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ABSTRACT
With the development of photodynamic therapy (PDT), remarkable studies have been conducted to gen-
erate photosensitisers (PSs), especially porphyrin PSs. A variety of chemical modifications of the porphyrin
skeleton have been introduced to improve cellular delivery, stability, and selectivity for cancerous tissues.
This review aims to highlight the developments in porphyrin-based structural modifications, with a specific
emphasis on the role of PDT in anticancer treatment and the design of PSs to achieve a synergistic effect
on multiple targets.
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1. Introduction

As the population ages, the number of cancer cases and deaths
worldwide is also rapidly growing1,2. With the continuous devel-
opment of medicine, the treatment strategies for cancer are also
constantly improving. Photodynamic therapy (PDT) has been con-
sidered a safer cancer therapy approach with fewer side effects3.
In 1978, Dougherty first applied this technique to gastrointestinal
cancer using hematoporphyrin (HPD)4,5. Clinical studies revealed
that PDT has been increasingly utilised in therapy for solid
tumours, including tumours of the brain, head and neck, skin,
oesophagus, lung, gastrointestinal, bone, bladder, prostate, breast,
cervix, and ovary and in basal cell carcinomas6,7. Porfimer sodium
(PhotofrinVR , Figure 1) was the first photosensitiser (PS) approved
worldwide for the treatment of cancer. It has no long-term side
effects and can be used repeatedly without causing drug resist-
ance8. As an effective combination therapeutic strategy,
PhotofrinVR did not display serious toxicity. Moreover, the survival
period of inoperable tumour patients was prolonged, and the
quality of life improved9,10. However, patients still suffered several
side effects during the treatment, including skin photosensitivity
and metabolic disturbances10.

1.1. Mechanism of PDT

PSs usually accumulate in the tumours of mice after intravenous
injection. After irradiation with a red laser beam at a specific
wavelength of light, photodynamic therapy is activated by the
absorption of a photon, followed by the oxidation and degrad-
ation of vital biomolecules3.

As illustrated in Figure 2, the anti-tumour mechanism of PDT
mainly consists of two stages. In the first stage, after the absorp-
tion of light, the PS transforms from the ground singlet state (S0)

into the singlet excited state (S1) (nanosecond range), followed by
conversion to the excited triplet state T1 (micro to millisecond
range). In the excited triplet state, the PS can undergo two types
of reactions (type I or type II reactions). In the type I pathway, an
electron or hydrogen atom transfer occurs between the triplet
state T1 sensitiser and the cell membranes of biomolecules. This
process forms free radicals and radical ions, leading to the gener-
ation of cytotoxic hydroxyl radicals (�OH), hydrogen peroxides
(H2O2) and other reactive oxygen species (ROS). The type II reac-
tion involves the interaction between the electronically excited
triplet sensitiser and triplet ground-state molecular oxygen (3O2).
3O2 then forms singlet oxygen (1O2) using the energy transferred
from the excited PS. Through its reactions with many biological
molecules, the product 1O2 is the key factor that induces apop-
tosis of cancer cells and tissue destruction. Moreover, although
the type II reaction has been confirmed to play a more important
role in PDT, both the type I and type II reactions can occur inde-
pendently at the same time10–12.

1.2. Advantage of porphyrin PSs

Most of the PSs applied to cancer treatment possess a macrocyclic
framework based on the porphyrin skeleton13. The main advan-
tages of porphyrins as PSs in PDT include 1) aromatic stability; 2)
efficient absorption of visible red light; 3) high yield of active oxy-
gen; 4) easily functional modification and structural diversity; and
5) long triplet state lifetime and minimal dark toxicity3,12,14.
Several PSs, such as PhotofrinVR , 5,10,15,20-tetrakis(3-hydroxyphe-
nyl)chlorin (FoscanVR ), and 3–(1-hexyloxyethyl)-3-divinylpyropheo-
phorbide (PhotochlorVR )15, have been approved for the treatment
of various cancers (Figure 1)16,17.
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Obviously, any potential PS agent used in PDT should meet
the following requirements: 1) should be a single compound
with tuneable amphiphilicity, high purity and satisfying yield
through mature synthetic methodology10,16; 2) have acceptable
dark toxicity; 3) induce high yields of 1O2 and reasonable fluores-
cence quantum yields; 4) have high tumour selectivity and
exhibit rapid accumulation and long retention targeting of
tumour tissues18; 5) should efficiently absorb red or far-red light
to penetrate tissues; 6) show no excessive aggregation in bio-
logical environments resulting in a reduction in its photochem-
ical efficiency; and 7) exhibit rapid pharmacokinetic elimination
from the patient11,19.

2. Structural optimisation based on porphyrin skeletons

To meet the above requirements, it is important to discover and
develop more effective ideal PSs. For example, one of the possible
approaches to avoid porphyrin aggregation is the construction of
organised porphyrin systems, such as metal-organic frameworks
with porphyrin linkers20,21. Additionally, the insertion of halogen
atoms increases the intersystem crossing quantum yield and leads
to the generation of high ROS yields22. Another strategy is to
improve the specificity of a PS to minimise its toxicity and adverse
effects. In addition, appropriate substituents at appropriate posi-
tions in the porphyrin can favourably influence the lipophilicity
and tissue distribution of PSs12,19.

Figure 1. PSs that entered clinical trials.

Figure 2. Photosensitisation process and mechanism of action of PDT.
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In this manuscript, we review the latest research progress in
porphyrin-based structural modifications designed to increase
photocytotoxicity and selective accumulation in the tumour. The
modifications are mainly performed at three positions or moieties,
the meso-position (red), the b-pyrrolic position (blue) and the
hydrogen bonding/metal coordination moiety (black; Figure 3).
We are looking forward to providing useful information to
researchers for the design and synthesis of more excellent porphy-
rin-based PSs.

2.1. Functional group-modified porphyrin derivatives

Structural differences among porphyrin isomers have a great
impact on photodynamic activity. Feng et al.16 prepared and eval-
uated a novel series of water-soluble porphyrin derivatives con-
taining carboxyl and n-hexyl groups. The results indicated that
compound 5 exhibited high dark toxicity/phototoxicity ratios in
MDA-MB-231 cells (compound 5¼ 160.88) compared with hemato-
porphyrin monomethyl ether (HMME, 6¼ 18.76). Compound 7
was localised at higher absolute concentrations in some tumours,
but its neurotoxicity resulted in failure of its development as a
PS23,24. To avoid the neurotoxicity associated with compound 7, a
series of its derivatives were investigated (Figure 4). Thomas
et al.25 designed and prepared compound 8, a water-soluble
derivative of N-fused porphyrin (NCP), displaying an IC50 value of
6 mM (irradiation with 100 J/cm2 of a 70W sodium vapour lamp)
against MDA-MB-231 cells.

