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The use of photosensitizers (PSs) in photodynamic therapy (PDT) and photodynamic inactivation of microorganisms
(PDI), as well in other biomedical techniques as medical imaging, represents a challenge for improving given properties
that are desired in a biological media, such as water solubility, lack of aggregation and biocompatibility, among
others. This review shows the most recent and important examples of the conjugation of photosensitizers to different
biomolecules to achieve this goal. The manuscript is written in an accessible way in order to give a general vision
of the recent advances stimulating at the same time the curiosity of the reader.
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Hcnonvzosanue pomocencudbunruzamopos (PSs) ¢ pomoounamuuecxou mepanuu (PDT) u pomoounamuueckoii uHax-
mugayuu muxpoopeanusmoé (PDI), a makoce 0ns MeOUyuHcKol 8u3yaiuzayuu, Haiazaem onpeoeieHHvle mpebo-
BAHUS HA UX CEOUCMBA — PACMBOPUMOCHIL & 800e, OMCYMCmeUe azpecayuu, ouocosmecmumocms u op. B obzope
npueedeHvl aKkmyaibHble NpuMepsl KoHvioeayuu PSS co clodicHbIMU GUOMONEKYIAMU, HANPAGLEHHOU HA YCUleHUue
JAcenaemMblx C8OUCME hOMOCEHCUOUNUZAMOPOE 8 OUONOSUYECKUX CPEaXx.

KatoueBbie caoBa: Ilopdupunbl, ¢ranonuanusel, (HoOTOCEHCHOMIN3ATOPSI,
(oTOMHAKTHBAIMS MUKPOOPTaHU3MOB, MEANIIMHCKAs BU3YyaJIN3alHs.

q)OTOHHHaMI/I‘IeCKaH TCpamnus,

Introduction

Photodynamic therapy (PDT) and photodynamic inac-
tivation of microorganisms (PDI) are two approaches related
to photochemistry where the generation of singlet oxygen
('0,), a reactive oxygen specie (ROS) produced by the exci-
tation of a photosensitizer (PS) in a certain wavelength
of light, is used to kill cancer cells, in the case of PDT, or
microorganisms as bacteria, viruses and fungi, in the case
of PDI. Otherwise, medical imaging is a promising biomedi-
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cal technique where using a contrast agent, realistic images
of biological structures could be obtained.!'

The use of PSs in this field has been explored along
many years. Apart from the generation of 'O,, the fluo-
rescence produced by the PS could be used for imaging
purposes. The most important PSs that have been employed
for biomedical applications are phthalocyanines (Pcs), por-
phyrins (Pors) as well as BODIPYs, chlorins and corroles,
among others, comprising the so called second-generation
of PSs.’! They circumvent the disadvantages presented
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by first-generation (porfimer sodium (Photofrin®) and
others), like the prolonged patient photosensitivity and a very
low absorption of long wavelengths of light.®! The major
problems presented by this second generation are the aggre-
gation, low solubility and the lack of specificity in biologi-
cal media. However, this is addressed by third-generation
of PSs, in which they are conjugated to biomolecules that
decrease the aggregation, increase solubility, and give bio-
logical specificity.

Second-generation PSs can be conjugated to diverse
biomolecules in order to enhance the desired properties
mentioned before. Among them are peptides, proteins,
antibodies, protein cages, carbohydrates, nucleic acids, lipo-
somes, hormones and folic acid, with all of them contribut-
ing in a different way with different properties after biocon-
jugation. In the case of peptides and protein structures, they
can enhance the solubility of the PS, but the most important
characteristic is that they give biological specificity, vehicu-
lizing the PS to different biological targets.”! Folic acid,
a water-soluble vitamin that is important for DNA synthesis,
acts as biological target too, and with the bioconjugation with
nucleic acids, the PS could be incorporated into the genetic
material and can act as a modulator.® Liposomes can act
as nanocarriers, because they have a hydrophobic inner
cavity that could allow the inclusion of the PS inside this
cavity, apart from the incorporation into the hydrophobic
environment of the membrane,” and finally, carbohydrates
can enhance the solubility of the PSs and act as nanocar-
riers t00.I'” Furthermore, aggregation phenomena could be
avoided by conjugation to these biomolecules. The biocon-
jugation strategies have been reviewed recently!'! and will
not be treated here because they fall out of the scope of this
review. The purpose of this review, divided in different
sections depending on the type of PS (Pcs, Pors and other
porphyrinoids) is to explore, using recent and important
examples, the advantages of the bioconjugation of PSs
to different biological molecules, encouraging the interest
of the reader in these emerging fields.

