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Phototherapy, the use of light to selectively ablate cancerous tissue, is a compelling prospect.
Phototherapy is divided into two major domains: photodynamic and photothermal, whereby photosensi-
tizer irradiation generates reactive oxygen species or heat, respectively, to disrupt the cancer microenvi-
ronment. Phthalocyanines (Pcs) are prominent phototherapeutics due to their desirable optical properties
and structural versatility. Targeting of Pc photosensitizers historically relied on the enhanced permeation
and retention effect, but the weak specificity engendered by this approach has hindered bench-to-clinic
translation. To improve specificity, antibody and peptide active-targeting groups have been employed to
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some effect. An alternative targeting method exploits the binding of anticancer drugs to direct the photo-
sensitizer close to essential cellular components, allowing for precise, synergistic phototherapy. This
Perspective explores the use of Pc—drug conjugates as targeted anticancer phototherapeutic systems

rsc.li/dalton

1. Phthalocyanines as
phototherapeutic anticancer agents

Cancer is one of the leading healthcare challenges facing
humanity today with global cancer-related deaths approaching
10 million per annum.' With this harrowing statistic, it is
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with examples of Pc—platin, Pc—kinase, and Pc—anthracycline conjugates discussed in detail.

obvious that novel cancer-combating approaches are required.
Standard oncological treatment still predominantly relies
upon surgery, chemotherapy, or radiotherapy; however, the
invasiveness of surgery and the non-specific nature of chemo-
and radiotherapies can cause adverse side effects and damage
to healthy tissue, along with growing prevalence of resistance
to chemotherapeutics.”

Over the last few decades, phototherapy has become an
emerging treatment for selective tumour ablation.’”?
Phototherapy can be classified into two distinct forms: photo-
dynamic therapy (PDT) and photothermal therapy (PTT), both
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Fig. 1 Different phototherapies that use Pc photosensitizers and their mechanisms of action depicted using Jablonski diagrams. Left: photothermal

therapy mechanism; right: photodynamic therapy mechanism; centre: structure of Pc and labelling of a- and p-sites. ISC =

of which utilize a photosensitizer to elicit a cancer-killing
effect. PDT occurs through either a type I or type II process
where electron transfer results in the formation of radical-
based reactive oxygen species (ROS) or energy transfer gener-
ates singlet oxygen, respectively, with both causing localized
oxidative damage to superficial or deep-seated tumours.®” The
photophysical basis for the different forms of PDT can be best
understood using a Jablonksi diagram, as shown in Fig. 1. PTT
proceeds through a localized increase in cellular temperature,
or hyperthermia, to induce apoptosis or necrosis of the
tumour microenvironment.®®

A photosensitizer must meet the following criteria to be
considered suitable for either phototherapeutic modality:
strong red or near-infrared (NIR) absorption to allow deep
penetration of light into biological tissue, negligible dark tox-
icity and few side-effects but high cytotoxicity under light
irradiation, good solubility and stability in biological media,
preferential accumulation in cancerous tissue, and suitable
clearance rate.® For PDT, this is augmented by the need of the
photosensitizer to have a high triplet quantum yield (@) and
subsequent high singlet-oxygen quantum yield (®,) when con-
sidering the more typical type-II approach,'®"" while for PTT
the photosensitizer must facilitate efficient photothermal con-
version via nonradiative decay pathways (Fig. 1) to produce a
sufficient increase in cellular temperature (e.g. to >45 °C) to
induce cell death.">"® Many types of nanomaterial and mole-
cular photosensitizer have been investigated for both types of
phototherapy.'*™"” While nanomaterials have been shown to
be effective photosensitizers for phototherapies, their relatively
limited tunability, poor batch-to-batch reproducibility, wide
size distributions, morphology-dependent responses, and
unknown long-term biological effects potentially make mole-
cular photosensitizers a more appealing solution.'>"?

Porphyrinoids encompass a broad family of compounds
that have received significant attention for phototherapy, with
phthalocyanines (Pcs) (Fig. 1) in particular meeting all of the
aforementioned requirements for a photosensitizer, most
notably their strong and tuneable red-to-NIR absorption and
biocompatibility."®'® The ease with which their n-delocalized

13158 | Dalton Trans., 2022, 51,13157-13175

intersystem crossing.

St
e

Photocyanine

GCP55847

Photosens

Fig. 2 Pc-based photosensitizers that have reached phased clinical
trials. For photosens, R = H or SOsNa as a mixture of di-, tri- and tetra-
sulfonated compounds. Photocyanine and photosens are a statistical
mixture of isomers with substituents on either p-position of the indi-
cated isoindole units of the Pc.

electronic structure can be controlled through introduction of
appropriate substituents or by varying the central coordinated
element makes it possible to tailor Pcs towards either PDT or
PTT by modulating appropriate radiative and nonradiative pro-
cesses.”® Further structural modification enables targeting and
thus, the Pc structure and resulting photophysics are ideal for
phototherapeutics.

Four Pc photosensitizers have been developed as far as to
have been evaluated at various stages of clinical trials for PDT:
silicon Pc-4, photocyanine, CGP55847, and photosens
(Fig. 2)."° Pc-4, designed and studied by Kenney, Oleinick and
coworkers,”" reached phase 1 clinical trials for treatment of
lymphoma and non-melanomatous skin cancer and is cur-
rently undergoing trials to improve delivery mechanisms.”*
Photocyanine reached phase II clinical trials for the treatment
of human hepatocellular carcinoma in clinical trials.”*

This journal is © The Royal Society of Chemistry 2022
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CGP55847 reached phase II clinical trials for treatment of
solid human tumours before being abandoned.?! Photosens,
is currently undergoing clinical trials for treatment of pleural
mesothelioma, basal cell carcinoma, lung, head, neck, gastric,
breast and oesophageal cancer metastases.””>> The discovery
of neurotoxicity in rabbit models with Photosens was modu-
lated by reducing the number of sulfonic acid moieties on the
chromophore from four to two, allowing a compromise
between solubility and off target effects.'®

All Pcs that have advanced to clinical trials thus far have
seemingly relied on the enhanced permeability and retention
(EPR) effect to target cancerous tissue, where higher mole-
cular-weight drugs (i.e. those that are non-Lipinski compliant)
typically show a mild preference for accumulation in tumours
rather than healthy tissue due to differences in vasculature
and lymphatic structure.>® Cancer cells proliferate quicker
than healthy cells, resulting in aggregated tumours of an
unusual morphology, large fenestrations, and defective endo-
thelial cells.>® These poorly aligned aggregates lack a smooth
muscle layer, innervation with lumen, impaired functional
receptors for angiotensin II, whilst also lacking adequate lym-
phatic drainage, all of which contribute to EPR of nanomedi-
cines.”® Danhier has shown that this passive EPR effect is not
an effective targeting mechanism for nanomedicines, as evi-
denced by lack of clinical translation from murine to human
models, and thus, throws into question whether more effective
targeting paradigms should be explored for all therapeutics
that exploit the EPR effect.”* Photosensitizers with active-tar-
geting moieties that reliably direct the chromophore towards
the tumour microenvironment are desirable as they could offer
a more successful approach (Fig. 3).

[ Peptides
(Active)

————
Anticancer
Agents
(Synergistic)

Fig. 3 Different targeting modalities for Pc photosensitizers. Top: EPR
effect; right: peptide active targeting; left: antibody active targeting;
bottom: anticancer agent targeting.2®
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Conjugation of naturally inspired targeting groups, includ-
ing: peptides,”” antibodies,*® aptamers,>® and lectins,*® to Pcs
can be an effective strategy for enhancing selective uptake,
while sometimes having shortcomings such as synthetic
difficulty and instability.*' This topic has been extensively
reviewed elsewhere'®**** and will not be further considered
here. An alternative active-targeting approach of conjugation of
Pcs with known anticancer agents has been developed.
Capitalizing on established target binding of anticancer drugs,
the Pc can be selectively bound and retained at the desired site
of action to elicit specific oxidative or thermal damage. During
the preparation of this manuscript a review describing the
utility of porphyrnoid-drug conjugates more broadly was pub-
lished.** This perspective highlights recent reports of Pc-anti-
cancer drug conjugates for targeted phototherapy of cancer
and how different conjugation strategies affect activities with
comparisons of their photophysical properties (absorption
spectra, fluorescence quantum yields, and singlet-oxygen gene-
ration), as well as their photocytotoxic properties (phototoxic
index (PI), the ratio of dark and light ICs, values).