Recently, Hynek et al.26 first synthesised porphyrin derivatives
containing four phosphinic functional groups with methyl, isopro-
pyl and phenyl groups on phosphorus atoms. These compounds
were evaluated for their in vitro anticancer activity against the
HeLa cell line. It was shown that the presence of phosphinic
groups did not influence the photophysical properties and absorp-
tion. Derivative 9, with four isopropyl substituents, exerted prom-
ising anticancer activity, with a mean IC50 value of 0.45mM
(irradiation with 9mW/cm2 of 525 nm light for 15min), which was
6-fold more potent than compound 7 (Figure 4).

Structural modification of heteroatoms by introducing chalco-
gen atoms, such as sulphur and selenium, significantly changes
the photophysical properties of compounds27. The incorporation
of ionic groups such as pyridinium, sulphonate, carboxylate or
phosphonate around the porphyrin is an effective method to
address solubility issues and prevent aggregations26.

In 2000, Stilts et al.28 synthesised water-soluble core-modified
porphyrins (10–12). The LD50 of compound 10 was less than
23.6mM against Colo-26 cells (irradiation with 135 J/cm2 of
694 nm). In their subsequent work, studies on the in vivo applica-
tion of dithiaporphyrin 11 demonstrated that it could absorb light
at much longer wavelengths compared with compound 1,

resulting in an enhanced penetration depth of light, more potent
dark toxicity and more accurate tumour localisation. The EC50
value of compound 11 was 1.6mM (irradiation with 4 J/cm2 of
590–800 nm light), much favourable than that of compounds 1
(EC50 ¼ 9.0mM) and 7 (EC50 ¼ 125 mM)29,30. Based on the influ-
ence of the pKa value and previous studies, core-modified por-
phyrins 12 were obtained by using a carboxylic acid group
instead of a sulphonic acid group. Studies revealed that the intro-
duction of carboxyl groups into the porphyrin ring led to an
increase in the phototoxicity compared with the corresponding
sulphonic acid group (compound 11), but porphyrin derivatives
with more than three carboxylic acid displayed essentially no pho-
totoxicity, which correlates with greatly reduced cellular uptake27.

Cationic porphyrin derivatives have received special attention
because of their potential interaction with anionic DNA/RNA and
efficient cell destruction upon irradiation31. Slomp’s group syn-
thesised a series of cationic porphyrin derivatives and screened
their photosensitising activities against HaCaT keratinocytes. The
results confirmed that cationic porphyrin PSs exhibited better
photosensitivity than derivatives with neutral or negatively
charged substituents32. Jensen et al.33 then synthesised several
cationic porphyrin derivatives possessing –(CH3)3

þ groups. The
monocationic porphyrin derivative 13 (Figure 5), with only one
cationic group, was found to be the most active against HEp2
cells (IC50 ¼ 2 mM, irradiation with 1 J/cm2 of 610 nm light).
Researchers also reported a cationic aminoporphyrin-quinoxaline
hybrid (14), formed by introducing a quinoxaline carboxylic acid
group, that exhibited potential anticancer activity. All the com-
pounds synthesised exhibited 5-HT3 receptor antagonism, and
some showed antagonism greater than the reference drug. Hybrid
14 displayed an IC50 value of 0.06 mM (under a white LED light
source, k¼ 400–800 nm, 2mW and irradiation for 10min.) against
the A549 cancer cell line, showing 5-fold better inhibitory activity
than the reference compound 15 (H2TMPyP, IC50 ¼ 0.30 mM)34.

Jelovica et al.35 designed and synthesised an amphiphilic por-
phyrin derivative with a long lipophilic alkyl side chain. The solu-
bility of the compound was markedly improved after the
introduction of three 3-pyridyl groups. Compound 16 showed the
most potent phototoxicity against HeLa and u87MG cell lines,
with IC50 values of 0.11 and 0.15mM, respectively (irradiation with
3.6 J/cm2 of 630 nm). Oxazole, 1,3,4-oxadiazole and 1,3,4-thiadia-
zole structures were reported to exert biological effects in inhibit-
ing tumour vessel growth36. Zheng et al.37 synthesised a series of
porphyrin derivatives with the above pharmacophores, and com-
pounds 17a–b displayed moderate 1O2 yielding and DNA photo-
cleavage activities (Figure 5).

Cationic porphyrins have a high DNA binding/photolysis poten-
tial, and the presence of central metal ions plays a key role in
forming complexes with DNA38,39. Antoni et al.40 reported the syn-
thesis and biological evaluation of Zn-porphyrins (18), which
showed high cytotoxicity towards the A2780 human cancer cell
line, with IC50 values as low as 0.4mM when irradiated with red
light at a wavelength greater than 600 nm. Then, Yoho et al.41

synthesised a new series of water-soluble zinc(II) porphyrin deriva-
tives structurally related to a pentafluorophenyl meso-substituent,
which were assessed for anticancer activity against non-small cell
lung cancer (NSCLC). In vitro and in vivo results indicated that 19
displayed high phototoxicity and low dark toxicity against NSCLC.
It is worth noting that 19 caused apoptosis of NSCLC cells at a
concentration as low as 75 nM when irradiated with 420 nm light
at a power density of 2.3W/cm2. These results indicate that
derivative 19 could be considered as a lead in development of

Figure 3. Backbone chemical structure of porphyrin.
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Figure 4. Structures of porphyrin conjugates 5–12.

Figure 5. Structures of cationic porphyrin derivatives 13–19.
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potential effective mono-therapeutic agents for treatment of lung
cancer (Figure 5).

Previous studies have shown that naphthyl-isocyanate can par-
ticipate in the ROS formation and exhibits significant in vitro toxic
effects on tumour cell lines42,43. Compound 20 (Figure 6), possess-
ing an amide-naphthyl moiety, was synthesised and its photo-
dynamic activities were evaluated against HT-29 cells. It showed
low dark cytotoxicity and the best in vitro activity
(IC50¼ 4.848 mM) when incubated with light between 600 and
800 nm44. Additionally, silicon is considered to have potential for
improving photochemical efficiencies and has been introduced as
a metal centre in phthalocyanine, and the results have shown it
to be a promising PS for PDT45,46. Horiuchi et al.47 introduced silyl
groups into the ring of tetraphenylporphyrin to obtain compound
21 (Figure 6), which showed high selective accumulation effi-
ciency (the concentration of compound 21 was 13-fold higher
than that in muscle 12 h after drug administration) in tumours.
Derivative 22 (Figure 6) attached to a quinoline group showed
various pharmaceutical activities, including anti-tumour activity,
and meets several essential requirements of an ideal PS; for
example, it produced 1O2 efficiently (UD ¼ 0.62) in tetrahydro-
furan. The calculated value was above the range reported for
most PSs employed in PDT48,49. Benzothiophene-containing por-
phyrin derivatives were found to selectively accumulate in the
mitochondria and nucleus of MCF-7 cells. Rangasamye et al.50 also
reported a novel compound (23) displaying a low dark cytotoxic
effect, and under light conditions (660 nm, 50mW, 30min), it
showed more effective activity (IC50 ¼ 5.0mM) than compound 7
(IC50 ¼ 11.76 mM).

