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of water and other molecules into bilayers.[28,29] In bilayers, 
amine-rich lipids such as phosphatidylethanolamines are 
capable of forming complex hydrogen bonding networks 
involving other lipids and water.[30]

In this work, we examined an amine-modified version of 
HPPH-lipid, referred to as N-HPPH-lipid. Based on the pro-
pensity for amines to undergo hydrogen bonding with water, 
we hypothesized that intrabilayer water content could be 
enhanced, thereby improving relaxivity for MR contrast gen-
eration in Mn-PoP bilayers. Molecular dynamic (MD) simu-
lations were used to initially test this hypothesis. Simulations 
were based on our previously developed PoP force fields.[8] 
The chemical structures of HPPH-lipid and amine-modified 
N-HPPH-lipid, as well as their Mn-chelated analogs are 
shown in Figure 1. Synthetic details and analytical informa-
tion are provided in Figures S1–S3 in the Supporting Infor-
mation. Both the N-HPPH-lipid and Mn-N-HPPH-lipid were 
capable of forming nanoparticles. The absorbance spectra of 
the liposomes in aqueous solution and the lipids themselves 
in organic solvent are shown in Figure S4 in the Supporting 
Information.

MD simulations were used to predict the bilayer behavior 
of N-HPPH-lipid bilayers. Relative to HPPH-lipid, the 
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Porphyrin-phospholipid (PoP) conjugates have been devel-
oped for a range of multimodal imaging and therapeutic 
applications.[1–6] 2-[1-hexyloxyethyl]-2-devinyl pyropheophor-
bide-a (HPPH) is a porphyrin derivative being assessed in 
clinical trials for photodynamic therapy.[7] Liposomes formed 
from HPPH-lipid PoP have been reported for chemophoto-
therapy.[8,9] Manganese (Mn) is a paramagnetic contrast agent 
used for magnetic resonance imaging (MRI).[10–13] Mn has been 
chelated within PoP bilayers of liposome-like porphysome nan-
ovesicles for MRI.[14,15] There is a caveat with this approach 
however: Mn chelated in PoP is located inside the hydrophobic 
bilayer, where only a small number of water molecules are 
accessible, thereby reducing longitudinal MR contrast.

Bilayer water permeability depends on numerous factors 
including the type of lipid head groups and fatty acyl chains, 
membrane thickness, and surface density.[16–21] Neutron and 
X-ray scattering, magic-angle spinning nuclear magnetic res-
onance, and femtosecond infrared spectroscopy have been 
used to study bilayer structures and intrabilayer distribution 
of water, which decreases rapidly as a function of distance 
from the aqueous interface toward the central hydrophobic 
core of the bilayer.[22–26] Hydrogen bonding is critical in 
determining the properties of water[27] and the penetration 
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addition of the amino group in N-HPPH-lipid resulted in a 
substantial increase in water into the hydrophobic bilayer. 
As shown in Figure 2A,B, 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 (Figure 2C). 
The numbers of water molecules per nm3 in both cases are 
shown in Figure 2D, 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 (Figure 2E). Figure 2F shows the density of either 
amino 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; Figure S5, Supporting Information). 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 hydra-
tion in silico, we examined these compounds experimen-
tally. 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:dimyristoylphosph
atidylcholine(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 (Figure 3A). N-HPPH-
lipid was nearly completely solubilized, as compared to less 
than 10% of HPPH-lipid (Figure S6, Supporting Informa-
tion). The average diameter of N-HPPH-lipid structures 
was about 80 nm based on light scattering after extrusion 
(Figure S7, Supporting Information). Vesicular, liposome-
like structures were observed by cryoelectron microscopy 
(Figure 3B) and confirmed that bilayers are formed by 
N-HPPH-lipid.
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Figure 1.  Structure of the porphyrin-phospholipids (PoPs) used in this 
study.

Figure 2.  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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Out-of-plane X-ray diffraction PoP bilayer measure-
ments were taken at a high hydration level at 97% rela-
tive humidity (RH). As demonstrated in Figure S8a in the 

Supporting Information, 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 indi-
cating 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 condi-
tions, likely favored formation of stacked 
bilayers. However, N-HPPH-lipid:DMPC 
did not show a stable, ordered lamellar 
sample during hydration (Figure S8b, Sup-
porting Information). While Bragg-peaks 
were initially present, the sample quickly 
swelled (increasing dz) until the Bragg-
peak disappeared and only diffuse fea-
tures remained. PoP:DMPC samples were 
therefore scanned at a reduced hydration 
at 75% RH to stabilize a lamellar structure 
for the structural analysis (Figure S8c, Sup-
porting Information). A number of Bragg 
peaks were observed with lamellar spac-
ings 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 lipo-
somal bilayer of the same composition 
(5.36 and 5.34 nm, respectively). Con-
sistent with the X-ray diffraction data, pre-
vious cryo-TEM measurements of bilayers 
containing conventional PoPs (e.g., HPPH-
lipid) gave rise to thicker bilayers.[31,32]

