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This article is written to provide an up-to-date review of pyrrole-based biomedical materials. Porphyrins
and other tetrapyrrolic molecules possess unique magnetic, optical and other photophysical properties
that make them useful for bioimaging and therapy. This review touches briefly on some of the synthetic
strategies to obtain porphyrin- and tetrapyrrole-based nanoparticles, as well as the variety of applica-
tions in which crosslinked, self-assembled, porphyrin-coated and other nanoparticles are utilized. We ex-
plore examples of these nanoparticles’ applications in photothermal therapy, drug delivery, photodynamic
therapy, stimuli response, fluorescence imaging, photoacoustic imaging, magnetic resonance imaging,
computed tomography and positron emission tomography. We anticipate that this review will provide a
comprehensive summary of pyrrole-derived nanoparticles and provide a guideline for their further devel-
opment.

Lay abstract: Nanoparticles are very small particles that are less than a fraction of the thickness of a strand
of hair. These particles can be used as contrast agents (e.g., for use in a computerized axial tomography
[CAT] scan) or to help deliver treatment directly to a tumor. This is a review article that explores the
biomedical applications of nanoparticles formed from chemicals known as tetrapyrroles, that are often
found in nature. Tetrapyrroles have many characteristics that allow them to provide good image contrast
and therapeutic benefits. In this review, we discuss some characteristics of tetrapyrroles and examples of
tetrapyrrole nanoparticles in a variety of biomedical applications.
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Porphyrin- and pyrrole-derived nanoparticles have a wide variety of applications in biomedical imaging and therapy.
In this review, we begin by discussing the field of ‘nano theranostics’, after which we briefly describe the major
imaging modalities and nanotherapeutic strategies. We then discuss the properties of porphyrins and pyrroles that
make them attractive for imaging and therapeutic applications. This includes discussion of their near-infrared
absorbance and fluorescence behaviors, photosensitizing behavior and ability to chelate metals. We continue by
describing various examples of porphyrin- and pyrrole-derived nanoparticles, which we have categorized based
on synthesis method. The bulk of this review focuses on self-assembled nanoparticles, which we have divided
into categories including particles assembled from naturally-derived molecules, silica-pyrrole hybrid nanoparticles,
porphysomes, dendrimers and other particles obtained through crosslinking and self-assembly. We next review
examples of carbon dots or carbon nanoparticles, that have been derived from porphyrin and pyrrole molecules.
Finally, we review examples in which porphyrin or pyrrole molecules were used as a coating on the surface of other

Nanomedicine (Lond.) (2020) 15(25), 2493–2515 ISSN 1743-5889 249310.2217/nnm-2020-0125 C© 2020 Future Medicine Ltd

https://orcid.org/0000-0003-1639-5687
https://orcid.org/0000-0003-0175-4704


Review Fathi & Pan

nanoparticles. We conclude by discussing limitations of current approaches and provide a perspective on the future
direction of research in this field.

Nanotheranostics
Small molecule heterocycles have been extensively utilized for imaging and therapeutic applications for many
years [1–4]. The use of contrast agents such as methylene blue and indocyanine green is well documented [5–12].
The inspiration for using nitrogen-containing heterocycles came perhaps directly from the red color of heme, a
porphyrin present in blood. Blood has served as a biomarker for assessing injury since ancient times, establishing
an important role for porphyrins in the diagnosis of human diseases. The last decade has also witnessed the advent
of advanced imaging techniques, such as functional MRI (fMRI) for interpretation of neural activity based on
blood oxygenation [13]. The iron-containing heme can switch from diamagnetic oxyhemoglobin to paramagnetic
deoxyhemoglobin allowing for the use of these properties to probe in vivo activities. Interestingly, porphyrins and
related compounds also offer inherent optical activity that can be chemically tuned for wide ranges of light-based
imaging techniques. Despite this, systemic administration of small molecule contrast agents and drugs suffers from
shortcomings such as unintended off-target side effects, toxicity issues and inherent solubility issues, making these
agents poorly bioavailable for target tissues.

Nanoparticles have shown great promise for diagnostic imaging and disease therapy [14–19]. Major advantages
of nanoparticle-based approaches have included the ability to functionalize their surfaces for selective uptake in
organs or tissues of interest [20–30], ability to load therapeutic cargo within nanoparticles [31–34] and the potential
for stimuli-responsive therapeutic effects [35–42]. This has allowed for targeted imaging of diseases such as cancer
and atherosclerosis, loading and release of water-insoluble drugs [43], tumor microenvironment triggered drug
delivery and selective ablation of lesions. In particular, nanoparticles that provide simultaneous therapeutic and
diagnostic (‘theranostic’) capabilities are of great interest for their multifunctionality and promise in identifying the
need for therapeutic interventions and tracking their efficacy post-deployment [44,45]. An overview of theranostic
applications of pyrrole-derived nanoparticles is provided in Figure 1.

Imaging modalities
A number of imaging modalities have been utilized for diagnostic imaging of diseases. Commonly used clinical
imaging modalities include x-ray imaging and computed tomography (CT), ultrasound imaging, magnetic reso-
nance imaging, positron emission tomography (PET) and single photon emission computed tomography (SPECT).
An in-depth exploration of each imaging modality is beyond the scope of this review, but we will provide a brief
overview of their operating principles. X-ray imaging utilizes electromagnetic radiation of frequencies ranging from
1016 to 1019 Hz. Samples of interest are exposed to x-rays, which can travel through the entire thickness of the
body. A detector on the other side of the sample collects the x-rays which have passed through the sample. The
density of tissues affects the ability of the radiation to pass through the sample, with samples that are denser leading
to greater attenuation of the x-rays. In CT imaging, x-rays are collected for individual slices of a sample and then
combined to form a 3D tomographic image. CT and x-ray imaging are commonly used for detection of cancer,
bone damage, abnormalities in organs such as the heart and lungs and a variety of other applications [17,54–59].

In ultrasound imaging, a probe that generates sound in the range of 20 kHz to 200 MHz is applied to the
sample. The sound waves are reflected by tissues within the body and are detected using the probe. The time taken
for the sound waves to return to the probe corresponds to the distance between the probe and the tissue, allowing
for the formation of an image.

