallosupramolecular-

coordination complex was broken down in intracellular acidic microenvironments 

(pH∼5.3) to release drugs like DOX. ZnPor and the released DOX offered the 

combination the chemotherapy and PDT (Fig. 1-19A). In vitro, in Hela and MCF-7 cell 

lines, the treatment of DOX-loaded MSNP-Por-CA-PEG with irradiation displayed the 

highest cytotoxicity compared with control groups. The combination of chemotherapy 

and PDT has emerged as a promising treatment modality for solid tumors [146]. 

Based on similar principles, using metallosupramolecular-coordination complexation 

between ZnPor and histidine, a novel metallosupramolecular nanogel (SNG) loaded 

with DOX was designed by the same research group (Fig. 1-19B). The DOX-loaded 

ZnPor-SNG responded to the intracellular acidic environment to release the ZnPor and 

DOX. Both in vitro and in vivo experiment revealed that the DOX-loaded ZnPor SNG 

with irradiation was an more efficient antitumor treatment than the single 

chemotherapy of free doxorubicin (DOX) or photodynamic therapy of Zn-Por in SNG 

[51]. 

Like Zn, the chelation of aluminium (Al) only partially quenches the fluorescence and 

singlet oxygen, allowing applications for PDT. Many reported Al photosensitizer are Al-

phthalocyanine based agents, including the clinically-used sulfonated photosensitizers 

[147]. Muehlmann reported poly(methyl vinyl ether-co-maleic anhydride) nanoparticles 

(PVM/MA NPs) loaded with aluminium-phthalocyanine chloride (AlPc) [148]. The 

association of AlPc with PVM/MA NPs was based on solvent displacement in the 

presence of 1.5% Tween 20 to prevent the precipitation of AlPc. At an initial AlPc 

concentration of 10 µM, association efficiency reached 30%. Due to the nanostructure, 

water dispersion of AlPc was enhanced resulting strong fluorescence and better 

photochemical performance. In vitro PDT with 4T1, NIH/3T3 (murine) and MCF-7 

(human) cancer cells demonstrated photocytotoxicity of AlPc NPs at 0.25 µM 

concentration. Interestingly, in absence of light, the cytotoxicity of AlPc at high 
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concentrations was observed in cancerous cell lines but not MCF-10A cells which 

represent normal breast tissue. At lower laser energy density (0.48 J/cm2), apoptosis 

was predominant in via typical oxidative stress-induced apoptosis pathways. Higher 

laser energies density destroyed cell structures, like the cell membrane, resulting in a 

predominant mechanism of cell death by necrosis, which additionally induces 

inflammatory response that can be useful against the remaining tumor cells. 

One determining factor for an effective photosensitizer is the penetration depth of the 

excitation light. Most porphyrin-based photosensitizers use a visible light absorption 

band between 600-700 nm. Upconversion nanoparticles (UCNPs) are an emerging 

nanomaterial that can absorb lower-energy, further red-shifted, NIR irradiation, which 

has deeper penetration depth, and convert it to higher-energy visible light for 

photosensitizer excitation [149]. Tetracarboxy aluminium phthalocyanine AlC4Pc has 

been used as a photosensitizer with MSNPs [150] and can be encapsulated inside the 

silica shell of UCNPs [151]. These UCNP@SiO2(AlC4Pc) generated singlet oxygen 

efficiently under NIR light. Generation of singlet oxygen from UCNP@SiO2(AlC4Pc) 

occurred under 980 nm laser irradiation (500 mW cm−2). In vitro experiments showed 

NIR-induced photodynamic cytotoxicity of UCNP@SiO2(AlC4Pc) against murine liver 

cancer cells. Up to 40% cell death was observed in the group treated with 

UCNP@SiO2(AlC4Pc) and 980 laser irradiation for 5 minutes. 

Cui et al. reported ZnPc modified upconversion nanoparticles as a theranostic agent 

[152]. Folate-modified amphiphilic chitosan (FASOC) was coated on the surface 

UCNPs and enabled the encapsulation of ZnPc with high loading efficiency. In vitro 

confocal and NIR imaging demonstrated the enhanced specific uptake of the UCNPs 

in cancer cells overexpressing the folate receptor. The UCNPs, absorbing 980 nm 

irradiation, efficiently transferred energy to activate ZnPc. In 1 cm tissue, the UNPCs 

displayed a higher production of singlet oxygen under 980 nm excitation light than that 

under 660 nm excitation light (which directly can excite ZnPc, Fig. 1-20). In vivo 
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fluorescence imaging demonstrated targeting and active accumulation of FASOC-

UCNPs in Bel-7402 tumors in nude mice. When 1 cm pork tissue was placed on top 

of the skin over the tumors site, improved PDT was observed with 980 nm treatment 

compared to the 660 nm treatment. When irradiated through 1 cm tissue, tumor 

inhibition was 18% with 660 nm excitation, but 50% with 980 nm excitation. Thus, 

FASOC-UNPC-ZnPc represents a platform for targeted drug delivery and deep-tissue 

PDT. 

1.4.5 Axial Coordination 

Si, and Sn chelates offer additional options to impart structure to porphyrin assemblies 

through axial coordination. This is illustrated in Fig. 1-21, in which a silicon(IV) 

phthalocyanine was connected with two separate axial ligands to impart 

photosensitizer responsiveness to two separate biological stimuli through with 

cleavable axial quenching ligands [153]. 

Fullerene has been explored as a building block for nanostructured agents due to its 

small size, distinct shape and unique physicochemical properties. Dyads and triads 

composed of fullerene complexes with coordination assemblies of metalloporphyrins 

have been reported for effective photoinduced charge transfer (CT) agents with long-

lived charge-separated states [154-157]. 

Even without surface modification, fullerene can form the coordination bonds with 

metalloporphyrins. Many different central metal porphyrins have demonstrated 

coordination with neutral fullerene [158-160], especially Fe-porphyrins which form the 

strongest bonding to neutral fullerenes among metalloporphyrins of the first-row [161]. 

Cobalt(II)-tetraphenylporphyrin (CoTPP) formed an axial coordination complex with 

ionic fullerene due to Co-C(fullerene−) bonds, however, other metals such as zinc, 

manganese or copper failed to form such stable metal-carbon bonds. A series of 

CoTPP-C60
- complexes was developed, and due to strong exchange interaction, 

reversible transitions from diamagnetic to paramagnetic state were observed in some 
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compounds when dissociation occurred between CoTPP and C60
- as the temperature 

increased [162-164]. 

The surface of fullerene can be modified with aromatic molecules containing nitrogen 

atoms, such as imidazolesor pyrroles, and become the axial coordination ligand for 

metalloporphyrins. Konarev at el reported a pyrrolidinofullerene DP3FP and its triad 

complex with two MnII tetraphenylporphyrins (MnII TPP) [165]. Through microwave-

assisted synthesis, DP3FP could be easily and quickly prepared with two chelating 

pyridyl groups. The DP3FP could be considered as the axial coordination ligands and 

form well-ordered complexes with two MnII TPP at the same time. X-ray single crystal 

diffraction showed that the lengths of axial coordination Mn–N (DP3FP) bonds for both 

MnII TPP was 2.2 Å. The chelation resulted in distortion of the porphyrin rings to an 

umbrella shape with the Mn displaced by 0.4 Å out of the porphyrin plane. Optical 

experiments demonstrated very weak electronic interactions between the porphyrin 

and pyrrolidinofullerene and absence of charge transfer in the ground state in the 

DP3FP MnII TPP complex (Fig. 1-22A). 

Ince et al. reported on non-covalent and covalent donor-acceptor systems based on 

Zn-porphyrin-C60 fullerene derivatives [52]. Compared to covalent conjugation, axial 

coordination ligand showed a nearly nanosecond radical ion pair state (0.78 ns) 

indicating good electronic coupling between the excited state electron donor and the 

ground state electron acceptor. However, no electron transfer was observed in the 

covalent conjugation compounds, demonstrating poor electronic coupling through 

covalent binding. This study revealed that dyads composed of fullerene and 

metalloporphyrin through axial coordination can potentially form better photoactive 

materials. 

Song et al. developed a porphyrin-fullerene dyad axial coordination reaction by 

combining pyridyl-modified C60 with equimolar tetraphenylporphyrinozinc (ZnTPPH) in 
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hexane at room temperature (Fig. 1-22B) [166]. Due to the strong intramolecular 

electron transfer between the photoexcited ZnTPPH to its axial ligand C60, the 

ZnTPPH-fullerene dyad showed a 71% decrease of the intensity compared to that of 

the 1:1 mixture of ZnTPPH with fullerene. A five-component system consisting of an 

electron donor (EDTA), this ZnTPPH-fullerene dyad, an electron mediator MV2+, 

catalyst colloidal Pt, and a proton source (HOAc), was designed to investigate 

photoinduced H2 evolution. With 4 hrs irradiation, the turnover number of H2 evolution 

using ZnTPPH-fullerene dyad could reach 73, which was much higher than that of the 

ZnTPPH alone (2.3). H2 evolution was not observed in the absence of any one of these 

five components, or without irradiation. 

1.4.6 Superoxide Dismutase (SOD) Mimicking Agents 

Cell death via reactive oxygen species induced by metalloporphyrins with superoxide 

dismutase (SOD) activity has been studied. By converting intracellular O2˙− into H2O2, 

DNA damage can be induced which induces cell death. Fe-porphyrin was 

demonstrated as a promising SOD mimic with significant cytotoxicity [167, 168]. 

However, suitable carriers could benefit in vivo delivery of SOD mimetics. pH-sensitive 

liposome mainly composed of phosphatidylcholine (DMPC) and cationic/anionic lipid 

combination have been designed for this purpose. It could deliver the Fe-porphyrin into 

the cytosol when exposed to the acidic environments of the endosome [169-171]. The 

strong electrostatic interaction between the cationic Fe-porphyrin and the ionic lipid 

head could remain intact in vivo. The liposome carrier with 30 nm size enhanced the 

cell uptake of the Fe-porphyrin compared to the free Fe-porphyrin delivery. It showed 

high cytotoxicity without phototoxic effect towards the Lewis lung carcinoma cell line 

and MKN28 cell line. 

Besides Fe-porphyrin, Mn-porphyrin has been recognized as another potential SOD 

mimic for anticancer therapy. The Mn-porphyrin modified liposome has been 

demonstrated as an antioxidative agent for both SOD and peroxidase (POD) [172]. 
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Various types of phospholipids, such as 1,2-distearyl-sn-glycero-3-phosphocholine 

(DSPC),1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), and1,2-dilauroyl-sn-glycero-3-phosphocholine 

(DLPC) were used as the major lipids to form liposomes to optimize the maximum SOD 

and POD activity. The DMPC-based Mn-porphyrin modified liposome produced higher 

SOD activity, which was due to the well-dispersed ligand on the membrane in the liquid 

crystalline phase, and maximal POD activity which was due to cluster type of Mn-

porphyrin on the membrane in the gel phase. Liposomes combined with Tween-80 and 

retaining Mn-porphyrins could act as SOD agent that could absorb the ApoE. By taking 

advantage of ApoE-induced transcytosis, it could be delivered across the blood brain 

barrier and the Mn-porphyrin was observed in preliminary in vivo experiment [173]. 

Stearate-modified Mn-porphyrin could be formulated with a alginate hydrogel carrier 

matrix system and formed particles around 130 nm in size (Fig. 1-23) [174]. This orally 

administered drug delivery system protected the Mn-porphyrin pass through the acidic 

gastrointestinal environment for intestinal delivery and resulted in antitumor effects by 

the O2˙− inhibitory activity of the Mn-porphyrin. However, the total Mn-porphyrin 

encapsulation efficiency was only 2%. 

1.4.7 Oxygen Sensing 

The sensing of biological analytes is a promising topic for metalloporphyrins [175]. As 

demonstrated above (Fig. 1-21), axial ligation can impart analytical sensing 

functionality to metalloporphyrins. Various metals are emerging as sensors; for 

example, Si impart reversible pH-responsive fluorescence [176]. However, oxygen 

sensing with Pd- and Pt-porphyrins is one of the most well-established sensing 

approach. 

Oxygen concentration and consumption within tissues and cells are critical parameters 

for metabolism and cell viability. The information gained from the measurement and 

imaging of the tissue oxygen can improve analysis and diagnosis of various diseases, 
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such as neurological diseases and cancer [177-179]. An efficient method for the 

measurement of oxygen is based on oxygen-dependent quenching of 

metalloporphyrin phosphorescence. Platinum (Pt) and palladium (Pd) complex of 

porphyrin are suitable chromophores for oxygen dependent phosphorescence 

measurements due to their long lifetime and high quantum yield. Borisov et al. 

synthesized a series of Pt or Pd azatetrabenzoporphyrins (PtNTBP or PdNTBP) 

complex as oxygen indicators and PtNTBP showed spectral compatibility with 633 nm 

line of the He-Ne laser and the red laser diodes [180]. 

An optical PEBBLE (probes encapsulated by biologically localized embedding) 

nanosensors has been designed for dissolved oxygen in live cells [181]. Oxygen-

sensitive Pt porphyrins, Pt(II) octaethylporphine and Pt(II) octaethylporphine ketone, 

were used as the indicator and incorporated in ormosil nanoparticles 120 nm in size. 

Oxygen-insensitive dyes, 3,3′-dioctadecyloxacarbocyanine perchlorate and 

octaethylporphine, were chosen as reference dyes respectively. The oxygen-

indicators and reference dyes were entrapped during the formation process of the 

ormosil particles via a sol-gel-based process. The Pt-porphyrin PEBBLE nanosensor 

showed 97% overall quenching response over the whole range of dissolved oxygen 

concentrations (0-43 ppm, saturated) indicating excellent sensitivity to the oxygen. In 

additional, the PEBBLE nanosensor exhibited a good reversibility and complete 

recovery at each time the environment changed between saturated N2 to saturated O2. 

The PEBBLE nanosensors were delivered to rat C6 glioma cells by gene gun and 

successfully achieved real-time measurement of the intracellular dissolved oxygen 

concentration. 

Methodologies have been developed for assessment of local oxygen gradients via a 

panel of oxygen-sensitive probes. Three phosphorescent Pt-porphyrin probes targeted 

to the cell membrane(Per-NP) [182], MitoXpress [183] and Nano2 probes [184], were 

developed to monitor the pericellular (PC), extracellular (EC), and intracellular (IC) O2 
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concentrations, respectively. MitoXpress was based on Pt(II)-coproporphyrin coupled 

albumin, Per-NP and Nano2 probes were Eudragit RL-100 based nanoparticles loaded 

with Pt(II)-tetrakis(pentafluorophenyl)porphyrin (PtPFPP) (Fig. 1-24A). Per-NP probes 

contained ER9Q-PtCP, a recombinant fluorescent protein that could target the cell 

membrane, to measure the PC oxygen. The Nano2 probes (Fig. 1-24B) showed cell-

penetration due to the interaction between positive charge on the RL-100 nanoparticle 

surface and the cell membrane which is negatively charged outside. These three Pt-

porphyrin and phosphorescence lifetime-based oxygen probes showed sensitive and 

accurate measurement for the EC, PC and IC O2 in different cell models (Fig. 1-24C). 

In addition, the magnitude of the measurement could be modulated by changing cell 

density or adjusting the specific activity of the cells. This panel of oxygen probes 

proved a simple and minimally invasive methodology for the investigate oxygen 

gradients in tissue culture. 

To image the intracellular oxygen in 3D with submicron spatial resolution, Brinas et al. 

reported the design of a nanosensor for oxygen by combining phosphorescence 

quenching and two-photon absorption (2PA) [185]. Via intramolecular energy transfer 

(ET), the 2PA antenna induced phosphorescence of the metalloporphyrin and the 

signal was amplified. Oxygen-sensitive Pt-porphyrin was selected as the central 

phosphorescent indicator due to the strong triplet state emission. The construct of the 

coupled Pt-porphyrin and 2PA antenna chromophores was entrapped in shielding 

dendrimers where the chromophores were packed in a high density resulting in a more 

effective molecular 2PA cross-section. To achieve the proposed design, several Pt 

porphyrin-coumarin based oxygen sensors were synthesized and analyzed. The 

results demonstrated the feasibility of the oxygen measurements by combining two-

photon microscopy and Pt-porphyrin based phosphorescent dyes. 

Based on the Nano2 intracellular oxygen (icO2) probes, the Papkovsky group designed 

multimodal icO2 probes (MM series) allowing for ratiometric or multi-photon imaging of 
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icO2 [186]. MM probes were composed of an O2 sensitive phosphor, PtPFPP; an O2-

insensitive reference fluorophore as an antennae and FRET donor for PtTFPP, and 

the coating matrix cationic polymer RL-100 that formed the nanoparticle carrier for the 

encapsulation and delivery. For the reference antennae, the hydrophobic polymeric 

fluorophore, PFO showed better performance than C545T which leaked out from the 

nanoparticles during cell loading and internalization. The O2 calibration for MM2 probe 

loaded in MEF cells showed a lifetime range from 28 to 61 µs (Fig. 1-25A). MM2 

probes could provide for high resolution imaging of the cellular O2 based on ratiometric 

intensities and phosphorescence lifetime-based sensing under one- and two-photon 

excitation (Fig. 1-25B). 

1.5 Conclusions 

Metalloporphyrins are keys to fundamental bioprocesses required for life on earth 

including but not limited to biological transporter of oxygen and transforming solar 

energy into biological energy. Increasingly, metalloporphyrins are being assessed for 

applications in biomedical fields. They are inherently suited for applications in 

theranostics due to their behavior as photosensitizer for PDT, and utility for imaging 

via incorporation of different metal centers, including the MRI contrasts, PET contrasts 

and upconversion agents. 

Much work remains to better understand and characterize both existing and new 

modular functions for metalloporphyrin nanoparticles. Likewise, more compelling 

applications need to be demonstrated for this category of material. However, it is clear 

that porphyrin nanoparticles represent a promising platform for developing theranostic 

functions and metal chelation is central to these functions. 
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1.6 Figures 

Figure 1-1. Illustrative biomedical applications of porphyrins enabled via the 
coordination of different metals in the core of the macrocycle. 