2. Phthalocyanine—platin conjugates

Platinum-containing anticancer drugs, often referred to as
platins, are on the World Health Organization’s list of essential
medicines, where they are deemed a necessity due to their
broad-spectrum anticancer activity and economic price.**>®
The platins used clinically are typically Pt(u) complexes with
two or three nitrogen-donor ligands and chloro (e.g. cisplatin)
or oxygen-donor (e.g. carboplatin, nedaplatin, oxaliplatin)
ancillary ligands (Fig. 4). These ancillary ligands can be dis-
placed to facilitate binding to DNA.** Octahedral Pt(iv) pro-
drugs (e.g. ethacraplatin) have been developed to combat
growing resistance mechanisms and off-target toxicity that
have been observed with square-planar Pt(u) derivatives.*® The
higher coordination number of Pt(iv) complexes further allows
the preparation of complexes with additional active-targeting
groups or dual-acting prodrugs through axial functionali-
zation.*® These Pt(iv) complexes are reduced in situ to the
active Pt(n) form by biological reductants.>®

The anticancer activity of the platin family is a product of
these drugs’ ability to form intra- or interstrand Pt-DNA com-
plexes.*® Using cisplatin as an example, upon crossing the cell
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Fig. 4 Common platin agents employed in chemotherapy. Top row: Pt
() agents; bottom row: Pt(iv) prodrugs.
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membrane (through active or passive transport), sequential
ligand exchange occurs to form the monoaqua [Pt(NH;)Cl
(OH,)]" and subsequently the diaqua [Pt(NH;)(OH,),*" Pt(u)
complexes, aided by the trans-effect of the amine ligands.*
The resulting net positive charge attracts the complex towards
the negatively charged sugar-phosphate backbone of DNA,
where the nucleophilic N7 sites of purine bases (typically
guanine) displace the aqua-ligands to form the Pt-DNA
complex (Fig. 5).>> The Pt-DNA adduct prevents replication
and transcription pathways for the cell, leading to pro-

grammed cell death (apoptosis).*>”

NH,
HaN-Pt Cl
cl

Sugar-Phosphate
Backbone

Fig. 5 Mechanism of action for platins using cisplatin as a representa-
tive example. Cisplatin crosses the cell membrane into the cell, under-

goes ligand exchange, enters the nucleoli, and coordinates at the N7
sites of guanosine DNA bases.?®
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Given the anticancer mechanism of platins, they have them-
selves been employed as active-targeting moieties to anchor Pc
photosensitizers onto DNA in cancer cells, so that upon photo-
irradiation, localized DNA damage leads to apoptosis (Fig. 6).
The first report of a Pc—platin conjugate was by Guo et al., who
used a Si(iv)Pc scaffold decorated with either meta- or para-
linked pyriplatin derivatives as axial ligands (P1 and P2,
respectively) (Fig. 7) to allow efficacious DNA anchoring
through displacement of the chloro ligand to form Pc-platin—
DNA adducts (Fig. 7).*® Irradiation of the DNA-anchored
photosensitizer allowed specific DNA damage by photo-
dynamic action with the accompanying covalent attachment
preventing further replication and transcription, making the
synergistic treatment especially effective.® The Pc-pyriplatin
conjugates P1 and P2 displayed markedly lower cytotoxicity in
comparison to unconjugated cisplatin or pyriplatin, demon-
strating low dark toxicity of the conjugate, a crucial require-
ment for a practical photosensitizer.”® Even at a high concen-
tration of 100 pM, the Pc-pyriplatin constructs only achieved
inhibition ratios of 45-55% in the dark, which was drastically
lower than the free pyriplatin that had 97% inhibition at this
concentration.*® Upon red-light irradiation (600-710 nm), the
Pc-pyriplatin conjugates P1 and P2 had a 25-fold and 7-fold
increase, respectively, in cytotoxicity at a concentration of
1.0 pM, increasing from 4 and 13% to 95 and 99% respectively
for P1 and P2.%® Since the maximum effective range of singlet
oxygen is approximately 20 nm, the close proximity of the
anchored Pc to a DNA strand afforded a beneficial PDT
modality.** *° The use of both the platin and the Pc photosen-
sitizer therefore showed combinational benefits, as the platin
allowed DNA targeting with accompanying chemotherapy,
while the Pc endows the Pt(un) complex with red-light induced
photodynamic action.’® Guo et al. further demonstrated a ther-
agnostic approach, as incubation of the Pc-platin complex in
cancerous tissue allowed confocal fluorescence microscopy to
be performed. This technique enabled visualization of the dis-
tribution of the Pc-platin within the cell, providing valuable

Fig. 6 Schematic PDT mechanism for Pc—platin conjugate P1, where anchoring to DNA leads to highly effective damage by singlet oxygen formed
upon photoirradiation of the Pc photosensitizer once coordinated to the DNA strand(s).
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Fig. 7 Pc—platin conjugates with the ligands displaced upon aquation highlighted in green.

insight into the uptake of the conjugates into the nucleoli
from the cytoplasm.*®

Hartman et al. elaborated upon this design by encapsulat-
ing the related cationic Pc P3 in an anionic hyaluronate nano-
particle (Fig. 7).*° This nanoparticle formulation of P3 targets
CD44 receptors that are commonly overexpressed in cancer cell
lines.*® The nanoparticle undergoes cellular uptake before
endosomal escape and subsequent enzymatic degradation to
release the free Pc-platin conjugate P3.*° Confocal fluo-
rescence microscopy showed preferential accumulation of P3
in the mitochondria instead of the nucleus of
MDA-MB-231 human breast adenocarcinoma cells.*
Repeating the fluorescence microscopy experiment with
HEK293T human embryonic kidney cells further illustrated
the selective uptake for cancerous cells due to the absence hya-
luronate acid receptors in healthy human kidney cells.*
Localization of the complex in the mitochondria rather than
nucleosomes has several advantages, such as the greater oxy-
genation of the mitochondria and the lack of mitochondrial
DNA nuclear excision repair mechanisms that may otherwise
cleave the Pc-Pt-DNA adduct.’® This allows substantial
damage to the mitochondrial DNA by the abovementioned
platin-anchoring system to allow dual chemo-photodynamic
therapy, ablating the organelle required for energy generation
and preventing extensive tumour proliferation.

Ng et al synthesized Pc-platin conjugate P4 (Fig. 7),
wherein the platin moiety is attached to the periphery of the

Table 1 Photophysical and (photo)toxicity data for Pc—platin conjugates

macrocycle and, due to the nature of the conjugate design, the
platin complex is liberated from the Pc upon crossing the cell
membrane and aquation.” It was determined that using both
moieties lowered the ICs, value five-fold compared to using
the ZnPc complex alone, with P4 having an ICs, value of
0.11 pM under 672 nm irradiation and a modest dark toxicity
of 78.5 uM (PI = 710).”° In comparison, the free Pc had light
and dark ICs, values of 0.55 pM and >100 pM, respectively (PI
= 180) (Table 1)."° Hence, demonstrating a cooperative effect
between the two cytotoxic components with ICs, values mark-
edly lower for the conjugate than the individual constituents.
The authors also attributed the low cytotoxicity to the reduced
aggregation of the extended n-system of the chromophore
coupled with high cellular uptake to allow efficient generation
of ROS.*° P4 had enhanced cellular uptake relative to the free
ZnPc model system and showed preferential accumulation
within lysosomes, allowing highly localized, intracellular oxi-
dative damage upon irradiation.*’

It has thus been shown that anchored derivative P3 provides
is more effective than non-anchored P4, with the anchored
system having a lower ICs, value under irradiation than P4
leading to a higher PI value. This observation can be rational-
ized as the beneficial effect of the Pc being tethered in close
proximity to DNA for P3, facilitating specific and localized oxi-
dative damage, in conjunction with a chemotherapeutic effect
attributed to the platin moiety. In contrast, the Pc of the non-
anchored P4 will have been displaced during the aquation step

Conjugated max (nm) Light ICs, (1M) Dark ICs, (pM) Phototoxicity index N Jon Ref.
P1 Yes 688 — — — 0.24 0.21 38
P2 Yes 688 — — — 0.22 0.19 38
p3’ Yes 744 0.05 77 1500 0.24 — 39
P3 Yes 690 0.09 146 1600 0.22 0.20 39
P4 No 672 0.11 78.5 710 0.56 0.22 40
P5xi No 698 103.8 301.5 2.9 0.60 0.17 43
Free Pc No 672 0.55 >100 >180 0.57 0.25 40

“Not determined. ? Formulated as a hyaluronate nanoparticle for additional active targeting.