MRI utilizes a strong magnetic field to align protons within the body. When the alignment of the protons is
briefly disturbed using radio waves, the subsequent realignment of the protons leads to the generation of radio waves
that can be detected and used in image formation. Unlike x-ray based imaging, MRI contrast agents are considered
‘indirect’ since they do not appear visible by themselves [60,61]. MRI contrast agents work by shortening the T1
relaxation time of protons within tissues via interactions with the neighboring contrast agent. On the contrary, x-ray
contrast is generated based on their ability to absorb external x-rays, resulting in decreased exposure on the x-ray
detector. Paramagnetic and superparamagnetic metal ions are used to generate high resolution (<10 μm) images of
tissues, as well as to probe cellular processes at a molecular level. Typically, the efficiency of the contrast metals relies
on longitudinal (r1) and transverse (r2) relaxivity. Paramagnetic metals shorten the longitudinal relaxation time
(T1) and thereby increase the relaxation rate (1/T1) of solvent water protons. Regions of paramagnetic contrast
agent accumulation appear bright in T1-weighted (T1w) MRI sequences and dark in T2-weighted MRI sequences.
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Figure 1. Applications of pyrrole- and porphyrin-derived nanoparticles. (A) Computed tomographic image of folic
acid-conjugated iodinated silica-porphyrin hybrid nanoparticles accumulated in a multiple myeloma tumor. (B)
Fluorescense image of Matrigel embedded with porphysome and Bchl-lipid doped porphysome, injected into a
mouse. (C) PET imaging of a prostrate cancer tumor-bearing mouse 24 h after injection with 64Cu-porphysomes. (D)
Photoacoustic imaging of lymphatic vessel and lymph node of a mouse 10 min after injection of biliverdin
nanoparticles (LV, LN). (E) MRI of blood clots using fibrin-targeted manganese-chelated nanobialys particles for
contrast. (F) Confocal fluorescence images of A549 cells treated with DOX-loaded BRNP with and without laser
irradiation. (G) Breast cancer tumors from mice treated with Janus nanobullets integrating chlorine e6 (Ce6) loaded,
disulfide-bridged mesoporous organosilica bodies with magnetic heads. Magnetothermal therapy (group 3) and
combined magnetothermal therapy/immunotherapy (group 6) led to a decrease in tumor size. (H) Fluorescence
imaging of activation of porphysomes vs porphyliproprotein (PLP) particles 24 h after intravenous injection in
KB-xenograft mice. (I) Temperature of tumors in mice treated with porphysomes and PDT or PTT, illustrating that
photothermal therapy (right) leads to high temperatures in tumors.
BRNP: Bilirubin nanoparticle; DOX: Doxorubicin; LN: Lymph node; LV: Lymphatic vessel; PDT: Photodynamic therapy;
PET: Positron emmision tomography; PLP: Porphyliproprotein; PTT: Photothermal therapy.
(A) Reproduced with permission from [46], licensed with CC-BY-NC-ND 3.0.
(B) Reproduced with permission from [47], C© American Chemical Society (2015).
(C) Reproduced with permission from [48], C© WILEY-VCH Verlag GmbH & Co. (2012).
(D) Reproduced with permission from [49], C© American Chemical Society (2019).
(E) Reproduced with permission from [50], C© American Chemical Society (2008).
(F) Reproduced with permission from [51], C© WILEY-VCH Verlag GmbH & Co. (2016).
(G) Reproduced with permission from [29,46–53], licensed with CC-BY 4.0.
(H) Reproduced with permission from [52], C© American Chemical Society (2015).
(I) Reproduced with permission from [53], C© American Chemical Society (2013).

Iron oxide nanoparticles have been widely utilized as T2-weighted contrast agents in MRI and have been translated
to clinical use for treatment of iron deficiency [62–65]. Similarly, Gd-, Mn- and copper-based agents have been
used as paramagnetic contrast agents. Manganese ions (Mn2+) work similarly as other paramagnetic ions, in other
words, gadolinium (Gd3+) and copper (Cu+2), which can shorten the T1 of water protons, thus increasing the
signal intensity of T1w MR images.
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PET imaging makes use of radioactive nuclides to provide image contrast. As the radionuclides degrade, positrons
are emitted, eventually making contact with electrons in the native tissue. The annihilation event caused by collision
of the positrons and electrons leads to the generation of γ-rays in two opposite directions. The γ-rays are then
simultaneously detected by two different detectors spaced 180 degrees apart, leading to the recording of an incident
event. This information is then reconstructed into images. SPECT imaging detects γ-rays emitted directly from an
injected radionuclide. X-rays and γ-rays are both considered ionizing radiation, which means that they can generate
free radicals that lead to tissue damage. Since exposure to ionizing radiation can lead to cell death [66–68], the use of
these imaging techniques must be carefully considered.

Emerging preclinical imaging techniques include fluorescence imaging and photoacoustic imaging [16,19,49,69–75].
Fluorescence imaging utilizes light of particular wavelengths to excite a fluorophore or fluorescent molecule. The
absorbed light leads to excitation of the fluorophore’s electrons from their ground state to a higher energy level. In
downshifting, which porphyrins and tetrapyrroles are commonly used for, the subsequent return of the electrons to
their ground state leads to the emission of lower-energy (higher wavelength) light. In upconversion, the absorption
of multiple photons of a higher wavelength leads to the emission of light at a shorter wavelength (higher energy) than
the excitation wavelength. A major drawback of fluorescence imaging is in vivo autofluorescence from hemoglobin
in blood, which absorb light at wavelengths below 600 [76]. Thus, fluorescence imaging is often conducted in the
first near-infrared (NIR-I) wavelength range of 650–950 nm. More recently, fluorescence imaging in the second
near-infrared (NIR-II) range of 1000–1350 nm has grown in popularity due to reduced interference from biological
tissue within this wavelength range [57,77,78].

Like fluorescence imaging, photoacoustic imaging utilizes interrogation with light to excite a light-absorbing
molecule. However, in photoacoustic imaging the energy is not released through light emission upon return of
excited electrons to their ground state. Instead, the absorbance of light leads to slight increases in temperature which
cause thermal expansion of the material. This thermal expansion leads to the generation of sound waves which can
be detected with ultrasound imaging to generate a tomographic image. Photoacoustic imaging has gained interest
due to its higher spatial resolution and depth of penetration compared with fluorescence imaging. Despite this,
photoacoustic imaging is still limited to a penetration depth of approximately 6 cm [79–81]. Photoacoustic responses
generated from biologically available molecules such as hemoglobin and melanin lead to some interference in the
NIR-I region [82–89]. Thus, photoacoustic imaging in the NIR-II region has also grown in popularity [90–92].

Nanotherapeutics
In addition to surgical interventions, a major approach in disease therapy is the administration of drugs that can
lead to diseased cell death, the use of laser irradiation or magnetic fields to induce cell death, or the generation of an
immune response to diseased cells through the administration of immunotherapeutic agents. Nanoparticle agents
can be utilized for the encapsulation and eventual release of drugs. Nanoparticle-based drug delivery allows for
the delivery of drugs with poor solubility, as well as gradual, stimuli-responsive or on-demand release of drugs and
enhanced delivery of drugs to the site of interest through passive or active targeting mechanisms. In photothermal
therapy [93–96], laser irradiation is utilized to irradiate a site containing nanoparticles that absorb light of the specified
laser wavelength. The nanoparticles dissipate the energy from the laser through releasing heat, thus thermally ablating
the surrounding tissue. In photodynamic therapy [97,98], a similar approach is taken, but the use of photosensitizers
leads to the production of reactive oxygen species (ROS) in response to the laser irradiation, leading to cell and
tissue death due to the ROS. Another therapeutic approach is the use of magnetothermal therapy [99–101], which
utilizes alternating magnetic fields to induce heating within the tissue. In immunotherapy [102–104], administered
nanoparticles can present antigens, sometimes in combination with an adjuvant, in order to activate an immune
response against the diseased cells to be eradicated. Other work has focused on photoimmunotherapy for selective
removal of regulatory immune cells, which leads to a subsequent increase in immune response to tumor cells [105].