Figure 1-2. Examples of natural metalloporphyrins. A) Heme B, an iron(II)-porphyrin 
compound in red blood cells, participates in the transportation of oxygen. B) 
ChlorophyII a, a magnesium chlorin, plays crucial role in the photosynthesis. C) 
Methylcobalamin (vitamin B12), a vitamin required for nervous system function. D) 
Cofactor F430 catalyzes methanogenesis in methanogenic archaea. 
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Scheme 1-1. Different possible coordination geometries of metalloporpyrins. Ct = 
center of the ring, L=axial ligand, 4N = porphinato core, M = metal ion. Used with 
permission from Refs.[42, 43]. Copyright, American Chemical Society. 

Figure 1-3. Examples of metalloporphyrin nanoparticle preparation. A) Solvent mixing 
to form polymeric metalloporphyrin nanoparticles. B) Grafting metalloporphyrins to 
existing nanoparticle via either covalent binding or chelation. C) Liposomal formulation 
of metalloporphyrins; hydrophilic and hydrophobic metalloporphyrin are encapsulated 
in the liposome core or within the lipid bilayer, respectively. D) Structures of different 
types of metalloporphyrin dendrimers. The metalloporphyrin molecules occupy the 
cores, the branch nodes, the terminal nodes or both the core and every node. 
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Figure 4. Self-assembled nanobialys. A) The structure of Mn(III) porphyrin nanobialys. 
Mn(III) porphyrin provided MRI contrast. B) MRI of fibrin-targeted nanobialys (1) (right) 
or control group with biotin and no metal (6) (left), or no biotin with metal (5) (middle) 
bound to cylindrical plasma clots measured at 3.0 T. Permission obtained from 
Ref.[70]. Copyright (2008) by the American Chemical Society. 

Figure 1-5. Mn-porphyrin, PLA-coated Au nanoshells. A) DOX@PLA@Au-PEG-MnP 
NPs. Mn-porphyrin was grafted on the surface for MRI contrast. B) T1-weighted 
images of DOX@PLA@Au-PEG-MnP NPs at different concentrations at 0.5 T, 37 °C. 
In vivo T1-weighted images before injection (C), 0.5 hrs (D) and 24 hrs (E) post-
injection of nanoparticles. Permission obtained from Ref.[72]. Copyright (2014) by 
Ivyspring International Publisher. 

Figure 1-6. The structure of a sample Mn-porphyrin-lipid block and assembled Mn-
porphyrin liposome such as Mn-porphyrin-liposomes [74] and Mn-nanotexaphyrin 

33 



 

 

         
  

 

          
         

        

 

       
        

           
   

            
       

Tumor (T) 
and lymph 
drainage 

Lymph 
drainage 

and 
lymph 
node(LN) 

•• ::: 

~--._. 
~-

~ 

• . 

., .. 
I';,. ... 

' ~ 

•• T1 post 

~ • \. A ··~ -, ... . . ,._ --l\ · 11;_ 

· ... ",( 
\ 

' ~ 
\ 

A L DTPA-Gd, Magnevist ii. Ce6-Gd iii. IR825@C18PMH.PEG-Ce6-0d 

~ ~~ 

~~ 
0 0 

ii 

iii 

0 0.25 

O • Ce6-Gd • IR 825 

,,-, 1 h.._,; (Q: 3~~• 12 h (~ 
~ ) ~ - __ , -_-,.:,_:, ; ' . __ , 
-- • • \ , A \ A\ 

' -· , U( ~ 

24 h ,, •- ,-, ' ,, 
o I -~·--

[75]. The Mn-porphyrin is conjugated to the side chain of a lyso-phospholipid and the 
obtained Mn-porphyrin-lipid self-assembles in a bilayer structure. 

Figure 1-7. In vivo MRI imaging of tumor (top) and lymph node (bottom) in mice 
administrated with Mn-nanotexaphyrin (8 mg ml−1, 1.5 ml). Permission obtained from 
Ref.[75]. Copyright by John Wiley & Sons. 

Figure 1-8. Multifunctional polymeric nanomicelles. A) The structure of (i) DTPA-Gd, 
(ii) Ce6-Gd and (iii) IR825@18PMH-PEG-Ce6-Gd. B) The T1-weighted MR images of 
three different contrasts at different Gd concentration. C) In vivo MR imaging of 4T1 
tumor-bearing mice administrated IR825@C18PMH-PEG-Ce6-Gd. Dashed circle 
highlighted the tumor site and the arrows pointed out the heart area. Permission 
obtained from Ref.[83]. Copyright (2014) by John Wiley & Sons. 
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Figure 1-9. Folate-receptor-targeted liposomal Gd-texaphyrin conjugated doxorubicin. 
The cleavage of the bond between Gd-texaphyrin and doxorubicin resulted in the 
restoring fluorescence of doxorubicin. Permission obtained from Ref.[91]. Copyright 

(2016) by American Chemical Society. 

Figure 1-10. Preparation and structure of different T2-weighted metalloporphyrin 

nanoparticles. A) Layer-by layer self-assembled fabrication of SPIONs⊂NCn. B) The 
structure of SPION grafted by ZnPC. C) Schematic for the preparation of γ-
Fe2O3@meso-SiO2-ZnPC. Permission obtained from Ref.[92, 94, 95]. Copyright by 
American Chemical Society, Royal Society of Chemistry. 
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Figure 1-11. 64Cu-porphysomes as a PET agent. A) Schematic diagram of the 
multimodal properties of 64Cu-porphysomes as a result of directly radiolabeling a 
fraction of the porphyrin-lipid bilayer of preformed photonic porphysomes creating 
intrinsic multimodal nanoparticles. 64Cu-porphysome selectivity in orthotopic prostate 
tumor models. Representative MicroPET/CT images of (i) axial, (ii) coronal, and (iii) 
sagittal single slices through (B) orthotopic PC3 tumor (n = 8), (C) orthotopic 22RV1 
tumor (n = 3), and (D) healthy male mice (n = 3) at 24 hrs after intravenous injection 
of 500 µl Ci 64Cu-porphysomes: PET image integration time 40 min. White arrows 
depict prostate tumor; blue arrows depict bladder. Permission obtained from Ref.[110]. 
Copyright (2013) by American Chemical Society. 

Figure 1-12. 64CuPoP coated UCNPs as multifunctional imaging agent. A) Schematic 
diagram of the PoP-UCNP structure. Core-shell UCNPs were transferred to the 
aqueous phase by lipid coating with PEG-lipid and PoP. Radioactive 64Cu can 
seamlessly chelate inside. B) Accumulation of PoP-UCNPs in the first draining lymph 
node is indicated with yellow arrows in full anatomy PET (left), merged PET/CT (right). 
Permission obtained from Ref.[111]. Copyright (2015) by John Wiley & Sons. 
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Figure 1-13. Self-assembled multifunctional nanoporphyrin. A) Schematic illustration 
of a multifunctional NP self-assembled by a representative porphyrin–telodendrimer, 
PEG5k-Por4-CA4, composed of four pyropheophorbide-a molecules and four cholic 
acids attached to the terminal end of a linear PEG chain. B) PET image of nude mice 
bearing SKOV3 ovarian cancer xenografts at 4, 8, 16, 24 and 48 hrs post injection of 
64Cu-labelled NPs (150–200 ml, 64Cu dose: 0.6–0.8 mCi). The white arrow points to 
the tumor site. C) PET-MR images of tumor slices of nude mice bearing A549 lung 
cancer xenograft at 4 or 24 hrs post injection of dual-labelled NPs. White arrow points 
to the necrotic area in the centre of the tumor. Permission obtained from Ref.[115]. 
Copyright (2014) by Springer Nature. 

Figure 1-14. Porphyrin-lipid coated gold nanoparticles as SERS agents. A) The 
structure of MnPL AuNPs. The Mn-porphyrin lipid was served as both the SERS dye 
and the biocompatible surface coating. B) The microscopy images of A549 lung cancer 
cells showing MnPL AuNP used for cellular imaging. Permission obtained from 
Ref.[123]. Copyright (2012) by American Chemical Society. 
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Figure 1-15. Zn-MeO-porphyrin lipid nanovesicles as the PA contrast agent. A) 
Photographs of Zn-MeO-chlorin acid (20%) and Zn-MeO-chlorin lipid (20%) after 
storage at room temperature for 10 days. Precipitation was observed in the Zn-MeO-
chlorin acid sample after 10 days of storage. B) UV−vis absorption and CD spectra for 
20% Zn-MeO-chlorin lipid. C) PA image of hamster cheek pouch tumor pre-injection 
and 5 min post-injection of the Zn-MeO-chlorin lipid nanovesicle. D) Quantitative 
analysis of the PA signal in the tumor site pre-injection and 5 min post-injection of the 
Zn-MeO-chlorin lipid nanovesicle. Permission obtained from Ref.[128]. Copyright 
(2016) by American Chemical Society. 

Figure 1-16. TAA-UCNP coloaded with PdOEP and DPA. Schematic illustration of 
TAA-UCNP, the chemical structure of PdOEP (sensitizer) and DPA (annihilator). The 
chelation of palladium (Pd) enhanced the phosphorescence of porphyrin molecules 
and thus it has the potential to be used as a triplet photosensitizer for upconversion. 
Permission obtained from Ref.[133]. Copyright (2012) by American Chemical Society. 
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Figure 1-17. TTA-UCNP composed of BSA−dextran stabilized oil droplets, coloaded 
with PtTPBP and BDP dyes. A) The schematic illustration of TTA-UCNP composed of 
PtPBP (sensitizer) and BDP dyes (annihilator). The BSA−dextran stabilized oil droplets 
system enhanced the solubility of encapsulated agents. B) In vivo (top) and in situ 
(bottom) lymph node upconversion luminescence imaging of living mice at 30min after 
intradermal administration with the TTA-UCNP through paws (BDP-G for the forepaw 
and BDP-Y for the hindpaw). Permission obtained from Ref.[134]. Copyright (2013) by 
American Chemical Society. 

Figure 1-18. In vivo imaging of HPPH-lipid fluorescence pre- and post-laser exposure. 
Mice were administrated intravenously equal doses (11 mg/kg) of three types HPPH-
liposome and treated with a 665 nm laser at a fluence rate of 200 mW/cm2 for 12.5 min 
(150 J/cm2) 24 hrs post-injection. The CuPoP did not show fluorescence and ZnPoP 
showed a rapid self-bleaching. Permission obtained from Ref.[143]. Copyright (2016) 
by American Chemical Society. 
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Figure 1-19. pH sensitive metalloporphyrin NPs loaded with Dox. A) The schematic 
illustration of the dual pH sensitive mesoporous silica nanoparticle (MSN). ZnPor-CA-
PEG formed the metallosupramolecular-coordination complex and attached on the 
MSN surface via the chelation between ZnPor and histidine. The bond between CA 
and ZnPor was cleaved in the extracellular environment where the pH ∼6.8, resulting 
the positive charged nanoparticle and facile cellular internalization. In intracellular 
acidic microenvironments (pH∼5.3), the chelation between histidine and ZnPor was 
broken and the encapsulated drug released. B) The structure of DOX loaded ZnPor 
supramolecular nanogel. Permission obtained from Ref. [51, 145]. Copyright by 
Elsevier and Royal Society of Chemistry. 

Figure 1-20. Schematic illustration of preparation of FASOC-UCNP-ZnPC 
nanoparticles and folate-mediated binding to tumor cells. ZnPC was encapsulated into 
the FASCO-UNCP as the PDT agent. The UCNP absorbing 980 nm light and activated 
the ZnPC which has a 660 nm excitation wavelength. This nanoparticle could be 
uptaken specificly by the tumor cell overexpressing the folate receptor. Permission 
obtained from Ref.[152]. Copyright (2013) by American Chemical Society. 
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Figure 1-21. A dual activatable photosensitizer. Si allows axial coordination of two 
different ligands for a dual activatable photosensitizer (DTT = dithiothreitol, ROS = 
Reactive oxygen species). Permission obtained from Ref.[153]. Copyright (2014) 
American Chemical Society. 

Figure 1-22. The structure of a metalloporphyrin-fullerene compound. A) Structure of 
triad complex composed of DP3FP and two MnII TPP. Two pyridines were grafted on 
the surface of fullerene. The nitrogen atoms in pyridine further coordinated with MnII 

TPP and formed the triad complex. B) The structure of ZnTPPH-fullerene dyad used 
in the photoinduced H2 evolution. Pyridine was conjugated on the surface of C60 and 
further occupied the axial coordination position of ZnTPPH as the ligand. This Zn-
TPPH-fullerene dyad was applied for photoinduced H2 evolution. Permission obtained 
from Ref.[165] and [166]. Copyright by Royal Society of Chemistry and American 
Chemical Society. 
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Figure 1-23. Schematic illustration of a drug formulation for oral administration of a 
SOD mimic (Mn-Ls/Alg). The SOD agent, Mn-porphyrin (Mn-Ls), formed the liposome 
with DMPC and cholesterol. The liposome was encapsulated in alginate hydrogel 
matrix (Alg). Permission obtained from Ref.[174]. Copyright (2015) by Royal Society 
of Chemistry. 

Figure 1-24. Oxygen responsive Pt-porphyrin probes. A) The chemical structure of 
PtPFPP. B) The (Left) SEM and (Right) AFM images of the PtPFPP-RL100 NPs. C) 
Phosphorescence lifetime (τ) calibrations for three probes obtained with non-respiring 
MEF cells. ER9Q-PtCP, MitoXpress and Nano2 were design for monitoring the 
pericellular (PC), extracellular (EC), and intracellular (IC) O2 concentrations, 
respectively. Permission obtained from Ref.[182]. Copyright (2012) by American 
Chemical Society. 
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Figure 1-25. Performance of MM2 probe for sensing and imaging of icO2. A) 
Phosphorescence lifetime calibration and Stern-Volmer plots of MM2 probe were 
obtained in mouse embryonic fibroblast (MEF) cells. B) Widefield fluorescence lifetime 
microscopy images of MEF cells stained with MM2 (10 µg ml−1 , 16 hrs). The images 
for different concentration of atmospheric O2 were displayed. Permission obtained from 
Ref.[186]. Copyright (2012) by Wiley. 
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Chapter 2: Functionalization of Cobalt Porphyrin-
phospholipid Bilayers with His-tagged MPER Antigens 

2.1 Acknowledgements 
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2.2 Abstract 

Methods to attach polypeptides to lipid bilayers are often indirect and ineffective, 

and can represent a substantial bottleneck in the formation of functionalized lipid-

based materials. Although the polyhistidine tag (His-tag) has been transformative in 

its simplicity and efficacy in binding to immobilized metals, the successful 

application of this approach has been challenging in physiological settings. Here we 

show that lipid bilayers containing porphyrin–phospholipid conjugates that are 

chelated with cobalt, but not with other metals, can effectively capture His-tagged 

proteins and peptides. This approach is applied in the design of vaccine. To develop 

a vaccine generating broad neutralizing antibody against the HIV virus, a series of 

synthetic peptide antigens targeting the MPER were designed. All the MPER 
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antigens were able to associate with immunogenic CoPoP liposome containing the 

MPLA through simple aqueous incubation. The antigens presented CoPoP 

immunogenic liposome elicited immune response in mice. It is revealed that a 

synthetic peptide antigen less than 20 amino acids resulted in a failure inducing an 

intense immune response. Additionally, the N-terminal extension of MPER showed 

more effective immunogenicity than the C-terminal extension. Mice vaccinated with 

CoPoP immunogenic liposome containing low dose of MPER antigen generated 

more antibody, compared with the commercial adjuvants. The obtained antibody 

neutralized only a tier 1A virus that is exquisitely sensitive to MPER-specific 

antibodies. With the co-injection of nonspecific protein Pfs25, the MPER vaccine 

elicited increasing antibody, which is however, lacking the neutralization efficiency. 

The CoPoP immunogenic liposome containing MPER antigens was demonstrated 

as a vaccine generating antibody neutralizing the HIV virus. 

2.3 Introduction 

Research efforts are ongoing to develop targeted nanoparticles that nimbly guide 

payloads to diseased tissues [187], and rationally-designed peptide antigens that 

induce the immune system to combat diseases [188]. A bottleneck in advancing these 

techniques stems from difficulties in easily and reliably attaching peptides and proteins 

to larger scaffolds; targeted nanoparticles require effective ligands and unconjugated 

peptides themselves are weakly immunogenic. Bioconjugate chemistry has provided 

a range of strategies [189], but most nanoparticulate conjugations suffer from 

limitations relating to one or more of the following: 1) low conjugation yields and 

necessitated purification steps; 2) incompatibility with biological buffers, making 

labeling of intact nanoparticles impossible; 3) variable labeling sites and conjugated 

polypeptide conformations, creating an inhomogeneous particle population of varying 

efficacy; 4) necessity for complex and exogenous chemical approaches [190]. 
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Standard approaches for ligand attachment to aqueous nanoparticles make use of 

maleimides, succinimidyl esters and carboiimide-activated carboxylic acids [191]. 

These can covalently react with amine and thiol groups of polypeptides. The use of 

maleimide-lipids has been explored extensively for antibody-conjugated 

immunoliposomes [192]. Conjugation yields may reach as high as 90% from an 

overnight reaction, but subsequent quenching of free maleimide groups and additional 

purification is required [193]. Proteins may require a preparative step of thiolation and 

purification prior to conjugation [194]. Antibody orientation is a major factor influencing 

the conjugated antibody target binding efficacy, but these approaches result in 

numerous antibody labeling sites and indiscriminate orientations [195]. Biorthogonal 

synthetic strategies such as the click reaction have recently been applied to pre-formed 

liposomes, however these require the use exogenous catalysts and unconventional 

amino acids [196]. 

Another approach that is suitable for smaller peptides which are less prone to 

permanent denaturation in organic solvents is to conjugate the peptides to a lipid 

anchor. The resulting lipopeptides can then be incorporated along with the other lipids 

during the liposome formation process. This approach has been used to generate 

synthetic vaccines that induce antibody production against otherwise non-

immunogenic peptides [197]. However, due to their amphipathic character, those 

lipopeptides were difficult to purify, with a yield of 5-10%. It has also been shown that 

lipopeptides do not fully incorporate into liposomes during the formation process, 

resulting in aggregation [198]. These problems have necessitated evolving strategies 

for working with liposomal lipopeptides such as adding multiple lipidation sites [199]. 

