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Porphyrin-loaded nanoparticles for cancer
theranostics

Yiming Zhou, Xiaolong Liang and Zhifei Dai*

Porphyrins have been used as pioneering theranostic agents not only for the photodynamic therapy,
sonodynamic therapy and radiotherapy of cancer, but also for diagnostic fluorescence imaging, magnetic
resonance imaging and photoacoustic imaging. A variety of porphyrins have been developed but very few
of them have actually been employed in clinical trials due to their poor selectivity to tumorous tissue and
high accumulation rates in the skin. In addition, most porphyrin molecules are hydrophobic and form
aggregates in aqueous media. Nevertheless, the use of nanoparticles as porphyrin carriers shows great
promise to overcome these shortcomings. Encapsulating or attaching porphyrins to nanoparticles makes
them more suitable for tissue delivery because we can create materials with a conveniently specific tissue
lifetime, specific targeting, immune tolerance, and hydrophilicity as well as other characteristics through
rational design. In addition, various functional components (e.g. for targeting, imaging or therapeutic
functions) can be easily introduced into a single nanoparticle platform for cancer theranostics. This review
presents the current state of knowledge on porphyrin-loaded nanoparticles for the interwined imaging
and therapy of cancer. The future trends and limitations of prophyrin-loaded nanoparticles are also

www.rsc.org/nanoscale outlined.

Introduction

Nowadays, cancer remains a great threat to human health
worldwide. Due to the widespread metastasis with cancer,
millions of patients die of cancer each year." Early detection,
accurate diagnosis and effective treatment help increase
cancer survival rates and reduce suffering. Despite the enor-
mous advances in diagnostic technologies, a substantial
number of cancer patients are still diagnosed with metastasis
because of the poor selectivity and sensitivity of conventional
diagnostic techniques. A variety of therapeutic strategies, such
as surgery, chemotherapy and radiation therapy, are widely
used in clinical cancer treatment. However, systemic toxicity,
drug resistance and low selectivity often lead to an unsatisfac-
tory outcome.” Attacking these problems head on, developing
innovative strategies to improve the cure rate and reducing the
side-effects in cancer therapy are all urgently needed.
Nanoparticles have been widely used to load various
diagnostic or therapeutic agents through chemical conjugation
or physical entrapment to benefit from the sophisticated nano-
structures and large surface area to volume ratios.’ In addition,
nanoparticles can be target delivered into tumours via passive
accumulation and/or active-targeting approaches. In an
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attempt to surmount the major hurdles in the treatment of
cancer, a variety of nanoparticles have been constructed for
cancer diagnostics and therapeutics to achieve high-quality
cancer imaging and to achieve enhanced therapeutic efficacy
with nosevere cytotoxicity to normal cells. In particular, thera-
nostic nanoparticles as a treatment combining cancer diagno-
stic imaging and consequently targeted therapy have attracted
intensive interest.”® The most exciting feature of such thera-
nostic nanoparticles for use in drug delivery is the capability
to embrace multiple techniques to arrive at comprehensive
diagnosis, molecular imaging and an individualized treatment
regimen through imaging guidance and treatment response
monitoring.”® Theranostic nanotechnologies may provide
patients with various treatment options that are suitable for
specific individuals, which thereby result in improved
prognoses.’

Porphyrins consist of four pyrrole subunits linked together
by four methine bridges.'® Researchers have shown great inter-
est in porphyrin and its derivatives, not only because of their
well-described photosensitizing properties but also because of
their capability to selectively accumulate in tumour tissues,
and to persist there for long periods of time.'" These unique
features have led to their potential use as adjuvants and sensi-
tizers in a variety of biomedical applications, including not
only diagnostic imaging (e.g. fluorescence imaging,'> magnetic
resonance imaging (MRI)),"> but also therapies (e.g. photo-
dynamic therapy (PDT),"* sonodynamic therapy (SDT), boron

This journal is © The Royal Society of Chemistry 2016


www.rsc.org/nanoscale
http://crossmark.crossref.org/dialog/?doi=10.1039/c5nr07849k&domain=pdf&date_stamp=2016-06-20
https://doi.org/10.1039/c5nr07849k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR008025

Published on 16 December 2015. Downloaded by Y unnan University on 8/14/2025 11:22:35 AM.

Nanoscale

neutron capture therapy (BNCT),'* and radiation therapy
(RT))." PDT (or SDT) and BNCT are binary cancer therapies
involving the activation of tissue-localized sensitizers with
either light (in PDT), or ultrasound (in SDT) or low-energy neu-
trons (in BNCT). Thus, porphyrin and its related compounds
can be a type of promising theranostic agent. By employing
these therapeutic methodologies, we can achieve local tumor
control with minimal side-effects in comparison with other
cancer treatments (surgery, radiotherapy, and chemotherapy).
Porphyrins constitute a major class of pharmacological agents
currently under investigation. Photofrin and Visudyne, two
porphyrin derivatives, have been approved in the USA as PDT
drugs by the U.S. Food and Drug Administration (FDA). Never-
theless, the low aqueous solubility of porphyrin and its related
compounds may limit their biomedical applications. Most por-
phyrins that are in use clinically or in preclinical development
are hydrophobic and strongly aggregate in aqueous media.
This aggregation significantly reduces their therapeutic
efficacy because only monomeric species are appreciably
active.’® Although porphyrins preferentially accumulate in
cancer cells probably due to the high vascular permeability of
the porphyrins, their affinity for proliferating endothelium and
the lack of lymphatic drainage in tumours'’ means that
healthy cells also tend to uptake porphyrins in a considerable
proportion. Thus, the cytotoxicity of porphyrins to healthy
cells should be taken into consideration as well.

In recent years, with the rapid development of nanotechno-
logy in the biomedical field, various types of nanoparticles,
such as liposomes, polymeric micelles, inorganic and hybrid
nanoparticles, have been widely used to fabricate stable
aqueous dispersions of porphyrins owing to their high bio-
compatibility, good biodegradability and their easy modifi-
cation for specific targeting.'® The loading of porphyrins into
nanoparticles could overcome the abovementioned problems.
Moreover, the other diagnostic and therapeutic components
could also be integrated into such porphyrin-based nano-
particles for theranostic nanomedicine.”® In particular, the
multimodality imaging functionalization of porphyrin
nanotheranostic agents is of interest for the personalized
monitoring of in vivo tumour targeting and pharmacokinetics
of porphyrin nanotheranostic agents for predicting therapy
outcome and gaining a better understanding of the prognosis-
associated disease status by combining the advantageous
information from each imaging modality.