This journal is © The Royal Society of Chemistry 2022
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once the complex has entered the cell membrane and with the
short effective range of singlet oxygen, it is apparent that
having the photosensitizer located within close proximity
allows for more efficient and selective damage to the cancer-
ous cell.*®*™*° This was supported through confocal florescence
microscopy, which showed that the free Pc complex, cleaved
during the aquation step, was preferentially localizing in lyso-
some organelles and not in the nucleus or mitochondria,
unlike conjugates P1-P3.%°

Nyokong and coworkers synthesized covalent Pc-platin con-
jugates with varying Pt(u) moieties attached to the Pc periphery
(Fig. 8).*°*® Although due to the insolubility of the com-
pounds only P5xi could be tested in aqueous media with a
light ICs, value of 103.8 uM and a dark ICs, of 301.5 pM in
HEp2 cells, leading to a PI value of 2.9 (Table 1).** These Pc-
platin conjugates work akin to P4 in that the Pc moiety would
be displaced upon crossing the cell membrane, splitting the
conjugate into its constituent parts.

It has been observed that the combination of ROS and
platin complexes can exacerbate off-target effects (e.g. cell dys-
function, healthy tissue damage, amplified renal damage, and
ototoxic damage) due to ROS inhibiting the antioxidant
defence mechanisms within the cell, preventing cytoplasmic
glutathione from detoxifying healthy cells of the free platin.*®
We suggest this may be overcome by promoting nonradiative
decay in place of intersystem crossing, thus inducing a PTT
response instead of PDT, with no generation of ROS.*® This is
achievable through use of paramagnetic metals or photo-

P5i = (R1)3(R2)
PS5ii = (R1),(R2),
P5iii = (R1)1(R2)s

P5iv = (R2),

P5v = (R1)5(R3)
PSvi = (R1),(R3),
P5vii = (R1):(R3)s

PSviii = (R3),

PS5ix = (R1)s(R4)
P5x = (R1),(R4),
P5xi = (R1);(Ré)s

P5xii = (R4),
R-O0 0y 0-)
9 o ®
>/, = A<\ R1 2Na”
d )~ N\\ N o
\ =
N
N\ 7/ \ Vi \
NN HoO., 2\
°>\. A —{O R2  Hotty
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HO,C
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P7i = (R2),
P7ii = (R1)R4);

Fig. 8 Pc—platin conjugates developed by Nyokong and coworkers.
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induced electron transfer (PeT) substituents onto the Pc archi-
tecture.>® Thus far, there has only been a single example of a
Pc-platin molecule that could undergo a PTT mechanism.
Dolotova and Kaliya successfully synthesized a CoPc-platin
conjugate that would deactivated through nonradiative path-
ways after 678 nm photoexcitation due to the paramagnetism
of the square-planar Co(u)Pc (P7i).** Unfortunately the com-
pound was not tested for its photothermal performance
against any cancerous cell lines as solubility of the conjugate
was poor in aqueous media.** The solubility of the conjugate
was attempted to be improved through using a modified
amine ligand in place of the aqua-ligands but the compound
was still insoluble and could not be biologically tested.*” No
emission data was recorded meaning it was difficult to deter-
mine if the radiative decay pathway had been quenched fully
and how effective the compound would be as a photothermal
agent.

The examples of Pc-platin conjugates in section 2 demon-
strate how platins can be used as effective targeting groups for
Pc-based PDT photosensitizers by increasing specificity for
tumour uptake and limiting dark toxicity. Pc—platin conjugates
have lower ICs, values under irradiation than Pcs alone,
showing the additional synergistic effect of the platin che-
motherapeutic targeting vector. It has been evidenced that
platins could be a simple and efficient targeting group for Pcs
while often also enabling higher & and @, values due to the
heavy-atom effect.

3. Phthalocyanine—kinase inhibitor
conjugates

Kinase inhibitors are rapidly becoming one of the most valu-
able assets for targeting malignant tumours.*®*” The develop-
ment of kinase inhibitors such as imatinib has turned term-
inal diseases like chronic myelogenous leukaemia and gastro-
intestinal cancer into manageable conditions with improved
patient outcomes.’®"” With the ever expanding family of
kinase inhibitors (Fig. 9), and their broad-spectrum anticancer
activity, it is anticipated that many other cancers that currently
have poor patient prognosis could become controllable.*®*”
The phosphorylation process facilitated by kinases regu-
lates most aspects of the lifecycle of a cell. However, when
defective, kinase enzymes phosphorylate abnormally and this
enables extensive progression of various cancers.*®"” With 518
different kinases encoded into the human genome that all rely
on the recognition of adenosine triphosphate (ATP) cofactors,
achieving selective inhibition of a single kinase may appear
challenging. However, selectivity can be achieved by exploiting
differences between hydrophobic pockets and proximal amino-
acid residues in the ATP-binding domain.*®*” The majority of
kinase inhibitors resemble the binding displayed by ATP
(Fig. 10): the purine base of ATP is buried deep within the
binding site of the enzyme and is locked in place through
hydrogen-bonding interactions within the hinge region.
Covalent kinase inhibitors containing electrophilic moieties,

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Common kinase inhibitors employed for their anticancer effects.
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Fig. 10 Binding of ATP within the kinase active site, highlighting key
components that allow specificity.*®

in addition to the purine pharmacophore, are being investi-
gated that provide an overall more potent anticancer agent.*®
Covalent binding of the kinase inhibitor through nucleophilic
attack of an amino acid residue within the active site prevents
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the inhibitor being reversibly displaced by endogenous ATP.
One example is afatinib that includes an acrylamide moiety
that undergoes a Michael addition with a proximal cysteine
residue within the active site. This design is likely to become
more prevalent with the synthesis of new kinase inhibitors.*®

Several Pc-kinase inhibitor conjugates have been reported
that demonstrate the benefit of a kinase-targeting moiety.
Greater phototherapeutic efficacy can be attained, as the
kinase inhibitor directs the photosensitizer within range of a
faulty enzyme. However, it is critical that conjugation to the Pc
does not tamper with the ATP-resembling pharmacophore
otherwise binding is compromised.

The first example of a Pc-kinase conjugate was reported by
Xue et al., who synthesized a Pc-erlotinib conjugate that dis-
played high affinity for HepG2 cancer cells.>® The Pc-erlotinib
conjugate was synthesized with an oligoethylene glycol spacer
that allowed the distance between the erlotinib and Pc moi-
eties to be tuned, modulating the proximity of the photosensi-
tizer to the kinase active site.”® The conjugates displayed
impressive @, values of 0.66 (Kla-3, n = 2) and 0.57 (Kla-5,

= 4) (Fig. 11), respectively, with both Kla-3 and Kla-5 having

/
o
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Fig. 11 Phthalocyanines that employ a kinase inhibitor as a targeting vector. Where relevant, the position of attachment of the linker (a- or
B-position of the Pc) is indicated in the name; however, each is a single isomer.
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Table 2 Photophysical and (photo)toxicity data for Pc—kinase inhibitor compounds

AN (nm) LN (29 Light IC5, (nM) Dark ICs, (nM) Phototoxicity index Ref
Klo-1 678 0.63 0.26 12.9 >50 000 >3880 50
Kla-3 678 0.66 0.26 9.61 >50 000 >5200 50
Klo-4 678 0.63 0.26 27.8 >50000 >1800 50
Kla-5 678 0.57 0.26 44.5 >50 000 >1120 50
Kip-1 672 0.53 0.27 34.0 >50 000 >1470 50
K1p-3 672 0.54 0.27 44.8 >50 000 >1120 50
K1p-4 672 0.53 0.27 41.9 >50 000 >1190 50
K1p-5 672 0.50 0.27 91.8 >50 000 >545 50
K2o-1 678 0.56 0.17 3.70 >1000 >270 51
K2o-2 677 0.50 0.22 13.8 >1000 >72.5 51
K2a-3 678 0.55 0.22 6.70 >1000 >149 51
K2p-1 672 0.44 0.25 13.2 >1000 >75.7 51
K2p-2 672 0.46 0.25 16.7 >1000 >59.9 51
K2p-3 672 0.53 0.25 8.70 >1000 >115 51
K2-1 675 0.26 0.34 8.00 . — 52
K2-2 673 0.34 0.43 27.0 — — 52