One alternate strategy of interest that could avoid these limitations would be to adopt 

the non-covalent paradigm used in immobilized metal ion affinity chromatography 

(IMAC) [200]. Polypeptides containing a polyhistidine-tag (His-tag) comprising a 

stretch of approximately 6-10 consecutive histidine residues can be purified from a 
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crude lysate using immobilized microparticles decorated with Ni, Zn or Co chelators 

such as nitrilotriacetic acid (NTA). This approach has changed the face of 

biotechnology and is common practice for the purification of recombinant proteins [201, 

202]. Ni-NTA conjugated phospholipids, which were described over 20 years ago and 

are commercially available, have also been used to bind His-tagged proteins, but 

largely in the context of structural biology studies [203-205]. Unfortunately, the 

chelation of His-tagged proteins with various Ni-NTA lipids in nanoparticulate form is 

not stable in biological media such as serum [206, 207]. Based on the suitability of 

lipids for use in vivo in the form of liposomes or as coatings for other nanoparticles 

[208], stable lipid-based polyhistidine-binding would be enabling for applications in 

biological settings. 

As reported in 2015 by UNAIDS, although the epidemic of HIV has emerged downtrend, 

still 36.9 million people suffered from this incurable disease. The development of a 

preventative vaccine to generate neutralizing antibody directed against the human 

immunodeficiency virus (HIV) has been a popular topic for decades of years. The 

membrane proximal external region (MPER) of gp41, involving in the virus-cell fusion 

process [209, 210], is recognized as a desirable target for the design of a vaccine since 

several broadly neutralizing antibodies, including the 2F5, 4E10 and 10E8, have been 

reported as HIV-1 gp41 MPER specific antibodies [211-213]. This demonstrated the 

humoral immune response-based vaccine with high and durable level antibody was a 

promising strategy for the protection of AIDS. 

The MPER interacted with lipid membranes [214]. To design a MPER antigen fully 

mimicking its residing environment, liposomal formulation was considered as a 

promising strategy. Several liposomal MPER vaccines, through incorporating the 

various types of MPER lipopeptide into the liposome containing monophosphoryl lipid 

A, were reported [215-218]. Szoka’s group demonstrated that chemical modification of 

the MPER lipopeptides, specifically on the C-terminus, enhanced its immunogenicity. 
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This also indicated the N-terminus was predominantly immunogenic in MPER [215]. A 

fully mimicked MPER sequence induced more robust immune response, than the 

shorter ones containing only the N-terminus (2F5 epitope) or the C-terminus (4E10 

epitope). Despite these vaccines elicited the immune response and generated 

antibody toward the gp140 HIV protein, they failed to exhibit inhibition of viral entry, 

resulting in the continuous elusiveness of potent MPER vaccines [217, 219]. Besides 

lacking of neutralizing antibody, the low purification yield and disruption of natural 

MPER structure were additional limitations for the liposomal MPER vaccine. 

Since it is discovered that porphyrin-lipid (PoP) could form the liposome-like bilayer 

[55], the PoP liposome has been developed into an efficient theranostic agent [78-80, 

220]. Additional modifications by diverse metal improved and extended the application 

of PoP liposome [110, 143, 221]. In this work, we demonstrate that a metalloPoP 

bilayer specifically formed from cobalt porphyrin-phospholipid (CoPoP) can stably bind 

a His-tagged polypeptide through simple aqueous incubation (Fig. 2-1A). This 

represents a new binding paradigm, with the polyhistidine buried in the membrane 

phase, as the porphyrins themselves form the hydrophobic portion of the bilayer and 

are not accessible to the external aqueous environment (Fig. 2-1B). This leads to more 

stable binding, allows for significantly simpler non-covalent post-labeling paradigms 

following nanoparticle formation, and eliminates ambiguity regarding ligand orientation. 

This provided a better platform for the liposomal vaccine instead of the lipopeptide. 

His-tagged MPER-derived antigens with different length were synthesized and utilized 

to evaluate and optimize the feasibility of a vaccine via CoPoP immunogenic liposome 

containing MPLA adjuvant. 

2.4 Materials and Methods 
Materials were obtained from Sigma unless otherwise noted. For protein binding, the 

recombinant heptahistidine-tagged cerulean-venus fusion reporter protein was 
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produced in Escherichia Coli and was purified and characterized as previously 

described [222]. MPER peptides were obtained from Genscript. The purity and identity 

was confirmed by HPLC and MS (Table 2-1). HIV gp41 protein was purchased from 

Eenzyme. HIV gp140Cf protein, gp41 Monoclonal (2F5) antibody, gp120 Monoclonal 

(IgG1 b12) antibody, gp120 Monoclonal (F105) antibodies were obtained from NIH 

AIDS Reagent Program. Pyropheophorbide-a was purchased from PROAVTIVE. 

MPLA was from Avanti Polar Lipid. Cholesterol, 1,2-Dipalmitoyl-sn-gkycero-3-

phophocholine (DPPC) and 1-Palmitoyl-2-lyso-sn-glycero-3-phosphocholine (lyso-

lipid) were purchased from Corden Phama. MONTANIDE™ ISA720 was obtained from 

SEPPIC Inc. Alhydrogel® 2% (aluminium hydroxide gel) was purchased from Accurate 

Chemical and Scientific Corporation. 

Generation of PoP-lipid, PoP-liposomes 
Freebase (2H) PoP sn-1-palmitoyl sn-2-pyropheophorbide phosphtatidylcholine was 

synthesized as previously described [223]. CoPoP was generated by stirring 100 mg 

2HPoP with 10 fold molar excess of cobalt (II) acetate tetrahydrate in 4 ml methanol 

for 17 hrs in the dark. Reaction completion and product purity was monitored by TLC 

(>90% purity). The solvent was then removed by rotary evaporation and PoP was 

extracted with chloroform:methanol:water 1:1.8:1 3 times. The chloroform layer was 

collected, the solvent was removed by rotary evaporation and the product was freeze-

dried in 20% water in tert-butanol to give 81.5 mg (77 % yield). Identity was confirmed 

with mass spectrometry). Other metalloPoPs were synthesized using the same 

method. For NiPoP, Ni(II) acetate tetrahdrate was used and incubated for 17 hrs. For 

ZnPoP, Zn(II) acetate dehydrate was used and incubated for 17 hrs. For MnPoP, Mn 

(II) acetate was used and incubated for 30 hrs. For CuPoP, Cu(II) acetate was used 

and incubated in tetrahydrofuran for 3 hrs. 

PoP-liposomes were formulated at a 1 mg scale. After dissolving lipids in chloroform 

in a test tube, the solvent was evaporated and the film was further dried under vacuum 

49 



 

 

          

         

        

       

          

      

      

  
       

              

      

        

       

         

       

           

               

          

     

          

               

    

    
        

             

            

           

            

overnight. Lipids were rehydrated with 1 ml of phosphate buffered saline (PBS), 

sonicated, subjected to 10 freeze-thaw cycles and then extruded through 100 nm 

polycarbonate membranes (VWR # 28157-790) with a handheld extruder (Avanti # 

610000). For protein and peptide binding analysis, liposomes were formed with 10 mol. 

% PoP along with 85 mol. % DOPC (Avanti # 850375P), and 5 mol. % PEG-lipid 

(Avanti # 880120P). Ni-NTA liposomes included 10 molar % Ni-NTA lipid dioleoyl-

glycero-Ni-NTA (Avanti # 790404P) as well as 10 molar % 2HPoP. 

Polypeptide Binding 
1 µg of fluorescent reporter protein was incubated with 20 µg of liposomes in 200 µl 

PBS in a 96 well plate. Fluorescence in the FRET channel (ex: 430 nm, em: 525 nm) 

was measured periodically with a fluorescence microplate reader (Tecan Infinite II). 

Data were normalized to the FRET signal in the protein without addition of liposomes. 

EMSA experiments were performed with 2.5 µg protein incubated with 50 µg liposomes 

followed by electrophoresis in a 0.75% agarose gel with 50 V applied for 90 minutes 

and imaging with an IVIS Lumina II system with the indicated excitation and emission 

filters. For serum stability test, 3 mg protein was pre-incubated with 60 mg liposome in 

40 µl PBS. After 24 hrs incubation, 40 µl FBS was added and incubated for another 8 

hrs. For imidazole displacement experiments, 1 µg of reporter protein was bound to 20 

µg liposomes in PBS. Imidazole was then titrated and binding was assessed with 

fluorescence. For serum stability, 1 µg of reporter protein was bound to 20 µg 

liposomes in 100 µl PBS and then an equal volume of fetal bovine serum (VWR # 

82013-602) was added and binding was monitored with fluorescence. 

His-tagged MPER Antigen Bound to Liposome 
5 µg MPER antigen was incubated with 50 µl CoPoP liposome (MPLA concentration 

80 µg/ml) at 4 ̊ C overnight. The obtained mixture was transferred to a 1.5 ml centrifuge 

tube with 100k filter membrane to separate the free peptide and liposome. After 5 min 

centrifuge for 2000 rcf, the liquid containing free peptides passed the membrane and 

stay in the bottom of the tube. The top residue was washed with 100 µl PBS and the 
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separation was repeated twice. The peptide concentration in the bottom solution was 

determined by Micro BCATM Protein Assay (Thermo Scientific #23235). The antigen 

without incubating with liposome was used as the 0% binding standards. The binding 

ratio is (1- Cbottom / Cstandard) x 100%. 

Bioinformatic Binding 
The MPER antigen was incubated with PoP liposome at 4 ˚C overnight. And the 

antibody was bound with protein G magnetic beads (Bioclone Inc. MAG-102) for 20 

min at room temperature with shaking. The obtained mixture was washed with 200 µl 

PBS twice. After removing the washing buffer, the solution of MPER incubated 

liposome solution was transferred to this tube. The obtained solution was incubated at 

37 ˚C with shaking for 1 hrs. After removing the supernatant, the pellets were washed 

twice with 100 µl PBS. 300 µl PBS containing 1% Tx-100 was added and the PoP 

fluorescence in the supernatant was measured. 

Animal Vaccination 
The animal experiment was conducted in accordance with the policies and approval 

of the University at Buffalo Institutional Animal Care and Use Committee (IACUC). 6-

week-old ICR mice were vaccinated on days 0, 22, 42 via intramuscular injection with 

different types of MPER antigens and adjuvants. Unless otherwise indicated, each 

dose contained 0.5 µg MPER antigen, 4 µg CoPoP and 4 µg MPLA. To prepare the 

KLH-NMPER, the Cys-NMPER was pre-reduced by TCEP and then conjugated with 

maleimide-activated KLH. The concentration of obtained KLH-NMPER was measured 

by Bradford method. The complete Freund’s adjuvant, aluminium, montanide were 

mixed with antigen directly 1 hrs before injection. Blood was collected from the 

submandibular vein and the serum was obtained via centrifuging the blood at 2000 rcf 

for 15 min and stored at -80 °C. 

Antibody titer was measured by ELISA. For the ELISA against peptide, the 96-well 

nickel coated plates (Biosciences #786749) were used. 100 µl 10 µg/ml MPER PBS 
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solution containing 0.1% Tween 20 (PBS-T) was incubated in the wells for 2 hrs at 37 

°C. Serum was serially diluted with PBS containing 0.1% casein (PBS-C). The coated 

plated was washed 5 times by PBS-T and the diluted samples was added. After 30 

min incubation at 37 °C, the wells were washed 5 times by PBS-T and the 100 µl 

1µg/ml goat anti-mouse IgG-antibody HRP (GenScript # A00160) for 30 min incubation 

at 37 °C. The wells were washed 5 times by PBS-T, then 100 µl tetramethylbenzidine 

substrate solution (Amresco # J644) was added to each well and incubated for 30 min 

at 37 °C. The reaction was stopped by 100 µl 1M HCL and the absorbance was 

measured at 450 nm. Titers were defined as reciprocal serum dilution at which the 

absorbance exceeded background by greater than 0.5. 

For the ELISA against protein, 100 µl coating buffer (pH = 9.6) containing 1 µg/ml 

protein was incubated in the wells at 4 °C overnight. The wells were washed 5 times 

by PBS-T then 100 µl PBS-T containing 2% BSA was added and incubated at 37 °C 

for 2 hrs. After 3 times PBS-T wash, the serially diluted serum PBS-T containing 1% 

BSA were added and incubated at 37 °C for 1 hrs. Followed by the process of adding 

secondary IgG antibody HRP, TMB and HCL as same as the ELISA against peptide, 

the absorbance was measured at 450 nm. Titers were defined as reciprocal serum 

dilution at which the absorbance exceeded background by greater than 0.5. 

Neutralization of Viral Entry 
Neutralizing antibody activity was measured in 96-well culture plates by using Tat-

regulated luciferase (Luc) reporter gene expression to quantify reductions in virus 

infection in TZM-bl cells. TZM-bl cells were obtained from the NIH AIDS Research and 

Reference Reagent Program, as contributed by John Kappes and Xiaoyun Wu. 

Assays were performed with HIV-1 Env-pseudotyped viruses as described previously 

[224]. Test samples were diluted over a range of 1:20 to 1:43740 in cell culture medium 

and pre-incubated with virus (~150,000 relative light unit equivalents) for 1 hrs at 37 

°C before addition of cells. Following a 48 hrs incubation, cells were lysed and Luc 
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activity determined using a microtiter plate luminometer and BriteLite Plus Reagent 

(Perkin Elmer). Neutralization titers are the sample dilution (for serum) or antibody 

concentration (for monoclonal antibodies) at which relative luminescence units (RLU) 

were reduced by 50% compared to RLU in virus control wells after subtraction of 

background RLU in cell control wells. Serum samples were heat-inactivated at 56 °C 

for 1 hrs prior to assay. 

2.5 Results and Discussion 

2.5.1 His-tagged Protein Binding to CoPoP Liposomes 

PoP bilayers were then formed with 10 molar % metalloPoP along with 85 molar % 

dioleoylphosphocholine (DOPC) and 5 molar % polyethylene glycol-conjugated 

distearoylphosphoethanolamine (PEG-lipid) via extrusion into 100 nm liposomes. His-

tagged protein binding to PoP bilayers was assessed with a fluorescent protein reporter. 

As shown in Fig. 2-2A, the system comprised a fusion protein made up of two linked 

fluorescent proteins; Cerulean (blue emission) and Venus (green emission). Due to 

their linked proximity and spectral overlap, Cerulean serves as a Förster resonance 

energy transfer (FRET) donor for Venus, so that Cerulean excitation results in FRET 

emission from Venus. Cerulean was tagged at its C-terminus with a heptahistidine tag. 

However, if bound to a PoP bilayer, energy transfer from Cerulean is diverted to the 

bilayer itself, which is absorbing in the Cerulean emission range and thus competes 

with FRET to Venus. On the other hand, because Venus is not directly attached to the 

photonic bilayer, it is not completely quenched upon direct excitation, which enables 

tracking of the bound fusion protein. 

A 3-color electrophoretic mobility shift assay (EMSA) was developed to assess reporter 

fusion protein binding to various PoP liposomes. 2.5 µg protein was incubated with the 

50 µg of various PoP liposomes for 24 hrs and then subjected to agarose gel 

electrophoresis. As shown in the top image in Fig. 2-2B, when the PoP-liposomes 

53 



 

 

        

           

         

      

          

          

          

          

      

          

         

        

          

          

         

      

         

       

        

                

       

      

       

       

      

       

      

        

were imaged only the free base (2H) liposomes were readily visualized, along with the 

ZnPoP liposomes to a lesser degree. This demonstrated that the metals have a 

quenching effect on the PoP and confirms they were stably chelated in the bilayer. As 

expected, the liposomes exhibited minimal electrophoretic mobility due to their 

relatively large size. Next, the same gel was imaged using Cerulean excitation and 

Venus emission to probe for inhibition of FRET, which would be indicative of the fusion 

protein binding to PoP liposomes. All the samples exhibited the same amount of FRET 

and migrated the same distance as the free protein with the exception of the protein 

incubated with CoPoP liposomes, in which case FRET disappeared completely 

(middle image). To verify the presence of the protein, Venus was directly excited and 

imaged. Only with the CoPoP liposomes was the reported protein co-localized with the 

liposomes. Together, these images demonstrate that the protein bound quantitatively 

to CoPoP liposomes. Solution-based confirmed this finding (Fig. 2-2C). Of all the types 

of PoP liposomes examined, only the CoPoP ones induced a dramatic decrease in the 

FRET efficiency between Cerulean and Venus, due to liposomal binding. The binding 

required approximately a day to fully complete, although the time to achieve 50% 

binding (the t1/2) was just 3 hrs. It was shown by molecular dynamics simulations of a 

2HPoP bilayer that the center of the porphyrins (where metal chelation would occur) 

are inaccessible to the aqueous phase surrounding the bilayer [225]. Thus, this slow 

binding can be attributed to a His-tag that is partially obscured by the rest of the protein 

as well as having to making its way into the sheltered hydrophobic bilayer. 

2.5.2 Robust His-tagged Protein Binding to CoPoP Liposome 

The fluorescence reporter protein was then used to compare the binding of His-tagged 

proteins to liposomes incorporating either CoPoP or Ni-NTA-lipid (Fig. 2-3A). Ni-NTA 

liposomes included 10 molar % 2HPoP to enable protein binding determination based 

on FRET. By EMSA, the protein migrated unimpeded when incubated without 

liposomes or when incubated with 2HPoP liposomes in both the FRET channel and 

protein channel. When incubated with Ni-NTA liposomes, migration of the protein was 
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only slightly inhibited, indicating that the protein binding did not withstand the 

conditions of electrophoresis. The FRET channel was unquenched, confirming a lack 

of binding to the Ni-NTA liposomes. In contrast, when incubated with the CoPoP 

liposomes, the protein stably bound with a complete disappearance of the FRET 

channel and decreased electrophoretic mobility that was consistent with the protein 

remaining bound to liposomes. 

For biomedical applications, an intractable obstacle of using Ni-NTA-lipid is that it does 

not maintain stable His-tag binding in biological media such as serum [206, 207]. To 

examine whether liposomes could maintain binding in the presence of serum, fetal 

bovine serum was added at a 1:1 volume ratio to a solution of liposomes that had 

bound the His-tagged protein. As shown in Fig. 2-3B, Ni-NTA liposomes did not fully 

sequester all the protein, which is consistent with the weak binding exhibited in the 

EMSA result. Furthermore, following serum addition, all binding was abrogated over a 

24 hrs period. In the same conditions CoPoP liposomes stably sequestered the His-

tagged reporter protein without substantial protein release. 