In this review, we summarize the latest advances of por-
phyrin-based nanoparticles for cancer treatment, including
biomedical imaging, drug delivery, therapy and combination
of diagnosis and therapy. For a deeper understanding of
cancer theranostics based on porphyrin nanoagents, the
limitations and prospects of porphyrin nanoagents are also
discussed.

Porphyrins for cancer theranostics

Porphyrins can accumulate in cancerous tissues to a higher
extent than in the surrounding healthy tissues, and the ratio
of tumour tissue to normal tissue is generally about 2-3:1,
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thus they are suitable for intrinsic imaging and cancer
therapy. Based on the generation of reactive oxygen species
(ROS) upon activation by light or ultrasound, porphyrinic
molecules have been widely used as photosensitizers for the
PDT or SDT of cancer. As excellent metal chelators, porphyrins
are very efficient at delivering radioisotopes for radiotherapy.
In addition to their therapeutic applications, porphyrins can
also be labelled with radioisotopes and coupled with magnetic
resonance imaging agents to provide multifunctional probes
for positron emission tomography (PET) and MRL>*>* More-
over, porphyrins can be excited employing visible light to emit
red or near-infrared fluorescence, which is useful for diagno-
stic fluorescence imaging to evaluate intracellular localization
and treatment effects. Such intertwined imaging and thera-
peutic properties of porphyrins permit theranostic treatments
of cancer.

To carry out PDT treatment, clinicians need to control the
laser power, laser irradiation time, drug dose, and number of
laser treatments. Thus, it is highly necessary to develop feed-
back systems to guide PDT treatment. Consequently, such ther-
anostic porphyrins are likely to become more routinely utilized
image guidance tools for the use of setting and adjusting the
parameters of PDT treatments in the future.’* > Actually, por-
phyrins have already been used as pioneering theranostic
agents. Besides being used for cancer PDT, heme derivatives
have been used for cancer imaging as early as the 1920s, and
porphyrins have been used as MRI contrast agents since the
1980s.%° Recently, Soumya reported the use of optical imaging
strategies to noninvasively examine photosensitizer distri-
bution and physiological and host responses to 2-[1-hexyloxy-
ethyl]-2-devinyl pyropheophorbide-a (HPPH)-mediated PDT of
EMT6 tumors.>” During SDT, cancer cells could be destructed
by utilizing a novel porphyrin derivative upon irradiation with
sound rather than light due to the generation of singlet
oxygen.”® SDT is more advantageous than PDT because of the
superior travel ability of sound waves through body tissue
compared to light waves. By combining PDT and Forster-
fluorescence resonance energy transfer (FRET), Zheng et al.
constructed photodynamic molecular beacons (PMB) compris-
ing a porphyrin, a '0, quencher and an apoptotic factor-clea-
vable linker. The photoactivity of porphyrin is silenced until
the linker interacts with a tumor-associated biomarker of the
matrix metalloproteinase-7 (MMP7). MMP7 could trigger PMB
not only to produce 'O, for photodynamic cytotoxicity in
cancer cells but also to emit strong fluorescence for the diag-
nostic imaging of a tumor. Thus, a highly selective porphyrin-
based theranostic agent was developed for selective cancer
fluorescence imaging and PDT.>° Pandey et al. developed a
series of porphyrin conjugates for use in combined PDT and
multimodal imaging (PET, MRI or fluorescence imaging),*®
which allowed them to assess treatment outcome (pre-, during
and post-PDT). By labelling HPPH with '**I, a PET-active
photosensitizer was demonstrated to achieve 100% tumour-
free progression 60 days after PDT.*"*® A copper porphyrin-
peptide-folate (**Cu-PPF) was proved to be targeted against
folate receptor positive tumours and intertwined as a PET
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probe for cancer imaging and as a photosensitizer for cancer
PDT (Fig. 1).>* The half-life of the radioisotope was compatible
with the pharmacokinetics of porphyrins. After chelating with
®Cu ion, the biodistribution properties of the porphyrin
showed no change.?* This enables the monitoring of porphyrin
tumour uptake in patients during PDT by PET imaging, and
facilitates the prediction and quantitative assessment of photo-
sensitizer accumulation in tumours, as well as assists treat-
ment planning.?! Bacteriochlorophylls are a very attractive
agent for optical imaging because near-IR wavelengths provide
deeper tissue penetration.®® Firnau et al. reported that a
bacteriochlorophyll-peptide-folate (BPF) could elicit tumour
margins well within the surgical resection bed, allowing for
complete tumour resection and the intra-operative detection of
small metastatic lesions. The chelation of copper ions
increased the stability of bacteriochlorophyll molecules, ensur-
ing that ®'CuBPF acted as an effective theranostic agent for
both PET imaging and PDT.>?

During PDT treatment, a light-induced chemical reaction
can generate localized tissue damage for both cancerous and
surrounding non-malignant tissues. Thus, patients should be
kept away from direct sunlight or strong indoor lighting to
avoid skin phototoxicity after PDT treatment. To overcome this
problem, Zhu et al. developed a pH-activatable photosensitizer
of 5,10,15,20-tetrakis(N-(2-(1H-imidazol-4-yl)ethyl)benzamide)
porphyrin (TIEBAP) to achieve a highly selective accumulation
of the photosensitizer in tumour cells by modifying porphyrin
with imidazole-substituents. TIEBAP showed weak fluo-
rescence because of the face-to-face aggregation of the por-
phyrins caused by their poor water solubility at pH 8.0. When
the pH value was altered to 5.3, a strong fluorescence was
observed due to an increase in the hydrophilicity. TIEBAP pro-
duced twice as many 'O, molecules at pH 5.0 than at pH 7.4,

Targeting Biomolecule

Fig.1 The structure design of porphyrin-peptide-folate. The PKM
linker is the peptide sequence, GDEVDGSGK. Reprinted with permission
from ref. 31. Copyright © 2015 Ivyspring.
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resulting in significantly enhanced photocytotoxicity in the
tumour.**

As an ideal photosensitizer for photodynamic theranostics,
porphyrins should have good stability, a minimal self-aggrega-
tion tendency, non-toxicity in the absence of light exposure,
strong absorption in the red and near-infrared region of the
spectra, high target specificity and quick clearance from the
body. A variety of porphyrins have been developed as PDT
photosensitizing agents but few of them have been employed
in clinical trials due to their poor tumor selectivity, relatively
short absorption wavelengths, low extinction coefficients and
high accumulation rates in the skin. In addition, most por-
phyrin molecules are hydrophobic and tend to form aggre-
gates, which may result in a reduction in 'O, formation and
fluorescence quantum yield. Nevertheless, the use of nano-
particles as porphyrin carriers shows great promise to over-
come their shortcomings as PDT photosensitizers.