1. Phthalocyanines

The advantages that presents the bioconjugation
of Pcs to peptides, proteins and antibodies make that had
been extensively described in the literature (Figure 1).1%
Thus, the strategy of bioconjugating PSs to peptides has
been widely used in the last years due to the improvement
of properties in the biohybrids such as the solubility in aque-
ous media and biocompatibility, among others. Furthermore,
the possibility of using different kinds of peptides (natural
and/or synthetic) increases the affinity and selectivity
towards biological targets.

In this way, PSs have been linked to amino acids,
enhancing their water solubility and biocompatibility
among other properties.l*~'* On the next level of complex-
ity, peptides that target the epidermal growth factor recep-
tors (EGFR),['! gastrin-releasing peptide (GRP) and inte-
grin receptors,!'” and antimicrobial peptides,!® have been
the most used in the bioconjugation to PSs.

In one of the most representative examples, Vicente
and co-workers used two peptides with sequences LARLLT
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(EGFR-L1) and YHWYGYTPQNVI (EGFR-L2) linked
to Zn(I)Pc demonstrating a low immunogenicity, moderate
ability of conjugation and excellent EGFR targeting capac-
ity These biohybrids were studied in human carcinoma
cell lines A341 and Hep2, and in the human colorectal cell
line HT-29 where the best results were obtained by Zn(II)
Pc-EGFR-L1 conjugates. This biohybrid exhibits a good
ability of targeting and internalization, and a low dark
toxicity that may be caused by cationic charges present in its
structure in comparison to the neutral Zn(II)Pc-EGFR-L2
conjugate. Very recently, Yu et al. developed a Zn(Il)
Pc-GEl1 biohybrid for photodynamic therapy and bioimag-
ing with promising results.*” This biohybrid showed a high
cellular uptake on carcinoma cell line A431 and an excellent
accumulation in tumour-bearing mice. Furthermore, this
bioconjugated was cytotoxic upon irradiation but non-toxic
in dark.

Photoimmunotherapy (PIT)?! consists in the develop-
ment of bioconjugates composed by the binding of antibod-
ies and PSs. Monoclonal antibodies (M Abs) make the func-
tion of molecular recognition, and PSs contribute with
the phototoxic effect. The maintenance of the properties
of both is the major challenge in the synthesis of these types
of biohybrids.

Kobayashi and co-workers have synthesized Si(IV)
Pc-MAD conjugates with a Si(IV)Pc as a PS, denominated
IR700.22 Two MAbs were used to target EGFR; one
directed to EGFR1 (HER1), panitumumab, and the other
one to EGFR2 (HER2), trastuzumab.? The conjugates
showed an interesting PDT activity when there were inter-
actions between the bioconjugates and cell membranes. The
activation of the PS at high wavelengths, was the reason
why this technique was called NIR-PIT,?*! and the emission
of fluorescence for imaging techniques and the capacity
of non-aggregation resulted to be important advantages
in the use of these PSs in PDT. The design and synthesis
of these biohybrids discovered a new research field with
the exploitation of the properties showed.

On the other hand, GRP and o, B, integrin are proteins
that are expressed in different tumours, being a receptor
of a peptide called bombesin in the first case, and of a peptide
called RGD triad or arginylglycylaspartic acid in the second
case.ll”! Van Lier et al. have developed different Zn(II)
Pc-bombesin and Zn(II)Pc-RGD conjugates.**! These bio-
conjugates were evaluated in cell lines that express GRP
and integrin receptors and the results showed that the first
one, a Zn(II)Pc-bombes in biohybrid, expressed a good aque-
ous solubility and was a potential candidate for being used as
fluorescence imaging probe and photodynamic agent.