“Not determined.

a similar @ value of 0.27 (Table 2), allowing the opportunity
for fluorescence-based theragnostic modalities.’® Fluorescence
molecular tomography in vivo showed strong preference of the
Pc-erlotinib conjugates for rapidly proliferating cancerous
tumours with little off-target binding. The combination of
high specificity for epidermal growth factor receptors (EGFRs,
a type of receptor tyrosine kinase) and low light ICs, values
demonstrates strong anticancer effects, in contrast to the Pc
alone, which displayed little selectivity for either cancerous or
healthy tissue.’® The trend in the ICs, values indicated that
the closer the photosensitizer was to the kinase enzyme (i.e.
the shorter chain length between photosensitizer and inhibi-
tor), the greater the potency of the conjugate towards HepG2
and A431 tumour cells, with IC5, values under irradiation
being 0.01 pM (K1a-3) and 0.04 pM (Kla-5) with both showing
dark ICs, values >50 pM, giving an impressive PI of >5000 and
>1000, respectively.”®

Xue et al. made analogous Pc-erlotinib conjugates to deter-
mine whether the position of conjugation of erlotinib to the Pc
(o, B, or axial position) and the linker length affected their
activity. Specificity is key for targeting a druggable site, and
subtle modifications to the structure of the conjugate can
result in altered activity.”® From a photophysical perspective,
varying the conjugation site and linker length displayed
minimal effects, with the Kla-series exhibiting slightly higher
@, values (0.57-0.66) than the K1p-series (0.50-0.54) while the
@ values remained constant between the two structural
families (0.26-0.27) (Table 2).°" This translated to lower ICsq
values with erlotinib conjugated to the a-position compared to
the B-conjugated analogues due to the marginally higher @,
values.”® In comparison to the free ZnPc (light ICs, value =
43.3 nM), all erlotinib conjugates linked to the a-position had
a lower ICs, value when the linker length was n < 5, but for the
B-conjugates the length of the linker had to be n < 2 for them
to outcompete the parent ZnPc photosensitizer.’® Confocal
fluorescence microscopy in vitro evidenced pronounced localiz-

13164 | Dalton Trans., 2022, 51,13157-13175

ation within the lysosomes and mitochondria for all K1
conjugates.’"

Further studies by Xue et al. investigated the site of conju-
gation on the erlotinib inhibitor (K2-series).”> This was to test
whether the modification of the erlotinib (i.e. removal of the
3-ethynylaniline group) would affect the targeting to the ATP
binding site. Initial molecular-docking studies showed the
hydrogen-bonding interactions of the pharmacophore were
still present with additional hydrogen-bonding sites observed
within the ethylene glycol chain connecting Pc to erlotinib.
The binding energy to the EGFR was calculated to be
—9.97 kecal mol™" for K2a-1 (Fig. 12), suggesting the 3-ethynyla-
niline group had little effect on binding to the receptor in
comparison to an analogue containing the 3-ethynylaniline
moiety (binding energy = —9.62 kcal mol™).>> The distance
between the modified erlotinib and Pc moieties was further
investigated by variation in oligioethylene linker lengths and
position of conjugation to Pc. All compounds showed similar
photophysical properties (Table 2), but Kla-3 from the prelimi-
nary studies was determined to be the optimum structure as
displayed by its high PI > 5200.°> The K2 series all showed
impressive PI values (Table 2) but could not outperform their
K1 predecessors due to their lower dark ICs, values translating
into lower PI values.’® Thus, experimentally showing that the
loss of the 3-ethynylaniline group had a significant effect on
the dark toxicity.>® Fluorescence intensity studies showed the
K2-series still maintained a high preference for cancerous cells
with overexpressed EGFR content (HepG2 cells) over the low
EGFR content of human lung fibroblast (HELF) cells even with
the modified erlotinib targeting vector. Demonstrating the
strong targeting potential of erlotinib and variants towards
cancerous cells with high EGFR content as removal of the
vector (i.e. the Pc alone) displayed no selectively for targeting
HepG?2 cells.>

Xue et al. further experimented with axially conjugated
SiPc-erlotinib conjugates (Fig. 11) that, like their predecessors,

This journal is © The Royal Society of Chemistry 2022
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Fig. 12 The calculated binding of a modified hypothetical Pc—erlotinib
conjugate (A) vs experimentally tested conjuagte K2a-1 (B) to evaluate
the role of the ethynylaniline group in binding to an EGFR (receptor
tyrosine kinase). Colour code: enzyme in green; Pc—kinase inhibitors
shown in blue and yellow stick form; side chains involved with ligand
binding in salmon; oxygen atoms in red; nitrogen atoms in blue; and
hydrogen bonds displayed by black dashed lines. Reproduced with
permission from ref. 52.
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showed improved targeting of HepG2 cells over the non-conju-
gated Pc photosensitizer. Fluorescence microscopy indicated
preferential localization of the conjugates within lysosomes
and mitochondria.>® Higher & values were observed with the
SiPc-erlotinib conjugates (& = 0.34-0.43) than their ZnPc-
erlotinib homologues, at the expense of singlet-oxygen sensit-
ization (@, = 0.26-0.39) (Table 2). The change in the photo-
physical properties could be attributed to the reduced aggrega-
tion of the SiPc-erlotinib conjugate, with respect to the ZnPc—
erlotinib conjugates, due to the axially ligated erlotinib pre-
venting n-stacking. It is also possible that reduced spin-orbit
coupling going from Zn to Si could result in reduced singlet-
oxygen sensitization.>® As displayed with the ZnPc conjugates,
the SiPc conjugates showed a similar tend with shorter chain
lengths (i.e. the closer the Pc was to the binding domain of the
enzyme) resulting in lower light IC5, values on comparison of
n =2 and n = 3 SiPc-erlotinib conjugates (Table 2).>* These
studies show that linker length and site of conjugation (i.e.,
whether at the a, B, or axial positions) cannot be overlooked
when considering how the Pc-kinase inhibitor (or other anti-
cancer drug) conjugate interacts with the target site.

Although the majority of Pc-kinase inhibitor conjugates
have focused on modifications of erlotinib, there have been
successes with other kinase inhibitors. Zhao et al. reported
conjugation of ganetespib (K3) to the p-position of a ZnPc
photosensitizer via a short alkyl spacer (Fig. 13).>* The Pc-
ganetespib conjugate maintained the traditional Q-band dis-
played by Pc macrocycles with an absorption maximum situ-
ated in the red region at 671 nm.** K3 was demonstrated to
bind to extracellular Hsp90 protein in vivo with sufficient
ROS production to prevent cell proliferation and induced apop-
tosis in a more efficient manner than the individual
constituents.>

Zhao and co-workers also developed a series of Pc-lenvati-
nib conjugates with varying length alkyl linkers (n = 0 (K4), n =

OH H
g\ i P-NH
o NH
/N
Y 7 )
Z X N=
0\\ | /NAZ‘H_ ) 0
N= N =N q
\// Ho' O

K5-1,2 (n = 8,12)

Fig. 13 Top: Pc—ganetespib conjugate; bottom: Pc—lenvatinib conjugates. K4 and the K5 series are statistical mixtures of isomers with all combi-

nations of substitution in the B-positions of the isoindole units of the Pcs.
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8 (K5-1) and n = 12 (K5-2)) (Fig. 13).>® All three conjugates dis-
played reduced dark cytotoxicity in comparison to free lenvati-
nib and equimolar ZnPc/lenvatinib, which significantly
increased with 660-670 nm irradiation. K5-1 also showed good
accumulation within cancerous cells and a modest light ICs,
value of 19.4 pM, a 3.5-fold decrease compared to free lenvati-
nib against 4T1 cells; the light IC5, value against MCF-7 cells
was further improved for K5-1 with a value of 14.5 pM, a 4.5-
fold decrease compared to free lenvatinib.’® The ICs, against
MCF-7/ADR cells also demonstrated the ability of K5-1 to over-
come multidrug resistance through glutathione depletion with
a light IC5, value of 47.3 pM in comparison to 329 pM for free
lenvatinib.>® The authors used the combination index (CI) to
determine whether the designed conjugate was behaving in a
synergistic manner (CI < 1 for synergistic behaviour; CI = 1 for
additive behaviour; CI > 1 for antagonistic behaviour). The CI
index demonstrated the synergism of the two cytotoxic com-
ponents with a CI value < 1 against all the tested cell lines
using K5-1.>> The authors also demonstrated the potency of
the conjugate in vivo by formulating the K5-1 conjugate into
PEG,000-PLAy0000 Nanoparticles to improve solubility, thus
allowing in vivo experiments to be performed. The fluorescence
of the Pc allowed a theragnostic paradigm to be successfully
employed in vivo and almost complete tumour ablation within
tumour-bearing mice with no obvious signs of off-target tox-
icity observed. In contrast to the previous kinase inhibitor
examples described, the authors did not consider Pc regio-
chemistry in their conjugate design. The different isomers
within the isomeric Pc mixture may have different photo-
physical and biological properties, binding energies, and
overall efficacy, ultimately making such a mixture more chal-
lenging to translate.