Nanoparticles for porphyrin delivery

The delivery of hydrophobic porphyrins to the target sites is
one of the main challenges in PDT to be overcome. Nano-
particles are able to spontaneously accumulate in solid
tumours through the enhanced permeation and retention
(EPR) effect due to a combination of leaky vasculature, poor
lymphatic drainage and increased vessel permeability.**>°
Encapsulating or attaching porphyrins to nanoparticles makes
them more suitable for tissue delivery, because we can create
specific tissue lifetime, specific targeting, immune tolerance,
and hydrophilicity, as well as other characteristics for porphyr-
ins through rational design. Roy et al. entrapped chlorin of
2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide into organi-
cally modified silica-based nanoparticles. The resulting mono-
disperse, stable nanoparticles showed higher fluorescence in
an aqueous solution in comparison with the free drug, and an
efficient uptake by tumour cells in vitro and thereby significant
cell death after light irradiation.’” Huang et al. developed a
novel theranostic platform based on chlorin e6 (Ce6)-conju-
gated carbon dots with excellent tumor-homing ability for the
near-infrared fluorescence imaging-guided PDT treatment of
gastric cancer tumours in vivo.*®

Nanoparticles provide potential to combine PDT with other
therapies (e.g. radiotherapy and hyperthermia). Chen et al. co-
valently attached porphyrins to several doped nanoparticles
(LaF;:Ce*", LuF;:Ce®", CaF,:Mn*", CaF,:Eu®*’, BaFBr:Eu*’,
BaFBr:Mn>", and CaPO4zMn>") and semiconductor nano-
particles (ZnO, ZnS, and TiO,). Upon exposure to ionizing radi-
ations such as X-rays, the nanoparticles emit scintillation or
persistent luminescence, which activates the photosensitizers
to generate 'O,. This modality will provide an efficient
approach to PDT while still offering the benefits of augmented
radiation therapy at lower doses with no need for light delivery
to the photosensitizer. In addition, radiotherapy and PDT are
activated in combination by a single source, resulting in a
simpler technique than either PDT used alone or both thera-
pies used simultaneously."® Hyperthermia therapy has been
applied to augment the efficacy of various cancer treatments.

This journal is © The Royal Society of Chemistry 2016
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By conjugating porphyrin molecules onto iron oxide nano-
particles, a combination treatment with both PDT and
hyperthermia therapies was obtained.***° Indeed, hyperther-
mia therapy has been found to be able to enhance the cellular
uptake of oxygen molecules.*' Moreover, magnetic iron oxide
nanoparticles have excellent capability to enhance MRI
imaging. Therefore, porphyrin-decorated iron oxide nano-
particles show potential for cancer theranostic applications.

Although a variety of structurally stable inorganic nano-
particles have been investigated for porphyrin delivery, their
disadvantages are their inherent non-biodegradability, high
rigidity and mass density, as well as low biocompatibility,
which may limit their potential clinical applications. Ideal
nanoparticles to deliver porphyrins for cancer theranostics
should possess the following characteristics: (1) no toxicity and
minimum immunogenicity, (2) good biodegradability; (3)
selective accumulation of porphyrins within the diseased
tissue in therapeutic concentrations with little or no uptake by
non-target cells,”” (4) high drug encapsulation efficiency
(>80%) and high drug loading content (>30%), (5) capability to
cross biological barriers, (6) no loss or alteration of porphyrin’s
activity, (7) prolonged blood circulation and minimal self-
aggregation tendency, by providing an environment where
porphyrins can be administered in monomeric form and (8)
higher photostability than free porphyrins for in vivo
applications.

Polymeric nanoparticles have attracted intensive attention
as possible means of delivering porphyrins due to their main
advantages, including good biocompatibility and biodegrad-
ability, high drug loading, controlled drug release and the
ability to utilize various materials and fabrication processes.
The chemical composition and architecture of polymers may
be conveniently designed to load porphyrins with variable
hydrophobicity, molecular weight and charge. Moreover, the
biodistribution and release kinetics of porphyrin photosensiti-
zers can be easily optimized by the surface properties, mor-
phologies, composition and degradation of polymer matrices.
Using the technique of emulsification-diffusion, p-THPP was
entrapped into biodegradable nanoparticles (<150 nm) from
poly(p,t-lactide-co-glycolide) (PLGA) and poly(p,.-lactide (PLA)
with a drug loading of up to 7% (m/m).**** Compared with
free porphyrins, the porphyrin therapeutic index was improved
greatly by nanoencapsulation due to satisfactory photocytotoxi-
city, even at a low drug concentration of 3 pg ml™'. This
enables reduction in the doses of porphyrin to reach the
desired therapeutic effect, and thus diminishes the side-effects
attributed to the diffusion of porphyrin into normal tissues.*’
Using the salting-out technique, two types of verteporfin-
loaded PLGA nanoparticles with different diameters (167 and
370 nm) but the same drug loading (7%) were fabricated.
Upon the incubation of EMT-6 mammary tumour cells with 70
ng ml™" of free or big verteporfin-loaded nanoparticles, only
11% and 29% reductions in cell viability were induced,
respectively. On the contrary, the small verteporfin-loaded
nanoparticles provided almost 69% reduction in cell viability
at the same concentration of the drug. The small-sized nano-
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particles could improve the photocytotoxic efficiency of verte-
porfin due to effective drug delivery to the tumour and
relatively higher intracellular uptake in comparison to both
large-sized nanoparticles and the aqueous solution. The
in vivo experiment showed that small verteporfin encapsulated
nanoparticles could effectively inhibit tumour growth for
20 days in mice.*®