Porphyrin & pyrrole characteristics
Pyrroles are organic compounds composed of a five-membered ring containing four carbons and a nitrogen.
Porphyrins are composed of four modified pyrrole subunits interconnected at their α carbon atoms via methine
bridges (=CH−). Other noncyclic tetrapyrrole molecules also exist. Pyrrole-derived molecules (Figure 2) have
drawn interest due to their high absorbance and strong fluorescence or photoacoustic contrast, as well as their
abilities to act as photosensitizers and metal chelators [55,57,64,66,84,106–111].
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Figure 2. Open chain and macrocylic N-containing pyrrole, porphyrin and polypyrrole molecules and nanoparticles.
(A–G) Small molecule structures; (H) examples of crosslinked nanoparticles from tetrapyrrole; (I) porphyrin conjugated
lipid derived vesicles; (J) nanoparticles-derived from physical pyrrole coating; (K) carbon dots derived from porphyrin
or pyrrole-based agents.
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Fluorescence & absorbance properties
UV-visible absorbance spectra of porphyrin molecules typically contain a Soret band (400–436 nm), Q bands
(490–650 nm) and N, L and M bands (200–350 nm) [112,113]. The Soret band, which has greater intensity than
the Q bands, is attributed to the strong transition from S0 to the second excited state S2, whereas the Q bands are
attributed to the weak transition from S0 to the first excited state S1 [112,113]. In addition, fluorescence yields for
metal-chelated porphyrins have been shown to depend on the central metal and the radiative efficiency has been
shown to depend on the presence or absence of metals [108].

Photosensitizing behavior
The photosensitizing behavior of tetrapyrroles and porphyrins has long been the topic of much research. Initial
studies primarily focused on utilizing hematoporphyrin-derived photosensitizers, but other photosensitizers have
been explored more recently [97,109,114,115]. The mechanism behind the photosensitizing behavior of porphyrins is
explained by the excitation of a singlet photosensitizer electron caused by light, leading to excitation of a single
electron into a higher-energy orbital. Through intersystem crossing, the excited singlet photosensitizer can then
form an excited triplet state with a longer lifetime than the singlet state. Collision with oxygen then results in the
formation of ROS and a return of the photosensitizer to its ground state [97].

Metal chelation
Porphyrins and tetrapyrroles have the potential to form coordination complexes with a variety of met-
als. Bivalent manganese can be chelated by porphyrins, for example, sulfonatoporphyrins, undergoing rapid
oxidation to Mn (III) [111]. Manganese (III)-chelated porphyrins such as tetra-(4-sulfonatophenyl) por-
phyrin (TPPS4) and variations with fewer sulfonate functionalities (TPPS3, TPPS2) have also been re-
ported [116,117]. Other porphyrin-metal complexes include uroporphyrin (UROP-1), mesoporphyrin, hemato-
porphyrin and metalloporphyrin (ATN-10) [118–122]. Following injection in tumor-bearing (SCC-VII) mice,
paramagnetic porphyrin-Mn has been shown to provide T2-weighted MRI contrast [120]. The use of HOP-
8 P (α-Aqua-13,17-bis(1-carboxypropionyl)carbamoylethyl-3,8 bis(1phenethyloxyethyl)-β-hydroxy-2,7,12,18-
tetramethylporphyrinato manganese [III]) as a tumor-specific manganese-based agent has been demonstrated
in a tumor-bearing mouse model [123]. Such metalloporphyrins also exist naturally. Chlorophyll, the plant pigment
used in photosynthesis, is a magnesium-chelated porphyrin. Heme, the oxygen-binding domain of hemoglobin,
is composed on an iron-chelated porphyrin. Metal coordination complexes have also been reported with other
tetrapyrroles [124–126].

Porphyrins & pyrroles as functional building blocks
Nanoparticles derived from porphyrins and other pyrrolic compounds have been utilized in a variety of applications
including fluorescence imaging, photoacoustic imaging, MRI, CT, PET, photothermal therapy, drug delivery and
biosensing. Other reviews have focused on metalloporphyrin nanoparticles [105], porphyrin-loaded nanoparticles
for cancer therapy [127], polypyrrole nanoparticles for photothermal therapy [128], nanoparticles derived from
organic dyes [129] and porphysomes [130–132]. In this review, we have classified porphyrin and polypyrrole-derived
nanoparticles into categories of cross-linked or self-assembled particles, carbon dots and coated particles. We will
provide an overview of the different synthetic strategies for each class of particle and will provide examples of the
wide variety of applications each class of nanoparticle has been used for.

Self-assembled particles
One synthetic strategy for polypyrrole and porphyrin nanoparticles has involved exploiting the multiplicity of their
functional groups along with polymeric or short homo multifunctional crosslinkers to crosslink multiple molecules
(Figure 2H) or attach ligands (Figure 2I) which would allow for self-assembly.

Naturally-derived porphyrins & pyrroles

Naturally-derived porphyrins and polypyrroles are commonly used for nanoparticles. Hemoglobin, a naturally
occurring blood protein contains heme, an iron-chelated porphyrin that is utilized for oxygen transport. Heme-
derived pigments have been a popular source of tetrapyrroles for self-assembled nanoparticles. One such example,
bilirubin, an endogenous molecule with poor water solubility, has been extensively utilized by Jon et al. as a
precursor for nanoparticle synthesis. In their preliminary work, Lee et al. took advantage of bilirubin’s dual
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carboxylic acid groups to attach amine-terminated polyethylene glycol to bilirubin via carbodiimide coupling,
eliminating bilirubin’s insolubility in water (Supplementary Figure 1) [133]. This amphiphilic pegylated bilirubin
then self-assembled into nanoparticles (BRNPs) with a hydrodynamic size of 136 ± 9 nm. Lee et al. examined the
use of BRNPs as reactive oxygen species scavengers, demonstrating the selective uptake of these particles in inflamed
colons in vivo in mice. In addition, they found that BRNPs prevented an increase in myeloperoxidase, a marker of
irritable bowel disease severity and led to a decreased expression of proinflammatory cytokines in a colitis mouse
model, compared with controls that were treated with saline. Finally, in addition to traditional in vitro evaluation of
biocompatibility, histological analysis of lung, liver, kidney and spleen samples were conducted on BRNP-treated
mice 1 week after nanoparticle administration in order to demonstrate the good biocompatibility of BRNPs.