Recent evidence from clinical studies indicates that high con-
centrations of NO have certain cytotoxicity, can induce tumour
cell apoptosis, and help macrophages kill tumour cells51. Thus, a
series of nitrates NO-donor porphyrin derivatives were prepared
to enhance anti-tumour activity (Figure 6). Compound 24 exerted
the most potent activity against MCF-7 breast cancer cells (IC50 ¼
0.8mM), which was much better than the reference drug 5-
fluorouracil at a wavelength of 570 nm (IC50 ¼ 4.3mM)52.

Li et al.53 investigated a novel porphyrin derivative 25 (Figure
9) that exhibited favourable anti-tumour toxicity both in vitro and
in vivo. A series of compounds was obtained by modification of
tetraarylporphyrin rings, and the 4-OH-phenyl derivative (26,
Figure 9, IC50 ¼ 3.07 ng/mL or 4.52 nM and irradiation with halo-
gen lamp 500W for 2 h light irradiance 5.5� 10�2 mW/cm2�n m)

was significantly more potent than compound 1 (IC50 ¼
73.67 ng/mL)54.

Hudson et al.55 synthesised phosphorous (27a) and nitrogen
(27b) centred lipophilic cationic porphyrins displaying LD90 values
of 5.9 and 6.1mM (irradiation with 3.6 J/cm2 of 630 nm light),
respectively, during in vitro photodynamic assays against human
colorectal adenocarcinoma cells (HT-29). Liao et al.56 reported
hybrids of b-alkylaminoporphyrins and different amines or substi-
tuted phenyl groups. Compound 28 showed better phototoxicity
against HeLa cells (IC50 ¼ 4.38mM, 650 nm, 16 J/cm2). Li’s57 group
prepared 5,10,15,20-tetrakis(4-amidinophenyl)porphyrin 29 (Figure
7), which produced singlet oxygen more efficiently and displayed
binding activity and photodamage to DNA and tumour cells. In
2015, the same research group reported that the cytotoxicity of
derivative 29 was 90% at 4mM and 12 J/cm2 58.

2.2. Biomolecule-conjugated porphyrin derivatives

Polyethylene glycol (PEG) is frequently applied as common cova-
lent linker in drug delivery strategies59. A new series of PEG-func-
tionalised porphyrins were synthesised and screened for biological
activity against human HEp2 cells. The hydrophobicity of the PEG-
porphyrins decreased when the number of PEG chains attached to
the porphyrin ring increased. None of the PEG-porphyrins had
dark toxicity, and derivative 30 (Figure 8) was the most potent
compound, with an IC50 value of 1.8mM (1 J/cm2, exposed to light
from a 100W halogen lamp)60.

Kr�alov�a et al.61 designed and synthesised glycol-functionalised
porphyrins that were linked to the phenyl group of meta-tetraphe-
nylporphyrin via ether bonds and incorporation of fluorine.
Compared with compound 2, which also exhibited phototoxicity
against HL60 (IC50 ¼ 42.0 nM at 13.3 J/cm2, 620–660 nm) and 4T1
(IC50 ¼ 117.0 nM at 13.3 J/cm2, 620–660 nm) cells, derivative 31
showed the highest phototoxicity against HL60 (IC50 ¼ 31.0 nM at
2.5 J/cm2, 500–520 nm) and 4T1 (IC50 ¼ 93.0 nM at 2.5 J/cm2,
500–520 nm) cells. The results had important guiding significance
in PDT.

Among the different strategies for developing receptor-medi-
ated delivery systems, folate receptor (FR) is a useful target for
tumour-specific drug delivery for the following reasons: (1) it is
upregulated in many human cancers; (2) the density of folate
receptor increases as cancer progresses; (3) folate has high affinity
for FRs on the cell surface62. Two new conjugates of folic acid-por-
phyrin derivatives (32a–b) were synthesised and evaluated for bio-
compatibility and photodynamic activity against KB cells (Figure
9). These compounds, with folate linked to a porphyrin ring,

Figure 6. Structures of porphyrin conjugates 20–24.

Figure 7. Structures of porphyrin conjugates 25–29.

1084 Y. LIN ET AL.



demonstrated 7 times more intracellular uptake than compound
1. Under the same experimental conditions, the photodynamic
activity of conjugate 32b was 3.4 times than that of 32a (Cells
were incubated with PSs at 10�5M for 24 h before light treatment.
The LD50 values of 32a and 32b were 22.6 and 6.7 J/cm2)62,63.
Cyclodextrin is not only a drug carrier but can also improve physi-
cochemical and pharmaceutical properties, such as solubility, sta-
bility, and bioavailability64–67. On the other hand, incorporation of
fluorine into the porphyrin core can improve the pharmaco-
dynamics and pharmacokinetic properties. Therefore, the authors’
strategy was to introduce one or two cyclodextrins into a porphy-
rin molecule and evaluate the antitumor activity of the products
on mouse breast cancer 4T1 cells. The results indicate that 33b

(EC50 ¼10mM at 3.4 J/cm�2, 500–700 nm) was a novel photosensi-
tising drug with selective tumour uptake and rapid tumour
clearance68.

The polyamine (PA) transport system can afford selective accu-
mulation of PA analogues in neoplastic tissues and presents a
very attractive anticancer chemotherapeutic strategy69. 5-
Aminolaevulinic acid-based photodynamic therapy (5-ALA-PDT)
received approval for cancer treatment in 1999. 5-ALA can pro-
duce protoporphyrin IX (PpIX), which exhibits a photosensitising
property. Sol et al.70 revealed the potential of linking a PA to the
porphyrin derivative and synthesised a new type of porphyrin PS
by tethering polyamine moieties. Only PpIX polyamine derivatives
34a–b were amphiphilic molecules, and PA porphyrin conjugate

Figure 8. Structures of porphyrin conjugates 30 and 31.