A main shortcoming of nanoparticles is their uptake by the
macrophages and accumulation in the spleen and the liver
after intravenous administration. Coating with poly(ethylene
glycol) (PEG) can prolong the blood circulation time of nano-
particles, and subsequently increase accumulation in tumors.
Dai et al. successfully fabricated a theranostic agent by the for-
mation of a Au nanoshell around poly(lactic acid) nano-
particles entrapping doxorubicin, followed by linking a Mn-
porphyrin derivative on the Au shell surface through polyethyl-
ene glycol. The resulting agent exhibited excellent colloidal
stability and a long blood circulation time due to the introduc-
tion of polyethylene glycol. Grafting Mn-porphyrin onto the
nanoparticle surface provided a greatly improved relaxivity (ry
value of 22.18 mM™' s~ of Mn®"), favourable for accurate
cancer diagnosis and locating the tumour site to guide the
external near-infrared laser irradiation for the photothermal
ablation of tumours. It was proven that the combination of
chemotherapy and photothermal therapy through such a ther-
anostic agent offered a synergistically improved therapeutic
outcome compared with either therapy alone, making it a
promising approach for cancer therapy.”” It was reported that
the encapsulation of protoporphyrin IX in methoxy poly(ethyl-
ene glycol)-b-poly(caprolactone) micelles resulted in a great
enhancement in photodynamic therapy efficiency due to
higher intracellular accumulation and stronger photocytotoxi-
city of the encapsulated protoporphyrin IX in comparison to
the free drug.*® Likewise, PEG-modified dendrimers, including
poly(amido amine) and poly(propylene imine), were found to
be able to deliver protoporphyrin IX to mitochondria, resulting
in higher fluorescent quantum yields and more efficient cyto-
toxicity than the free protoporphyrin 1X.*® Chen et al. develo-
ped a multifunctional theranostic platform based on Ce6-
loaded plasmonic vesicular assemblies of gold nanoparticles
(GNPs) with PEG coating (Fig. 2). The resulting Ce6-loaded
GVs (GV-Ce6) were demonstrated to show a high Ce6 loading
efficiency of 18.4 wt%, an enhanced cellular uptake efficiency
of Ce6 and strong NIR absorption, enabling trimodality NIR
fluorescence/thermal/photoacoustic imaging-guided synergis-
tic photothermal/photodynamic therapy (PTT/PDT) with
improved efficacy using single wavelength continuous wave
laser irradiation.”®

A more direct and specific localization of a photosensitizer
of porphyrins with increased efficiency and selectivity can be
achieved by active targeting. This strategy relies on the attach-
ment of a receptor-targeting moiety to the porphyrin-loaded
nanoparticles, which can enhance the affinity of the binding
moiety to the receptor or antigen on the targeted cell surface,
allowing for a lower effective dose of the PDT photosensitizer
of porphyrins. Cui et al. fabricated a folic acid-conjugated
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Fig. 2 Photosensitizer (Ce6)-loaded plasmonic gold vesicles (GVs) for
trimodality fluorescence/thermal/photoacoustic imaging-guided syner-
gistic photothermal/photodynamic cancer therapy. Reprinted with per-
mission from ref. 50. Copyright © 2013 American Chemical Society.

graphene oxide (GO) for effectively loading chlorin e6 via hydro-
phobic interactions and n-r stacking. It was found that the
accumulation of chlorin e6 was significantly increased in the
tumour, leading to a remarkable photodynamic efficacy on
MGC803 cells upon irradiation.”® By encapsulating chlorin
into silica nanoparticles followed by targeting modification
with a peptide, Benachour et al. developed a theranostic nano-
particle for both magnetic resonance imaging and the efficient
PDT of brain cancer.>?

For smart cancer PDT treatments, meta-tetra(hydroxy-
phenyl) chlorin (m-THPC) was successfully incorporated into
pH-sensitive micelles based on poly(2-ethyl-2-oxazoline)-b-poly(p,L-
lactide) diblock copolymer. Such pH-sensitive micelles were
observed to more effectively release the porphyrin photosensi-
tizer at pH 5.0 than at pH 7.4. PDT with m-THPC-loaded
micelles had no significant adverse effects on the body weight
of mice in vivo. In addition, after an extended delivery time,
m-THPC-loaded micelles and free m-THPC showed similar anti-
tumor effects, but the m-THPC-loaded micelles exhibited less
skin phototoxicity in vivo.>® Thus, this strategy could be used
as a potential nanocarrier for PDT-mediated cancer therapy. Li
et al. prepared a pH-activatable smart nanoparticle by adsorb-
ing a cationic photosensitizer of meso-tetra(N-methyl-4-pyridyl)
porphine onto the surface of negatively charged SiO, nano-
particles via electrostatic interactions. In an acidic solution,
the attached porphyrin molecules could be separated from the
surface of the silica nanoparticles because the surface charge
became less negative via the protonation of silanol protons
with decreasing pH value. This led to increased fluorescence
and singlet oxygen generation, thus an improvement in fluo-
rescence imaging and the PDT efficacy of cancer.>® Recently,
researchers have been paying more attention to deep PDT
treatments of cancer by integrating porphyrins and various
antenna nanoparticles.>”
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Liposomal porphyrins for cancer theranostics

As a typical nanocarrier of porphyrins, liposomes have been of
particular interest in cancer PDT treatments due to their flex-
ible accommodation, appropriate retention of drugs and rapid
accumulation/release characteristics in tumour cells. It has
been proven that the PDT efficacy and safety of porphyrins can
be substantially improved using liposomal formulations com-
pared to non-liposomal photosensitizers under identical con-
ditions. Photofrin is a complex mixture of hydrophobic dimers
and oligomers ranging from 2 to 9 porphyrin units primarily
linked by ether bonds. After loading into liposomes, the result-
ing liposomal photofrin was more efficient against a human
glioma implanted in rat brain than non-liposomal photofrin
due to the significantly enhanced uptake of liposomal photo-
frin in the tumour tissue.’® Liposome-bound haemato-
porphyrin or haematoporphyrin dimethylester was demonstrated
to accumulate intracellularly in a twice larger amount than
water-dissolved haematoporphyrin, providing a more efficient
singlet oxygen generation upon irradiation.’” Early and exten-
sive endocytoplasmic damage was induced by liposomal por-
phyrins, resulting in vesiculation and mitochondria swelling.
In contrast, water-soluble haematoporphyrin mainly induced
damage in the plasma membrane. The different patterns of
cell photodamage can be attributed to the different subcellular
distribution of porphyrin molecules.’”*® Sadzuka et al. exam-
ined the best conditions for liposomalization of Zn-complexed
coproporphyrin I (ZnCPI) as a PDT photosensitizer. It was
illustrated that the ZnCPI liposome (pH 4.6) had effective anti-
tumor activity with laser irradiation, without any adverse
reactions.>