In further work, Lee et al. examined the use of BRNPs for stimuli-responsive anticancer therapy [51]. They
determined that BRNPs experience a switch in solubility upon exposure to ROS or UV irradiation, leading to their
subsequent disassembly. They demonstrated the use of this phenomenon for triggered release of doxorubicin, a
chemotherapeutic drug. Mice bearing human lung adenocarcinoma xenograft tumors were shown to have reduced
tumor volumes when treated with both doxorubicin-loaded BRNPs and 650 nm irradiation, compared with mice
treated with doxorubicin or doxorubicin-loaded BRNPs alone. Kim et al. utilized BRNPs for the prevention of
hepatic ischemia reperfusion injury [134]. They reasoned that since bilirubin has been shown to reduce ischemia
reperfusion injury, BRNPs would have a similar preventative effect, with the added benefit of water solubility.
Biocompatibility of BRNPs was demonstrated in vivo in mice through histopathological analysis and measurement
of alanine aminotransferase (ALT), a hepatocellular damage marker, after intravenous injection of particles. In
addition, the ability of BRNPs to reduce hepatocellular ischemia reperfusion injury was examined in mice. Mice
that received an intravenous injection of BRNPs prior to periods of ischemia and reperfusion were found to have
lower levels of serum ALT and aspartate aminotransferase (AST) compared with mice that received injections of
phosphate-buffered saline or peritoneal injections of unconjugated bilirubin. Such BRNP preconditioning was also
found to lead to lower apoptosis and necrosis compared with preconditioning with unconjugated bilirubin, reduced
expression of pro-inflammatory cytokines, chemokines and cell adhesion molecules from ischemia reperfusion injury
and inhibition of neutrophil infiltration after ischemia reperfusion.

BRNPs were found to prolong pancreatic islet graft survival in a diabetic rat model [135]. They were also
demonstrated to scavenge ROS to protect islet cells from oxidative stress and suppress cytokine release to protect
islet cells from activated macrophages. The anti-inflammatory properties of BRNPs also allowed for their use as an
anti-asthmatic in a mouse model of allergen-induced asthma [136]. BRNPs were found to possess immunomodulatory
behavior, which reduced lung inflammation and asthma symptoms. The chelation of cisplatin into BRNPs has
also been explored, forming particles with a hydrodynamic size of 192 ± 88 nm. The resulting particles were
used for drug delivery, photoacoustic imaging and photothermal therapy of mice bearing HT-29 human colorectal
carcinoma tumors [137].

Biliverdin is another heme-derived tetrapyrrole molecule that has been utilized for nanoparticle synthesis.
Recently, Fathi et al. reported the crosslinking of biliverdin molecules using a bifunctional amine linker to form
biliverdin nanoparticles with hydrodynamic diameters of approximately 100 nm (Supplementary Figure 2) [49].
They found that the particles had high absorbance at 365 and 680 nm and could be utilized for fluorescence imaging
with UV wavelengths and photoacoustic imaging with NIR wavelengths. They utilized biliverdin nanoparticles
for sentinel lymph node imaging and demonstrated the complete biodegradation of these particles in the presence
of biliverdin reductase. Xing et al. utilized biliverdin and a metal-binding peptide, Z-Histidine-Obzl, to form
self-assembled biliverdin nanoparticles that contained Mn2+ [138]. The resulting particles were found to have
hydrodynamic sizes of 120 ± 20 nm. Cells exposed to the particles alone had no significant loss of viability, while
those exposed to 730 nm UV irradiation in the presence of nanoparticles were found to have a significant decrease
in viability. Xing et al. demonstrated the ability of these particles to be used in MRI, photoacoustic imaging and
photothermal therapy of MCF-7 tumors in mice.

Hemin, a heme-derived porphyrin, has also been utilized in the formation of nanoparticles. Yang et al. utilized
dialysis of hemin dissolved in acidified acetone to form hemin nanoparticles [139]. They experimented with different
temperatures, volume ratios and incubation times, finding that higher initial concentrations of hemin led to the
formation of spherical particles (hydrodynamic diameters of 218.2 ± 6.2 nm), while lower initial concentrations
of hemin led to the formation of tadpole-shaped particles (hydrodynamic diameters of 299.8 ± 7.6 nm). Hemin
nanoparticles were also found to have a higher solubility than pure hemin. In a separate report, Liu et al. reported
the formation of self-assembled nanoparticles from hemin, guanine-rich DNA and histidine-rich peptides [140].
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Table 1. Summary of naturally derived porphyrin and tetrapyrrole particles.
Porphyrin or tetrapyrrole Particle type Application Hydrodynamic diameter (nm) Ref.

Bilirubin (tetrapyrrole) Self-assembled ROS scavengers, decreased inflammation in a colitis mouse model 136 ± 9 [133]

Self-assembled Triggered release of doxorubicin in mice bearing human lung
adenocarcinoma xenograft tumors

105 [51]

Self-assembled Prevention of ischemia reperfusion injury Approximately 100 [134]

Self-assembled Prolong pancreatic islet graft survival in diabetic rats 90 ± 2 [135]

Self-assembled Reduced lung inflammation and asthma symptoms in
allergen-induced asthma

Approximately 100 [136]

Self-assembled Cisplatin delivery, photoacoustic imaging and photothermal
therapy in mouse HT-29 tumors

192 ± 88 [137]

Biliverdin (tetrapyrrole) Self-assembled and
stabilized by cross-linking

Photoacoustic sentinel lymph node imaging, fluorescence imaging,
biodegradability

Approximately 100 [49].

Self-assembled Photothermal therapy, MRI, photoacoustic imaging, MCF-7 tumor
treatment

120 ± 20 [138]

Hemin (porphyrin) Self-assembled Increased solubility compared with pure hemin 218.2 ± 6.2 (spherical)
299.8 ± 7.6 (tadpole-shaped)

[139]

Self-assembled Peroxidase-mimicking activity - [140]

ROS: Reactive oxygen species.

These nanoparticles utilized hemin as a cofactor to exhibit peroxidase-mimicking activity and were shown to oxidize
reducing substrates. A summary of naturally derived porphyrin and tetrapyrrole particles is provided in Table 1.

Silica-containing porphyrin & tetrapyrrole hybrids

In addition to the formation of amide bonds, another mechanism of nanoparticle crosslinking has been the
formation of siloxane bonds. Hayashi et al. utilized tetrakis (4-carboxyphenyl)porphyrin (TCPP), a porphyrin, to
form silica-porphyrin hybrid nanorings [141]. They utilized the carboxylic acid groups on TCPP to form amide
bonds with 3-aminopropyltriethoxysilane (APTES). They then utilized APTES and tetraethylorthosilicate (TEOS)
for polycondensation of TCPP-APTES into nanorings and coated the nanoparticle surface with polyethylene glycol,
obtaining a final hydrodynamic diameter of 98 ± 37 nm. When injected intravenously in mice bearing tumors
from human myeloma cells, these particles were found to accumulate within the tumors, which was attributed to
the enhanced permeability and retention effect.

In a separate work, Hayashi et al. developed iodinated silica/porphyrin hybrid nanoparticles (ISP HNPs) by sol-
gel reaction of porphyrin-containing silicon alkoxide (PCSA) with (3-iodopropyl)trimethoxysilane (IPTMS) [142].
ISP HNPs had an anhydrous size of 47 ± 12 nm and were utilized for fluorescence imaging, photothermal
therapy and photodynamic therapy in mice bearing human myeloma tumors. Treatment of mice with ISP HNPs
and light-emitting diode (LED) irradiation led to a lower tumor volume compared with mice that received no
treatment or received only ISP HNPs or only LED irradiation. Mice treated with ISP HNPs and LED irradiation
also had a 100% survival rate 10 weeks post treatment. Hayashi et al. also utilized ISP HNPs modified with PEG
and targeted with folic acid to conduct in vivo fluorescence and CT imaging on multiple myeloma tumors in mice
(Supplementary Figure 3) [46].