Due to the major role kinase enzymes play in the develop-
ment of various cancers, the use of kinase inhibitors as target-
ing vectors for Pcs is a useful synergistic platform for dual
chemo- and phototherapy to enhance the specificity of the
treatment. The key finding has been that the conjugation site
of the kinase inhibitor on the Pc is vital to maintain the highly
specific binding of the kinase inhibitor and, thus, for the Pc-
kinase inhibitor to elicit a phototherapeutic effect.

4. Phthalocyanine—anthracycline
conjugates

Anthracyclines are anticancer agents extracted from
Streptomyces bacteria that are renowned for their broad-spec-
trum activity.’® Anthracyclines have been central to chemo-
therapy since their inception in the 1960s with the most
notable examples being doxorubicin (DOX), daunorubicin,
epirubicin, and idarubicin (Fig. 14). All anthracyclines have a
similar core structural motif of a quinone containing fused
tetracyclic structure linked to a modified amino-sugar
residue.>” The potency and broad-spectrum anticancer activity

of anthracyclines is desirable, although accompanied by dose-
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Fig. 14 Common anthracyclines used

treatments.

agents in chemotherapy

dependent and cumulative cardiotoxicity that limits their
utility.>®

There is still much debate regarding the mechanism of
action of anthracyclines, even though they have been used
clinically for almost sixty years. The two currently accepted
mechanisms are as follows: (1) intercalation of the drug into
the DNA double helix, facilitated by n-n interactions of the
planar conjugated structure and the base pairs, preventing
DNA replication, and (2) reduction of the quinone moiety,
causing oxidative damage via the formation of ROS to which
nucleic acids are highly susceptible.>”>

The potential for anthracyclines to partially quench the
photodynamic action of Pcs due to their electron-accepting
structure suggests conjugation of the two moieties may
decrease the cytotoxic effect of a Pc-anthracycline conjugate.®®
Huang et al. synthesized both a traditional Pc-doxorubicin
(DOX) conjugate (A1) and a prodrug conjugate (A2) with a clea-
vable peptide linker that liberates DOX upon exposure to the
fibroblast activation protein (FAP) that is commonly over-
expressed in cancerous cell lines to establish the benefits of
each approach (Fig. 15).°° Before exposure of A2 to FAP, both
the photosensitizing ability of the Pc and the anticancer effect
of DOX were reduced until the molecule was guided towards a
cancer cell and the Pc-DOX conjugate cleaved into its constitu-
ent parts.®® The liberation of DOX endowed the Pc with
increased @, and @y values whilst simultaneously increasing
the cytotoxicity of both species.®® Huang and co-workers estab-
lished a prodrug approach was an effective synergistic platform
in vivo that can limit the off-target effects attributed to both
DOX and Pc.®® The @, values were 0.40 and 0.30 for A1 and
A2, respectively.®® Both compounds had respectable @5 values
of 0.12 and 0.10 respectively, with the cleaved Pc photosensiti-
zer having @, and ®p values of 0.60 and 0.23, respectively
(Table 3).°° Localization studies were performed in vitro with
fluorescence microscopy, which demonstrated that both the
non-cleavable conjugate and the prodrug conjugate preferen-
tially localized in the mitochondria, although when incubated
with FAP, the DOX constituent was evidenced in the nucleus.®’
ICs, values for A1 and A2 interestingly showed that the cleava-
ble peptide linker had both a greater light toxicity and a lower
dark toxicity than the traditional conjugate (light IC5, = 0.42
vs. 0.56 uM and dark ICs, = 20 vs. 6.4 uM), demonstrating the

This journal is © The Royal Society of Chemistry 2022
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Fig. 15 Pc—doxorubicin (DOX) conjugates. T = threonine, S = serine, G = glycine, P = proline.

Table 3 Photophysical and phototherapeutic data of Pc—DOX conjugates

Traditional or prodrug A% (nm) LN Dy Light ICso (uM) Dark ICs, (uM) Phototoxicity index Ref.
Al Traditional 676 0.40 0.12 0.42 20 47.7 60
A2 Prodrug 674 0.30 0.10 0.56 6.4 11.4 60
A2 + FAP — 6747 0.60“ 0.23¢ 0.13 1.14 8.8 60
A3 (1b) Prodrug 675 0.27 0.10 — — — 61
A4 (1c) Prodrug 674 0.40 0.12 — — — 61
A5 (2b) Traditional 676 0.20 0.01 — — — 61
A6 (3¢) Traditional 681 0.12 0.12 — — — 61
A7 (3b) Prodrug 682 0.09 0.10 — — — 61

“Values for A2 + FAP were not reported. Values listed for Pc with the peptide unit only.

efficacy of the traditional conjugate in comparison to the
prodrug (PI = 47.7 (A1) vs. 11.4 pM (A2)) (Table 3).°° This can
be rationalized as the photosensitizer being anchored to the
mitochondrial DNA, allowing specific oxidative damage, and
thus single strand DNA breaks with the cooperative anticancer
effect of the anthracycline moiety. The light IC5, value of
prodrug conjugate A2 dropped to 0.13 pM in the presence of
FAP; however, so the dark ICs, value also fell to 1.14 pM with
added FAP (PI = 8.8).°° This is disadvantageous as a low dark
toxicity is a key requirement for an effective photosensitizer.
On evaluation of the data, the traditional Pc-drug conjugate,
which is bound and retained at the desired site of action, pro-
duces an overall more effective synergistic effect than the
prodrug approach.

Huang expanded on this work by comparing both the
prodrug and the traditional conjugates whilst also investi-

This journal is © The Royal Society of Chemistry 2022

gating the effects of chain length between the two com-
ponents and the location of DOX on the Pc macrocycle
(axial vs. peripheral) (A3-A6).°" FAP responsiveness experi-
ments showed that the prodrugs undergo facile enzymolysis
of the linker to release the DOX unit.®" In the absence of
in vitro or in vivo testing it is difficult to accurately state
which linker length or difference between axial or peripheral
location of the DOX moiety provided the best overall syner-
gistic effect. The photophysical data indicated that the pres-
ence of the DOX moiety did reduce &, values of both the
prodrug and traditional conjugates, with the free Pc display-
ing higher &, values on all occasions (Table 3).°* The tra-
ditional conjugates with shorter chain lengths and peri-
pheral conjugation sites displayed greater ®, and &g
values,®' although it is not known if this translates to better
PDT performance.
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The development of highly effective Pc-DOX conjugates dis-
playing limited dark toxicity in conjunction with a strong PDT
response still requires additional exploration. Specifically, the
optimal structure where the DOX unit does not quench the
photosensitizing ability of the Pc moiety and the conjugate
also retains a high PI still has to be attained. The design of the
agents could be improved by alternative conjugation sites, as
conjugation of the photosensitizer to the amino moiety of the
sugar residue prevents important ionic-bond formation
between the cationic protonated amino moiety (under physio-
logical conditions) and the anionic sugar-phosphate backbone.
More generally, this illustrates that important binding moi-
eties should not be tampered with when designing photosensi-
tizer-anticancer conjugates. In future work there may be more
success in designing these forms of conjugates as photother-
mal agents as this could negate the problem of quenched sen-
sitization of singlet oxygen by DOX.