Visudyne®, containing the photosensitizer verteporfin
known as a benzoporphyrin derivative monoacid ring A, is a
liposomal photosensitizer approved for clinical application.
Visudyne® was developed by Novartis Ophthalmicis (Switzer-
land) and QLT (Canada).®® It was approved by the FDA in 2000
to treat age-related macular degeneration,”® and in 2001 to
treat pathological myopia.®*®* Due to a very low solubility, ver-
teporfin is formulated into a liposome consisting mainly of
egg phosphatidylglycerol, dimyristoylphosphatidylcholine and
two antioxidants of butylated hydroxytoluene and ascorbyl pal-
mitate. The liposomal formulation of porphyrins belongs to
the third generation of photosensitizers of PDT and appears to
be one of the most promising photosensitizers. Foslip® is a
liposomal photosensitizer approved for clinical application,
which  contains  5,10,15,20-tetra(m-hydroxyphenyl)chlorin
(m-THPC) encapsulated into dipalmitoyl phosphatidylcholine/
dipalmitoyl phosphatidylglycerol (DPPC/DPPG) liposomes in a
ratio of 9:1.°* Compared to Foscan®, using Foslip® as a
photosensitizer, PDT treatment could result in a higher
efficacy, reduced damage to surrounding healthy tissue and a
shortened hospital stay.®>®® Foscan® is a clinically approved
photosensitizer that is widely used in Europe for the PDT of
head and neck and other cancers.”” ®® de Visscher et al.
demonstrated that Foslip® exhibited higher bioavailability
and tumour selectivity than Foscan® by comparing their

This journal is © The Royal Society of Chemistry 2016
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fluorescence kinetic profiles.”® Vascular m-THPC fluorescence
increased for Foslip® but decreased for Foscan®.
5-Aminolevulinic acid (ALA) has been widely used for PDT
due to its capability to convert into the endogenous photo-
sensitizer protoporphyrin IX. A major drawback of ALA is its low
bioavailability as a result of the poor penetration of ALA into
tissues. To resolve this problem, ALA was loaded into lipo-
somes with a molar ratio of PE phosphatidyl ethanoamine
(PE)/cholesterol/sodium stearate at 2:1:2.5, which rep-
resented the best condition to achieve a high entrapment
efficiency of about 29%. According to the release rate and skin
penetration of the ALA liposome in vitro, the potential
enhancement of penetration must involve sodium stearate
concurrently with PE and cholesterol to achieve a positive
effect.”! Likewise, the inclusion of ALA esters, especially of ALA
hexyl esters, appeared to result in a higher stability upon
dilution with cell culture medium. During PDT treatments,
image guidance is essential for precise and safe light delivery
to the targeting site, thus improving the therapeutic effective-
ness.”” Dai et al. fabricated theranostic porphyrin dyad nano-
particles (TPD NPs) for magnetic resonance imaging (MRI)-
guided PDT cancer therapy by forming liposome-like nano-
particles with the lipid of metal-free porphyrin, followed by
conjugating a Mn-porphyrin (Fig. 3). The inner metal-free por-
phyrin functions as a photosensitizer for PDT, while the outer
Mn-porphyrin serves as an MRI contrast agent. The covalent
attachment of porphyrins to TPD NPs avoids premature release
during systemic circulation. In addition, TPD NPs (~60 nm)
could passively accumulate in tumours and be avidly taken up
by tumour cells. After a 24 h intravenous injection of TPD NPs,

Fig. 3 Schematic illustration for the formation of theranostic porphyrin
dyad nanoparticles. Reprinted with permission from ref. 73. Copyright ©
2014 Elsevier Ltd.
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MRI images showed that the whole tumour area remained
much brighter than the surrounding healthy tissue, allowing
researchers to guide the laser light to the desired tumour site
for photodynamic ablation.”> A photosensitizer, 3-vinyl-
3-[1-(hexyoxy)ethyl|pyropheophorbide (HPPH), was conjugated
to an MRI contrast agent, Gd(ur)-aminobenzyl-diethyl-
enetriaminepentaacetic acid (DTPA), via a tris(polyethylene
glycol)monomethyl-ether linkage, followed by encapsulating it
into liposomes. MRI imaging showed that this conjugate could
enhance tumour localisation by a 10-fold lower dose than Mag-
nevist® while maintaining its PDT efficacy.”*”>

The potential limitations of conventional liposomes are
their short circulatory half-life and insufficient tumour selecti-
vity. Fospeg® is another liposomal formulation of m-THPC
that has been designed to improve the stability and prolong
the half-life of m-THPC by coating with PEG.”®”” Many studies
have demonstrated that PEGylated liposomes (Fospeg®) are
promising nanocarriers for the delivery of photosensitizers for
PDT due to their reduced dark cytotoxicity and increased
therapeutic efficacy. Active targeting is often used to enhance
tumour-selective accumulation by site-directed retention via
target binding and thus can improve the photodynamic effect
through cellular internalisation of the porphyrin-loaded lipo-
some. In this way, the undesired side-effects related to non-
specific photosensitizer accumulation may be minimized. The
pentapeptide (APRPG) is often used to target angiogenic endo-
thelial cells. It was reported that APRPG-conjugated liposomal
benzoporphyrin derivative monoacid ring A (BPD-MA) exhibi-
ted strong suppression of tumour growth compared to tumors
targeted with a non-APRPG NPS.”® By loading 5,10,15,20-tetra-
phenylporphyrin into polymeric micelles, followed by modifi-
cation with tumour specific monoclonal antibody 2C5 (mAb
2C5) against murine Lewis lung carcinoma, increased drug
accumulation in the tumour was achieved, indicating the
obvious anti-tumour activity of this modified formulation due
to improvement of the target cell specificity.”” The photosensi-
tizer of amphiphilic hypericin was loaded into transferrin-
modified liposomes as theranostic agents for fluorescence/
photoacoustic imaging and cancer PDT.*® Transferrin was
used as the tumour-seeking molecule, because many tumour
cells overexpress transferrin receptors on their surface as a
result of their elevated request for iron. The spectroscopic
features of hypericin indicated the successful insertion of
hypericin into dipalmitoyl phosphatidylcholine liposomes.®*
However, targeting hypericin by transferrin-conjugated PEG-
liposomes did not significantly favour the photocytotoxicity
and the intracellular accumulation of hypericin, in comparison
with non-targeted PEG-liposomes or free hypericin, due to the
limited stability of the embedding of the photosensitizer in
the liposomal membrane. Despite their proven efficiency as a
targeting carrier system, transferrin-conjugated PEG-liposomes
appear less effective in targeting hypericin to tumour cells
due to the amount of hypericin leaking out of the PEG-
liposomes.?® Therefore, there is a pressing need to make
further efforts to improve the stability of porphyrin-loaded
liposomes.
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Cerasomal porphyrin for the photodynamic theranostics
of cancer