Others have also developed silica-porphyrin nanohybrid structures. Ohulchanskyy et al. synthesized iodobenzyl-
pyro-silane, which they then coprecipitated with vinyltriethoxysilane to form porphyrin-containing organically
modified silica nanoparticles [143]. The biocompatibility, photosensitizing properties and fluorescence capabilities
of these particles were demonstrated using in vitro MTT assays in RIF-1 tumor cells. Qiu et al. reported the
formation of chiral mesostructured porphyrin–silica hybrids [144] and Hayashi et al. reported the formation of
silica–porphyrin hybrid nanotubes for in vivo macrophage tracking [145]. In addition to standard in vitro evaluation
of nanoparticle toxicity, Hayashi et al. reported detailed in vivo toxicity studies using bloodwork conducted on
mice one week after intravenous administration of nanoparticles. Alkaline phosphatase, alanine aminotransferase
and aspartate aminotransferase levels in serum were used to evaluate liver function, while blood urea nitrogen levels
in serum were used to evaluate nephrotoxicity. A summary of porphyrin–silica hybrid nanoparticles is provided in
Table 2.
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Table 2. Summary of porphyrin-silica hybrid nanoparticles.
Porphyrin building block Crosslinker Application Ref.

TCPP APTES and TEOS NIR fluorescence imaging of human myeloma tumors in
mice

[141]

TMAPS In vivo macrophage tracking [145]

Porphyrin-containing silicon alkoxide IPTMS Fluorescence imaging, photothermal therapy and
photodynamic therapy in mice bearing human myeloma
tumors

[142]

Targeted in vivo fluorescence and CT imaging on
multiple myeloma tumors in mice

[46]

Iodobenzyl-pyro-silane Vinyltriethoxysilane In vitro photosensitizing and fluorescence imaging [143]

TSPP TMAPS and TEOS – [144]

APTES: 3-Aminopropyltriethoxysilane; CT: Computed tomography; IPTMS: (3-Iodopropyl)trimethoxysilane; TCPP: Tetrakis (4-carboxyphenyl)porphyrin; TEOS: Tetraethylorthosilicate;
TMAPS: Trimethyl[3-(triethoxysilyl)-propyl]ammonium chloride; TSPP: Meso-tetra(4-sulfonatophenyl) porphyrin.

Porphysomes

Porphysomes are self-assembled nanovesicles formed from porphyrin bilayers and are a class of nanoparticle
extensively studied by Lovell et al. and Zheng et al. Lovell et al. reported the synthesis of porphysomes using
an acylation reaction to attach pyropheophorbide to lysophosphatidylcholine ( Supplmementary Figure 4) [146].
The structures self-assembled and were extruded to form porphysomes of approximately 100 nm diameter. They
also separately formed porphysomes of zinc-pyropheophorbide and bacteriochlorophyll. The porphysomes were
utilized in photoacoustic sentinel lymph node imaging, as well as fluorescence imaging and photothermal therapy,
which was evaluated in KB cell mouse xenografts. The enzymatic degradation of porphysomes was demonstrated
and porphysomes were also found to have minimal in vivo toxicity. The biocompatibility of porphysomes was
extensively evaluated both through blood tests and hematoxylin and eosin staining of the liver, spleen and kidneys.
Liver function was assessed through quantification of alkaline phosphatase, γ-globulin transferase, blood urea
nitrogen, cholesterol, albumin, alanine transferase and bile acid levels. Red blood cell and heme regulation were
assessed by quantification of red blood cells, hemoglobin, corpuscular hemoglobin, red blood cell distribution width,
corpuscular hemoglobin concentration and hematocrit. Further blood analysis was conducted to quantify white
blood cells, monocytes, leukocytes, basophils, eosinophils and platelets. These experiments altogether demonstrated
the highly favorable biocompatibility of porphysomes.

Liu et al. reported the use of 64Cu-chelated porphysomes for PET imaging [48]. Radio-labelling was conducted after
porphysome formation and particles were used for combined PET and CT imaging in an orthotopic PC3 prostate
cancer model by taking advantage of leaky tumor vasculature. Liu et al. later reported the use of 64Cu-chelated
porphysomes for imaging prostate tumor bony metastases [147]. Jin et al. conducted comparative experiments the
use of porphysomes and porphyrin monomers (Photofrin) for photodynamic and photothermal therapy of hypoxic
and hyperoxic KB xenograft tumors (Supplementary Figure 5) [53]. They demonstrated that since photodynamic
therapy relies on the presence of oxygen, porphysome-based photodynamic therapy was only effective under
hyperoxic conditions. However, photothermal therapy was found to be effective under both hypoxic and hyperoxic
conditions. MacLaughlin et al. also utilized porphysomes for photothermal therapy in a patient-derived pancreatic
cancer xenograft model [148].

MacDonald et al. chelated Mn3+ into porphysomes to provide MRI contrast [149]. These particles were found to
have high photostability and retained the potential for use in photothermal therapy. Ng et al. doped porphysomes
with a bacteriopheophorbide−lipid to allow for energy transfer (forster resonance energy transfer) between py-
ropheophorbide and bacteriopheophorbide [47]. This was necessary because of the self-quenching behavior of
regular porphysomes, which did not allow for fluorescence detection of intact porphysomes. Doping with bac-
teriopheophorbide allowed for fluorescence emission detection of bacteriopheophorbide for intact porphysomes
and fluorescence emission detection of pyropheophorbide for disrupted porphysomes. This allowed fluorescence
imaging to be utilized to determine whether the porphysomes were intact or disrupted in vivo.

Muhanna et al. used 64Cu-chelated porphysomes for imaging of head and neck cancer in a rabbit model [150].
The use of 64Cu-chelated porphysomes allowed for PET mapping of vascular and lymphatic vessels between the
tumor and metastatic lymph nodes. Porphysome accumulation in the tumor and lymph nodes was also confirmed
with fluorescence imaging. Jin et al. used 64Cu-chelated porphysomes for MRI-guided focal photothermal therapy
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Table 3. Summary of porphysomes.
Porphysome modification Application Ref.

Various porphyrin sources: pyropheophorbide, zinc-pyropheophorbide,
bacteriochlorophyll

Fluorescence imaging, photoacoustic imaging, photothermal therapy of KB
cell xenografts

[146]

64Cu chelation PET-CT imaging in orthotopic PC3 prostate cancer model [48]

PET-CT imaging of prostate cancer bone metastases [147]

PET-CT imaging of head and neck cancer and metastases in a rabbit model [150]

MRI-guided focal photothermal therapy of prostate tumors [151]

Fluorescence detection of tumors and metastases in rabbit endometrial
cancer model

[153]

None Photothermal therapy of hypoxic and hyperoxic KB xenograft tumors [53]

Photothermal therapy in a patient-derived pancreatic cancer xenograft
model

[148]

Mn3+ chelation MRI and photothermal therapy [149]

Doping with bacteriopheophorbide−lipid FRET to determine intactness of porphysomes [47]

Utilized chlorin derivatives (including zinc chelate) as porphyrin source Photoacoustic imaging of hamster cheek pouch tumor [152]

Incorporation of redox-sensitive linkage and encapsulation of indoleamine
2,3dioxygenase (IDO)

Photoimmunotherapy of breast cancer [154]

CT: Computed tomography; FRET: Forster resonance energy transfer; PET: Positron emission tomography.

of prostate tumors [151]. Porphysomes demonstrated high tumor selectivity and the temperature change induced by
photothermal therapy was monitored with MR thermometry.