Since the histidine side chain comprises an imidazole group, an imidazole competition 

assay was used to compare the Ni-NTA and CoPoP liposomes binding stability with 

His-tagged polypeptides. As shown in Fig. 2-3C, CoPoP liposomes maintained over 

75% binding to the reporter protein even at concentration approaching 1 M imidazole. 

This represents an approximate 10 million fold imidazole excess over the 100 nM 

protein concentration used in the binding study. In contrast, the Ni-NTA liposomes 

released over 90% the His-tag in the presence of just 30 mM imidazole. The drastically 

stronger binding of the CoPoP liposome to the His-tag may be attributed to at least 2 

factors; the superior stable chelation of Co(III) to imidazole groups and the protected 

hydrophobic environment of the CoPoP bilayer which limits access to competing 

external molecules. 

55 



 

 

     

       

          

           

         

          

       

           

            

        

         

           

      

           

      

          

        

           

   

        

        

         

          

       

           

          

          

2.5.3 Immunogenic CoPoP Liposome for MPER Vaccine 

The sequence information of antigens was shown in Fig. 2-4A. Five different types of 

MPER antigens were designed and named based on the different length of the 

peptides. All the MPER antigens were modified with a 7xhistidine tags at the C-terminal. 

Due to the limitation of the length, the 15+7 and 20+7 antigen only covered the 4E10 

sequence but not the 2F5, while the NMPER antigen covered 2F5 region. The 30+7 

and 25+7 antigens contained both the 2F5 and 4E10 sequence. 

It has been demonstrated that through simple aqueous incubation, the His-tagged 

proteins or peptides were able to bind with CoPoP liposome based on the chelation 

between histidine and cobalt in the center of porphyrin. The binding between MPER 

antigen and CoPoP liposome was shown in Fig. 2-4B. More than 70% binding with 

CoPoP liposome was observed for all the different MPER antigens, however, less than 

30% peptides showed the attachment with 2HPoP liposome. This was consistent with 

the previous result that the CoPoP but not the 2HPoP displayed the specific binding 

with His-tagged polypeptides. The average size of CoPoP liposome was 104.9 nm 

after 100 nm membrane extrusion. The association resulted in slight size increase (Fig. 

2-4C). And obvious PDI increase was observed in 15+7 and 20+7 antigen (Fig. 2-5) 

which may due to the low solubility of these antigens. But no visible precipitation was 

observed in all samples. 

The detailed illustration of the liposome was shown in Fig. 2-6A. The lipidic 

components including the CoPoP formed the lipid bilayer structure. The His-tagged 

tails chelated with CoPoP and buried within the bilayer, thus antigens attached on the 

surface of liposome. The antigen attached liposome could be recognized by the 

corresponding antibody. As shown in Fig. 2-6B, the 2F5 antibody could bind the 25+7, 

30+7 and NMPER antigen attached CoPoP liposome, but not the 15+7 and 20+7 that 

did not contain 2F5 epitope in their sequence. In additional, the B12 and F105 antibody 

derivative from the gp120 sequence did not show the retainment of CoPoP due to the 
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lack of MPER sequence. For the 2HPoP, no antigen was able to attach on its surface 

so that no recognition from the antibody was observed. 

Antibody titer of the serum from the mice vaccinated with different MPER antigens was 

measured by ELISA. As shown in Fig. 2-7, for the mice injected with 15+7 and 20+7, 

weak immune response was detected and the antibody titer against all different MPER 

antigens was less than 103. The two groups of mice vaccinated with 25+7 and 30+7 

exhibited intense immune response and produced 60000-100000 antibody titer 

against 25+7, 30+7 and NMPER antigen. However, these antibodies did not show 

recognition to the 15+7 and 20+7 MPER antigens. The mice vaccinated with NMPER 

elicited the robust immune response and generate antibody against 30+7 and NMPER. 

But this antibody showed a low sensitivity to 25+7 MPER antigen. Mice vaccinated 

with 15+7 and 20+7 antigen showed a low antibody titer against all types of MPER 

antigens. 

The short MPER antigens, including the 15+7 and 20+7 failed to elicit the immune 

response when the CoPoP was used as the adjuvant, demonstrating that the length of 

the antigen affected the efficiency of the immune response. In addition, the antigen 

sequence was another factor impacting the immune response. For 20+7 and NMPER, 

these two antigens contained similar length of amino acid, and intense immune 

response was only observed in the mice vaccinated with NMPER but not 20+7. The 

NMPER sequence contained 2F5 epitope which was considered and demonstrated as 

the ideal region for the HIV vaccine design. 

The mice vaccinated with 2HPoP and MPER antigen did not generated low antibody 

titer (Fig. 2-8A). This was consistent with previous result that, only when the antigen 

stably bound with liposome, the immune response was improved. As the TLR-4 agent, 

MPLA was a necessary component and the lack of MPLA resulted in an inefficient 

immune response (Fig. 2-8B). 
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Due to the length and sequence containing the 2F5 epitope, the 30+7 MPER antigen 

was selected as the ideal MPER antigen for the following vaccine experiment. Three 

different administration methods were compared by ELISA and the intramuscular 

injection was demonstrated as the most efficient one (Fig. 2-9A). 

KLH and CFA were commercial available vaccine adjuvants and have been applied 

for many antigens to improve the immune response. NMPER antigen sequence was 

used to compare the CoPoP with the combination of KLH and CFA. Mice vaccinated 

with CoPoP generated increased antibody titer than those ones with the combination 

of KLH and CFA, in both post prime and post boost (Fig. 2-9B). The benefit of CoPoP 

was more obvious in low dose (0.5 µg) condition where 1 order of magnitude higher 

antibody was observed post boost. For the CoPoP groups, the mice injected with 5 µg 

antigen and 0.5 µg antigen did not show much difference in generating antibody. 

Additionally, mice vaccinated with the CoPoP adjuvant showed an obviously higher 

antibody titer than aluminium and montanide, another two commercial adjuvants (Fig. 

2-9C). Considering the increasing immunogenicity of the antigens, and the convenient 

preparation and injection, CoPoP liposome held the advantages as an efficient 

adjuvant for the design of vaccine. 

The antibody from the mice vaccinated with designed MPER antigen exhibited the 

recognition of the HIV proteins containing MPER sequence. Fig. 2-10 showed the 

ELISA against HIV proteins for the mice vaccinated with different MPER antigen. HIV 

protein gp41 and gp140cf were used and both of them contained MPER in their 

sequence. The mice vaccinated with 30+7 or NMPER generated antibody against both 

gp41 and gp140cf. The antibody titer level equaled to 1ug/ml positive control 2F5 

monoclonal antibody. The mice vaccinated with 25+7 also showed the antibody 

against HIV protein, however, the titer was lower than 30+7 and NMPER. It indicated 

that the N-terminal extension obtained a higher immunogenicity than the C-terminal 

extension for the MPER. 
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Pfs25 is a recombinant malaria protein. The mice vaccinated with Pfs25 and CoPoP 

showed intense immune response. So it became an interesting question that whether 

the co-injection of Pfs25 with the MPER was able to improve the antibody titer against 

MPER. 4 groups of mice were vaccinated with MPER and Pfs25 combination at 1:1 

mass ratio and 4 different doses, 2.0 µg, 0.5 µg, 0.1 µg and 0.02 µg, was administrated 

respectively. After two boost vaccination, the serum was collected. As shown in Figure 

2-11A, mice co-vaccinated with MPER and Pfs25 showed more than 5 times increased 

antibody tier than ones vaccinate with MPER alone. For the MPER alone groups, mice 

vaccinated with 0.5 µg MPER antigen generated 60000-90000 antibody titer which 

was almost the same to the mice vaccinated with 2.0 µg antigen. However, when the 

injection dose decreased to 0.1 µg, an obvious reduction was observed. And for the 

mice co-vaccinated with 1:1 MPER and Pfs25, higher than 105 antibody titer against 

MPER was observed in all the groups. Mice co-vaccinated with 0.02 µg MPER and 

Pfs25 combination generated more than 10 fold antibody titer than 0.02 µg MPER 

alone demonstrating the efficient improvement in the immune response through the 

co-injection with Pfs25. The mice vaccinated with Pfs25 alone did not show the 

antibody against MPER (Fig. 2-11A). 

The antibody generated from the mice vaccinated with combination of MPER and 

Pfs25 showed good titer against gp140cf protein. Mice vaccinated with 0.5 µg MPER 

and Pfs25 showed a much higher antibody titer against gp140cf protein than those 

vaccinated with only MPER. However, not much difference was observed among 

different dose of Pfs25 group when keeping the MPER dose as same as 0.5 µg. Mice 

co-injected with 0.02 µg Pfs25 produced antibody as much as that of the mice co-

injected with the 0.5 µg Pfs25 group (Fig. 2-11B). However, a reduction of antibody 

was observed in the mice vaccinated with 0.02 µg Pfs25, compared to those with 0.5 

µg Pfs25. And the MPER antigen did not increase the production of antibody against 

Pfs25. Mice vaccinated with combination of 0.02 µg Pfs25 and 0.5 µg MPER showed 
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the same antibody titer against Pfs25 protein as the mice vaccinated with only 0.02 µg 

Pfs25 (Fig. 2-11C). 

The post-vaccination serum form mice were collected to assess the inhibition of viral 

entry by HIV in TZM-bl cells (Fig. 2-11D). The mice vaccinated with CoPoP containing 

0.5 µg MPER antigen showed the neutralization of W61D(TCLA).71(tier 1A) HIV virus, 

but not the other two including the MN.3 (tier 1A) and C3347.c11 (tier 2). This may due 

to its exquisite sensitivity against W61D(TCLA).71(tier 1A) virus. Interestingly, despite 

of increasing the MPER antibody titer, the addition of Pfs25 did not show an improved 

inhibition of HIV virus entry. A possible explanation is that a different type of antibody 

was produced from the mice vaccinated with the combination of MPER and Pfs25. It 

is indicated that the mechanism of the immune response induced by protein-helper 

depended MPER may be different from that by independent single MPER peptide 

antigen. The obtained antibody showed the recognition of the MPER sequence, 

however, lacking the neutralization efficiency against the HIV virus. No inhibition was 

observed in the mice vaccinated with only Pfs25 indicating the specificity of MPER 

antigen against the HIV virus. 

2.6 Conclusions 

CoPoP and structures formed thereof represent a simple and versatile material for 

binding His-tagged proteins and peptides. We demonstrated this coating can easily 

confer immunogenic properties to diverse materials. The designed MPER antigens 

were able to associate with CoPoP immunogenic liposome through simple aqueous 

incubation. The obtained agents, containing nano-scale gram antigens, elicited intense 

immune response in mice model. The longer MPER antigens containing N-terminal 

extension showed more effective immunogenicity. The vaccinated mice generated the 

antibody against the HIV proteins containing MPER sequence and this antibody 

exhibited neutralization of W61D(TCLA).71(tier 1A) HIV virus which is exquisitely 
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sensitive to MPER-specific antibodies. The addition of protein helper increased the 

antibody titer, however, did not improve the neutralization against HIV viral entry. This 

may indicate the alterative mechanism of the immune response against the MPER 

antigen in presence of immunogenic proteins. Further studies are required to 

understand the mechanism of different antigens delivered by a single CoPoP 

immunogenic liposome. 

2.7 Figures and Tables 

Figure 2-1. His-tag binding to PoP-bilayers. A) Schematic showing a peptide with a 
His-tag (green) binding to pre-formed CoPoP liposomes in aqueous solution. B) 
Insertion of a His-tagged polypeptide into a bilayer containing CoPoP. Only a single 
leaflet of the bilayer is shown. 

Antigen Sequence Purity MW 

15+7 WFNITNWLWYIKLFIHHHHHHH 93.16% 3017.48 

20+7 ASLWNWFNITNWLWYIKLFIHHHHHHH 93.94% 3589.12 

25+7 ELDKWASLWNWFNITNWLWYIKLFIHHHHHHH 91.04% 4260.88 

30+7 EQELLELDKWASLWNWFNITNWLWYIKLFIHH 91.93% 4837.57 
HHHHH 

MPER NEQELLELDKWASLWNGGKGGHHHHHHH 93.13% 3304.58 

Cys-NMPER NEQELLELDKWASLWNGGKGGC 91.27% 2447.72 

Table 2-1. The analytic information for MPER peptides 
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Figure 2-2. His-tagged protein binding to Co(III)PoP liposomes. A) A heptaHis-tagged 
fluorescence protein comprising Cerulean (C) fused to Venus (V) reveals binding to 
PoP-bilayers. When C is excited, FRET occurs and V emits fluorescence (left), but this 
is inhibited when bound to the PoP-bilayer due to competing FRET with the photonic 
bilayer (middle). C fluorescence can be directly probed even when the protein is bound 
to the bilayer (right). B) Multispectral fluorescence images of fusion protein 
electrophoretic mobility shift following incubation with indicated metalloPoP liposomes. 
C) Binding kinetics of the fusion protein to the indicated metalloPoP liposomes based 
on loss of C to V FRET. 
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Figure 2-3. Robust His-tagged protein binding to CoPoP liposomes A) Multispectral 
electrophoretic mobility shift images of the fluorescent reporter protein incubated with 
liposomes containing the indicated lipid. B) Binding stability of reporter protein bound 
to indicated liposomes in 1:1 serum. C) Binding stability of reporter protein bound to 
indicated liposomes in excess free imidazole. Mean +/- std. dev. for n=3. 

Figure 2-4. The selection of MPER peptides and their binding with the CoPoP 
immunogenic liposome containing MPL(3D6A). A) The amino sequence of MPER and 
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TM regions. Two potential neutralization epitopes, including the 2F5 and 4E10, were 
labeled. The sequences of the designed peptide antigens were named based on the 
length. B) The binding between MPER antigens and PoP immunogenic liposomes. C) 
The particle sizes of the CoPoP immunogenic liposome associated with MPER 
antigens on its surface. 

Figure 2-5. The PDI of the CoPoP liposome associated with MPER antigens. Mean 
+/- std. dev. for n=3. 

Figure 2-6. The schematic illustration of the vaccine design and bioinformatic binding. 
A) The structure of the CoPoP immunogenic liposome and the schematic illustration 
of its association with His-tagged antigens. The hydrophilic heads of the lipid 
components were presented with different colors. The histidine tails of the antigens 
chelated with CoPoP. Only one single leaflet of the liposome bilayer structures was 
shown. B) The bioinformatics binding of the selected antigens. The antibody contained 
MPER sequence could recognize designed MPER antigens. Thus the PoP liposome 
associated with the MPER antigens was able to retain. 
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Figure 2-7. Antibody titer of the mice vaccinated with different length MPER antigen. 
The mice were vaccinated with 0.5 µg different MPER antigens pre-associated to the 
CoPoP immunogenic liposome containing 4 µg MPLA. For each group of the mice, the 
antibody titer was measured against 5 different MPER antigens, respectively. 
Mean ± s.d. for n = 4 mice per group, 

Figrue 2-8. Antibody titer for the mice vaccinated with different MPER antigens and 
(A)2HPoP or (B)CoPoP containing no MPLA. For each group of the mice, the antibody 
titer was measured against 4 different MPER antigens, respectively. Mean ± s.d. for 
n = 4 mice per group. 
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Figure 2-9. The comparison of different vaccination administration methods and 
adjuvant formulations. A) The comparison of different vaccination administration 
methods including the IM, SC and IP approaches. B) The antibody of the mice 
vaccinated with CoPoP immunogenic liposome VS KLH containing different dose of 
NMPER antigen. C) The antibody titer of the mice vaccinated with different adjuvant 
including CoPoP immunogenic liposome, aluminium and montanide. All the injection 
contained 0.5 µg antigen per dose. 

Figure 2-10. The antibody titer of different length MPER antigen against the HIV 
protein. The mice were vaccinated with 0.5 µg different MPER antigens pre-associated 
to the CoPoP immunogenic liposome containing 4 µg MPLA. The plates were coated 
with recombinant HIV protein gp41 and gp140cf respectively. 
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Figure 2-11. Vaccination with MPER antigen containing non-specific protein. A) The 
antibody against MPER for the mice vaccinated with different dose of MPER antigen 
and a non-specific protein, Pfs25. The mass ratio between MPER and Pfs25 is 1:1. B) 
The antibody against gp140cf for the mice vaccinate with MPER and Pfs25. Each dose 
contained 0.5 µg MPER antigen and indicated amount of Pfs25. C) The antibody 
against Pfs25 for the mice vaccinated with MPER antigen and different non-specific 
protein, including Pfs25, MSP, Dengue and CSP. D) The neutralization of virus entry 
for the serum from the mice vaccinated with MPER antigens and Pfs25 helper. 
W61D(TCLA).71 (tier 1A), which is sensitive to the broad neutralizing antibody 
targeting MPER, was used in this assay. 
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Chapter 3: Design of Vaccine against Influenza via Multivalent 
CoPoP Immunogenic Liposome 

3.1 Acknowledgements 
The chapter is a revised and reformatted version of the completed manuscript entitled 

“Design of Vaccine against Influenza via Multivalent CoPoP Immunogenic Liposome 

Containing Synthetic Peptides” by Shao et al. which is going to submitted to a peer-

review journal. Under the supervision of Dr. Jonathan F Lovell, my contribution to this 

work included designing and carrying out most experiments, analyzing the data and 

writing the manuscript text. Thanks to Jumin Geng for the assistance with the animal 

experiments; Dr. Bruce A. Davidson for the assistance with the in vivo mice challenge 

experiments; Dr. Jaroslaw Zola for the analysis and selection of peptides; Weichiao 

Huang and Cuiyan Lin for the preparation and characterization of liposome; Jasmin Fe 

Federizon for the characterization of peptides. 

3.2 Abstract 

To fight against specific disease with variable strains, such like influenza, a universal 

vaccine is necessary. Taking benefits of the bioinformatics analysis, ten synthetic 

peptide antigens, completely covering the influenza strains in database, were selected. 

These ten different influenza antigens were able to bind with a single CoPoP 

immunogenic liposome at the same time through simple aqueous incubation, resulting 

in a potentially accessible strategy to design a universal influenza vaccine. The 

obtained CoPoP immunogenic liposome containing universal influenza antigens 

elicited robust immune response in mice. Antibodies against all ten antigens were 

observed without interference. Antibodies from the mice vaccinated with Flu2, Flu3, 

Flu4 and Flu10 showed the recognition to the HA proteins, including H1N1, H3N2, 

H5N1 and H7N2. The recognition was consistent with the sequence matching. 