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 Figure 3C. 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 dis-
tance, 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 
attracted an additional 10 waters/lipid 
compared to HPPH-lipid. In addition, 
there was a difference in electron den-
sity at the bilayer center caused by addi-
tional water molecules. At z = 0 nm, there 

is an additional 5 e− nm–3 in electron density, corresponding 
to about 0.5 water molecules per lipid molecule at 75% RH 
(Figure 3D).
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Figure 3.  N-HPPH-lipid bilayers with enhanced hydration. A) Optical absorption of hydrated 
PoP lipid films shortly after water addition. B) Representative cryoelectron micrographs 
showing structures formed by N-HPPH-lipid at a 1:1 DMPC:PoP molar ratio. 40 nm scale bar 
is shown. C,D) Bilayer electron density determined by X-ray diffraction in bilayers formed 
with a 1:1 DMPC:PoP molar ratio. E) 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). F) Hydrolysis resistance of N-HPPH-lipid 
liposomes during aqueous storage. G) Sulforhodamine B leakage over 24 h in saline, in 
liposomes containing indicated molar percentage of PoP, together with 35 mol% Chol and the 
remaining composition of DMPC. H) Structural intactness of cargo-loaded, N-HPPH-liposomes 
(PoP:DMPC:Chol; 10:35:55 molar ratio) based on fluorescence self-quenching. Data show 
mean ± SD. for n = 3.
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Electron spin resonance (ESR) can analyze lipid bilayer 
structures.[33–36] 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 phos-
pholipids, 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 tem-
perature 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/porphyrin-lipid 
ratios studied. To simulate the ESR spectra and to extract 
ordering information from them we used a non-linear least 
squares algorithm.[37] 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·cos2 θ , 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[38] as 
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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 com-
ponent 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 
(Figure 3E).[39] 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 intrabilayer water in N-HPPH-
lipid liposomes, as determined by multiple lines of experi-
mental evidence, no hydrolysis of the ester linkage between 
porphyrin and lipid was detected for over a month of storage 
in aqueous solution (Figure 3F; Figure S9, Supporting 
Information).

Liposome composition is a key factor to determine its 
stability, clearance time, and cargo release rate.[40–42] Due 

to a more hydrophilic bilayer, N-HPPH-lipid resulted in 
greater cargo leakage from liposomes. Water soluble sul-
forhodamine B was used as a model cargo. For HPPH-lipid 
liposomes, only minor leakage was observed after 24 h 
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 (Figure 3G). Despite leakage, the 
liposome structure remained stable in a self-assembled 
state, based on the fluorescence self-quenching of the PoP 
(Figure 3H). Although N-HPPH-lipid resulted in more 
cargo leakage, when containing just 2% N-HPPH-lipid, 
liposomes stably entrapped cargo. In 50% serum, cargo 
leakage was just 12% over 24 h (Figure S10, Supporting 
Information). Thus, N-HPPH-liposome has the potential to 
form stable or leaky liposomes depending on the PoP con-
tent in the liposome. Self-quenching of N-HPPH-lipid and 
Mn-HPPH-lipid was assessed in different buffers as shown 
in Figure S11 in the Supporting Information. 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 for-
mulation. Because detergent-solubilized Mn-PoPs are sub-
stantially 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, fol-
lowed by detergent disruption to avoid self-quenching fluo-
rescence effects. As shown in Figure S12 in the Supporting 
Information, no detectable dechelation of the Mn was 
observed during up to 24 h 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.[14] Improved access of water 
molecules to the Mn ion is predicted to increase the effec-
tiveness of Mn-PoP as an 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 
(Figure 4A; Figure S13, Supporting Information). How-
ever, with the addition of TX-100 detergent, both samples 
demonstrated nearly equal T1 relaxation rates (Figure 4B) 
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 fivefold change in 
relaxivity with detergent disruption, whereas N-HPPH-lipid 
changed less than 1.5-fold (Figure 4C).

The suitability of Mn-N-HPPH-liposomes as an MRI con-
trast agent was investigated in mice following intravenous 
injection. An increase of MR signal in blood and liver was vis-
ible postinjection (Figure 4D). The signal in blood increased 
immediately postinjection and subsequently decreased to 
near baseline levels by 6 h. Accumulation and retention in 
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the liver lasted up to 24 h, presumably due to uptake of the 
liposomes by the reticuloendothelial system (Figure 4E).

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 h incubation of Caco-2 cells at increasing PoP or Mn-PoPs 
at concentrations up to 0.2 × 10–3 m (Figure S14, Supporting 
Information). Using the same formulation used for MR 
imaging, PEGylated N-HPPH-lipid liposomes exhibited an 
8.2 h half-life, based on a noncompartment model (Figure S15,  
Supporting Information). 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 day 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 (Figure S16, Supporting Information). 
Although more in depth toxicity studies are required, it 
appears that N-HPPH-lipid does not induce acute toxicity at 
functional doses.

In summary, 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.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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