The fact that the conjugation of PSs and serum proteins,
as albumin and low density lipoproteins, causes an improve-
ment of endocytosis and phototoxicity, makes these proteins
interesting nanocarriers for these type of drugs.' Human
serum albumin (HSA), considered the most abundant
protein in the human plasma, intervenes in many biologi-
cal processes, as cancer.’”? Van Lier and co-workers have
published two studies of non-covalent and covalent®
Pc-BSA (bovine serum albumin) biohybrids, but unfortu-
nately, the photodynamic activity of them was low, maybe
due to an aggregation in the BSA pocket. Related to that, it
has been reported in the literature that the interaction of PS
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Figure 1. Bioconjugation of PSs to a) peptides, b) proteins, and
¢) antibodies allow the enhancement of water solubility, reduce
aggregation and give biological specificity. The application

of these bioconjugates could treat tumour processes under

the irradiation of light with the generation of 'O,

and serum proteins can produce the quenching of singlet
excited states, and in consequence, the decrease of the pro-
duction of '0,.**" In other way, a commercially Si(IV)Pc
(IR7000DX) has been linked to HSA and RGD peptides,
and the production of 'O, was measured in ovarian cancer
cells.”s These bioconjugates demonstrated to be non-toxic
to normal cells, and showed good results in cellular penetra-
tion and phototoxicity.

Apart from these examples, many others are described
in the literature for tumour targeting. However, the field
is very extensive, and will not be treated in this review.

Related to the conjugation of proteins and PSs, the use
of protein cages, as virus-like-particles (VLPs) and ferritin
has been explored extensively for the opportunities offered
by them, as the introduction of different nanomaterials into
their inner cavity, and the functionalization of the outside
of the protein cage, for acting as nanocarriers.>3

Zn(Il)Pc and Ru(II)Pc have been encapsulated
in the inner cavity of Cowpea Chlorotic Mottle Virus
(CCMV),B353¢1 in order to study the reassembly of the viral
capsid, that could act as template in the self-organization
of these proteic structures. These systems are very interest-
ing in the design of nanocarriers for the transport of hydro-
phobic PSs in the biological media, with the maintenance
of the photophysical and photochemical properties of the PS
inside the inner cavity (Figure 2). In the case of ferritin,
photoactive protein crystals composed by an octacationic
Zn(II)Pc, a pyrene moiety and ferritin have been described,
for the different purposes as PDI among others.B”!

As well as proteins, nucleic acids (DNA and RNA)
or their components can be associated with PSs in order
to address specific biological targets or modulate their
properties in biological media including fluorescence
probes and fluorescence quenchers. In 2009, Shangguan
and co-workers reported an example of linkage between
a nucleobase and a Pc.*¥ They developed a Zn(II)Pc-
thymine conjugate as a highly selective and reversible Hg*
sensor. Regarding to fluorescent probes, in 2009 Soper
et al. prepared two different Zn(II)Pc linked to several
oligonucleotides using a double-labelled dimerization-
based molecular beacon (DBMB) with NIR-emission.*!
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Figure 2. Schematic representation of a) the cover of VLPs

with PSs, and b) the incorporation of PSs in the inner cavity

of VLPs. One of the major advantages is the use of these protein
structures as nanocarriers that can contribute enhancing solubility
and specificity, among other properties.

These systems produced good quenching efficiencies (low
light scattering and autofluorescence), a double extinction
coefficient and fluorescent photon yield being promising
candidates for live cell imaging. More recently, in the same
group, a Zn(II)Pc conjugated to oligonucleotides, specifi-
cally LI-EN (Long Interspersed Element 1 endonucleases),
that is implicated in genome instability and other diseases,
has been used as a NIR fluorescence quenching system
to monitor changes in enzymatic activity.*”! Specifically,
a controlled H-aggregation of one Pc is the fluorescence on/
off mechanism implicated in this system. In 2010, Zimcik
et al. developed different azaphthalocyanines (AzaPcs)
linked to several oligonucleotides as new dark quench-
ers.! These conjugates were synthetized in solid-phase
and compared to well-established dark quenchers showing
better results in some cases. Very recently, the same group
linked oligonucleotides to an unsymmetrical Zn(I[)AzaPc
at the 3’-end and a fluorophore at the 5’-end for being used
as dark quencher t00."? This bioconjugate showed a large
absorption spectrum and excellent quenching efficiencies
compared to well-established dark quenchers.