Figure 9. Structures of porphyrin conjugates 32 and 33.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1085



34b exhibited good photocytotoxicity and remarkable selectivity
against K562 human chronic myelogenous leukaemia cells, higher
than that of compound 1 when irradiated with white light.
Fidanzi-Dugas et al.71 synthesised PpIX derivatives containing a PA
moiety in order to enhance tumour tissue targeting ability and
analysed the effects of PDT on prostate cancer. The results
showed that PpIX-PA was 7- to 14-fold more effective when
vectorised with PA, and PpIX-PA had better efficacy than 5-ALA.
Thus, Sarrazy et al.72 designed and synthesised a new
porphyrin–PA conjugate 34c by means of a flexible arm. Under
the same experimental conditions (irradiation with visible light for
2 h and a fluence rate of 2.5mW/cm2), the photodynamic activity
of conjugate 32c (IC50 ¼ 49.4 mM) was 50 times greater than that
of compound 1 against the MCF7 cell line. The better efficiency of
porphyrin PA derivatives could be attributed to their more ready
uptake vs compound 1 (Figure 10).

Attaching a glycosyl group to an anti-tumour drug allows the
drug to target the tumour site and is an effective way to increase
the water solubility of the drug73. One research group has
reported that compounds with triglyco-conjugation were more
photocytotoxic than the corresponding symmetrical tetra-gluco-
conjugated compounds74. The photodynamic activity of the
tri-glucoconjugated porphyrin 5,10,15-mesotri-(meta-O-b-D-gluco-
syloxyphenyl)-20-phenylporphyrin [m-TPP(glu)3] (35) was investi-
gated and compared with that of non-glucoconjugated
compound 2 by Desroches et al.75 The results of an in vivo animal
experiment showed that compound 35 was more attractive than
compound 2 as a PS. Further analysis verified that the photosensi-
tivity of the skin may be prolonged by slow elimination, while
compound 35 can avoid this.

Glycol-conjugated porphyrins were synthesised using diethyl-
ene glycol (Deg)-linked O- and S-galacto/manno-conjugated m-tet-
raphenyl porphyrins and were evaluated for photobiological
activity in colorectal adenocarcinoma (HT29) and retinoblastoma
(Y79) cell lines (Figure 11). Compound 36 with mannose showed
good cytotoxicity against the Y79 cell line, with an IC50 value of
0.35mM after illumination with red light at 1.8 J/cm2, which was
much better than compound 35 (IC50 ¼ 1.9mM)76,77.

In comparison with O-glycosylated porphyrins, S-glycosyl bonds
and –CONH– glycosyl bonds can resist endogenous hydrolysis cat-
alysed by glycosidases78. To identify novel porphyrin analogues
with PS candidate potential, one research group reported the syn-
thesis of a new family of glycosylated porphyrins in which the

sugar moieties (glucose, mannose and galactose) were linked to
the tetrapyrrole ring by a thioglycosidic bond. The initial results
revealed that all the ortho isomers (37a–c) had photodynamic
activity (Figure 11)79. Kaldapa et al.80 synthesised a porphyrin
derivative having both a sugar-containing residue and a positive-
charge group as a PDT sensitiser, which exhibited better water
solubility and greater membrane permeability than porphyrins
solubilised solely by multiple charged groups.

Ahmed et al.81 reported meso-tetraaryl porphyrins substituted
with three thioglycosyl units and one pyridyl substituent simultan-
eously, and their photodynamic activity was screened against
human colorectal adenocarcinoma cells (HT-29). Four glycosyl cat-
ionic porphyrins were able to kill 90% of the cells in the micromo-
lar range. Among these four compounds, 38c showed the best
phototoxicity (LD90 ¼ 25 mM), and 38d was the least active (LD90

¼ 50mM), while 38a–b exhibited intermediate activity of 35 mM
and 45mM, respectively, when irradiated with cooled filtered red
light (630 nm, 3.6 J/cm2). All the compounds showed negligible
dark toxicity towards the cells at the highest concentration. Stasio
et al.82 synthesised mono-and di-glucosylated porphyrins and
compared their photocytotoxic properties against HT29 human
adenocarcinoma cells with those of tetraphenylporphyrin. The cel-
lular uptake and LD50 values of compound 39 were approximately
11.5- and 2.7-fold higher than those of tetraphenylporphyrin (cells
were incubated with photosensitisers at 10�6M for 24 h The light
doses yielding 50% growth inhibition (LD50) values of 39 and TPP
were 11.1 and 30.2 J/cm�2 at 650 nm).

Other drug carriers, such as dendrimers, have been explored as
ideal delivery vehicle candidates for explicit study of the effects of
polymer size, charge, composition, and architecture on biologically
relevant properties83. Ballut et al.84 reported the synthesis of two
symmetric dendrimers attached to a tetrasubstituted porphyrin via
amide linkages. To increase photo efficiency, Ballut et al.85

designed and synthesised a new glycol-conjugated PS with only
one glycodendrimer moiety, and the length between carbohy-
drate and porphyrin was variable. Biological evaluations showed
that compound 40 was indeed embedded into the phospholipid
bilayer and its sugar moieties protruded into the surrounding
aqueous phase, again confirming that glycodendrimeric phenyl-
porphyrin could be an efficient carrier for drug targeting in PDT.
Griegel et al.86 demonstrated that human retinoblastoma cells
overexpressed mannose and receptors, which significantly encour-
aged medicinal chemists to create PSs with enhanced targeting
ability towards retinoblastoma cells. Compound 40 was compared
with the non-dendrimeric tri-substituted derivative 36. The photo-
toxicity of compound 40 (LD50 ¼ 0.5mM) in Y79 cells was
observed to be the same order of magnitude as that of TPP(p-
Deg-O-a-ManOH)3 36 (LD50 ¼ 0.7mM after exposure to visible light
at 1.2 J/cm2) Most importantly, the glycodendrimeric porphyrins
possessed a lower cellular uptake and a higher affinity towards
plasma proteins, making them possible candidates for PDT target-
ing the vasculature87.

Recently, Rosilio’s research group studied the influence of man-
nose residues and the geometry of porphyrin derivatives on cellu-
lar uptake and photodynamic effectiveness. The results showed
that the phototoxic efficacy of a glycol-conjugated tetraarylpor-
phyrin against retinoblastoma cells was not necessarily related to
its interaction with a mannose receptor88. Among the derivatives,
the porphyrin substituted by three diethylene glycol a-mannosyl
groups (derivative 36) was found to be the best PS candidate for
PDT, and the glycosyl substituents in the porphyrin ring were
found to have a strong relationship with dark toxicity. Generally,
the combination of PSs and targeting systems is an ideal mode of

Figure 10. PA-conjugated porphyrin derivatives 34.
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administration, and targeted therapy systems will improve thera-
peutic capabilities against cancer.