5. Miscellaneous Pc—anticancer
agent conjugates

This subsection contains other notable Pc-anticancer drug
conjugates that follow one of the following strategies: (1) target
estrogen receptors through conjugation to tamoxifen, (2) target
the nucleus through conjugation to histone deacetylase inhibi-
tors or DNA alkylating agent chlorambucil, (3) disrupt vascula-
ture through conjugation to combretastatin, chalcones, and
taxanes, or (4) contain coumarin and perphenazine targeting
vectors.

The role of estrogen receptors (ERs) in the formation and
progression of many malignant breast tumours is well docu-
mented. Estrogen receptor-positive (ER+) breast cancer is typi-
cally treated with one of three classes of endocrine thera-
peutics: selective estrogen modulators (SERM), aromatase
inhibitors, or selective estrogen-receptor degraders.®> SERMs
work through competitive inhibition of overexpressed ERs in
place of the steroidal hormone 17p-estradiol (E2), initiating
apoptosis by preventing binding of associated transcription
cofactors, which thus stops abnormal cell proliferation and
differentiation.®®

Liu and coworkers conjugated the SERM tamoxifen to the
a-position of a Pc photosensitizer through an oligoethylene
glycol spacer of varying length (Fig. 16). The hypothesis was
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Fig. 16 Pc-tamoxifen conjugates that target ER+ breast cancers.
Linkers of varying length between the two units are either conjugated at
the a or p position of the Pc, as indicated in the naming scheme.
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that this would tether the Pc to overexpressed ERs, which in
turn would lead to selective oxidative damage and disruption
of downstream cell-signalling pathways.®>®® The conjugate dis-
played a high @, value of 0.61 with a @ value of 0.17 coupled
with a Q-band absorption maximum of 678 nm (Table 4).%
Binding of the conjugate to ERs was confirmed through
in vitro experiments where it was shown that inhibition of ERs
was dependent upon exogenous E2 concentration, while the Pc
derivative without tamoxifen behaved independently.®® This
had a direct impact on the photocytotoxicities of the conju-
gates, where photodynamic efficiency decreased with increas-
ing concentrations of exogenous E2.** In vivo experiments
further confirmed the specificity towards ER+ tumour tissue
through fluorescence tomography of BALB/c nude mice sup-
porting MCF-7 tumours. The fluorescence intensity was
notably higher for cancerous tissue due to preferential localiz-
ation of the Pc-tamoxifen derivative in cells with a high ER
content opposed to healthy tissue, and in contrast to the Pc
photosensitizer alone.®® The conjugate displayed an impressive
light IC5, value of 13.8 nM with little dark cytotoxicity observed
until concentrations of the conjugate exceeded 12.5 uM (PI >
906) whilst maintaining the antiproliferative abilities and tar-
geting of tamoxifen when incubated with MCF-7 cancer cells
in vitro.®® The light ICs, value was lower than the free tamoxi-
fen drug (ICs, = 21 pM), displaying the advantages of a syner-
gistic approach.®® The ICs, values of the conjugate could not
be maintained when using the individual (non-conjugated) Pc
and tamoxifen components, showing that the close proximity
of the Pc and tamoxifen moieties promotes the synergistic
effect.®?

Xue et al. extended on the work performed by Liu et al. by
creating a similar series of Pc-tamoxifen derivatives,** focus-
ing on the site of conjugation to tamoxifen on the Pc (a- or
B-position), and the length of the oligoethylene glycol linker
between the two moieties (Fig. 16).°* All derivatives showed the
typical red absorption of the Pc moiety with Q-band maxima
of 678 nm and 672 nm for the a- and f-derivatives respect-
ively.® The o-derivatives showed higher &, values at the
expense of &y (Table 4), with @, values increasing with the
length of the linker.®* All the conjugates displayed better tar-
geting towards ER+ MCF-7 cells than estrogen receptor-nega-
tive (ER-) MDA-MB-231 cells, showing the conjugate could suc-
cessfully target cells overexpressing ER.** Confocal fluo-
rescence microscopy experiments indicated preferential local-
ization of the conjugates within lysosomes over mitochondria
or nuclei cellular compartments.®* Testing the photodynamic
activities and antiproliferative abilities of the conjugates gave
the general trend that the a-conjugated series generally exhibi-
ted lower light ICs, values than their p-substituted counter-
parts (Table 4) with all conjugates showing no dark cytotoxicity
up to 1 pM.** The higher potency of the a-series is thought to
be due to the better singlet-oxygen sensitization ability.**

Histone deacetylase inhibitors (HDACi) have become attrac-
tive drugs for preventing cancer progression and improving
prognoses. HDAC enzymes play a key role in epigenetic modu-
lation and are known to have varied effects due to the non-uni-

This journal is © The Royal Society of Chemistry 2022
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Table 4 Photophysical and phototherapeutic data for Pc—tamoxifen derivatives

Chain length, n AR (nm) [N Dp Light IC5, (nM) Dark ICs, (nM) Phototoxicity index Ref.
T2a 2 678 0.61 0.17 13.8 12 500 906 63
Tia 1 678 0.59 0.17 80.5 >1000 >12.4 64
T3a 3 678 0.63 0.17 23.8 >1000 >42.0 64
T1p 1 672 0.51 0.21 16.1 >1000 >62.1 64
28 2 672 0.53 0.21 52.2 >1000 >19.2 64
T3 3 672 0.56 0.22 89.5 >1000 11.2 64

formity of their mechanism of action but typically they can
induce apoptosis, prevent angiogenesis and facilitate immuno-
modulation.®® Aru et al. synthesised a SiPc-HDACi compound,
with the HDACI axially ligated to the SiPc (NT-1) (Fig. 17). The
compound had an absorption maximum of 672 nm with @,
and @y values of 0.68 and 0.05, respectively.®® The SiPc-HDACi
conjugate had light ICs, values of 42.0 uM (HUVECs), 9.2 pM
(MCF-7) and 37.3 pM (MDA-MB-231), which was lower than
the control Pc with no axially ligated HDACi 45.6 puM (HUVEC),
69.1 uM (MCF-7), and 89.3 uM (MDA-MB-231).*> Subcellular
localization studies of the conjugate displayed retention within
the nuclei, nucleoli and the nuclear membranes of the cell.®®
Thus, the HDACi moiety brings the SiPc close to DNA strands
to cause extensive localized photodamage, resulting in selec-
tive apoptosis of cancerous cells.

Chlorambucil, like the platins, is an alkylating agent that
works by reaction with nucleophilic DNA sites to form inter-
and intrastrand crosslinks that prevent DNA replication and
cause overall loss of base-pairing fidelity. Huang et al. syn-
thesized a Pc-chlorambucil conjugate and compared the
effects of ligation of the chlorambucil conjugate either periph-
erally or axially to ZnPc or SiPc (NT-2 and NT-3, respectively)
(Fig. 17).°® The molecules showed absorption maxima of
674 nm and 680 nm for the respective ZnPc and SiPc.°® Due to
the spin-orbit coupling attributed to the Zn atom, the ZnPc
conjugate had an impressive @, value of 0.63, whilst the SiPc

had a reduced @, value of 0.05.°® The @ values of the deriva-
tives also showed the ZnPc to have higher @, values of 0.22 in
comparison to the SiPcs @, value of 0.05.°° Significant aggre-
gation of NT-3 led to a high nonradiative rate and thus lower
than expected fluorescence for a SiPc (@ = 0.04). IC5, values of
the derivatives were obtained against HepG2 cells.®® The ZnPc-
conjugate derivative had an impressive light IC5, value of
0.20 pM with a dark value of 85.6 uM, giving a PI value of
428.%° Whilst this is an adequate value it could not outcompete
the sole Pc photosensitizer without the chlorambucil moiety
(light ICs, value = 0.031 uM, dark ICs, = 33.8 uM, PI = 1090).°°
This trend also extended onto the SiPc derivative with the light
ICs, value of 17.47 pM and a dark value of 25.19 pM (PI = 1.44)
as the Si-chlorambucil conjugate could also not outcompete
the SiPc photosensitizer (light IC5, = 0.009 pM dark ICs, =
33.2 pM and PI = 3689).°° The authors theorized that due to
the extensive aggregation profile of the Pc-chlorambucil conju-
gates, they were not efficiently uptaken by the HepG2 cells,
unlike their sole Pc analogues.®® Subcellular localization
studies showed preference for all the conjugates to localize
within the mitochondria.®® This is a rare example of the syner-
gism of the two components not being evidenced, and
reinforces the difficulty of predicting such synergism.®®
Vascular-disrupting agents (VDAs), such as vadimezan, fos-
bretabulin, and combretastatin A-4, are widely used che-
motherapeutic agents.®” Acute administration of VDAs fully
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disrupts the vasculature of deep-seated tumours, preventing
blood flow and inducing comprehensive necrosis of large
malignant masses.®” The mechanism of action of VDAs relies
on binding to tubulin to disrupt the cytoskeleton of proliferat-
ing endothelial cells through microtubule depolymerization
and subsequent induction of the necrosis pathway.®”