Although liposomes have achieved a lot of success as a delivery
system of porphyrins, they still have not attained their full
potential because of the insufficient chemical and physical
stability,®” leading to a short shelf-life and their rapid clear-
ance from the blood circulation, often before reaching their
target. A PEG coating of liposomes has been proven to prolong
blood circulation.®® However, PEGylated liposomes have been
reported to cause skin toxicity generally known as “Hand-Foot
syndrome”®*®> and an accelerated blood clearance (ABC)
phenomenon due to the formation of anti-PEG IgM. In
addition, the existence of large PEG molecules surrounding
the liposomes can reduce the interactions between the lipo-
somes and cells and block the entrance of liposomes into the
cancerous tissue.®¢

To overcome the general problems associated with current
liposome technology, a new type of liposomal nanohybrid
cerasome was developed. Cerasomes are constructed by the
direct dispersion of lipidic organoalkoxysilane in an aqueous
solution using vortex-mixing, resulting in the generation of
multi-lamellar vesicles in the range of sub-micrometres via
in situ sol-gel reactions (Si-OCH3zCH, + H,0 — Si-OH +
CH;CH,OH followed by 2Si-OH — Si-O-Si + H,0) and a sub-
sequent self-assembly process.’” Upon ultrasonication with a
probe-type sonicator above the phase transition temperature of
the lipids, the obtained multi-lamellar vesicles converted into
single uni-lamellar vesicles less than 200 nm in a diameter.
Cerasomes are similar to traditional liposomes and are spheri-
cal vesicles with a lipid bilayer membrane around 4 nm in
thickness. An atomic layer of inorganic polyorganosiloxane
networks spontaneously forms around the liposomal bilayer
surface through silanol condensation. There is no need to
introduce cholesterol during the fabrication of cerasomes,
while conventional liposomes often include cholesterol as a
constituent to improve the rigidity and stability of the
phospholipid bilayer membrane.

The siloxane coating offers cerasomes with significantly
higher mechanical stability and heat resistance than conven-
tional liposomes, and the liposomal bilayer structure of cera-
somes reduces the overall rigidity and density greatly in
comparison with silica nanoparticles. The size of liposomes is
often observed to increase during storage because of their
aggregation or fusion. On the contrary, cerasomes can be
stored in an aqueous solution at 4 °C for several months with
almost no change in size.** Moreover, cerasomes exhibit high
stability upon surfactant solubilisation and acid treatment.®”
Cerasomes show better biocompatibility than silica nano-
particles because of the introduction of the liposomal architec-
ture into cerasomes. Cerasomes combine the advantages of
both liposomes and silica nanoparticles but overcome their
disadvantages, thus cerasomes are considered ideal drug deliv-
ery systems. %%

Because of their flexibility to accommodate porphyrins,
liposomes are generally used to encapsulate porphyrins to
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improve the efficacy and safety of PDT.”® Nevertheless, loaded
porphyrins are often observed to release into the bloodstream
because lipid exchange between the liposomes and lipo-
proteins can lead to an irreversible disintegration of the liposome.
This is different from conventional chemotherapy, where the
photosensitizer release is not an essential prerequisite of a
successful PDT action because this premature release can lead
to reduction in PDT efficacy.”’ To resolve this problem, Dai
et al. designed and fabricated a novel cerasomal porphyrin via
a sol-gel reaction and self-assembly process using a por-
phyrin-organoalkoxysilylated lipid conjugate (PORSIL), which
consisted of dual triethoxysilyl heads, a hydrophobic double-
chain segment, a porphyrin moiety and a connector unit
among them (Fig. 4). The resulting cerasomal porphyrin had a
diameter around 70 + 13 nm. The drug loading content was
evaluated to be 33.46%, remarkably higher than the traditional
liposomal porphyrins (usually less than 10%). Moreover, no
premature release of porphyrin photosensitizer was observed
during systemic circulation due to the covalent attachment of
porphyrin molecules into cerasomes.””

After dissolution in an organic solvent, both Soret and Q
bands of the porphyrin-organoalkoxysilylated lipid conjugate
of PORSIL showed a 3 nm red-shift attributed to the orderly
arranging mode of the porphyrin moiety in the lipid bilayer.
The shape of the absorption spectrum of the cerasomal por-
phyrin is far more similar to that of the solution-phase PORSIL
lipid. This demonstrated that no phorphyrin aggregation was
generated in the cerasome nanoparticles. In such porphyrin-
loaded cerasomes, each porphyrin moiety is separated by a
double-alkyl chain, which sterically hinders the porphyrin moi-
eties that approach each other.?> This is very efficient for fabri-
cating photodynamic cerasomes by encapsulating a porphyrin

BNSi(OEY,

PORSIL (M = 2H)

Sol-gel reaction
Self-assembly process

Silicate frameworks

}WIIWW»‘W}WW

h&ﬁrfh&f}‘ir{

Fig. 4 Schematic illustration for the formation of porphyrin-conjugated
cerasome from a PORSIL lipid. Reprinted with permission from ref. 92.
Copyright ©2011 Wiley.
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photosensitizer without causing any aggregation of porphyrin
molecules. The existence of the double-alkyl chains can
prevent fluorescence self-quenching in cerasomal porphyrins,
thus permitting its use as a powerful tool for in vivo imaging.