Ng et al. demonstrated the role of chlorin modification with a methoxy group, along with zinc chelation, in
forming an assembled chlorin nanovesicle [152]. The chlorin-based porphysomes were utilized in photoacoustic
imaging of hamster cheek pouch tumors. Philp et al. utilized porphysomes for detection of primary tumor, lymph
node metastases and abdominal metastases in a rabbit model of endometrial cancer [153]. This method of cancer
detection was found to have a sensitivity of 98.4% and specificity of 80.0%.

Liu et al. utilized a redox-activatable linkage to form a porphyrin-phospholipids conjugate used in the self-
assembly of porphysomes for photoimmunotherapy [154]. This provided the porphysomes with sensitivity to the
elevated glutathione level in tumors. The additional encapsulation of an indoleamine 2,3-dioxygenase (IDO)
inhibitor allowed the porphysomes to serve a dual purpose as photosensitizers that could induce immunogenic cell
death to provoke a systemic immune response. A summary of porphysomes is provided in Table 3.

Dendritic nanostructures from porphyrins

Dendrimers are repetitively branched macromolecules consisting of a core and spherical 3D morphology. They are
typically derived from a single functional entity known as dendrons. Dendrimers carrying porphyrins were first
reported by Jin et al. [155]. Porphyrin-based photosensitizers have been attached to the branches or encapsulated in
the core of dendrimers, mimicking natural heme-containing proteins [156]. Dendritic porphyrins nanoprecipitate
into tiny 5–20 nm sized particles. These particles have been widely used in preclinical imaging and therapeutic
applications.

Other crosslinked & self-assembled systems from porphyrins

In addition to the aforementioned examples of assembling porphyrin and tetrapyrrole-based nanoparticles, other
particles have been formed from a variety of crosslinking and self-assembly methods [157,158].

Pan et al. reported one of the first examples of MRI with porphyrin-chelated trivalent manganese which self
assembles into a morphology that resembles red blood cells [50]. Toroidal ‘nanobialys’ polymer-lipid particles were
developed and demonstrated for use as targeted MR theranostic agents. These particles, approximately 200 nm in
size, were prepared by spontaneous self-assembly of amphiphilic hyperbranched polyethylenimine. The amphiphilic
hyperbranched polyethylenimine was prepared by hydrophobic modification of hyperbranched polyethylenimine
with palmitic acid. The amphiphilic polymer assumed an inverted micellar structure in the presence of anhydrous
chloroform, leading to the formation of a kinetically stable complex from (III)-protoporphyrin chloride (Mn-
PPC). These particles were targeted to fibrin clots and MRI studies demonstrated ionic r1 and r2 relaxivities of
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Table 4. Summary of other porphyrin-based cross-linked and self-assembled particles.
Particle description Application Ref.

Toroidal ‘Nanobialys’ with porphyrin-chelated manganese Targeted MRI of fibrin clots [50]

Self-assembled Por−DPP particles Photoacoustic imaging and photothermal therapy of HeLa tumors
in mice

[159]

Self-assembled particles formed by synthesized Por and ZnPor molecules Fluorescence imaging and in vitro photothermal ablation of HeLa
cells

[160]

Nitric oxide-entrapped particles of zinc meso-tetra(4-pyridyl)porphyrin (ZnTPyP) ROS generation and nitric oxide release to fight Escherichia Coli
and Staphylococcus Aureus bacteria

[161]

COF-366 NPs formed from COFs containing tetra (p-amino-phenyl) porphyrin (TAPP) Photoacoustic imaging, photodynamic therapy and photothermal
therapy of 4T1 tumors.

[162]

Nanoparticles formed from solvent exchange based self-assembly of novel
Zn-metalated porphyrins

Single oxygen generation [163]

Mn-pyro-lipid porphysomes encapsulating gold nanoparticles SERS probe for cellular imaging [164]

Porphyrin nanodiscs formed by linking apolipoproteins to pyro-lipid In vitro singlet oxygen generation, diffusion into collagen-rich
environment

[165]

Gold-porphyrin hybrid nanoparticles from tetrakis(4-sulfonatophenyl)porphyrin and
Au10

- [166]

Cyclic nanorings of Zn porphyrin - [167]

COF: Covalent organic framework; Por−DPP: Porphyrin−diketopyrrolopyrrole; ROS: Reactive oxygen species; SERS: Surface-enhanced Raman spectroscopy.

3.7 ± 1.1 mmol-1 s-1 and 5.2 ± 1.1 mmol-1 s-1 per Mn ion and particulate relaxivities of 612,307 ± 7213 mmol-1

s-1 and 866,989 ± 10,704 mmol-1s-1 per particle, respectively.
Wu et al. developed porphyrin−diketopyrrolopyrrole (Por−DPP), an organic compound that utilizes porphyrin

as a donor molecule and diketopyrrolopyrrole as the acceptor molecule [159]. The synthesized compound possessed
a red-shifted and broadened absorbance spectrum and its amphiphilic structure allowed for its spontaneous self-
assembly into nanoparticles that were used for imaging and photothermal therapy of cervical cancer tumors in
mice. Yang et al. were able to achieve red-shifted and broadened absorption spectra in self-assembled nanoparticles
composed of synthesized porphyrin-based molecules Por and ZnPor [160]. The nanoparticle self-assembly was
facilitated by the introduction of hydrophilic polyethylene glycol chains and pentafiuorobenzene. The Por and
ZnPor nanoparticles were found to have good biocompatibility in the absence of light and successfully killed HeLa
cervical cancer cells when exposed to laser irradiation.

Wang et al. formed particles of zinc meso-tetra(4-pyridyl)porphyrin (ZnTPyP) through noncovalent self-
assembly [161]. Through coordination with the zinc, they were able to entrap nitric oxide within the nanoparticles.
Upon exposure to light, the nanoparticles produced ROS and released nitric oxide, leading to the death of Escherichia
coli and Staphylococcus aureus bacteria. Wang et al. synthesized porphyrin-containing covalent organic frameworks
(COF-366) from tetra (p-amino-phenyl) porphyrin (TAPP) [162]. COF-366 NPs were formed by ultrasonic disper-
sion of COF-366 and were utilized for photoacoustic imaging, photothermal therapy and photodynamic therapy
in 4T1 breast cancer tumors.

Pan et al. showed that Zn-metalation and phenyl ethynyl functionalization remarkably improves the NIR ab-
sorbance of porphyrins through strong intramolecular and intermolecular π–π interactions of porphyrin macrocy-
cles [163]. They synthesized two novel Zn-metalated porphyrins functionalized with symmetrical two phenyl ethynyl
groups. Corresponding nanoparticles (60–80 nm) were obtained through a solvent-exchange based self-assembly
approach. The particles displayed good biocompatibility, excellent photostability and strong 1O2 generation ability.