You and coworkers exploited the activity of the VDA com-
bretastatin A-4 through ligation to a SiPc photosensitizer via
an amino-acrylate linker (Fig. 18). The hypothesis was that the
linker would be cleaved upon generation of singlet-oxygen to
release the free drug. A second conjugate with a non-cleavable
alkyl linker was also synthesized (Com-1).°® Both compounds
showed low dark cytotoxicity that increased upon laser exci-
tation, with initial dark ICs, values equal to 173 nM and 916
nM for the cleavable and non-cleavable linkers respectively,
compared to the dark ICs, value of 9 nM for combretastatin
A-4 alone.®® Upon illumination the ICs, values dropped to 6
nM (PI = 30) and 34 nM (PI = 27) for the cleavable and non-
cleavable linker, respectively.®® It was also demonstrated that
both the cleavable and non-cleavable conjugates had different
mechanisms of action. The Pc-combretastatin A-4 conjugate,
with the non-cleavable linker, did not effectively bind to
tubulin, and thus, had a PDT effect only, whilst the analogue
with a cleavable linker had a synergistic effect, as demon-
strated by bystander effects in vitro.°® Both drugs were detected
by fluorescence optical imaging techniques in the proximity of
the tumours indicating the subtle targeting effect of the com-
bretastatin moiety.®® It is also worth considering that conju-
gation to the phenolic-OH may be inhibiting binding of com-
bretastatin to microtubules, and so an alternative conjugation
site might improve activity and targeting.
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Fig. 18 Pc—combretastatin A-4 conjugates that allow efficacious tar-
geting of tubulin.
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Ng and coworkers synthesized a similar multifunctional
ZnPc-combretastatin A-4 (Comb-2) conjugate with a singlet-
oxygen cleavable amino acrylate linker (Fig. 18).®° However,
this construct also contained an additional active-targeting
biotin moiety to allow targeting of HepG2 cells that are biotin-
receptor positive.®® Since the addition of an extra targeting
ligand doesn’t explicitly rely on the targeting of the combretas-
tatin A-4 derivative, the design is considered outside of the
scope of this review, but is nonetheless an effective approach.

Dumoulin et al. further experimented with VDAs by attach-
ing a chalcone unit onto a ZnPc scaffold (Fig. 19).”° The
authors employed an A;B design in which three isoindole
units have a triethylene glycol monomethyl ether group to
improve the hydrophilicity of the molecule with the fourth
unit containing a chalcone connected via a tetraethylene glycol
spacer.”® The chalcone still retained its antivascular capabili-
ties after conjugation to the Pc chromophore, as supported by
a HUVEC migration assay.”® The Pc also retained its impressive
photophysical properties with a NIR absorption maximum of
704 nm and @, value of 0.55.”° The conjugate itself showed a
dark ICs, value of 16.8 uM, with the chalcone unit enhancing
the cytotoxicity in comparison to the Pc alone, which had an
IC5o value >50 pM.”® Upon photoirradiation the conjugate
showed an LDs, of 0.51 pM in comparison to the sole ZnPc
that had an LDs, value of 3.32 uM.”® Dumoulin et al. also syn-
thesized a tetrachalcone Pc linked by tetraethylene glycol
spacers but no biological data was recorded for this
conjugate.”””" The antivascular activity of the chalcone was
lower than expected, which was attributed to low bio-
availability. To extend on their design and employ a possible
“prodrug” approach, three Pc-chalcone conjugates with
varying linkers were synthesized.”” One linker was a standard
ether functionality that would resist metabolic cleavage as a
control to prove their hypothesis that the chalcone had to be
released to exert its vascular disruption capabilities.”” They
also employed the Huisgen cycloaddition with an alkyne

Fig. 19 A Pc—chalcone conjugate used as a vascular disrupting agent.
A statistical mixture of isomers is indicated, whereby the triethylene
glycol methyl ether groups can be at either of the a positions of the iso-
indole units.
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attached to the phthalonitrile and the azide attached to the
chalcone and vice versa with the idea that the resulting tri-
azoles formed form the reaction would be subject to different
release conditions upon acidic or reductive environments.”>
The authors did not record any photophysical or biological
data with these compounds but did demonstrate that alterna-
tive Pc-chalcone designs were possible.

Paclitaxel (PTX) is a broad-spectrum anticancer agent
belonging to the taxane family that has found utility in the
treatment of ovarian, breast, pancreatic, and non-small cell
lung cancer but is also associated with significant off-target
cytotoxicity.”>”* PTX operates through disruption of micro-
tubule function by stabilizing tubulin-containing guanosine
diphosphate and therefore promoting tubulin polymerization
and suppressing microtubule depolymerization mechanisms,
and in preventing cell mitosis and cancer-cell
proliferation.

You et al. conjugated PTX at the axial position of a SiPc
photosensitizer (PTX1/2), with both a prodrug and traditional
linker, to form a potent synergistic agent (Fig. 20).”> The
prodrug form was designed in a fashion that the PTX moiety
would be released from the photosensitizer on the generation
of singlet oxygen and its subsequent reaction with an amino
acrylate linker.”® The PTX moiety was conjugated to the photo-
sensitizer through its 2-OH group that is critical for PTX
binding to tubulin, thus, attenuating the activity of PTX in the
conjugate form and establishing a prodrug modality.”® Both
Pc-PTX conjugates displayed Q-band absorption maxima at
672 nm with emission wavelengths of 678 and 677 nm for the
prodrug and non-cleavable conjugate, respectively.”> As
expected, in the dark, both the prodrug and traditional conju-
gate had reduced tubulin polymerization effects with respect
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to free PTX due to conjugation to the 2'-OH group significantly
affecting the binding.”?> Under irradiation, however, the
prodrug showed a significant increase in polymerization
effects relative to the dark measurement due to the PTX
moiety being cleaved upon generation of singlet oxygen, whilst
tubulin polymerization effects induced by the non-cleavable
conjugate did not change when irradiated.”® Dark and photo-
toxicity studies demonstrated the benefits of the design, with
the prodrug displaying an ICs, value of 3.9 nM in the light and
910 nM in the dark (PI = 230), whilst the traditional conjugate
had ICs, values of 24 nM upon irradiation and a dark ICs,
value of 1279 nM (PI = 53).”> Both conjugates showed a signifi-
cantly reduced dark ICs, value compared to free PTX (ICsq =
4.7 nM), meaning the conjugates showed a 190- and 270-fold
reduction in activity in the dark with respect to free PTX. The
prodrug Pc-PTX conjugate had a lower light IC5, value than
PTX alone.”® You and coworkers further elaborated on their
“photo-unclick” prodrug design by replacing one of the PTX
units with a folate targeting moiety linked with an extended
PEG chain to improve the hydrophilicity of the molecule that
could also target folate positive receptor cells (Fig. 18).”* All
conjugates showed similar photophysical characteristics with
Q-band absorption maxima at 647 nm for all derivatives irre-
spective of chain length (PTX4a-d with n = 1000, 2000, 3500,
and 5000).”* Conjugates with n = 1000, 2000 and 3500 showed
the best potency with light ICs, values of 124 nM, 137 nM and
132 nM, respectively, with conjugates PEGn = 0 or 5k being the
worst performers with respective values of 415 nM and 406
nM.”* This could be rationalized by the 1k-3.5k PEG chains
having the best cellular uptake in FR-positive SKOV-3 cells to
illicit their cancer-killing ability more effectively than with no
PEG chain or PEGn = 5Kk, this argument was also supported
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Fig. 20 Pc—paclitaxel conjugates exhibiting both traditional and “photo-unclick” linkers. PTX = paclitaxel; FA = folic acid.
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when in vivo optical imaging showed that the chain length of
2k had better tumour localization than no PEG chain or a
PEGn = 5k.”*