The blood circulation dynamics of the cerasomal porphyrin
was studied with liposomal porphyrin as the control. The lipo-
somal porphyrin showed rapid clearance kinetics and its
blood fluorescence intensity reduced to 30% after intravenous
injection after 6 h and almost disappeared at 24 h. In contrast,
the cerasomal porphyrin exhibited dramatically prolonged and
slow clearance kinetics and remained at 66.5% blood fluo-
rescence intensity at 24 h. This illustrated clearly that the cera-
somal porphyrin had a long circulation time even with no
PEGylation.

The uptake of cerasomes by cells was found to be a concen-
tration-, time-, and energy-dependent process and occurred
probably through a process of clathrin-mediated endocytosis.
The porphyrin-conjugated cerasomes were seen to be highly
fluorescent as red spots distributed in the cytoplasm by using
confocal laser scanning microscopy. Moreover, the capability of
porphyrin to produce 'O, by photosensitization was enhanced
greatly, even at an extremely high number of porphyrins due to
the conjugation to cerasomes. An obvious phototoxic effect on
the cancer cells was observed after treatment with the por-
phyrin-conjugated cerasomes in combination with irradiation of
the light (400-700 nm). Furthermore, no apparent dark toxicity
was observed. The ability to load chemotherapeutic drugs into
the internal aqueous core of the porphyrin-conjugated cera-
somes makes it possible to fabricate a drug-carrier system for
the synergistic combination of chemotherapy and PDT for the
treatment of cancer. Therefore, the dual function nature of the
cerasomal porphyrin would definitely play a key role in future
clinical photodynamic theranostics.

Porphysomes for cancer theranotics

Recently, Zheng’s group reported another type of liposome-like
porphyrin-loaded nanoparticles (termed porphysomes) with
good biocompatibility and degradability, high drug loading
content, high absorption coefficiency and structure-dependent
fluorescence quenching (Fig. 5).°*°* The porphysomes
(100 nm) were supramolecularly self-assembled in aqueous
media with a lipidic porphyrin synthesized by an acylation
reaction between lysophosphatidylcholine and pyropheophor-
bide. TEM micrographs showed that the porphysomes con-
sisted of two separate monolayers with a 2 nm gap.”* The
porphysomes exhibit good stability and can be stored for
months in aqueous media, but they are susceptible to enzy-
matic degradation. The vesicular structure of the porphysome
was disrupted upon incubation with lipase or detergents.’*
Like chlorophyll, its main material of pyropheophorbide can
be enzymatically cleaved into colourless pyrroles in the pres-
ence of peroxidase or hydrogen peroxide.”> By monitoring the
absorbance loss of porphysomes, Lovell et al. proved the
efficient degradation of pyropheophorbide and porphysomes
by peroxidase, even at extremely high concentrations (1 g kg™
injected dose).”»®® The ability to use porphysomes as a
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Fig. 5 Porphysomes are optically active nanovesicles formed from por-
phyrin bilayers. a, Schematic representation of a pyropheophorbide—
lipid porphysome. b, Electron micrographs of negatively stained porphy-
somes (5% PEG-lipid, 95% pyropheophorbide-lipid). Reprinted with
permission from ref. 94. Copyright © 2011 Macmillan Publishers Limited.

delivery system was also investigated.”® By using the
ammonium sulphate gradient method and incorporating 50%
cholesterol to enhance the drug loading, doxorubicin was
encapsulated into the porphysome core with 90% loading
efficiency,” indicating that porphysome can act as a theranos-
tic platform. The drug-loaded porphysomes maintained a self-
quenching porphyrin bilayer.

Two absorption peaks were observed at 400 nm and 680 nm
in the aqueous dispersion of porphysomes. Using bacterio-
chlorophyll analogue as subunits, red-shifted porphysomes
(760 nm) were fabricated. By chelating metal ions into the
lipidic porphyrin, the absorption peaks of porphysomes
shifted to 440 nm and 670 nm, indicating the formation of
metal-chelating bilayers in the porphysomes. Easy alteration of
the photochemistry of the porphysomes provides a possibility
to adjust the operating wavelengths to match the wavelengths
of given laser sources.

The biocompatibility of porphysomes was evaluated. After
treatment with a high dose (1000 mg kg™") of porphysomes for
2 weeks, mice were healthy with a normal hepatic function.
The unaffected red blood cell counts and attributes suggested
that the porphysome did not with the physiological regulation
of endogenous porphyrin. The porphysomes had no effect on
the white blood cell count, indicating no immunogenicity. No
apparent changes were observed from histopathological exam-
ination of tissue slices such as heart, liver, spleen, lung and
kidney, which were collected and stained with haematoxylin
and eosin (H&E). All these results demonstrated the good bio-
compatibility and non-toxicity of porphysomes, which are
required for in vivo biomedical applications.

While porphyrins are known to interact with light to gene-
rate fluorescence and singlet oxygen, the high packing density
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of porphyrins within these nanovesicles (>80 000 porphyrins
per porphysome) expanded the use of porphyrins for thermal-
based therapy and imaging applications.”® Porphysomes are
highly self-quenched and exhibit highly efficient energy con-
version from light into heat, which is comparable to photo-
thermally active gold nanostructures. A photoacoustic signal is
known to be generated by thermal expansion. Zheng’s group
discovered that porphysomes produced photoacoustic signals,
which were proportional to the concentrations of porphysomes
and detectable as low as 25 pM. Upon the addition of a deter-
gent to a solution of porphysomes, the photoacoustic signal
decreased six-fold due to disruption of the porphysome struc-
ture. This indicated that the photoacoustic behaviour of por-
physomes depend on their self-quenching property. Then,
Lovell et al. tested the ability of porphysomes to operate as
photoacoustic contrast agents in vivo. After an intradermal
injection of porphysome for 15 minutes, the local lymphatic
system of rats was clearly seen by photoacoustic imaging, as
the porphysomes drained to the lymph vessels and nodes and
produced strong photoacoustic signals. Thus, porphysomes
can be used as contrast agents to visualize the first draining
lymph node, the in-flowing lymph vessel and surrounding
lymph vessels by photoacoustic imaging.®*