In other way, liposomes are spherical vehicles com-
posed by two lipid layers and that present an inner cavity,
that can allow the incorporation of PSs both inside the cavity
and inserted into the membrane. For this reason, liposomes
are excellent vehicles in order to transport all type of PSs.[*]
Another advantage of these systems is the non-aggregation
of the PSs, so that properties keep intact such as 'O, gen-
eration and fluorescence in in vitro and in vivo studies.

41 Furthermore, more complex liposomes conjugates or
ternary biohybrids have been also reported in literature
during the last years, for example, liposome-PS conjugates
incorporating antibodies, peptides or proteins on the outer
layer in order to address more selectively to the target
(Figure 3). The applications of liposome-PS biohybrids have
been widely varied and studied, for instance, for imaging
techniques,™! PDI#-%1 and PDT.B%5¢

Regarding to ternary conjugates, Huehns and co-work-
ers encapsulated a water-soluble Pc, sulphonated aluminium
phthalocyanine (Al(IIT)Pc), into liposomes which had a tar-
geting monoclonal antibody 791T/36 on the outer surface.®”
This biohybrid was tested in two cell lines bearing a specific
antigen (791T, an osteosarcoma and C170, a colorectal car-
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Figure 3. Schematic representation of ternary complexes
constituted by liposomes, MAbs and PSs. a) shows

the incorporation of PSs into the inner cavity of the liposomes
and the decoration of the outer face with MAbs that can give
biological specificity. b) shows the incorporation of PSs into

the membrane next to the incorporation of the mentioned MAbs.

cinoma) demonstrating, unlike free Pc, a scarce dark toxicity
and a high phototoxicity of the system in both cases. Three
years later, this group coupled the same Pc and liposome
to polyclonal sheep anti-mouse-Ig antibody and anti-CD3
antibody.® In both cases, excellent results were obtained
with a high selectivity towards malignant cells. Another
more recent example was reported by Heger and co-workers
using Zn(I[)Pc and liposomes.P!! Previously, this system
was tested in tumour cells showing a moderate phototoxic-
ity but a limited cellular uptake. In order to overcome this
drawback, the previous conjugated was coated by a single-
domain antibody (sdAb) against human EGFR showing
a more selective cell uptake and increasing PDT efficacy.”

On the other hand, sulphonated AI(III)Pc-liposomes
were covered by transferrin, an overexpressed receptor
found in tumour cells, for instance, HeLa cells.'”) The
obtained results showed that this ternary biohybrid was ten
times more photocytotoxic than free AI(IIT)Pc (being untar-
geted AIl(IIT)Pc-liposome not photocytotoxic) due to its
higher cell uptake. This group also used the same system
in 2004, but now on superficial bladder tumours present-
ing a cell death of more than 3 logs.[’ Another interesting
approach was developed by Mao and co-workers in 2009
when they used a Zn(II)Pc-liposome assembled on the engi-
neered M13 phage, a rod-like virus that only infects bacteria
and not humans.*? This complex increased the Zn(II)Pc
fluorescence in the lipid bilayer and could be incorporated
in breast-cancer cells.

As an interesting example, hollow Pc-nanospheres
have been synthesized through thiol-ene ‘click’ chemistry
by Hota et al.®®! The authors suggested that these systems
can allow the incorporation of different drugs by the inclu-
sion in the inner cavity, or specific ligands by the link-
ing to Pcs by a covalent way or through the coordination
to the central metal atom, to direct these systems to specific
tissues. The system showed excellent photodynamic prop-
erties and could be used for different purposes as medical
imaging.

By other way, cholesterol, a biomolecule with a high
importance in the constitution of cell membranes, has a cru-
cial role in cell growth,*" being implicated in the production
of cancer cells. Segalla et al. have tested the photodynamic
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activity in mice carrying a MS-2 fibrosarcoma of Ge(IV)
Pc-cholesterol conjugates obtaining good results of photo-
toxicity, after their inclusion into liposomes.[!

The synthesis of bioconjugates of Pcs, estradiol
and estrone that are hormones that are overexpressed
in breast cancer cells, ! has been carried out too. Van Lier et
al. have synthesized different biohybrids of Zn(II)Pc-estra-
diol with a different configuration and explored the different
responses of photodynamic activity.””? With the introduction
of different spacers into the structure of the bioconjugates,
they did not observe any change in the phototoxic effect.