Consequently, mice vaccinated with universal CoPoP immunogenic liposome 
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generated the antibody against all these subtype HA proteins. In spite of the failure to 

provide the protection in the influenza virus challenge, the CoPoP immunogenic 

liposome has been demonstrated as an adequate multivalent antigens carrier which is 

suitable for the design of a universal vaccine against a disease having variable subtype 

strains. 

3.3 Introduction 

In the past five hundred years, the influenza disease has bring millions of death to 

human beings [226]. The progress and development of pharmacy and medical 

technology decrease the death ratio of influenza disease, but it cannot protect billions 

of people from being infected by the influenza. The globally rapid epidemic of influenza 

virus infection is still causing serious threaten to the public health [227]. Dominating 

most of the influenza epidemics related to humans, influenza A is the influenza type 

most easily causing an eruptive human influenza pandemic. The subtypes of influenza 

virus A are determined by the two proteins presenting on the surface of the virus: 

hemagglutinin (HA) and neuraminidase (NA). The different combination of these two 

proteins represents a specific subtype of influenza virus A. An individual subtype is 

able to mutate to various strains. Currently, developing a vaccine, depending on the 

prediction of the potential epidemic influenza strains, is the efficient strategy to prevent 

the annual epidemics of influenza. However, a mismatch between the designed 

vaccine and circulating influenza virus may occur and resulted in an ineffective 

protection against infection [228]. Considering the random combination between 18 

types of HAs and 11 types of NAs, in addition to the unpredictable mutation resulting 

in thousands of different strains, the design of a new vaccine providing a broad 

protection against all subtypes (universal vaccine) of influenza is an urgent task and 

many efforts has been made to complete this challenge [229-232]. HA controls 

reception and fusion process of the influenza virus entry, through its receptor binding 

site and stalk domain, respectively [232]. Thus, these regions on the HA need to retain 
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conserved, providing the ideal targeting site for the broadly neutralizing antibodies. 

Additionally, experiments exhibited that majority of the influenza-reactive antibody is 

directed against HA [233]. 

Synthetic peptides are able to induce antibody against HA protein and provide the 

protection against influenza [234]. Considering the feasibility of the fully coverage of 

all the influenza virus strains, the synthetic peptides are more suitable candidates, 

compared with the native or recombinant proteins. However, the immunogenicity of 

the low-molecular weight peptides is comparatively weak and not able to stimulate 

immune response as effectively as the protein immunogen. Carriers and adjuvants 

are required for the peptide immunization. Recently, we reported that His-tagged 

polypeptides could attach on the surface of cobalt-porphyrin-phospholipid (CoPoP) 

liposome through the chelation between cobalt and histidine [235]. With the 

incorporation of TLR-4 adjuvant MPLA, this immunogenic CoPoP liposome was able 

to be used as an efficient antigen carrier to induce the immune response [236]. Several 

different antigens are potentially allowed to bind with a single CoPoP immunogenic 

liposome which is a promising strategy to design a universal vaccine. 

Taking the advantages of the development of biomedical informatics, through effective 

use and analysis of biomedical information form the database, solving some scientific 

problems has become much simpler than previous. In this study, ten peptide 

sequences, completely covering the influenza subtype strains, were selected. Through 

stable binding with CoPoP liposome, the obtained the multivalent agents showed 

excellent immunogenicity and revealed a new strategy to design a universal vaccine 

against several diseases that have variable subtype strains. 

3.4 Methods and Materials 

Materials were obtained from Sigma unless otherwise noted. The influenza peptides 

were synthesized and purchased from Genscript. HA influenza protein was obtained 
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from International Reagent Resource (IRR). Pyropheophorbide-a was purchased from 

PROAVTIVE. MPLA was from Avanti Polar Lipid. Cholesterol, 1,2-Dipalmitoyl-sn-

gkycero-3-phophocholine (DPPC) and 1-Palmitoyl-2-lyso-sn-glycero-3-

phosphocholine (lyso-lipid) were purchased from Corden Phama. The analytical 

information of these synthetic peptides was shown in Table 3-1. 

Generation of PoP liposome 
2HPoP was synthesized from pyropheophorbide-a and lyso-lipid, catalyzed by 1.1 fold 

DMAP and 2 fold EDC as pervious described. For the synthesis of CoPoP liposome, 

2HPoP was stirred with 30 fold cobalt nitrate hexahydrate in methanol for 30 hrs under 

dark. The obtained residue was poured into chloroform and extracted with 

water/chloroform/methanol system. The chloroform layer was collected and washed 

with water/methanol twice. After removing the organic solvent by rotary evaporation, 

the product was dissolved in tert-butanol containing 20% water and then freeze-dried. 

The PoP liposome was prepared through an auto-extruder. Generally, all the lipid 

components were dissolved in 1 ml 60 ˚C ethanol and added to 4 ml PBS. The mixture 

was incubated in 60 ˚C for 10 min and extruded with packed 200 nm, 100 nm and 80 

nm membrane at 60 ˚C with 200 PSI for 15 cycles. The obtained solution was dialyzed 

in PBS at 4 ˚C for 20 hrs with a change of buffer at 4 hrs. The Liposome formulation 

DPPC:Cholesterol:PoP:MPLA was 4:2:1:1 at mass ratio, unless otherwise indicated. 

The Binding Assay between Peptides and CoPoP Liposome 
To prepare samples for binding assay, influenza peptides were incubated with 

liposomes in mass ratio of antigen to MPLA 4:1 at 4 ˚C overnight. The incubated 

samples were added to microcentrifuge tubes with a 100 kDa cutoff filter (Nanosep 

100k OMEGA) and centrifuged at 2000 rcf until full amount of sample passed through 

the filter, then PBS was added twice to the rinse the filter. The non-bound and 

liposome-bound flu peptide was separated at this process, non-bound flu peptide 

would pass through the filter and be collected as the filtrate. The non-bound flu peptide 
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in the filtrate was detected and quantified by adding BCA reagent (Micro BCA protein 

assay kit from Thermos Fisher Scientific) in 1:1 ratio and measuring absorbance at 

562 nm. The flu peptide binding to liposomes was determined by (1-

𝑛𝑜𝑛−𝑏𝑜𝑢𝑛𝑑 𝑓𝑙𝑢 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑖𝑛 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒 
) x 100%. 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑓𝑙𝑢 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑎𝑡 𝑠𝑡𝑎𝑟𝑡 𝑝𝑜𝑖𝑛𝑡 

Animal vaccination 
The animal experiment was conducted in accordance with the policies and approval 

of the University at Buffalo Institutional Animal Care and Use Committee (IACUC). 6-

week-old ICR mice were vaccinated on days 0, 21, 42 via intramuscular injection with 

50 µl CoPoP immunogenic liposome containing various influenza antigens. Unless 

otherwise noted, each dose contained 2 µg antigen, 4 µg CoPoP and 4 µg MPLA. And 

the universal one contained 0.5 µg each different influenza antigens. On day 56, the 

mice were bleed or sacrificed. The blood was centrifuged at 2000 g for 15 min to get 

the serum. The serum was collected and stored in the -80 ˚C for the further 

experiments. 

Antibody titer was measured by ELISA. For the ELISA against peptides, 100 µl 10 

µg/ml influenza peptides PBS solution containing 0.1% Tween 20 (PBS-T) was 

incubated in the 96-well nickel coated plates (Biosciences #786749) wells for 2 h at 

37 °C. Then the plates were washed 5 times by PBS-T and the 100 µl serum samples 

which were serially diluted by PBS containing 0.1% casein (PBS-C) was added to each 

well. After 30 min incubation at 37 °C, the plates were washed with 5 times by PBS-

T. Then 100 µl 1 µg/ml goat anti-mouse IgG-antibody HRP (GenScript # A00160) was 

added for 30 min incubation at 37 °C. After 5 times PBS-T wash, 100 µl 

tetramethylbenzidine substrate solution (TMB, Amresco # J644) was added. 100 µl 1 

M HCL was added to stop the reaction at 30 min. The absorbance was measured at 

450 nm and titers were defined as reciprocal serum dilution at which the absorbance 

exceeded background by greater than 0.5. 
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For the ELISA against proteins, 100 µl coating buffer (pH=9.6) containing 1 ug/ml HA 

proteins was incubated in the wells at 4 °C overnight. After 5 time PBS-T wash, the 

plates were blocked by 100 µl PBS-T containing 2% BSA at 37 °C for 2 hrs. After 3 

times PBS-T wash, the serially diluted serum PBS-T containing 1% BSA were added 

and incubated at 37 °C for 1 hrs. Followed by the process of adding secondary IgG 

antibody HRP, TMB and HCL as same as the ELISA against peptide, the absorbance 

was absorbance was measured at 450 nm. Titers were defined as reciprocal serum 

dilution at which the absorbance exceeded background by greater than 0.5. 

In-vivo challenge 
Mice were vaccinated on day 0, 22, 42 and challenged with influenza virus on day 62. 

The mice were sedated by intraperitoneal injection of 90 mg/kg ketamine and 10 mg/kg 

xylazine, and then put into chamber perfused with 100% O2 until fully sedated. 50 µl 

of ice cold diluted virus was dispense into a 0.65 ml u-fuge tube and transfer to a 

micropipettor when it became warm. The mice were held vertically, nose up. With nose 

in front of 100% O2 flow, a small drop of appropriate virus inoculum was placed on one 

of mouse’s nares as it inhales. Continue adding small drops, alternating nares, until 

entire 50 µl inoculum volume has been inhaled. Mice were treated with 1 mg/kg 

antecedan by intraperitoneal and put in warm, 100% O2 recovery chamber until 

ambulatory. Check for deaths and record body weight and clinical scores every day at 

the same time. The mice were sacrificed after 8 days of virus exposure. 

3.5 Results and Discussions 

As shown in Fig. 3-1A, to achieve 100% coverage of the influenza strain in data base, 

fewer numbers of peptides were required for a short length. However, previous data 

showed that a peptide less than 15 amino acids resulted in a weak immunogenicity 

when attached on the CoPoP liposome. Additionally, considering the antibody 
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generated from the short antigen may lead to a difficult recognition to the HA protein, 

a peptide with 25 amino acids, plus a 7xhistidine tag, was a suitable length. The 10 

selected peptides, named with Flu1 to Flu10, were displayed in Fig. 3-1B. All the 

selected peptides were located in the stalk domain of the HA proteins. Fig. 3-1C 

showed the number of strain sequence that each designed peptide 100% matched or 

70% matched, respectively. Considering the 100% matching, the Flu1 matched the 

most, about 12000 HA sequence in the data base. And the Flu7 to Flu10 matched less 

than 2000 sequence. However, in 80% matching condition, the number of eligible 

sequence increased to about 12000. The average number of selected peptides 

covering subtype HA protein strains was analyzed in 100% and 70% matching 

condition (Fig. 3-1D). In 100% matching condition, H1, H2, H3 and H5, except the H7 

and H9 were covered by 2-3 selected peptides. And in 80% matching condition, all the 

HA protein strains were covered by at least one peptides. The accurate matching 

percentage of the 10 selected sequence to the HA protein used in this project was 

displayed in Table 3-2. For these selected peptides, the epidemic time of their 

matching influenza strains was listed in Fig 3-2. 

The schematic illustration of the multivalent CoPoP immunogenic liposome containing 

different influenza antigens was shown in Fig. 3-3A. Through simple aqueous 

incubation, ten different peptides were able to present on a single CoPoP liposome. 

The chelation between cobalt and histidine occurred within the bilayer, preventing the 

attack from the aqueous molecules. All the peptides revealed more than 80% retention 

on the CoPoP liposome, including universal one that ten different peptides were 

incubated with CoPoP liposome together. However, the 2HPoP liposome, lacking of 

the cobalt in the porphyrin, showed no binding or a very weak binding with the His-

tagged antigens (Fig. 3-3B). The size of the CoPoP liposome was about 100 nm after 

the extrusion with 100 nm membrane. No obvious increased size was shown after the 
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attachment of antigens (Fig. 3-3C). For some antigens, the binding resulted in an 

increased PDI but no significant precipitation was observed (Fig. 3-3D). 

Mice were vaccinated with different antigens pre-incubated with CoPoP liposome. 

After the prime vaccination at day 0, two boosting injections were given at day 21 and 

day 42. As shown in Fig. 3-4, except the Ful7 and Flu5 groups, the CoPoP 

immunogenic liposome containing all the other eight types of influenza antigens 

elicited a titer on the order of 105 to 106 antibody with excellent specificity. (The 

separated figures of antibody titer against each antigen were detailed in Fig. 3-5). For 

the mice vaccinated with universal influenza antigens, the generation of the antibody 

against all influenza antigens was observed without interference. Interestingly, though 

the single Flu7 did not elicit the immune response, the mice vaccinated with the 

universal antigen exhibited more than 5x105 titer antibody against Flu7 antigen. The 

Flu5 elicited a weak immune response both in the single and universal groups, 

however, these antibodies showed a good specificity. As the negative control, no 

obvious production of antibody was observed in the mice vaccinated with the 2HPoP 

liposome containing universal influenza antigen, demonstrating the stable binding 

between the liposome and antigens was necessary for the immunogenicity. 

Additionally, the mice injected with CoPoP liposome without MPLA (3D6A) failed to 

generated antibody, indicating the TLR-4 adjuvant MPLA was essential for the 

immunogenic liposome, through only 4 µg per dose was applied in the vaccine. 

The antibody titer against HA proteins indicated the potential to give protection against 

HA influenza virus. Although the designed peptide antigens elicited the immune 

response and the specific antibodies were generated, not all these antibodies could 

recognize the corresponding HA protein. As shown in Fig. 3-6A, only the antibody from 

the mice vaccinated with Flu2 antigens showed the efficacy against the H1N1 proteins. 

The antibody generated from the mice vaccinated with Flu1 or Flu7, which 100% 

matched with H1N1 proteins, did not show the recognition of H1N1 proteins. For the 
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H3N2 proteins, Flu3, Flu4, Flu5 and Flu6 have the 100% matching with H3N2 protein, 

and only mice vaccinated with Flu3 or Flu4 produced the antibody obtaining the 

recognition to H3N2 proteins (Fig. 3-6B). Mice vaccinated with Flu10 produced 

antibody against H5HA, but not another antigen Flu9 that also matches 100% with 

H5HA. Interestingly, the Flu2 only has 84 matching with H5HA, however, the antibody 

against H5HA was observed in the mice vaccinated with Flu2 (Fig. 3-6C). And Flu4, 

having 92% match with H7N2, elicited the mice to generated antibody against H7N2 

(Fig. 3-6D). As expected, the mice injected with universal influenza antigen, showed 

antibody titer against all these subtype HA proteins, demonstrating no interference 

between different antigens in single CoPoP immunogenic liposome. The separated 

figure for the ELISA against each single influenza protein was shown in Fig. 3-7. 

The Flu2, Flu3, Flu4 and Flu10 were demonstrated as the effective influenza antigens 

that were able to elicit neutralizing antibody against HA proteins. The combination of 

these four antigens showed 97% coverage of influenza strains in the database 

considering the 100% matching condition. And every influenza strain in the data base 

was covered by at least one of these four selected antigens in the 100% matching 

condition (Fig. 3-8). 

Flu2 showed more than 90% covering fraction of the H1 influenza, and Flu3 and Flu4 

covered more than 99% of the H3 database. Flu10 showed 95% coverage of H5 

influenza, additionally, 100% coverage of the H2 influenza (Fig. 3-9). 

The mice immunized with Flu2, Flu3, Flu4, Flu10 and the universal one containing 

these four effective peptide antigens were challenged with H1N1 (A/PR/8/34) influenza 

at day 63, the 21 days after the second boost. Based on the body-weight monitoring, 

no protection was occurred in all the groups that mice were vaccinated (Fig. 3-10A). 

However, a robust immune response against the challenging influenza virus was 

observed. As shown in Fig. 3-10B, after the H1N1 influenza challenge, 5 fold increase 
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of the antibody against H1N1 was observed for the mice vaccinated with Flu2 and the 

universal one. Interestingly, the H1N1 challenge also stimulated the mice vaccinated 

with other effective antigens. The types of the increased titer were consistent with the 

vaccinated antigens, but not the challenge virus. An obvious increased antibody 

against H3N2 was shown in mice vaccinated with Flu3 and Flu4 (Fig. 3-10C). And the 

mice injected with Flu10 exhibited the increased antibody against H5N1 after the H1N1 

challenge (Fig. 3-10D). For those antigens the produced antibody lacking of the 

efficacy, still no antibody against HA protein was observed after the H1N1 challenge 

(Fig. 3-11). 

3.6 Conclusion 

To design a universal vaccine against variable influenza virus, ten synthetic peptide 

antigens, achieving the completed coverage of the influenza virus in database, were 

selected by bioinformatics analysis. CoPoP immunogenic liposome was demonstrated 

as a convenient and adequate carrier for His-tagged antigens. All these ten different 

influenza antigens could bind to a single CoPoP immunogenic liposome at same time 

through simple aqueous incubation. The antigens attached CoPoP immunogenic 

liposome elicited robust immune response in mice, and the mice vaccinated with the 

universal one generated antibody against all these ten antigens without interference. 