Other emerging applications also include the use of metallo-porphyrin particles in a surface enhanced Raman
spectroscopic application. Tam et al. synthesized gold nanoparticles embedded into Mn-pyro-lipid porphysomes
and demonstrated the potential of in surface enhanced Raman spectroscopic-based tissue imaging application [164].
In addition to these, other micro-sized porphyrin-lipid complexes have been developed, including nanodisc particles
derived from ApoA-1 and porphyrin-lipid (Supplementary Figure 6) [165].

Other work has involved more fundamental studies of porphyrin behaviors. Trapani et al. formed hybrid gold-
porphyrin nanoparticles by mixing ten atom gold clusters (Au10) with tetrakis(4-sulfonatophenyl)porphyrin (TPPS)
J-aggregates under mildly acidic conditions [166]. Summerfield et al. formed cyclic nanorings of Zn porphyrin in
a directed self-assembly process. They found that the number of porphyrin subunits had a direct impact on the
arrangement of the nanorings [167]. A summary of these particles can be found in Table 4.
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Table 5. Summary of porphyrin and tetrapyrrole-derived carbon dots.
Carbon source Application Ref.

Pheophytin Photodynamic therapy and fluorescence imaging in 4T1-tumour bearing mice [190]

Tetraphenylporphyrin (and its complexes with palladium and platinum) Fe3+ ion sensing [191]

Mono-hydroxylphenyl triphenylporphyrin and chitosan Photodynamic therapy of hepatocarcinoma in a mouse xenograft model [192]

5,10,15,20-tetrakis(4-aminophenyl)porphyrin and citric acid Targeted photoacoustic imaging of breast cancer tumors, two-photon
photodynamic therapy

[193]

Corn bract Ratiometric detection of mercury ions [194]

Polypyrrole nanoparticles Improved conductivity compared with regular polypyrrole nanoparticles [195]

Carbon dots
Carbon dots, or carbon nanoparticles, are a class of nanomaterial typically formed by burning a carbon-containing
material at high temperatures (Figure 2K). These particles are known for their biocompatibility, fluorescence and
ease of synthesis [168–170]. In recent years, a number of papers have been published on carbon dot fundamental
properties [171,172], as well as applications in bioimaging [69,173–180], drug and gene delivery [181–186] and photothermal
therapy [173,187–189]. Despite this, there have been few reports focusing on the use of porphyrins and polypyrroles
as precursors in carbon dot synthesis.

Wen et al. utilized pheophytin, a chlorophyll derivative, for microwave synthesis of carbon dots [190]. These carbon
dots were initially hydrophobic, had an anhydrous size of 5.5 nm and had a fluorescence emission maximum
of approximately 680 nm. The nanoparticles were shown to have high biocompatibility through MTT assays
conducted on 4T1 cells exposed to various concentrations of these particles. Wen et al. also demonstrated the use
of pheophytin carbon dots for in vivo photodynamic therapy and fluorescence imaging in 4T1-tumour bearing
mice. Wu et al. utilized tetraphenylporphyrin and its transition metal complexes with palladium and platinum to
form carbon dots [191]. These carbon dots were found to have strong blue fluorescence that was quenched in the
presence of Fe3+ ions and were utilized in sensing these ions with a limit of detection of 3.7 μM.

Li et al. formed porphyrin carbon dots (TPP CDs) from hydrothermal synthesis using mono-hydroxylphenyl
triphenylporphyrin and chitosan (Supplementary Figure 7) [192]. TPP CDs had a size of 2.6 nm and were utilized
in photodynamic therapy of hepatocarcinoma in a Hepatocarcinoma 22 (H22) mouse xenograft model. The
favorable biocompatibility of TPP CDs was demonstrated using MTT assays conducted on HepG2 cells. Wu
et al. formed carbon dots from 5,10,15,20-tetrakis(4-aminophenyl)porphyrin (TAPP) and citric acid [193]. These
particles exhibited UV-visible and near-infrared absorption, which was utilized for photoacoustic imaging of breast
cancer tumors treated with particles targeted using centuximab. The favorable biocompatibility of these particles
was demonstrated with CCK-8 assays in HCC827, H23, MDA-MB-231 and HBL-100 cell lines and their utility
in inducing tumor cell death was also demonstrated using two-photon photodynamic therapy.

Zhao et al. reported the synthesis of near-infrared carbon dots from corn bract, reasoning that the carbon dot
behavior may stem from chlorophyll-derived porphyrins that were present in the precursor material [194]. The
authors demonstrated that these carbon dots could be used in ratiometric detection of mercury ions. Li et al.
utilized polypyrrole nanoparticles as the precursor for carbon dot synthesis [195]. The carbon dots exhibited smaller
sizes (30–70 nm) and higher conductivity compared with the initial polypyrrole nanoparticles. A summary of
porphyrin and tetrapyrrole-based carbon dots is provided in Table 5.

Porphyrin & polypyrrole coatings
In addition to utilizing porphyrins and tetrapyrroles as precursors for nanoparticle synthesis, other nanoparticles
have been functionalized with porphyrin or tetrapyrrole coatings to make use of their unique properties (Figure 2J).

Wang et al. coated candle soot-derived carbon dots with porphyrin through electrostatic and π-stacking inter-
actions [196]. They demonstrated that these particles could be used for labeling of E. Coli bacteria and 293T cells.
Additionally, the particles were found to have peroxidase-like activity, which was utilized in the development of
a colorimetric glucose sensor. Arcudi et al. coated nitrogen-doped carbon dots with porphyrin through coupling
carboxylic acid groups with amine groups [197]. In a similar approach, Huang et al. coated carbon dots through
surface passivation with an amine-terminated poly(ethyleneglycol) followed by EDC-NHS cross-coupling with
chlorin e6 [198]. The coating and carbon dots interacted via forster resonance energy transfer to provide strong
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Table 6. Porphyrin- and tetrapyrrole-derived nanoparticle coatings.
Particle core Coating (method) Application Ref.

Carbon nanoparticles from candle soot Porphyrin (electrostatic and �-stacking) Colorimetric glucose sensor [167]

Nitrogen-doped carbon nanodots Covalent linkage - [197]

Carbon dots Chlorin e6 (EDC-NHS covalent linkage) Fluorescence image-guided PDT of MGC803
mouse gastric cancer

[198]

Mesoporous silica nanoparticles Bilirubin (nitrogen-protected silica template method) Brain cancer imaging (PET, photoacoustic,
ultrasound) and therapy

[199]

Silver nanoparticles Polyvinylpyrrolidone (UV-induced polymerization) - [200]

Gold nanoparticles on TiO2 substrate Polypyrrole (plasmon induced charge separation) - [201]

Gold nanoparticles Alkyl-substituted pyrrole, bithiophene and terthiophene thiols,
terthiophene and sexithiophene dithiols and polythiophene
polythiol (self-assembly)

- [202]

EDC: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS: N-Hydroxysuccinimide; PDT: Photodynamic therapy; PET: Positron emission tomography.

fluorescence emission in the near-infrared region. This allowed for their application in image-guided photodynamic
therapy (PDT) in an in vivo mouse model of gastric cancer.