Coumarins are attractive pharmacophores for the develop-
ment of new medicine due to their diverse antimicrobial, anti-
inflammatory and anticancer activities.”> Xue et al. created
four novel Pc-coumarin conjugates and tested their efficacy
against HepG2 cells.”® The authors employed the use of
7-hydroxycoumarin and 7-hydroxy-4-trifluoromethylcoumarin
(Fig. 21) as the cytotoxic agents, and conjugated one derivative
to either the a- or B-position of a ZnPc with an oligioethylene
linker. Both a-derivatives had an absorption maximum of
677 nm while the p-analogues had a Q-band at 672 nm.”® The
general trend was that the a-derivatives had a higher @, values
at the expense of @ (Table 5).”° On evaluation of the light ICsq
values it showed that the 7-hydroxycoumarin analogue had a
greater activity against HepG2 cells when conjugated to the
B-position and vice versa for the 7-hydroxy-4-trifluoromethyl-
coumarin all of which had impressive PI values (Table 5).”°
Confocal laser-scanning microscopy indicated the subcellular
localization of these compounds.”® Interestingly, the different
derivatives had different localization. With the 7-hydroxycou-
marin conjugated in the a-position preferring the cell nuclei.”®
The other three conjugates localize in mitochondria or the
lysosome organelles with little preference for either.”®

Bulut et al. also created a series of 7-hydroxy-3-ethyl-6-hexyl-
4-methylcoumarin compounds conjugated to either a Zn or In
(Cl)Pc, with variation in the site of conjugation with respect to
the Pc and additional substitution (Fig. 21).”” The Q-band was
bathochromically shifted for the In(Cl)Pcs and when the cou-
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marin was conjugated to the a-position.”” All Pcs had high @,
values (Table 5), with the InCl central moiety providing a
greater spin-orbit coupling to promote the sensitization
singlet oxygen due to the heavy-atom effect.”” The authors did
not conduct any biological testing of the compounds but their
impressive @, values suggests they could make excellent PDT
agents, although some of the derivatives were not regiochemi-
cally pure with respect to Pc.””

Voskuhl et al. utilized a umbelliferone (a coumarin) conju-
gated to onto the p-position of a ZnPc via a quatenrized pyridyl
group with an oligoethylene spacer to create a highly water
soluble derivative with the capacity to be effective not only
against HepG2 cancer cells but also Gram-negative and Gram-
positive bacteria in an “all in one” type photosensitizer
(Fig. 21).7® All conjugates retained their red-light absorption
with the general trend of the f,-substituted derivatives having
a slightly bathachromically shifted Q-band with respect to
their Bg-substituted derivatives (Table 5).”® Both derivatives
had respectable @, values of 0.52 and 0.64 and @y values of
0.17 and 0.15, respectively, for the p,- and the Pg-substituted
derivatives.”® Confocal laser-scanning microscopy showed that
all derivatives preferentially localized within the nucleus of
HepG2 cells.”® Under irradiation the compounds caused 80
and 60% cell death for the f,- and Pg-substituted derivatives,
respectively.”®

Huang et al. created the first synergistic Pc-anticancer drug
conjugate that operates via a PTT mechanism.”® The authors
synthesized a SiPc with an axially ligated perphenazine
group.” Perphenazine is a common antipsychotic drug used
in the management of schizophrenia and other psychotic ill-
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Table 5 Pc—coumarin photophysical and phototherapeutic data
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AR (nm) N Dy Light ICs (uM) Dark ICs, (UM) Phototoxicity index Ref.
Courla 677 0.64 0.25 0.044 4.43 111 76
Courlb 672 0.57 0.27 0.018 >10 556 76
Cour2a 677 0.54 0.20 0.014 >10 714 76
Cour2b 672 0.53 0.20 0.021 >10 476 76
Cour3a 679 0.92 0.036 — — — 77
Cour3b 684 0.88 0.014 — — — 77
Cour4a 691 0.95 0.032 — — — 77
Cour4b 709 0.99 0.009 — — — 77
Cour5a 682 0.38 0.18 — — — 77
Cour5b 687 0.46 0.002 — — — 77
Cour6a 679 0.84 0.020 — — — 77
Cour6b 688 0.96 0.005 — — — 77
Cour7a 683 0.52 0.17 — — — 78
Cour7b 681 0.64 0.15 — — — 78

nesses but has shown anticancer efficacy recently.”® In
aqueous solution, the compound self-assembles into a nano-
particle with the self-assembly attributed to both n-n inter-
actions of the Pc and hydrogen-bond interactions between
phenolic hydroxyl group.”® The nanoparticle assembly had a
Q-band maximum situated at approximately 700 nm.”® The
SiPc derivative used a mixture of type-I PDT and a PTT
response to elicit its cancer-killing effect, making the com-
pound especially effective in commonly observed hypoxic
tumour conditions.”” The compound efficiently produced
highly cytotoxic superoxide, even in hypoxic environments,
and displayed a negligible ®, value.”” The compound showed
an efficient temperature change of ~30 °C after 685 nm
irradiation for 10 minutes, which is high enough to induce
apoptosis and necrosis of the tumour site.”” The compound
was found to have a photothermal efficiency of 18.3%. The
combined PDT and PTT effects led to light ICs, values of
0.08 pM and 0.09 pM in normoxic and hypoxic tumour con-
ditions, respectively.”” The nanostructure showed excellent
tumour accumulation, as proven by fluorescence and thermal
imaging of the compound in H22 tumour-bearing mice, and
the compound displayed a 64% tumour suppression after
irradiation.”

6. Summary and outlook

Photodynamic and photothermal therapy show potential for
localized light-activated cancer treatment with limited off-
target effects compared to traditional chemotherapeutics.
Phthalocyanines have especially favourable properties in this
context, including red-to-NIR absorption, a tailorable struc-
ture, and efficient singlet-oxygen generation. Many Pc photo-
sensitizers have now been developed for cancer phototherapy
and have been shown to be effective, but arguably the next
stage of their evolution is the incorporation of active-targeting
moieties to enhance their specificity and potency. This is
especially important given the unreliability of passive targeting
through the EPR effect. The synthetic difficulty of conjugation
to biologically inspired targeting vectors, such as antibodies

This journal is © The Royal Society of Chemistry 2022

and aptamers, as well as their instabilities, has led to the
emergence of a new class of active-targeting groups based on
known anticancer agents. Using these known anticancer drugs
in conjunction with Pc conjugation leverages their proven
binding of key oncological targets, whilst facilitating
additional, and sometimes synergistic, anticancer effects of
their own.

This review explores the development of phthalocyanine-
anticancer drug conjugates for phototherapy with a particular
focus on conjugates with platins, kinase inhibitors, and
anthracyclines as promising classes. Careful choice of linker
and site of conjugation on both the Pc and the anticancer
drug are shown to be critical to achieve effective targeting, as
conjugation can unintentionally inhibit the activity or binding
of the anticancer agent: this is often a result of the most easily
conjugatable site also being critical to activity. Prodrug
approaches have been used successfully in constructing effica-
cious Pc-anticancer drug conjugates with high phototoxicity
indices; for example, the toxicity of a Pc-PTX conjugate was
limited until photosensitization of singlet oxygen by the Pc
lead to immolation of linker and release of free PTX, or where
in a Pc-DOX conjugate both the phototherapeutic and che-
motherapeutic effects are mutually reduced by quenching and
blocking of the binding site, respectively, until reaction of the
linker with the overexpressed enzyme FAP induces both
effects. Although prodrug approaches are apt for the purpose,
the best conjugate design appears to be the one that allows the
Pc-drug conjugate to be bound and retained at the desired site
of action, to elicit damage to essential cellular compartments,
by either oxidative or thermal means. This was displayed by
platins and kinases, with the latter being considered the “gold
standard” due to their high PI values. Going forward, a photo-
thermal effect also should be considered in such situations
when an anticancer drug quenches the sensitization of singlet
oxygen or the tumour site is hypoxic due to the oxygen inde-
pendence of PTT.

In conclusion, effective targeting of a photosensitizer with
anticancer drug conjugates within short range of a specific
biological target, such as DNA or a specific receptor, improves
the efficiency of phototherapy by concentrating and localizing
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the effect at the target site and can additionally lead to syner-
gistic effects. Thus, the combination of phototherapy and
chemotherapy is a compelling prospect. With cancer cases
continually on the rise, the synergism of the two modalities
may provide more specific and stronger cancer-killing effects
than the individual constituents, ultimately improving patient
prognosis.
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