The antibody, from antigens Flu2, Flu3, Flu4 and Flu10, showed recognition to the 

subtypes of HA proteins, according with the sequence matching. And the CoPoP 

immunogenic liposome, containing these four peptide antigens, was able to covering 

97% HA strains in database. In spite of the failure to provide the protection in the 

influenza virus challenge, it is demonstrated an accessible strategy to design a 

universal vaccine against specific variable disease via multivalent CoPoP 

immunogenic liposome containing different antigens with completed coverage of 

specific disease. 
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3.7 Figures and Tables 

Sequence Purity (%) Expect/Found SASA/MSA Helix/Sheet 

#1 HHHHHHHRGLFG 93.6 3641.0/3641.0 861/2320 0.00/0.24 
AIAGFIEGGWTGM 

VDGWYGY 

#2 HHHHHHHLNKKV 97.4 3896.3/3895.3 417/2677 1.00/0.00 
DDGFLDIWTYNAE 

LLVLLEN 

#3 HHHHHHHTNEKF 98.0 4057.3/4056.6 1164/2817 0.32/0.08 
HQIEKEFSEVEGRI 

QDLEKY 

#4 HHHHHHHLWSYN 90.4 3866.2/3865.6 323/2491 1.00/0.00 
AELLVALENQHTI 

DLTDSEM 

#5 HHHHHHHVYRDE 95.3 3989.4/3989.0 771/1375* 0.44/0.00 
ALNNRFQIKGVEL 

KSGYKDW 

#6 HHHHHHHRYVKQ 95.0 3862.4/3862.5 719/1890* 0.00/0.24 
NTLKLATGMRNV 

PEKQTRGI 

#7 HHHHHHHGLRNIP 91.1 3577.0/3577.0 769/1987 0.00/0.16 
SIQSRGLFGAIAGF 

IEGGW 

#8 HHHHHHHYSTVA 91.1 3566.0/3566.0 - -
SSLVLLVSLGAISF 

WMCSNG 

#9 HHHHHHHEDGFL 96.5 3946.3/3945.8 400/2643 1.00/0.00 
DVWTYNAELLVL 

MENERTLD 

#10 HHHHHHHLFGAIA 99.3 3729.1/3728.8 1036/2507 0.20/0.12 
GFIEGGWQGMVD 

GWYGYHH 

Table 3-1. The analytical information of influenza peptides. (SASA=solvent accessible 
surface area, MSA=molecular surface area). 
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Figure 3-1. Bioinformation of the designed influenza antigens. A) With the given length, 
the number of peptides required for the desired coverage. B) Selected peptides’ 
sequence and their locations (red) on the corresponding HA proteins’ crystal structures. 
C) The covering number of HA protein strains for the selected sequence in 100% and 
70% matching conditions. D) The average sequence hit number of different subtype 
HA protein for the selected peptide antigens in 100% and 70% matching conditions. 
Bottom is the number of indicated subtype influenza strains in the database. 

79 



 

 

           

 
 

          

 
 

          

 
 

          

 
 

          

 

 

          

 
 

          

 
 

          

 
 

          

 

 

          

 
 

           

       
            

 

        

1 
0.9 

~ 0.8 
:I: 0.7 
5 0.6 
~ 0.5 
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0.1 

0 ...J...__.L..r-J...-___._,._-----1...r-~...L.....J...,....L---J....,..-L--....,.__ 

P1 P2 P3 P4 PS P6 P7 PB P9 P10 
2009 - Current□ 1965 - 2008□ 

1950 - 1964• 1930 - 1949 • 

Flu1 Flu2 Flu3 Flu4 Flu5 Flu6 Flu7 Flu8 Flu9 Flu10 

Fr180 A/California/04/2009 100 100 0 60 0 56 100 0 88 96 
(H1N1) 
Fr67 A/Solomon 100 96 0 60 0 44 100 0 84 96 
island/03/2006 (H1N1) 
Fr697 A/Norway/03/2009 100 100 0 60 0 60 96 0 88 96 
(H1N1) 
Fr61 A/Brisbane/10/2007 84 64 100 100 83 100 72 0 60 80 
(H3N2) 
Fr1416 84 64 100 100 83 92 72 0 60 80 
A/Switzerland/9715293/201 
3 (H3N2) 
Fr401 A/Hawaii/07/2009 84 64 100 100 83 100 72 0 60 80 
(H3N2) 
Fr59 A/Indonesia/05/2005 96 84 0 56 0 56 72 0 100 100 
(H5N1) 
Fr39 A/Vietnam/1203/2004 96 84 0 61 0 56 66 0 100 100 
(H5N1) 
Fr1418 96 84 39 56 0 57 71 0 100 100 
A/gyrfalcon/Washington/4 
1088-6/2014 (H5N8) 
Fr69 A/New York/107/2003 76 63 41 92 65 73 69 0 56 72 
(H7N2) 

Table 3-2. Sequence matching percentage to different subtype HA influenza strains 
for the selected antigens. The number showed the percentage (%) of the matching. 

Figure 3-2. The epidemic time for the influenza that the selected sequence matched. 
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Figure 3-3. CoPoP immunogenic liposome containing multivalent influenza antigens. 
A) Schematic illustration of the multivalent CoPoP immunogenic liposome. Different 
influenza antigens were attached on its surface through the chelation between CoPoP 
and histidine. B) The binding efficiency of the influenza antigens to the CoPoP 
liposome. The 2HPoP liposome was used as the negative control. C) The particles 
size for CoPoP liposome containing indicated influenza antigens. D) The dispersity for 
the CoPoP liposome containing indicated influenza antigens. Mean +/- std. dev. for 
n=3. 

Figure 3-4. The IgG antibody titer of the mice vaccinated with given influenza antigen 
against all types of influenza antigens. ICR mice were vaccinated with CoPoP 
immunogenic liposome containing the indicated influenza antigens at day 0, 21, 42 
and bleed on day 56. Each dose contained 2 µg antigen, 4 µg CoPoP and 4 µg MPLA. 
Antibody titer was assessed by ELISA using His-tagged peptide coated nicked plate, 

*N/M indicated the significant difference. Mean ± s.d. for n = 4 mice per group. 
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Figure 3-5. IgG antibody against the antigens for the mice vaccinated with indicated 
antigens combination. 
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Figure 3-7. IgG antibody against HA influenza protein for the mice vaccinated with 
indicated antigens combination. 

84 



 

 

 

         
         

   

 

       

~8 
100% match 
70% match! :::c 

Cl> 
(J 6 
C: 
Cl> 
~ 

[4 
en 
Cl> 

~J~~ J]J ~~~ e>2 n, ... 
Cl> 

~o 

c: 0.8 
0 

~ 0.6 
it 
lj; 0.4 
> 
0 
U 0.2 

0 
12342 103 8509 

12342 103 8509 259 

H1 H2 H3 HS 

100%match-
70% match c::::::::J 

259 
-
j ~~ 

117 10 37 25939 

Flu2 H1 H2 H3 HS H7 H9 Other NonHS 

c: 0.8 
.2 
~0.6 ... 
u.. 
li;0.4 

~ 
Uo.2 

0 
12342 103 -

8509 259 

100% match-
70%match = 

- - ~~ 
117 10 37 25939 

Flu4 H1 H2 H3 HS H7 H9 Other NonHS 

117 

H7 

0.8 
C: 
0 

~0.6 
E 
u.. 
... 0.4 
a, 
> 
80.2 

0 

10 37 2145825939 

H9 Other All NonHS 

100%match-
70% match c::::::::J 

- ~~ 
12342 103 8509 259 117 10 37 25939 

Flu3 H1 H2 H3 HS H7 H9 Other NonHS 

c: 0.8 
.2 
~ 0.6 
it 
li; 0.4 
> 
0 
U 0.2 

0 - -
12342 103 8509 259 

100% match-
70%match = 

- - I I 
117 10 37 25939 

Flu10 H1 H2 H3 HS H7 H9 Other NonHS 
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Figure 3-9. The covering fraction to subtype influenza strain for the Flu 2,3,4 and 10. 

85 



 

 

 

       
     

         
          

            
     

         

Q) 
C) 
C: 
Q) 

~ -5 
.s::. 
U-10 
ui 
~-15 

~-20 
C1I 
0 -25 

• 
--------------------------------------------

ft _i_ • • 
• • ~ -.if.....L. .. -r ..... 

• • 
~ co 3: -30-'---.....____.,_......____...__ ........ _ ...... 
Ill Flu2 Flu3 Flu4 Flu10 Univ Non 

serval Vacc 

C 2x106 

.. 
.S! 
; 5 
>, 2x10 
'C 
0 
.c .. 
C: 
C1I 4 
(!) 2x10 

~ 

H3N2 (Fr61) 

Flu2 Flu3 Flu4 Flu10 Univ- CoPoP 
ersal alone 

■ Pre-Challenge 
■ Post-Challenge 

B 

.. 
.S! 
.:; 5 
>, 2x10 
'C 
0 
.c .. 
C: 
C1I 4 
(!) 2x10 
~ 

2x10
3 

H1N1 (Fr180) 

Flu2 Flu3 Flu4 Flu10 Univ- CoPoP ersal alone 
■ Pre-Challenge 
■ Post-Challenge 

D 2x10
6 

H5N1 (Fr59) .. 
.S! 5 
:.::; 2x10 
>, 
'C 
0 
.c 

~ 2x10
4 

(!) 

~ 

Flu2 Flu3 Flu4 Flu10 Univ1- CoPoP 
ersa alone 

■ Pre-Challenge 
■ Post-Challenge 

Figure 3-10. The immunized mice challenged with H1N1 influenza virus. A) The 
bodyweight change 8 days post H1N1 influenza virus challenge. Mice were vaccinated 
on day 0, 22, 42 and challenged with H1N1 (A/PR/8/34) influenza virus intranasally on 
day 62. The body weight and was recorded every day at the same time. The IgG 
antibody titer against B) H1N1 (Fr180), C) H3N2 (Fr61) and D) H5N1 (Fr59) for the 
mice vaccinated with indicated antigens pre- and post-challenge, was assessed by 
ELISA. Mean ± s.d. for n = 4 mice per group. 
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influenza antigen after in vivo challenge with H1N1. 

87 



 

 

    
   

   

             

  

             

        

         

         

          

        

         

           

   

  

      

      

          

        

     

      

         

      

       

      

      

Chapter 4: Design of Hydrated Porphyrin‐Phospholipid 
Bilayers with Enhanced Magnetic Resonance Contrast 
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4.2 Abstract 

Porphyrin-phospholipid can chelate metals in the hydrophobic portion of bilayers, 

including Mn ions, which give rise to magnetic resonance (MR) contrast. However, 

limited water content within the bilayer diminishes longitudinal MR contrast, as this is 

based on the interaction of Mn with water. We used molecular dynamics (MD) 

simulations to design an amine modified porphyrin-phospholipid (“N-HPPH-lipid”) with 

increased intra-bilayer hydration and intra-leaflet hydrogen bonding between water 

and the amines. Following synthesis, N-HPPH-lipid (but not the original porphyrin-

phospholipid) could be readily hydrated into bilayers that formed liposome-like 

structures. Electron paramagnetic resonance studies were consistent with a bilayer 

perturbed with water. Despite the presence of intra bilayer water, N-HPPH-lipid 

liposomes were resistant to ester hydrolysis during storage and if used in small 
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amounts, could be formulated to successfully entrap cargo. When chelated with Mn, 

N-HPPH-lipid generated stronger water relaxation (compared to the original porphyrin-

phospholipid) in intact, but not disrupted, liposomes. The suitability of Mn-N-HPPH 

liposomes for in vivo imaging is demonstrated in mice. 

4.3 Introduction 

Phospholipids are building blocks of biological membranes [237], and they also form 

micelles and liposomes for drug delivery, imaging, photodynamic therapy, 

immunology and other applications [223, 238-240]. Neutron scattering, magic-angle 

spinning nuclear magnetic resonance, and femtosecond infrared spectroscopy have 

been used to study bilayer structures and intra-bilayer distribution of water, which 

decreases rapidly as a function of distance from the aqueous interface toward the 

central hydrophobic core of the bilayer [241-245]. Bilayer water permeability depends 

on numerous factors including the lipid head groups, fatty acyl chains, membrane 

thickness and surface density [246-251], and is crucial for MR contrast in MR imaging 

(MRI) using porphyrin-phospholipid (PoP) agents. 

2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) is a porphyrin derivative 

used in photodynamic therapy [252]. Liposome forming HPPH-lipids [225] are obtained 

by conjugating HPPH to a lyso-phospholipid. Mn, a paramagnetic contrast agent for 

MRI [253] has been chelated within the porphyrin macrocycle of such PoP bilayers for 

MR applications by Zheng and colleagues [67, 70, 254]. There is a fundamental 

caveat, however: since Mn is located inside the hydrophobic bilayer, only a small 

number of water molecules are accessible, which severely deteriorates MR contrast 

[74]. To overcome this, we report the design, synthesis and evaluation of an amine-

modified porphyrin-phospholipid which increases the water content of lipid bilayer and 

leads to enhanced MR contrast when chelated with Mn. 
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Hydrogen bonding is critical in determining the general properties of water [255] and 

thus also penetration of water and other molecules into bilayers [256, 257]. In bilayers, 

amine-rich lipids such as phophatidylethanolamines are capable of forming complex 

hydrogen bonding networks involving other lipids and water [257]. 

In this work, we examined an amine‐modified version of HPPH‐lipid, referred to as N‐

HPPH‐lipid. Based on the propensity for amines to undergo hydrogen bonding with 

water, we hypothesized that intra bilayer water content could be enhanced, thereby 

improving relaxivity for MR contrast generation in Mn‐PoP bilayers. 

4.4 Methods and Materials 

4.4.1 Materials 

Materials were obtained from Sigma unless otherwise noted. Spin-labeled 

phosphatidylcholines, 10 and 16-PC spin labels (1-acyl-2-[n-(4,4-dimethyloxazolidine-

N-oxyl)stearoyl]-sn-glycero-3-phosphocholine), cholesterol, synthetic 

phosphatidylcholine, DSPE-PEG-2K (1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] and DMPC (1,2-

dimyristoyl-sn-glycero-3-phosphocholine) were from Avanti Polar Lipids. 

4.4.2 Generation of PoP and PoP liposomes 
Boc-N-HPPH was synthesized from the pyropheophorbide-a and purified as previous 

described [258]. 4 ml 30% HBr/HOAc was added to 200 mg pyrophrophorbide-a in a 

round bottom flask. After 2 hrs stirring at room temperature, the solvent was removed 

under high vacuum. The residue was dissolved in 10 ml dry methylene chloride. 400 

mg 6-(tert-Butoxycarbonylamino)-1-hexanol and 300 mg potassium carbonate was 

added. The reaction mixture was stirred at room temperature for 2 hrs under argon 

and poured into 100 ml water. 3 x 100 ml methylene chloride was used to extract and 

collected. The organic layer was washed with 3 x 200 ml and dried over 10 g anhydrous 

sodium sulfate. The solvent was removed by rotary evaporation and the residue was 
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recrystallized in methylene chloride and hexane to give 150 mg product (54% yield). 

The product was confirmed by HPLC and the mass spectrometry (expected: 753; 

found: 753 M and 754 M+1). 

N-HPPH-lipid was synthesized by esterifying Boc-N-HPPH with 1-palmitoyl-2-hydroxy-

sn-glycero-3-phosphocholine (lyso-C16-PC, Avant #855675 P) at room temperature 

using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 4-

dimethylaminopyridine in chloroform at a 1:1:2:2 lyso-C16-PC:Boc-N-HPPH:EDC:4-

dimethylaminopyridine molar ratio for 24 hrs. The product was confirmed by HPLC and 

the mass spectrometry (expected: 1230; found: 616 1/2M+1). After the reaction, the 

chloroform was evaporated, 50% (v/v) trifluoroacetic and methylene chloride were 

added to the residue to remove the Boc protection. The mixture was stirred for 3 hrs 

at room temperature and solvent was removed by high vacuum. The crude product 

was purified by with diol silica gel and freeze dried in 80% t-butanol and 20% water 

solution. Purity was confirmed by HPLC (>95%) and identity was confirmed by mass 

spectrometry (expected: 1129; found: 1130 M+1 and 655 1/2M+1) . HPPH-lipid was 

synthesized as previously described [225]. 

Mn-N-HPPH-lipid and Mn-HPPH-lipid were synthesized as previously described [235]. 

20 excessive fold of Mn acetate were used and incubated with porphyrin-lipid for 30 

hrs in methanol in the dark. The solvent was removed and the metal-porphyrin lipid 

was extracted with chloroform:methanol:water 1:1.8:1 3 times. For the Mn-N-HPPH-

lipid, chloroform:water 1:1 was used for the extraction. The organic layer was collected 

and dried over anhydrous sodium sulfate. The solvent was removed by rotary 

evaporation and the product was freeze-dried. 

Liposomes were formulated by the thin film method. After dissolving lipids in a test 

tube, the organic solvent was evaporated by argon flow and the films were further dried 

under vacuum overnight. DD H2O or phosphate buffered saline (PBS) was added to 
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hydrate the lipid films by sonicating, freeze-thaw cycles. The liposome solution was 

extruded through a 100 nm polycarbonate membrane with a handheld extruder. 50 

mM sulforhodamine solution was used to hydrate the lipid film to form the cargo-load 

liposome. Free sulforhodamine was removed by a G-75 gel column. The liposome 

fraction was collected and dialyzed overnight. The liposome formulation for the 

absorbance experiment was 100% PoP or 50% PoP : 50% DMPC. For the cryo-

electron imaging, 50% N-HPPH-lipid : 50% DMPC formulation was used. For the cargo 

release experiment, the liposome formulation was 2%-10% N-HPPH-lipid : 35% 

cholesterol : 63%-55% DMPC. For the in vitro experiment, the liposome formulation 

was 50% PoP : 50% DMPC and for the in vivo experiment, the liposome formulation 

was 45% PoP : 50% DMPC : 5% DSPE-PEG-2K. All the formulation was the molar 

ratio. The lipid concentration for in vivo experiment was 20 mg/ml scale and for the 

other experiment, it was 2 mg/ml scale. 

4.4.3 Molecular Dynamics (MD) Simulations 

Two membrane bilayer systems composed of HPPH-lipids and N-HPPH-lipids were 

simulated using classical MD. Each bilayer contains 128 lipid molecules (64 molecules 

per leaflet) of a single lipid type, i.e. either HPPH or N-HPPH. The topology of the 

HPPH-lipid molecule was inherited from our previously published simulation protocol 

[225] using the GROMOS 53a6 force-field [259]. This topology was then modified to 

accommodate the amino group NH3+ whose topology was reproduced from the similar 

amino group in the same force field. The HPPH and N-HPPH bilayer systems were 

fully solvated with 8986 and 10166 water molecules of Simple Point Charge (SPC) 

model, respectively [260]. 

The hydrated bilayer systems underwent a careful equilibration process including a 

steepest decent procedure to minimize the system's potential energy, an NVT 

(constant particle number, volume and temperature) heating procedure with the 

Berendsen weak coupling thermostat [261] to gradually heat the whole system to the 
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desired temperature of 310 K over 500 ps, an NVT annealing procedure to heat the 

membrane to 500 K and then allow it to cool down to 310 K while water positions were 

restrained over the course of 200 ps. Then a non-restraint NPT (constant particle 

number, pressure and temperature) procedure of 500 ps was applied to further 

equilibrate the whole system at the temperature of 310 K and pressure of 1 bar using 

the v-rescale algorithm [262] and Parrinello-Rahman barostat [263]. After the above 

equilibration, a production run was carried out for 2.8 µs using the same NPT 

procedure as in the last step of the equilibration process. 