2.3. Metal-modified porphyrin derivatives

Metalloporphyrins are widely found in nature, and their ability to
cleave DNA nucleases has drawn considerable attention over the
last few years. Therefore, combining porphyrins with metals not
only provides additional anti-tumour activity and tumour selectiv-
ity, but the biodistribution of the metal inside and outside the
tumour cell can be tracked89. The PDT activity of metal complexes
depends largely on the central metals due to the paramagnetic
effect90. For the stability of the porphyrin ring and to maintain
the photophysical properties, many researchers have added zinc
into the porphyrin ring. In addition, the structure of b-substituted
porphyrins is more similar to that of natural porphyrin than to
meso-substituted porphyrins, and it is widely used in biological
studies91. Huang et al.92 synthesised and characterised the novel

PSs Zn(II) P (41b) and Cu(II) P (41a). Compound 41b was found
to induce necrosis or apoptosis of K562 human chronic myeloge-
nous leukaemia cells under light irradiation, while 41a exhibited
inferior photosensitising activity (Figure 12).

Triethylene glycol moieties have a certain cell permeability,
and zinc porphyrin has a better therapeutic effect than metal-free
porphyrin. On this basis, a series of porphyrin PSs with a triethy-
lene glycol moiety as a peripheral substituent was synthesised,
and the products showed a strong absorption coefficient in the
near-infrared region. These derivatives were assessed for activity
against HeLa cells, and structure–activity relationship studies dem-
onstrated that substitution of various moieties in the present por-
phyrins led to negligible dark toxicity and robust phototoxicity,
especially for compound 42 (IC50 ¼ 4.43mM, after illumination
with 650 nm at 40mW/cm2 for 10min) (Figure 12)93.

In 2009, Pavani et al.94 synthesised a series of meso-substituted
tetra-cationic porphyrins PSs to study the effects of zinc on the
membrane-binding property, cell subcellular localisation and cell

Figure 11. Glycoconjugated porphyrin derivatives 35–40.
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phototoxicity. The results of this investigation indicated that the
zinc derivative ZnTC8PyP (43) displayed the highest uptake. The
presence of zinc reduced mitochondrial binding and promoted
membrane binding due to its complexation with phospholipid
phosphate groups, thereby increasing the efficiency of PDT.
Thereafter, tetraphenylporphyrins with an amidine group were
prepared57. Among them, Zn(II)-porphyrin 44 showed the greatest
photocytotoxity, which could be attributed to its corresponding
high triplet quantum yield of oxygen. However, the cytotoxicity of
a bisporphyrin derivative against HK-1 cells was lower than that of
compound 44, likely due to the intermolecular aggregation of bis-
porphyrin rings that led to a decrease in singlet oxygen
generation58.

Zhang et al.90 reported the design and preparation of Zn(II)
5,10,15,20-tetrakis(carboxyl)porphyrin (45). The photodynamic anti-
cancer activity of compound 45 was investigated with MTT assays,
using compound 2 as a positive control. Interestingly, after illu-
mination (625 nm, 5W, red light, 15.5 cm from the light source),
compound 45 had better phototoxicity against A549 cells (IC50 ¼
16.0mM), HeLa cells (IC50¼46.3mM) and HepG2 cancer cells (IC50
¼ 43.1 mM).

Yu et al.95 synthesised new metronidazole-appended porphyr-
ins, which plays a significant role in biological metabolism,
5,10,15-tris (phenyl)-20-[4–(2-(2-methyl-5-nitro-imidazolyl)ethoxyl)
phenyl]porphyrin H2Pp and its corresponding zinc(II) porphyrin
ZnPp (46). Compound 46 exhibited nearly no cytotoxicity against
breast cancer cells in the darkness.

Brunner et al.96 synthesised porphyrin–platinum conjugates
and made great progress in this field. To overcome the shortcom-
ings of light penetration depth, Lottner et al.97 replaced hemato-
porphyrin with a tetraarylporphyrin and increased the penetration
depth by redshifting the illumination wavelength. These com-
pounds increased the anti-tumour activity of the platinum group
through additional photoinduced toxicity. Among all the synthes-
ised compounds, the most active compound was a

tetraarylporphyrin–platinum conjugate with diamine and (RR/SS)-
trans-1,2-diaminocyclohexane ligands (47). Study results revealed
that the enhanced activity of compound 47 compared with the
hematoporphyrin analogue was due to a redshift in the wave-
length of the irradiation. Song et al.98 designed and synthesised a
new series of DNA binding 5,10,15-tri(N-methyl-4-pyridiniumyl)por-
phyrin (TrisMPyP)-platinum(II) conjugates, in which different spacer
ligands were used for appropriate coordination to platinum(II)
complexes. Additional study confirmed that the anti-tumour activ-
ity of compound 48 (T/C% ¼ 294) was superior to that of cisplatin
(T/C%, 184) and approximately 1.6 times more potent than that of
cisplatin against leukaemia L1210 cells (T/C values express the
relative inhibitory activity of a compound on cell growth com-
pared with the solvent reference). After etherification with diethyl
cyclobutanedicarboxylate and subsequent ester hydrolysis,
Brunner et al.99 prepared tetraarylporphyrin–platinum complexes
combined with platinum fragments. All the compounds showed
significant cytotoxic and phototoxic effects contributed from the
platinum and porphyrin structures, and the antiproliferative activ-
ity of complex 49 even exceeded that of cisplatin (9.8-fold)
(Figure 13).

Zhu et al.17 designed and synthesised a novel PDT agent (50)
for cancer therapy (Figure 13) that could rapidly generate singlet
oxygen with low dark cytotoxicity and exhibited a concentration-
dependent photocytotoxicity against HeLa cells (IC50 ¼ 3.38 mM
under a yellow light dose of 4 J/cm2). From commercially available
5,10,15,20-tetra(4-pyridyl)porphyrin and platinum complexes with
different substituents, Naik et al.100 reported the synthesis of tetra-
platinated porphyrins with in vitro light-induced anticancer activ-
ity. They identified a very potent compound, porphyrin 51a,
which showed promising photocytotoxic properties and was
extremely toxic against human cancerous cell lines upon irradi-
ation with light at 420 nm, 6.95 J/cm2 (HeLa: IC50 ¼ 40 nM; A2780:
IC50 ¼21 nM; CP70: IC50 ¼ 19 nM). Further evaluations suggested

Figure 12. Porphyrin–zinc complexes 41–46.
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that tetraplatinated porphyrin complexes could be developed as
PDT anticancer agents for drug-resistant malignancies.