The capability to use porphysomes for photothermal abla-
tion of tumours was investigated. It was found that the in-
corporation of 30 molar% of cholesterol into porphysomes was
beneficial for biodistribution after the intravenous injection of
porphysomes. Compared to standard porphysomes, the
tumour tissue (KB tumour-bearing mice) had more accumu-
lation than normal tissues, including the liver, spleen and
kidneys. After 24 h intravenous injection of the porphysomes,
the tumour was irradiated with laser light for 1 min. The
tumour temperature was monitored by a thermal camera. It
was seen that the tumour temperature increased to 60 °C
rapidly, 20 °C higher than the PBS injected mice as control.
Following the treatment with porphysomes combined with
laser irradiation, mice developed eschars on the tumours and
the eschars healed after two weeks. On the contrary, no
eschars were developed in the laser-alone and porphysome-
alone control groups and the size of tumours increased
rapidly.”* The porphysomes were further used to destroy both
hyperoxic and hypoxic tumours. Moreover, the destruction of
tumours was demonstrated by photothermal heating and not
by a photodynamic effect due to the self-quenching of the por-
phyrin within the porphysome nanostructure.’”

Taking advantage of the structure-dependent self-quench-
ing property of porphysomes, Cui et al. demonstrated activata-
ble PDT by targeting the porphysomes to the folate receptor,
overexpressed in many cancer cell lines.”® A 1 mol% folate-
PEG-lipid was introduced into the porphysomes for specific
tumour uptake. It was found that fluorescence was restored
and singlet-oxygen was produced to kill the tumor cells upon
uptake by KB cells (folate positive cells).” After systemic
administration for 15 min, a low fluorescence signal was noted
due to the self-quenching of porphysomes. Nevertheless, the
fluorescence became strong in the tumour after two days
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because the porphysomes were dequenched in the tumour.®*
When detergent-disrupted porphysomes were injected, the
porphysome quenching was remarkably enhanced, and hence
a higher fluorescence was observed in the tumor. Therefore,
porphysomes can act intrinsically as a bimodal contrast agent
to enhance both photoacoustic and fluorescence imaging.

The feature of the porphyrin to chelate metals offers
another capability to utilize the high porphyrin content
obtained with porphysomes for whole body imaging. Porphy-
somes could be radiolabelled with copper-64 with a specific
activity of 2800 Ci per pmol per nanoparticle.”® Radiolabelled
porphysomes were used as a dual imaging agent for PET and
for fluorescence imaging in an orthotopic prostate cancer
model to clearly distinguish the prostate tumour from sur-
rounding organs, including the bladder and prostate.'” In
particular, a small prostate cancer bone metastasis (<2 mm)
was identified, offering the potential to monitor tumour recur-
rence and response to treatment.

Pyropheophorbide-lipid was further used to form micro-
bubbles with a porphyrin shell encapsulating a perfluoro-
propane gas.'®’ The porphyrin-lipid offered a photoacoustic
function to the microbubble, leading to a multimodal ultra-
sonic/photoacoustic microbubble. Such multimodal micro-
bubbles have promising use in drug delivery and as optical
imaging agents, potentially overcoming the resolution limit-
ations associated with mere ultrasound imaging. Instead of
releasing drugs by expanding microbubbles as reported pre-
viously, Zheng et al. imploded these ultrasonic/photoacoustic/
fluorescent multimodal microbubbles into nanoparticles with
diameters ranging from 5 nm to 500 nm using ultrasound.
Due to their small size, the resulting nanoparticles retain their
fluorescent and photoacoustic properties, but lose their acous-
tic reflectivity, and thus are expected to penetrate tissues more
easily. Their ultrasound imaging capability gives image-based
guidance to the delivery of drugs, and the fluorescence
imaging allows for evaluating the concentration of the drug
reaching the target tissue.'*>

Conclusions

A variety of porphyrins have been developed as PDT photo-
sensitizing agents but few of them have been successfully
employed in clinical trials due to their low aqueous solubility
and poor selectivity to tumorous tissue. However, loading por-
phyrins into nanoparticles can make hydrophobic porphyrins
soluble in water and passively target tumour tissue. In
addition, by conjugating specific targeting moieties to the por-
phyrin nanoparticle surface, selective accumulation can be
further achieved.

Nowadays, various imaging modalities (e.g. MRI, CT, and
PET) have been widely utilized in PDT planning and assess-
ment. It is expected that multimodality imaging combined
with PDT will gain the most use ultimately due to the capa-
bility to obtain both structural and functional images. There-
fore, a theranostic agent for both multimodal imaging and the
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PDT of cancer urgently needs to be developed. As a multifunc-
tional nanoplatform, porphyrin-loaded nanoparticles offer
theranostic advantages because they can be further used to
load the other imaging contrast agents (e.g. radionuclides,
quantum dots, Gd complex, Fe;0, and gold nanoparticles) for
PET, fluorescence, MRI, CT and photoacoustic imaging. More-
over, the own fluorescence of the porphyrin nanoparticles can
be used as an imaging signal. In addition, the other thera-
peutic agents (e.g. radionuclides, doxorubicin, paclitaxel,
siRNA, DNA) can be introduced into porphyrin-loaded nano-
particles for radiotherapy, chemotherapy, photothermal
therapy, photodynamic therapy, gene therapy and combined
therapy.

The multimodality imaging functionalization of therapeutic
porphyrin nanoparticles is of particular interest for the person-
alized monitoring of in vivo tumor targeting and the pharmaco-
kinetics of porphyrin for predicting the therapy outcome. In
combination of the advantageous information from each
imaging modality, we can better understand the prognosis-
associated disease status. Therefore, undoubtedly the multi-
functional nature of the porphyrin-loaded nanoparticles will
play an important role in future clinical photodynamic thera-
nostics for non-invasive imaging diagnosis, real-time imaging
guidance and remote-controlled therapeutics, especially
imaging-guided therapeutics. Nonetheless, it is not to say that
this nanoplatform has no drawbacks. The porphyrin-loaded
nanoparticles are still in the initial stages of clinical trials and
some basic aspects remain to be studied in more detail. It is
necessary to address some issues concerning transitional
medicine of such porphyrin-loaded nanoparticles, including
transport barriers, drug uptake, distribution hurdles, and their
long-term effects. The deep exploitation of such novel nano-
particles may gain the wide interests of clinicians.
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