All simulations were performed using the GROMACS software version 4 [264] and the 

GROMOS 53a6 force-field [259] . Although CHARMM36 appears to be the best force 

field for lipids at this time, GROMOS 53a6 has been shown to perform well and, due 

to its united atom nature, is computationally much more efficient than the all-atom 

CHARMM36 [265]. Periodic boundary conditions were applied in all directions. During 

the production phase, the Particle-Mesh Ewald method [266] was employed with a real 

space cutoff of 1.2 nm. The same cutoff was also used for the van der Waals 

interactions. The time-step was 2 fs. Membrane and water were coupled independently 

to the heat bath. The above equilibration and simulation protocols, and the applied 

methods have been used and tested by us and others [267, 268]. 

4.4.4 Cryo-electron Microscopy 

Holey carbon grids (c-flat CF-2/2-2C-T) were treated with chloroform for ~ 10 hrs and 

then glow discharged at 5 mA for 15 seconds right before applying the sample to the 

grid. Approximately 3.4 µl of 50% N-HPPH-liposome at 2 mg/ml solubilized in water 

were deposited directly on the electron microscopy grid. Grids were then blotted and 

plunged in liquid ethane at -180 °C using a Vitrobot (FEI). Temperature of the Vitrobot 

chamber was maintained at 25 °C and the relative humidity at 100% during the 

vitrification process. The grid was loaded into the FEI Tecnai F20 electron microscope 
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operated at 200kV and a nominal magnification of 7,800x using a Gatan 626 single tilt 

cryo-holder. 

Movies were captured with a Gatan K2 Summit direct detector device camera. This 

detector was used in counting movie mode with five electrons per pixel per second for 

15 seconds exposures and 0.5 seconds per frame. This method produced movies 

consisting of 30 frames with an exposure rate of ~1 e-/Å2. Movies were collected with 

a nominal defocus 3.5 µm and a nominal magnification of 7,800x, which produced 

images with a calibrated pixel size of 4.64 Å. Frames were aligned using the program 

alignframesleastsquares_list.exe and averaged into one single micrograph with the 

shiftframes_list.exe program from the Rubinstein group 

(https://sites.google.com/site/rubinsteingroup/home). These programs perform whole 

frame alignment of the movies using previously published motion correction algorithms 

[269]. 

4.4.5 X-ray Diffraction 

Preparation of Synthetic Membrane Samples 
Highly oriented, multi-lamellar membranes were prepared on polished 1 x 1 cm2 silicon 

wafers. The wafers were first pre-treated by sonication in dichloromethane (DCM) at 

310 K for 25 minutes to remove all organic contamination and to create a hydrophobic 

substrate. After removal from the DCM post-sonication, each wafer was thoroughly 

rinsed three times by alternating with ~50 ml of ultra-pure water (18 MΩ cm) and 

methanol. Samples containing HPPH, N-HPPH, HPPH+50mol% DMPC, and N-HPPH 

+ 50mol% DMPC were acquired and dissolved in 1:1 mixture of trifluoroethanol 

(TFE):chloroform at a concentration of 15 mg/ml. 

A tilting incubator was heated to 313 K and the lipid solutions placed inside to 

equilibrate. 85 µl of lipid solution was deposited on each wafer and the solvent was 

then allowed to slowly evaporate for ~10 minutes while being gently rocked, such that 

the lipid solution spread evenly on the wafers. After drying, the membrane samples 
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were placed in vacuum at 313 K for 12 hrs to remove all traces of solvent. About 3000 

highly oriented stacked membranes with a total thickness of ~10 µm are typically 

produced using this protocol [270-272]. 

X-ray scattering experiments 
Out-of-plane X-ray scattering data was obtained using the Biological Large Angle 

Diffraction Experiment (BLADE) in the Laboratory for Membrane and Protein Dynamics 

at McMaster University. BLADE uses a 9 kW (45 kV, 200 mA) CuK-α Rigaku Smartlab 

rotating anode at a wavelength of 0.15418 nm. Both source and detector are mounted 

on moveable arms, such that the membranes stay horizontal during measurements. 

Focussing, multi-layer optics provide a high intensity parallel beam with 

monochromatic X-ray intensities up to 1010 counts/(s mm2). This beam geometry 

provides optimal illumination of the membrane samples to maximize the scattered 

signal. 

Samples were placed in a temperature and humidity controlled chamber during 

scanning. The chamber contained a trough with a saturated solution of either K2SO4 

or NaCl to produce atmospheres with 97% and 75% relative humidity (RH), 

respectively. Out-of-plane diffraction measurements were then taken of each sample. 

Initially, quick scans (10 minutes in duration) were taken to observe the water uptake 

of the membranes. After equilibration, longer scans were acquired to obtain higher 

resolution data for structural analysis. 

Out-of-plane structure and electron densities 
The out-of-plane structure of the membranes was determined using the out-of-plane 

X-ray diffraction in Fig 4-10C. The membrane electron density, ρ(z), is approximated 

by a 1-dimensional Fourier analysis [273, 274]: 

2 2𝜋𝑛𝑧 𝑁 𝜌(𝑧) = ∑𝑛=1 𝐹(𝑞𝑛) cos( )
𝑑𝑧 𝑑𝑧 

2𝜋𝑛𝑧 𝑁 = ∑ 𝑣𝑛cos( ) , (1) 𝑛=1 √𝐼𝑛𝑞𝑛 𝑑𝑧 𝑑𝑧 

95 

2 



 

 

             

           

          

        

           

 

        

           

          

       

      

     

     

    

       

         

           

   

          

       

     

        

          

          

      

where N is the highest order of the Bragg peaks observed in the experiment. The 

integrated peak intensities, In, are multiplied by qn to generate the form factors, F(qn). 

The bilayer form factor, which is in general a complex quantity, is real-valued when the 

structure is centro-symmetric. The phase problem of crystallography, therefore, 

simplifies to the sign problem F(qz) = ± |F(qz)| and the phases, νn, can only take the 

values ±1. 

The calculated electron densities, ρ(z), which are initially on an arbitrary scale, were 

then scaled until the total number of electrons, e-, across a membrane leaflet, 𝑒− = 

𝑑𝑧/2 
𝐴𝐿 ∫0 

𝜌(𝑧)𝑑𝑧 agreed with the total number of electrons calculated based on the 

sample composition. The spacing between two neighbouring membranes in the stack, 

dz, was determined from the distance between the Bragg reflections (dz = 2π/∆qz) 

along the out-of-plane axis, qz. 

4.4.6 Electron Spin Resonance (ESR) Spectroscopy 

Spin-labeled phosphatidylcholines were incorporated in mixed bilayer membranes of 

DMPC and PoP at a relative concentration of 0.5 mol% by drying down the lipid 

solutions in chloroform/methanol and then suspending the dry lipid in water or 

appropriate salt solution above the chain melt temperature for at least 10 min. The 

DMPC:HPPH-lipid or DMPC:N-HPPH-lipid ratio in samples studied varied from 1:1 to 

~ 12:1. Aliquots of the dispersions containing 1 mg of the lipid were transferred into 50 

µl, 0.7 mm inner diameter glass capillaries and spun down for 10 min at 10000g. The 

centrifuge was supplied with a capillary (microhematocrit) rotor. 

The ESR spectra from the labeled lipids were analyzed using the NLLS fitting program 

based on the stochastic Liouville equation [275, 276] using the MOMD or Microscopic 

Order Macroscopic Disorder model as in previous studies [277, 278]. The magnetic A-

tensor and g-tensor components for PC spin labels were used as in [278]. 
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4.4.7 Liposome Stability and Cargo Release 
The porphyrin liposome stability was based on the porphyrin molecule fluorescence 

quenching. The fluorescence quenching equaled to 1-(Ffinal - Finitial) / FTx-100. Cargo 

release was based on the cargo (sulforhodamine B) fluorescence. The cargo 

fluorescence was quenched when loaded in the liposome and it recovered after adding 

Tx-100 detergent. The fluorescence was measured by Tecan. For the different N-

HPPH-lipid ratio cargo release experiment, the fluorescence of sulforhodamine B was 

measured before and after 24 hrs PBS dialysis. Before measuring, Tx-100 was added 

to recover the sulforhodamine B fluorescence. The cargo leakage during the dialysis 

equaled to (1- Fafter / Fbefore) × 100%. For the 2% N-HPPH-liposome loading stability 

experiment, incubation condition was PBS or 50% fetal bovine serum. The 

fluorescence of sulforhodamine B was measured at 24 hrs and 48 hrs time point. The 

cargo release equaled to [(F24/48 – Finitial) / FTx-100] × 100%. 

For liposome stability in various buffers, liposomes formed with a molar ratio of [50:5:45] 

[DMPC:DSPE-PEG-2K:PoP] were incubated in different buffers and the fluorescence 

of samples was measured at different time points. Tx-100 was added finally to 

determine the fluorescence of fully disrupted structures. 

4.4.8 Biological Studies 
Animal studies were carried out in accordance with IACUC protocols of Roswell Park 

Cancer Institute and University at Buffalo. 

MR imaging 
Magnetic resonance images were acquired on a 4.7 Tesla preclinical scanner using 

the ParaVision 3.0.2 platform (Bruker Biospin, Billerica, MA). A custom-built 35 mm 

(ID) radiofrequency coil (m2m Imaging, Cleveland, OH) was used to encompass the 

thorax and abdomen of the mice. Mice were anesthetized with isoflurane and body 

temperature and respiration were monitored with an MR-compatible monitoring system 

(SA Instruments, Stony Brook, NY). Two NMR tubes containing 1mM and 2mM CuSO4 

in 1% agarose were included for inter-scan signal normalization. Following localizer 
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scans, a T1-weighted, spoiled-gradient echo scan (TE/TR/flip angle = 3/15/40, field of 

view = 48x32x32 mm, matrix = 192x96x96, NEX=2) was acquired prior to 

administration of Mn-N-HPPH-liposome to provide baseline intensity values. Mn-N-

HPPH-liposome were injected intravenously at a concentration of 0.1 mmol/kg and 

mice were re-imaged immediately, 6 hrs and 24 hrs after administration. Imaging data 

were reconstructed to isotropic voxel size of 187 micron and processed on 

commercially available software (Analyze 7.0, AnalyzeFDirect, Overland Park, KS). 

Regions of interests were drawn for the inferior vena cava and liver and intensity values 

sampled for each time point. 

Pharmacokinetics 
Female BALB/c mice (18-20 g) were intravenously injected via tail vein with 200 µl 20 

mg/ml N-HPPH-lipid liposomes (DMPC:N-HPPH-lipid:DSPE-PEG-2K 50:45:5), n = 5. 

Small blood volumes were sampled at 0.5, 2, 4, 9, 24, and 48 hrs post-injection. Serum 

was collected and diluted 100 times in PBS buffer (1% Tx-100). The final solution 

samples were measured and analyzed by fluorescence. The N-HPPH-lipid 

fluorescence was determined by standard curve. Noncomparmental pharmacokinetics 

parameters were analyzed by PKsolver software. 

Toxicity 
In vitro toxicity was assessed with Caco-2 cells that were obtained from ATCC and 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS and 

1% penicillin/ streptomycin at 5% CO2. Caco-2 cells were seeded at 2x104 cells per 

well in a 96-well plate and allowed to adhere for 24 hrs. Liposomes composed of 

various lipids were added to wells at the indicated concentration. Cells maintained in 

DMEM with FBS were incubated with liposomes for 48 hrs. After 48 hrs, media was 

removed and cells were washed with PBS once. 100 µl of PBS containing XTT at 50 

µg/ml and PMS at 30 µg/ml was added to each well and incubated for 2 hrs at 37 °C. 

Absorbance of the XTT treated wells was measured at 450 nm. Reference was based 

on the absorbance measurement at 630 nm. Cell viability was calculated as the ratio 
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of treated wells to untreated wells. Average of triplicate data was used to calculate cell 

viability. Error bars indicated standard deviation with respect to the average cell 

viability. For in vivo acute toxicity, female BALB/c was (16-19 g) were intravenously 

injected via tail vein with 200 µl 20 mg/ml N-HPPH-liposome (DMPC:N-HPPH-

lipid:DSPE-PEG-2K 50:45:5) or PBS buffer, n = 5. The body weight of mice was 

monitored and measured at day 1, 3, 6, 8 and 10 post-injection. 

4.5 Results and Discussion 

The chemical structures of HPPH-lipid and amine-modified N-HPPH-lipid, as well as 

their Mn-chelated analogs are shown in Fig. 4-1. Full synthetic details and analytical 

information are provided in Fig. 4-2, 4-3, 4-4. Both the N-HPPH-lipid and Mn-N-HPPH-

lipid were capable of forming nanoparticles. Their absorbance spectra are shown in 

Fig. 4-5. 

Molecular dynamic (MD) simulations were used to initially test this hypothesis. 

Simulations were based on our previously developed PoP force fields [225]. Relative 

to HPPH‐lipid, the addition of the amino group in N‐HPPH‐lipid resulted in a substantial 

increase in water into the hydrophobic bilayer. As shown in Fig. 4- 6A and Fig. 4-6B, 

water molecules penetrated into the middle of the N‐HPPH‐lipid bilayer while no water 

molecules were observed in the middle of the HPPH‐lipid bilayer. Inter‐leaflet hydrogen 

bonds formed by amino groups accounted for more than 50% of the total inter‐leaflet 

hydrogen bonds for the N‐HPPH bilayer (Fig. 4-6C). The numbers of water molecules 

per nm3 in both cases are shown in Fig. 4-6D, where the z‐axis represents the bilayer 

normal direction from the center of the bilayer. In between the bilayers, at every z‐

coordinate, water density in the N‐HPPH‐lipid system was higher than that in the 

HPPH‐lipid one. Within 1 nm from the center of the bilayer, there were no water 

molecules in the HPPH‐lipid bilayer, whereas there was more than one water per 

nm3 in N‐HPPH‐lipid bilayers (Fig 4-6E). Fig. 4-6F shows the density of either amino 
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groups in N‐HPPH‐lipid bilayers or methyl groups in the HPPH‐lipid bilayers. The 

methyl groups of the HPPH‐lipids were distributed mostly at the vertical center of the 

two leaflets while the amino groups of the N‐HPPH‐lipids were more disordered with 

some of them pointing out to the solvent to form hydrogen bonds with water molecules. 

The more disordered state of the amino groups also caused the area per lipid of the N‐

HPPH‐lipid system to be larger than that of the HPPH one (0.95 ± 0.01 vs 0.89 ± 0.01 

nm2). At the same time, the thickness of the simulated N‐HPPH‐lipid bilayer was 

slightly thinner than that of the HPPH‐lipid one (4.45 nm vs 4.49 nm; Fig. 4-7). The 

thickness between the most highly electron distributed layers was 2.80 nm for N‐

HPPH‐lipid and 2.99 nm for HPPH‐lipid. The center of the bilayer had the highest free 

energy barrier against penetration of water molecules. The amino group lowers the 

barrier and allowed more water molecules to stay in this area. Hydrogen bonding 

between water molecules and the amino groups was the cause of water permeation. 

Having established a theoretical basis for bilayer hydration in silico, we examined 

these compounds experimentally. Compared to HPPH‐lipid, dry films of N‐HPPH‐lipid 

were rapidly solubilized following water addition. For both a 100% PoP and a 1:1 molar 

ratio PoP:dimyristoylphosphatidylcholine(DMPC) formulation, only N‐HPPH‐lipid 

could be fully dissolved after brief water addition and shaking. The N‐HPPH‐lipid 

sample became a dark solution free of aggregation after half a minute of vortex shaking, 

but HPPH‐lipid barely dissolved. For the HPPH‐lipid, a 1:1 PoP:DMPC formulation 

showed only slightly improved rapid dissolution. After brief hydration with water, 

intense Soret and Q band absorption peaks were observed with N‐HPPH‐lipid, but not 

HPPH‐lipid (Fig. 4-8A). N‐HPPH‐lipid was nearly completely solubilized, as compared 

to less than 10% of HPPH‐lipid (Fig. 4-8B). The average diameter of N‐HPPH‐lipid 

structures was about 80 nm based on light scattering after extrusion (Fig. 4-9A). 

Vesicular, liposome‐like structures were observed by cryoelectron microscopy (Fig. 4-

9B) and confirmed that bilayers are formed by N‐HPPH‐lipid. 
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Out‐of‐plane X‐ray diffraction measurements of PoP bilayer were taken at a high 

hydration level at 97% relative humidity (RH). As demonstrated in Fig. 4-10A, in pure 

PoP samples, only broad, diffuse scattering was observed, indicating the lipids did not 

form bilayers under these conditions. However, the membrane profile of a 1:1 molar 

ratio HPPH‐lipid:DMPC showed a series of evenly spaced Bragg‐peaks indicating a 

well‐ordered, lamellar structure with spacing of dz = 6.4 nm. The presence of DMPC, 

which is in its solid ordered (gel) phase under the experimental conditions, likely 

favored formation of stacked bilayers. However, N‐HPPH‐lipid:DMPC did not show a 

stable, ordered lamellar sample during hydration (Fig. 4-10B). While Bragg‐peaks 

were initially present, the sample quickly swelled (increasing dz) until the Bragg‐peak 

disappeared and only diffuse features remained. PoP:DMPC samples were therefore 

scanned at a reduced hydration at 75% RH to stabilize a lamellar structure for the 

structural analysis (Fig. 4-10C). A number of Bragg peaks were observed with lamellar 

spacings of dz = 5.98 and 5.36 nm for HPPH‐lipid and N‐HPPH‐lipid, respectively. 

The observed X‐ray diffraction bilayer thickness of N‐HPPH‐lipid was consistent with 

cryo‐TEM measurements of the liposomal bilayer of the same composition (5.36 and 

5.34 nm, respectively). Consistent with the X‐ray diffraction data, previous cryo‐TEM 

measurements of bilayers containing conventional PoPs (e.g., HPPH‐lipid) gave rise 

to thicker bilayers. 

Braggs peaks were used to produce electron‐density‐profiles for an analysis of the 

real‐space membrane structure. The electron density profiles are shown in Fig. 4-11A. 