In another study, Tasso et al.101 synthesised isomers of free-
base meso-tetra(pyridyl)porphyrins derivatives with [PtCl(bipy)]þ

moieties, and an array of assays was performed to evaluate its
photophysics and anticancer potential using the HeLa cell line.
The results confirmed that isomer 52 showed less efficient elec-
tronic communication between the Pt(II) moieties. Similarly, the
total charge distribution of isomer 52 gave the molecule higher
amphiphilicity, resulting in greater membrane affinity and greater
cellular uptake. It was also reported that compound 52 (LD50¼
25 nM) was two times more photocytotoxic than the meta substi-
tuted porphyrin (LD50 ¼ 50 nM) under the optimum dose of
1 J/cm2 (522 nm). More recently, Hu et al.102 carried out the syn-
thesis of a novel tetracationic porphyrin–platinum (II) conjugate
(53). This derivative displayed low dark cytotoxicity and excellent

photocytotoxicity when irradiated with 6 J/cm2 at 570 nm
(Colon26: IC50 ¼ 0.17 mM; Sarcoma180: IC50 ¼ 0.25 mM) and
showed reasonable water solubility and high singlet oxygen quan-
tum yield. In a therapy (PDT) assay, compound 53 completely
killed tumour tissues in vivo, rather than simply inhibiting the
tumour growth. No recurrence occurred 18 days after a single
administration. The results for compound 53 provide a reference
for clinical application of tumour PDT in the future.

Yang et al.103 designed and synthesised a platinum
porphyrin–folate conjugate (54) as an efficient PS for tumour-tar-
geting PDT (Figure 13). Compound 54 showed significant thera-
peutic efficacy against HeLa cells in a dose-dependent manner,
and the IC50 value was approximately 5.78 mM (irradiation with 4 J/
cm2 of 500 nm light). Through FR-mediated endocytosis due to
folate coupling, compound 54 could specifically target cancer cells
overexpressing FR (HeLa cells).

Figure 13. Porphyrin–platinum complexes 47–54.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1089



Platinum derivatives are toxic to normal cells. Therefore, the
use of metal ruthenium is very appealing to overcome the draw-
backs and allow interaction with DNA and proteins104–106. Schmitt
et al.105 were interested in combining the photodynamic action of
porphyrins with the cytotoxicity of arene ruthenium complexes
and have achieved some success. The synthesis and characterisa-
tion of compounds 55a–b (Figure 14) were reported, and the
results showed that ruthenium facilitated uptake and highly active
photosensitising activity under red light (652 nm) at an irradiation
dose of only 5 J/cm2 in a human Me300 melanoma cell model,
because exposure to only 5 J/cm2 of light induced 60–80% photo-
toxicity in melanoma cells. In their follow-up study, they synthes-
ised a series of new arene ruthenium porphyrin compounds
containing either one or four arene ruthenium units to better
explore their mechanisms of action in human melanoma cells.
With similar spectroscopic properties, the 3-pyridyl PS was more
photosensitising than the 4-pyridyl PS at an equivalent degree of
substitution. In particular, compound 56, which consisted of four
arene ruthenium groups, exerted better activity. Compound 56
induced cell death at 5 mM when the light dose was less than
0.5 J/cm2 at 652 nm104. In their third study, a diruthenium tetracar-
bonyl structure was chosen as the organometallic agent, and a
complex with a sawhorse-like geometry and two axial directions
was synthesised as the axial ligand in the porphyrin derivative
substituent (57). Compound 57 (2.5mM) demonstrated no dark
cytotoxicity but showed good phototoxicity against HeLa and
A2780 cells exposed to laser light at 652 nm, displaying an LD50

between 1.5 and 6.5 J/cm2 in these two cell lines and more than
15 J/cm2 in other cell lines. Furthermore, these types of porphyrin
compounds were specific only to cancer cell lines of the female
reproductive system and did not damage normal cells107.

In another study, Zhang et al.108 synthesised porphyrin deriva-
tives containing Ru(II) polypyridyl-porphyrin and Zn(II) porphyrin
structures and evaluated their cytotoxicity against human naso-
pharyngeal carcinoma HK-1 and cervical carcinoma HeLa cells.
Among all the synthesised compounds, only compound 58
showed a high singlet oxygen quantum yield, rapid cellular
uptake, low dark-cytotoxicity and potent photocytotoxicity (at
1 mM concentration and under a yellow light dose of 3 J/cm2,
where 80% of the HK-1 cells incubated with Ru-L were killed;
Figure 15). Then, a novel series of the Ru (polypyridyl)-based

compounds was synthesised by Pan et al.109 using different link-
ers, and their photophysical properties were evaluated.
Compounds 59a–b exhibited high singlet oxygen quantum yields,
and Ru(II) conjugate 59b (IC50 value of 9.6mM at yellow light
doses of 1 J/cm2) was the best PDT reagent against HeLa cells.

A novel porphyrin-core compound (60) was prepared by cross-
coupling the terminal alkyne groups of meso-tetra(4-ethynylphe-
nyl)porphyrin-Zn(II)(P-1) with a halogenated Ru(II)-phenanthroline
complex using the Sonogashira reaction. Upon irradiation with
33 J/cm2 of 620–630 nm light, P-Ru killed 90% of SKBR-3 cells at a
concentration of 1 mM. Notably, compound 60 induced a 77%
decrease in cell viability at a concentration of only 0.25 mM110.

In recent years, due to the similarities between gold and plat-
inum, several gold-based compounds have been synthesised and
successfully evaluated as potential anti-cancer agents111–113. For
example, novel gold (III) meso-tetraarylporphyrins complexes pre-
pared by Che et al.114 showed significant cytotoxicities against
human cancer cells, with IC50 values of 0.1� 1.5mM. Among them,
compound 61 showed the best effects (IC50 ¼ 0.1� 0.8mM), which
were 100 times higher than that of cisplatin against human cancer
cell lines, including multidrug- (KB-V1) and cisplatin-resistant can-
cer cells (CNE-1). In their subsequent work, they explored the cel-
lular pharmacological properties of gold (III) porphyrin 61.
Cytotoxicity study of 61 demonstrated that the higher cytotoxicity
of gold (III) porphyrin was not related to its photosensitising
activity115.