Shan et al. developed organosilica-based hollow mesoporous bilirubin nanoparticles for the coencapsulation of
graphene oxide and tirapazamine, a bioreactive prodrug [199]. The resulting particles possessed a core-shell structure,
where the core consisted of a mesoporous silica nanoparticle and the shell was composed of bilirubin-silane. The
particles were utilized to scavenge H2O2 byproducts of aerobic glycometabolism caused by graphene oxide aerobic
glycometabolism. This allowed for the protection of normal tissues from oxidative damage while inducing tumor
hypoxia to convert nontoxic tirapazamine into a highly toxic radical. In vivo application of these particles for PET
imaging, ultrasound imaging, photoacoustic imaging and cancer therapy was demonstrated in a U87MG brain
cancer model.

Other efforts have focused on coating metallic nanoparticles with polypyrroles. Yang et al. developed a core-shell
structure in which the shell consisted of a polypyrrole and the core consisted of silver nanoparticles [200]. Takahashi
et al. utilized plasmon induced charge separation to coat gold nanoparticles with polypyrrole [201], while Zotti et al.
formed self-assembled monolayers on gold nanoparticles [202]. A summary of porphyrin- and tetrapyrrole-derived
nanoparticle coatings is presented in Table 6.

Limitations
Porphyrins and pyrrole-derived nanomaterials find widespread preclinical use because of their large extinction
coefficients, excellent biocompatibility and negligible adverse effects on organisms. Despite the many advantages
of utilizing porphyrins and tetrapyrroles for nanomedicine, a number of drawbacks exist. First, a majority of these
materials are used for fluorescence imaging, which faces inherent limitations in depth of penetration and spatial
resolution. Second, the overlap of porphyrin and tetrapyrrole absorbance and fluorescence spectra with those of
biological components such as blood can lead to difficulties in distinguishing between background signal and the
signal from contrast agents. Third, for many metal-chelated compounds, including porphyrins and tetrapyrroles,
the possibility for unintended release of metal ions must be taken into consideration.

Strong efforts are being devoted to address these issues. For example, although porphyrin derivatives have been
extensively used for fluorescence imaging, PDT and photothermal therapy (PTT), the absorption maxima of
many porphyrin derivatives are generally below 700 nm [203] and they typically exhibit poor photostability in
NIR treatment, which limits their shelf-life and long-term use [204]. A possible way to counter these issues is
to redshift the Q-band absorption to near 800 nm through enhancing their π-conjugated system. For example,
introducing functionalities such as DPP that can enhance their molar absorption coefficient and photostability.
DPP offers a unique electron-deficient feature and when conjugated with electron-donating components to form
a donor–acceptor structure, it enhances their NIR absorption [205].

Conclusion
Porphyrin- and pyrrole-derived nanoparticles have proven promising in a variety of biomedical applications in-
cluding CT imaging, fluorescence imaging, MRI, photoacoustic imaging, drug delivery, photothermal therapy,
immunotherapy and photodynamic therapy. Among the favorable properties of these nanoparticles are high near-
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infrared absorbance and fluorescence, chelation of metals and photosensitizing behavior. Porphyrin- and pyrrole-
derived nanoparticles have been achieved through a variety of synthetic routes. Such nanoparticles have been
heavily utilized in diagnosis and treatment of cancers, including endometrial cancer, breast cancer, prostate cancer,
pancreatic cancer, brain cancer, gastric cancer, liver cancer and cervical cancer. Less commonly, such nanoparticles
have been utilized in treatment of other conditions such as ischemia reperfusion injury or colitis, in prolonging
pancreatic islet graft survival or tracking macrophages. Porphyrins and pyrroles are highly promising functional
building blocks with strong potential for further use in biomedical applications.

Future perspective
Porphyrin- and tetrapyrrole-based nanoparticles are promising tools for bioimaging, therapeutic and sensing
applications. These particles can be made through a variety of synthesis methods including cross-linking, self-
assembly, hydrothermal synthesis and other techniques. Porphyrin- and tetrapyrrole-based nanoparticles have been
demonstrated to have a variety of applications in fluorescence imaging, photoacoustic imaging, MRI, CT imaging,
PET imaging, photothermal therapy, photodynamic therapy and drug delivery. In addition, these nanoparticles
have been shown in some cases to exhibit biodegradability and stimuli-responsive behaviors that make them a
promising platform with some inherent advantages over traditional nanoparticles.

Further studies must be conducted to better explore the use of porphyrins and tetrapyrroles in clinically-
available imaging modalities while taking into consideration the potential toxicity issues that may arise from the
introduction of these materials into the body. For example, the development of PEGylation-free porphyrin-based
nanoparticles allows for reduced concern about immunogenicity of poly(ethylene glycol) coatings that are often
used to increase nanoparticle circulation time [52]. The use of these porphyrin-high-density-lipoprotein particles
has been demonstrated for lung cancer therapy [203]. The biocompatibility of porphyrin- and tetrapyrrole-derived
nanoparticles has primarily been evaluated using traditional in vitro cell viability assays such as MTT assays and
CCK-8 assays. There have been few reported intensive investigations of the long-term biocompatibility of these
nanoparticles via bloodwork and histological analysis. Additional efforts must be undertaken to utilize nanoparticle
synthesis methods that take advantage of biocompatible and biodegradable materials that prevent long-term
accumulation and immunogenicity and to evaluate the long-term biocompatibility and biodegradability of these
particles in a rigorous manner.

Executive summary

Background
• Pyrrole-derived nanoparticles have been used in a variety of imaging applications including MRI, positron

emission tomography (PET)/single photon emission computed tomography, computed tomography,
photoacoustic imaging and fluorescence imaging.

• Pyrrole-derived nanoparticles have been used in a wide variety of therapeutic applications, including drug
delivery, photothermal therapy, immunotherapy and photodynamic therapy.

Porphyrin & pyrrole characteristics
• Porphyrin and other pyrrolic molecules possess near-infrared absorbance/fluorescence properties, which make

them useful for fluorescence and photoacoustic imaging, as well as photo-based therapies.
• These molecules have photosensitizing properties.
• These molecules can chelate metals for additional contrast (e.g, chelation of manganese for MRI contrast or

chelation of 64Cu for PET imaging) or to improve photothermal properties (e.g., chelation of platinum for
photothermal therapy).

Types of particles
• Self-assembled: examples of self-assembled particles include nanoparticles derived from heme-based molecules,

silica-porphyrin hybrid particles and porphysomes.
• Nanoparticles formed from heme-based molecules have been extensively utilized in photoacoustic imaging,

photothermal therapy, drug delivery and as anti-inflammatory therapies.
• Hybrid silica-porphyrin particles have been used for multimodal fluorescence imaging and computed

tomography.
• Porphysomes have been utilized in photodynamic therapy, photothermal therapy, MRI, PET imaging,

fluorescence imaging, photoacoustic imaging and a variety of other theranostic applications.
• Carbon dots: carbon dots formed from pyrrole-based molecules are not common, but have been utilized for

metal ion sensing, photodynamic therapy, fluorescence imaging and photoacoustic imaging.
• Coated particles: pyrrolic coatings have been utilized on metal, silica and carbon nanoparticles. These coatings

have lended their photophysical properties for use in fluorescence imaging and photodynamic therapy.
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