The peak in the profile at z ∼ 2.0 nm indicates the position of the electron richer head 

groups; z = 0 nm represents the center of the bilayer. From the peak, the bilayer head‐

to‐head distance, dHH, was determined. The width of the water layer was calculated 

using the relation dW = dz – dHH. dW for 1:1 HPPH‐lipid:DMPC bilayers was 1.6 nm; 

and dW was 1.92 nm for 1:1 N‐HPPH‐lipid:DMPC bilayers. The N‐HPPH‐lipid bilayer 

101 



 

 

      

          

           

         

      

       

     

     

             

          

         

       

           

         

       

      

       

      

       

           

         

       

           

         

        

attracted an additional 10 waters/lipid compared to HPPH‐lipid. In addition, there was 

a difference in electron density at the bilayer center caused by additional water 

molecules. At z = 0 nm, there is an additional 5 e−/nm3 in electron density, 

corresponding to about 0.5 water molecules per lipid molecule at 75% RH (Fig. 4-11B). 

Electron spin resonance (ESR) can analyze lipid bilayer structures [279-282]. In 

accordance with the MD results, ESR showed more lipid layer disturbance in the N‐

HPPH‐liposome hydrophobic layer suggesting that more water molecules can enter it. 

Experiments with spin‐labeled phospholipids, 10‐ and 16‐ phosphatidylcholine (PC) 

spin labels (1‐acyl‐2‐[n‐(4,4‐dimethyloxazolidine‐N‐oxyl)stearoyl]‐sn‐glycero‐3‐

phosphocholine with n = 10 and 16) showed that at DMPC/PoP ratio equal or above 

3:1, the mixed bilayer behaved similarly to a pure DMPC bilayer. Spectra were 

generally similar to pure DMPC although differ in mobility and ordering parameters. 

The main chain transition could be detected by quick spectral changes within a narrow 

temperature range and was slightly shifted down in temperature (e.g., ≈<2°C at 7:1 

ratio) and broadened. Samples with a 1:1 ratio, though, showed spectra indicative of 

much slower rate of molecular motion for the nitroxide reporter group and substantial 

exchange broadening indicative of poor mixing of spin‐labeled phosphatidylcholines 

with the rest of lipid phase causing formation of their aggregates. N‐HPPH‐lipid and 

HPPH‐lipid showed noticeable difference in the ESR lineshapes for the whole range 

of DMPC/PoP ratios studied. To simulate the ESR spectra and to extract ordering 

information from them we used a non‐linear least squares algorithm [276]. The order 

parameter S0 corresponds to the rotation of the molecular long axis in the liquid crystal 

restricted within an orienting potential that can be simply approximated 

as: 𝑈(𝜃) =λ·cos2𝜃, where λ is the strength of the potential. The ordering of the lipid 

chain relative to the bilayer normal can then be expressed as canonically weighted 

average value of the 2nd order Legendre polynomial [275] as 
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1 
J;(3cos2 0- l)exp[-W } in0d0 

S0 = 2 j• [ U(0)] . 0d0 
0 

exp - --,;:r sm 
(1) 

The best fits of ESR spectra obtained using a simple ordering potential with only one 

coefficient for 10PC in DMPC with 25 mol% of either N‐HPPH‐lipid or HPPH‐lipid yield 

the order parameter S0 = 0.22 and 0.3 respectively. However, to better simulate the 

shape of the hyperfine component with IN = –1 one may need to introduce an additional 

coefficient assuming that the most favored direction of the diffusion axis forms a cone 

relative to the membrane normal (Fig. 4-11C) [283]. Also in this case the best fit for N‐

HPPH‐lipid corresponds to lower chain order as well as to a larger value of the cone 

angle (0.19 vs 0.29 and 44° vs 39°) compared to HPPH‐lipid, indicating substantial 

bilayer disturbance by the amino compound. 

Despite the presence of intra bilayer water in N‐HPPH‐lipid liposomes, as determined 

by multiple lines of experimental evidence, no hydrolysis of the ester linkage between 

porphyrin and lipid was detected for over a month of storage in aqueous solution 

(Fig. 4-11D). 

Liposome composition is a key factor to determine its stability, clearance time, and 

cargo release rate [284-286]. Due to a more hydrophilic bilayer, N‐HPPH‐lipid resulted 

in greater cargo leakage from liposomes. Water soluble sulforhodamine B was used 

as a model cargo. For HPPH‐lipid liposomes, only minor leakage was observed after 

24 hrs incubation with 2%, 6%, and 10% PoP in a conventional liposome formulation 

consisting of a polyethylene glycol (PEG)‐lipid, DMPC, and cholesterol (Chol). 

However, as the N‐HPPH‐lipid composition increased, the liposomes became 

markedly leaky (Fig. 4-12A). Despite leakage, the liposome structure remained stable 

in a self‐assembled state, based on the fluorescence self‐quenching of the PoP 

(Fig. 4-12B). Although N‐HPPH‐lipid resulted in more cargo leakage, when containing 

just 2% N‐HPPH‐lipid, liposomes stably entrapped cargo. In 50% serum, cargo 
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leakage was just 12% over 24 hrs (Fig. 4-12C). Thus, N‐HPPH‐liposome has the 

potential to form stable or leaky liposomes depending on the PoP content in the 

liposome. Self‐quenching of N‐HPPH‐lipid and Mn‐HPPH‐lipid was assessed in 

different buffers as shown in Fig. 4-13. In serum‐free buffers (phosphate buffered 

saline, PBS; and cell media), no unquenching was observed, indicating the bilayer 

remains intact. In fetal bovine serum, a limited degree (<20%) of unquenching occurred, 

indicating that the PoPs might partially exchange with serum components with this 

formulation. Because detergent‐solubilized Mn‐PoPs are substantially less fluorescent 

compared to free base PoPs, the propensity for the Mn to leave the macrocycle was 

assessed by fluorescence during incubation in various buffers, followed by detergent 

disruption to avoid self‐quenching fluorescence effects. As shown in Fig. 4-14, no 

detectable dechelation of the Mn was observed during up to 24 hrs incubation in low 

pH or serum, demonstrating the Mn is stable in the macrocycle in those conditions. 

PoP nanostructures have been explored for MRI contrast when Mn2+ is inserted into 

the porphyrin. However, bilayer hydrophobicity restricts the interaction of water 

molecules with the paramagnetic metal [74]. Improved access of water molecules to 

the Mn ion is predicted to increase the effectiveness of Mn‐PoP as MRI contrast agents. 

With Mn chelation of the PoP, the amine modification induced a 150% higher T1 

relaxivity (mm s)−1, going from 0.98 for Mn‐HPPH‐lipid liposomes to 2.46 for Mn‐N‐

HPPH‐lipid liposomes (Fig. 4-15A). However, with the addition of Tx‐100 detergent, 

both samples demonstrated nearly equal T1 relaxation rates (Fig. 4-15B) indicating it 

is the bilayer structure and water therein that causes the T1 relaxivity differences 

between the two types of Mn‐PoPs. Mn‐HPPH‐lipid showed over a five-fold change in 

relaxivity with detergent disruption, whereas N‐HPPH‐lipid changed less than 1.5 fold 

(Fig. 4-15C). 
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The suitability of Mn‐N‐HPPH‐liposomes as an MRI contrast agent was investigated in 

mice following intravenous injection. An increase of MR signal in blood and liver was 

visible post-injection (Fig. 4-15D). The signal in blood increased immediately post-

injection and subsequently decreased to near baseline levels by 6 hrs. Accumulation 

and retention in the liver lasted up to 24 hrs, presumably due to uptake of the liposomes 

by the reticuloendothelial system (Fig. 4-15E). 

No acute toxicity was observed during MR imaging of the amine‐modified PoP 

liposomes. Additional characterization of N‐HPPH‐lipid in vitro and in vivo was 

assessed. In vitro, in Caco‐2 cells, no cytotoxicity trends were observed with 48 hrs 

incubation of Caco‐2 cells at increasing PoP or Mn‐PoPs at concentrations up to 0.2 

× 10-3 M (Fig. 4-16). Using the same formulation used for MR imaging, PEGylated N‐

HPPH‐lipid liposomes exhibited an 8.2 hrs half‐life, based on a noncompartment model 

(Fig. 4-17). To further probe the toxicity of N‐HPPH‐liposome, the body weight of mice 

was monitored following intravenous administration of N‐HPPH‐liposomes with an 

equivalent formulation and dose as the MR imaging study. Over the course of the 10 

days monitoring period, no behavioral changes or body weight loss was observed in 

the N‐HPPH‐lipid liposome treatment group, compared to a PBS control group (Fig. 4-

18). Although more in depth toxicity studies are required, it appears that N‐HPPH‐lipid 

does not induce acute toxicity at functional doses. 

4.6 Conclusions 

MD simulations were used to evaluate an amino‐modified porphyrin‐phospholipid; N‐

HPPH‐lipid. Simulations predicted enhanced water distribution within the bilayer. This 

was supported by multiple lines of experimental evidence. N‐HPPH‐lipid liposomes 

gave rise to superior MR contrast when chelated with Mn and could be used safely for 

MRI in mice. 
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Figure 4-1. Structure of the porphyrin-phospholipids (PoPs) used in this study. 

Figure 4-2. Synthesis of pyropheophorbide-a to Boc-N-HPPH. HPLC spectrum and 
MS spectrum are shown. 
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Figure 4-3. Synthesis of Boc-N-HPPH to Boc-N-HPPH-lipid. HPLC spectrum and MS 
spectrum were shown. 

Figure 4-4. Deprotection of Boc group. The HPLC and MS spectrum of the final 
product N-HPPH-lipid are shown. 

107 



 

 

 

     
       

          
       

Wavelength (nm) 
--N-HPPH-lipid - N-HPPH-lipid liposome 
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Figure 4-5. Absorbance of N-HPPH lipid, Mn-N-HPPH-lipid, N-HPPH-liposome and 
Mn-N-HPPH-liposome. The liposome was formulated by PoP and DMPC with the 
molar ratio 50:50. The spectra were normalized by the Soret band peak. The lipids 
were measured in chloroform and the liposomes were measured in water. 
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Figure 4-6. PoP MD simulations. A snapshot of a bilayer composed of A) HPPH‐lipid 

and B) N‐HPPH‐lipid. Water molecules are shown as red spheres and lipids as gray 
wires. C) Close‐up of the N‐HPPH‐lipid bilayer showing a cluster of water bonding with 

the amine group (blue–gray) in the lipid tail region. D,E) Water density profiles of N‐
HPPH‐lipid and HPPH‐lipid bilayers along the bilayer z position. F) Amino or methyl 
group bilayer density for PoP bilayers formed from N‐HPPH‐lipid or HPPH‐lipid, 
respectively. 
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Figure 4-7. Total electron density based on MD simulations of HPPH-lipid and N-
HPPH-lipid bilayers. 

Figure 4-8. N-HPPH-lipid bilayers with enhanced hydration. A) Absorption of hydrated 
lipid films and B) soluble PoP following water addition and brief vortexing of lipid films 
composed of indicated lipids. 

Figure 4-9. A) Dynamic light scattering showed the size of N-HPPH-liposome and B) 
Cryoelectron micrographs of structures formed by N-HPPH-lipid. 50 nm scale bar is 
shown. 
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Figure 4-10. Out-of plane X-ray diffraction measurements of oriented membrane 
samples. Molar ratios of PoP and DMPC compositions are indicated, as well as the 
relative humidities (RH). 

Figure 4-11. A, B) Bilayer electron density determined by X‐ray diffraction in bilayers 
formed with a 1:1 DMPC:PoP molar ratio. C) Electron spin resonance spectra showing 

differences in lipid ordering between N‐HPPH‐lipid and HPPH‐lipid bilayers (containing 
DMPC and PoP and probed with 0.5 molar% 10 PC spin label). D) Hydrolysis 

resistance of N‐HPPH‐lipid liposomes during aqueous storage. Data show mean ± SD. 
for n = 3. 
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Figure 4-12. A) Sulforhodamine B leakage over 24 hrs in saline, in liposomes 
containing indicated molar percentage of PoP, together with 35 mol% Chol and the 
remaining composition of DMPC. B) Structural intactness of cargo‐loaded, N‐HPPH‐
liposomes (PoP:DMPC:Chol; 10:35:55 molar ratio) based on fluorescence self‐
quenching. C) The loading stability of 2% N-HPPH-liposome in PBS and 50% FBS. 
Sulforhodamine B was used as the cargo. The liposome solution was dialyzed before 
starting this experiment. Data show mean ± SD. for n = 3. 

Figure 4-13. Unquenching of PoPs in indicated buffers over time. Liposome 
formulation was PoP:DMPC 1:1 in molar ratio. 

Figure 4-14. Stabilty of Mn chelation during incubation in indicated buffers over time. 
If the Mn was to exit the PoP, a restoration in fluorescence would be observed. The 
liposome formulation was PoP:DMPC 1:1 in molar ratio. 
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Figure 4-15. MR contrast with Mn‐N‐HPPH liposomes. A) T1 relaxivity for indicated 

PoP liposomes. B) T1 rates for PoP liposomes at 0.1 × 10–3 M PoP. Tx‐100 detergent 
(“+ det.”) lysed the liposomes. C) Detergent‐induced relaxivity enhancement of PoP 

liposomes. D) Representative T1‐weighted MRI of a BALB/c mouse IV injected with 
Mn‐N‐HPPH liposomes. Immediate and sustained signal enhancement was seen in 
the liver (L) for up to 24 hrs, while enhancement in the inferior vena cava (arrow heads) 
peaked immediately after injection but returned to baseline. Stomach (arrows) and 
kidneys (K) are labeled for anatomical reference. Scale is arbitrary units following 
signal normalization by phantoms. E) MR signal in blood and liver of mouse. In vitro 
experiments used 1:1 PoP:DMPC and in vivo experiments used [5:45:50] [DSPE‐PEG-

2K:N‐HPPH‐lipid:DMPC]. Data show mean ± SD, n = 3. 

Figure 4-16. In vitro cytotoxicity of various PoP and MnPoP liposomes ([PoP:DMPC] 
molar ratio [1:1]. Caco-2 cells were incubated with liposomes at indicated 
concentrations for 48 hrs and XTT assay was then performed. 
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Figure 4-17. Blood circulation parameters of of N-HPPH-lipid in liposomes 
[PoP:DMPC:DSPE-PEG 2k] [45:50:5] following intravenous injection of 120 mg/kg N-
HPPH-lipid. Data show mean +/ std. dev. for n=5 mice per group. 

Figure 4-18. Mouse body weights following intravenous injection of N-HPPH-lipid 
[PoP:DMPC:DSPE-PEG 2k] [45:50:5], 120 mg/kg PoP. Data show mean +/- std. dev. 
for n=5 mice per group. 
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Chapter 5: Conclusions and Future Directions 

5.1 Conclusions 

The central metals in the metalloporphyrins can enable axial coordination for other 

ligands, extending the diversity of metalloporphyrin nanomaterials. This approach is 

not unexpected as heme is coordinated to hemoglobin in such a manner. However, 

metalloporphyrin nanoparticles could be modified with various functional groups via 

axial coordination following nanoparticle formation. Through conjugating with lyso-lipid, 

the metalloporphyrin molecules can be properly incorporated into the liposome. 

Meanwhile, the bilayer structure provides a unique condition to metalloporphyrin 

molecules to enhance their performance. In Chapter 2 and Chapter 3, it is 

demonstrated that a hydrophobic bilayer structure protected the chelation between 

CoPoP and histidine from being attacked by the water soluble molecules. This stable 

non-covalent binding, which can be completed by simply aqueous incubation and 

avoid complicated organic synthesis, is favored by biomedical applications. Through 

addition of MPLA to the liposome formulation, CoPoP immunogenic liposome provides 

an excellent platform for vaccine design. The MPER antigen presented CoPoP 

immunogenic liposome can elicit robust immune response in mice model. The 

obtained antibody can neutralize the HIV virus and inhibit the viral entry. Taking 

advantages of this convenient and stable binding, ten selected peptide antigens can 

conjugate with CoPoP at the same time, to form the multivalent CoPoP immunogenic 

liposome against influenza disease. The vaccinated mice can generate antibody 

neutralizing the different subtypes of HA influenza. In Chapter 4, through the 

modification of amino group at the terminal of porphyrin, a hydrated bilayer can be 

designed. This is demonstrated by MD simulation and neutron scattering. The more 

retention of water molecules intra bilayer resulted in an enhanced in vivo MR imaging 

when chelated with Mn metal. The Mn chelation provides an in vivo real-time imaging 

platform for tracking and studying the nanoparticles behaviors. 
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5.2 Future Directions 

Taking advantages of lipid bilayer structure, the CoPoP can form a stable chelation 

with His-tagged antigens. Thus the CoPoP immunogenic liposome established an 

excellent platform for the vaccine design, especially against those diseases with 

various subtypes strains, like the influenza and AIDS. In chapter 3, the CoPoP 

immunogenic liposome has been demonstrated as a multivalent antigen carrier for a 

universal influenza vaccine. However, despite the neutralization of corresponding HA 

protein was observed, the universal vaccine failed to provide the protection against 

influenza virus in the in vivo challenge. To overcome this problem, two directions 

should be considered: 1) strengthen the efficacy of antibody and 2) increasing the 

antibody titer. For the selection of antigens peptides, besides the coverage, the 

sequence should focus on the binding epitopes on the influenza virus. The 

incorporated adjuvant is another factor determining the immune response. 

Not only the liposome, many other nanoparticles has been applied as an immunogenic 

carrier for vaccine design, including silicon nanoparticles, gold nanoparticles and 

polymeric nanoparticles. The CoPoP provides a bridge between His-tagged antigen 

with nanoparticles, but not limiting the liposome formulation. Various lipids, including 

the PoP, are excellent coating materials for other functional nanoparticles. The 

combination of CoPoP with other nanoparticles can expand the strategy to better 

understanding the mechanism of immunogenic nanoparticles and to design next 

generation immunogenic nanoparticles. 

Metalloporphyrin-lipid inherit diverse theranostic functions from the chelated metals. 

Meanwhile, the bioconjugation between lipid and poprhyrin provides a platform to build 

up a liposome bilayer structure composed of various types of metalloporphyrin lipids, 

which can result in a multifuctional theranostic agent. The interference between 

different metals and the intra bilayer condition should be the crucial issues need to be 
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considered. Much work remains to explore the intra bilayer where is the crucial area 

for optimizing the performance of theranostic metalloporphyrin-liposome. 

It is believed that the metalloporphyrin liposome will play an important role in the 

biomedical applications. Future directions should focus on developing more 

multifunctional metalloporphyrin-liposome, and the studies for clinical translation of 

these theranostic agents. 
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