Although this gold(III) tetraphenyl porphyrin showed high anti-
cancer activity, it is not an approved clinical drug. To reduce its
toxicity and improve activity, plenty of research work has been
carried out to develop more efficient and selective derivatives of
gold(III) tetraphenylporphyrin116. Chen et al.116 reported the intro-
duction of organophosphorus into gold (III) tetraphenylporphyrins.
The cytotoxic activities of these compounds were tested against
SMMC-7721 human hepatic cancer cells and sarcoma 180 mouse
cancer cells using the standard MTT method. 5-
[4(Diisopropoxyphosphorylamino)]phenyl-10,15,20-triphenylpor-
phyrinato gold(III) chloride (62a) showed more potent activity
than cisplatin against sarcoma 180 mouse cancer cells (IC50 ¼
5.10 mM), while compound 5-[4(dipropoxyphosphorylamino)]-
phenyl 10,15,20-triphenylporphyrinato gold(III)chloride (62b) dis-
played the highest level of cytotoxic activity in SMMC-7721

Figure 14. Porphyrin–ruthenium conjugates 55–57.
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human hepatic cancer cells (IC50 ¼ 2.60 mM). Regretfully, none of
these compounds exhibited more excellent anticancer activity
than gold(III) tetraphenyl-porphyrin117,118.

Recently, Longevial et al.119 first used carbohydrates to anchor
at the periphery of the porphyrin through the formation of met-
al–ligand bonds. Compound 63 could be a valuable agent for PDT
applications because it contains three structural units with differ-
ent functions: a free base porphyrin that functions as a PS; Au act-
ing as connecting metal ion; and mannose serving as a targeting
unit that also improves the compound water solubility. As demon-
strated, the role of the mannose linked to AuI was of crucial
importance in improving the global photodynamic effect. Based
on the combination principle drug design strategies, Hu et al.120

combined a porphyrin skeleton, Pt(II)-based chemotherapeutic
drug with a metal ion gallium (III) to improve the hydrophilicity
and increase tumour accumulation. Due to its heavy atom effect,
large pKa value, and localisation in the cytosol, the mixed-metal
porphyrin Ga-4cisPtTPyP (64) exerted a high yield of singlet oxy-
gen, more potent than the reference drug 4cisPtTPyP (51b). In
the in vivo PDT experiments, compound 64 almost completely
inhibited tumour growth in a short time, especially in colon

cancer 26 and sarcoma 180 cells, and the IC50 values were 0.12
and 0.08 mM, respectively, upon illumination with a 50W LED
light. Based on this evidence, compound 64 may be a very prom-
ising anticancer candidate for PDT.

A novel series of anionic [Gd(DTTA)]-complexes with a porphyrin
core were designed by Sour et al.121 The most potent compound
(65) displayed appropriate photophysical properties and remarkable
fluorescence quantum. Moreover, compound 65 was found to induce
HeLa cell apoptosis (LD50 ¼ 6mM at 21 J/cm2, 636nm). Indium por-
phyrins are also clinical PET agents, and the effective photodynamic
activity of a few indium porphyrins has been reported122,123. Aiming
to develop new bifunctional photosensitisers, they also described the
synthesis of glucopyranose-conjugated indium porphyrins, their appli-
cation in diagnosis and their PDT properties. Compound 67 exhibited
the most potent photocytotoxicity (IC50 ¼ 0.012mM at 16 J/cm2,
663nm) against COLO 679 cells124. In addition, Mion et al.125

described the synthesis of a series of Re-porphyrin conjugates, and
compound 66 showed remarkable phototoxicity against HeLa cells,
similar to compound 1. It was noted that the rhenium fragment did
not enhance phototoxicity, suggesting that other features (hydrophil-
icity, permanent positive charges, one flexible arm, etc.) played a

Figure 15. Porphyrin–ruthenium conjugates 58–60.
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major role in determining the phototoxic properties of the compounds.
Notably, certain organometallic rhenium complexes have been found
to possess interesting luminescence properties, and thus, their intracel-
lular distribution could be observed by emission microscopy, which
was helpful in understanding their mechanism of action (Figure 16).

2.4. Peptide-coupled porphyrins

The advantages of peptide-coupled PSs are as follows: (a) peptides
are easily synthesised and structurally modified; (b) short synthetic
peptides are ideal candidates for drug delivery due to their effect-
ive tissue penetration, selective binding and internalisation

capacity; (c) peptides have virtually no cytotoxicity; and (d) pepti-
des facilitate rapid access to the tumour site126.

Linear and cyclic-RGD peptides were conjugated to different
types of PSs to promote selectivity and PDT in tumour cells127,128.
The PpIX:cRGDfK conjugate was found to be a good PS in the
integrin-positive human SiHa cell line in vitro and in a mouse
CaNT tumour model in vivo129. In this study, investigators pre-
pared a library based on RGD-porphyrin derivatives bearing a spa-
cer arm and sugar units. Among all the compounds in the library,
compound 68a showed lower biological activity, which might be
due to its poor solubility, while the photoactivity of porphyrin
68b was similar to that of compound 1130.

Figure 16. Porphyrin–gold, gadolinium, indium, and rhenium complexes 61–67.
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Sibrian-Vazquez et al.131 demonstrated that the number,
nature, sequence of amino acids, and presence of a chelated
metal ion affect the cellular uptake of the conjugates. First, they
reported 4-aminomeso-tetraphenylporphyrin derivatives bearing
charged amino-acids and peptide moieties, such as lysine and
arginine residues. All the compounds had low dark cytotoxicity
(IC50 > 250 mM), and compound 69 with three consecutive argin-
ine residues (R2 ¼ RRRNH2 and KRRRNH2) exhibited much
higher activity.

Combining porphyrin PSs with a carrier protein or peptide con-
taining a nuclear localisation sequence (NLS) is an effective

strategy. Therefore, the minimum NLS PKKKRKV from the large T
antigen of the simian virus (SV40) has been studied132. In particu-
lar, the human immunodeficiency virus 1 transcription activator
(HIV-1 Tat) has been shown to promote cellular uptake of many
drugs and macromolecules133. Following the above principle, por-
phyrin–peptide derivatives bearing the SV40 NLS or the fusogenic
HIV-1 Tat 48–60 peptide sequences were prepared using low
molecular weight PEG molecules as linkers. At the same time, a
hydrophilic group (carboxyl or pyridyl) was introduced into the
periphery of the porphyrin macrocycle. Porphyrin–peptide conju-
gates 70b–d, bearing the HIV-1 Tat 48–60 peptide, were more

Figure 17. Peptide-coupled porphyrin derivatives 68–75.
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efficiently delivered into the cells than those containing the SV40
peptide. However, the hydrophobic conjugates 70a–b were found
to be highly phototoxic (IC50 ¼ 1.5 and 2.3mM, respectively)
against HEp2 cells using a 100W halogen lamp with a total light
dose of approximately 1 J/cm2 (Figure 17)134.

Sibrian-Vazquez et al.135 reported the synthesis and evaluation
of porphyrin–peptide compounds conjugated with the SV40 nuclear
localisation sequence or a fusogenic peptide (HIV-1Tat 40–60 or
octa-arginine) linked to low molecular weight poly(ethylene glycol),
and their activity as PDT agents was examined against human HEp2
cells. With the help of in vitro studies, it was clearly observed that
compound 71 displayed an IC50 value of 1.5mM in HEp2 cells after
exposure to light from a 100W halogen lamp at 0.5 J/cm2 (Figure
17). Sibrian-Vazquez et al.136 also presented the synthesis of some
novel porphyrin–peptide conjugates with one linear bifunctional
sequence having a cell penetrating peptide (CPP) and NLS. It was
found that the accumulation of all conjugates in human HEp2 cells
was much greater than that of their porphyrin–PEG precursor. The
conjugates 72a–b (Figure 17) bearing a NLS-CPP accumulated most
in cells and were the most phototoxic (IC50 ¼ 7 mM exposed to light
from a 100W halogen lamp at 1 J/cm2).

Porphyrin derivatives with the SV40 NLS have been reported and
have shown increased photosensitising activity in comparison with
the corresponding unconjugated porphyrins135. Although in vitro
studies have shown that porphyrin–peptide PSs containing CPP (HIV-
1 or penetration) can significantly increase cell absorption and photo-
toxicity compared with unconjugated porphyrins, they are enzymati-
cally hydrolysed and significantly lack tumour specificity136,137. Sehgal
et al.138 studied the impact of the peptide sequences in the porphyrin
ring. Compounds containing CPP, NLS, or bifunctional CPP-NLS or
NLS-CPP sequences exhibited photodynamic activity against PC-3M
human prostate cancer cells. The porphyrin-HIV-1 Tat (48–60) 73 dis-
played more potent phototoxicity (IC50 ¼ 0.40mM, exposed to light
from a 100W halogen lamp at 1 J/cm2) than compound 2. The most
active porphyrin-HIV-1 Tat (48–60) 73 was further evaluated in an
in vivo biodistribution investigation using SCID mice bearing PC-3M
tumours. It was confirmed to be more selectively localised in tumours
than the hematoporphyrin derivative.

Previous studies have found that porphyrin peptide conjugates
with multiple NLSs can increase the affinity for tumour cells,
thereby increasing photodynamic activity. Therefore, Sibrian-
Vazquez et al.139 reported the synthesis of porphyrin–NLS conju-
gates, among which the smallest sequence was PKKKRKV con-
nected to PEG or 5-carbon spacers, and evaluated their activity
against human carcinoma HEp2 cells. The results showed that
compound 74 was the most phototoxic, while the tetra-NLS con-
jugates symmetrically substituted around the porphyrin ring were
non-phototoxic and accumulated the least in cells.

Dondi et al.140 reported the synthesis of a series of novel pep-
tide-porphyrin conjugates using a hydrophobic porphyrin and pol-
ycationic hydrophilic peptide components connected through a
triazole-based linker and evaluated their activities against MCF-7
cells and MC28 cells. Compound 75, with a triazole-based linker,
was found to be well-suited for light-triggered drug delivery and
was the most promising candidate as a lead compound for an
anticancer drug (LD50 ¼ 37 ± 2 nM and illuminated with a blue
lamp with peak emission at 420 nm and 7Mw/cm2 output
for 7min).

2.5. Nanotechnology and nanochemistry

In the past few decades, the rapid development of nanotechnol-
ogy has brought new opportunities to improve the application of

porphyrin-based PDT in vivo. There are three main reasons why
nanotechnology is attractive in PDT: (1) targeting potential
increases the concentration of the PS at the target site, which
increases the accumulation of porphyrins in tumours, and reduces
damage to normal tissues/cells; (2) nanoparticles (NPs) can
improve the water solubility and light stability of hydrophobic
PSs; and (3) NPs can maintain a constant rate of PS delivery at the
desired sites due to zero-order release kinetics141. Nanoparticle-
mediated porphyrin delivery strategies include encapsulation
(metal-organic frameworks142, polymeric micelles143, mesoporous
silica nanoshells144) covalent conjugation145, and self-assembly146.
For example, Bretin et al.147 demonstrated the strong anticancer
efficacy and tumour-targeting capability of 5–(4-hydroxyphenyl)-
10,15,20-triphenylporphyrin (TPPOH) in vitro and in vivo and
improved the non-toxic anti-cancer effect of xylan-TPPOH conju-
gate (TPPOH-X) SNPs in vivo by improving tumour targeting. Pan
et al.148 demonstrated the functionalisation of two new zinc
metalised porphyrins with two symmetrical phenylethyl groups,
showing strong absorbance at 677 nm and 694 nm. This result
indicated that the self-assembled porphyrins can be taken up by
cancer cells, leading to low dark toxicity, high phototoxicity and
strong cell fluorescence. Despite tremendous efforts to develop
modified nanosystems for effective PDT for cancer treatment,
searching for a nanostructured drug delivery system based on sur-
face-functionalised NPs that combine targeted molecular recogni-
tion of tumours with reactive singlet oxygen production by PSs
under PDT irradiation remains a challenge. Such system would be
considered to be biosafe in clinical settings and thus requires fur-
ther investigation141.

3. Conclusions and perspectives

During the past several years, most research has focussed on
improving the photophysical properties of old-style PSs and/or
improving their tumour targeting capability through different
structural modifications, such as combination with other mole-
cules, metallisation and nanotechnology applications.

Some examples show PSs that are highly active in tumour cell
models (in theory) and maybe not affect tumours in animal mod-
els (in the experiment). Frimayanti et al.149 reported the use of the
quantitative structure–activity relationship (QSAR) method to
develop a model that could correlate the structural features of
cyclic tetrapyrrole-based compounds with their photodynamic
therapy (PDT) activity, but some compounds that were flagged as
theoretically active PSs by this model did not show good PDT
activities under experimental conditions. PDT is a complex treat-
ment that combines drugs with light. It depends on the chemical
and phytochemical profiles of the PS, the dose of the PS, the
wavelength of irradiation light and the oxidation state of the tis-
sue. Therefore, in addition to developing new PSs, it is also very
important to establish an appropriate PDT treatment plan. At pre-
sent, the effects of PSs after structural modification cannot be dir-
ectly compared because the assays are performed under different
parameters. A standard needs to be established to select better
PSs. The solution to this intractable problem is to conduct reason-
able mechanistic studies and find a way to predict the efficacy of
a PS based on its photophysical measurements11.

In addition, the earliest reported photoactive drugs were nat-
ural products. Therefore, further research can also focus on natural
PSs (furocoumarin, polyacetylene molecules and thiophenes, cur-
cumin, alkaloids, and anthraquinones). Moreover, combining nat-
ural photoactive substances with synthetic PSs may lead to a
major breakthrough in PDT150.
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