Significantly, carbohydrates are good candidates to be
conjugated to PSs for PDT and PDI. They are biomolecules
that intervene in processes of cellular recognition and offer
good properties as a high aqueous solubility, being good
candidates for tumour targeting.®! This review will be
focused in the description of some examples of bioconjuga-
tion between different PSs and cyclodextrins and polysac-
charides as cellulose, dextran and chitosan.

Cyclodextrins (CD) are interesting nanocarriers
that can encapsulate different drugs into the inner cavity
of their structure, giving good solubility in aqueous media.
Two strategies are useful in the generation of complexes
between PSs and CD, being the formation of covalent bonds
and the encapsulation into their inner cavity. The synthesis
of B-CD and 4-nitrophthalonitriles derivatives has allowed
the cyclotetramerization of them for the formation of
Zn(I1)Pc complexes.’Y In other way, Tomé and co-work-
ers have explored the linkage of a-CD, B-CD and y-CD
to a Zn(II)Pc, and the effect on the PDT activity of the CD
macrocycle size in UM-UC-3 human bladder cancer cells.[’?

Cellulose is another carbohydrate that has been used
for the synthesis of carbohydrate-PS bioconjugates. Rod-
shaped cellulose nanocrystals (CNC) express interesting
properties and are considered excellent nanomaterials.
31 The conjugation between these nanomaterials and PSs
has been explored in the literature, for example, through
the immobilization of Zn(II)Pc onto the CNC surface with
the generation of 'O,, carried out by Anaya-Plaza et al.,
for the study of PDI effect in C. albicans, S. aureus and E.
coli (Figure 4).
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Figure 4. Upon illumination, Zn(II)Pc can kill microorganisms as
C. albicans, S. aureus and E. coli.

In other way, dextran is a different biopolymer that
shows exceptional properties for its use as a nanomaterial
and that has been linked to PSs.l”™! Sortino and co-workers
have published the synthesis of supramolecular hydrogels
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composed by Zn(IT)Pc, dextran, B-CN and a photodonor as
possible agents in PDT and PDL

Finally, the use of dendrimers that can act as nanocar-
riers has been described in the literature too. These nano-
systems may be used for endovascular-PDT or imaging,
endovascular real-time and follow-up therapy monitoring
and endovascular theranostics, in particular, in athero-
sclerotic cardiovascular diseases. Furthermore, polymeric
micelle-phthalocyanine nanosystems can be useful for
the same purposes (Figure 5). In these systems, one or more
Pcs can be payloaded.””®
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Figure 5. Scheme of a Zn(II)Pc (TT1) payloaded into a dendrimer,
that acts as a nanocarrier for PDT and imaging of atherosclerotic
cardiovascular diseases.

2. Porphyrins

The conjugation of Pors and peptides has been focused
on nuclear targeting, antimicrobial peptides and biohybrids
with multiple sequences of peptides. In 2005, Kahl and co-
workers linked a NLS to H,Por.” In in vitro studies, this
biohybrid was able to associate non-covalently with low
density lipoproteins (LDL) thus allowing the entry of the PS
into cancer cells overexpressing LDL receptors. In 2008,
Vicente and co-workers used the same H,Por linked to NLS
peptides and cell penetrating peptides (CPP) demonstrating
an excellent accumulation within human HEp2 cells.B” Two
conjugates were the most cytotoxic and stable under non-
enzymatic conditions but not in proteases, showing different
cellular localization. The same year, another H,Por-CPP
conjugate, H Por-HIV-1 Tat (48-60) previously synthe-
tized by the same group, showed low dark cytotoxicity,
high phototoxicity and in vitro cellular uptake and in vivo
biodistribution by using PC-3M human prostate cells.®!82
Finally, another approach about Por-peptide conjugates
is the use of antimicrobial peptides for PDI. In this sense, tri-
cationic TriMPyPor (tri-N-methylpyridiniumyl)porphyrin
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was linked to apidaecin, an antimicrobial proline-rich pep-
tide, promoting the binding of the PS-apidaecin conjugate
to the bacterial outer membrane.® The phototoxic studies
showed that this conjugate is an effective photosensitizing
agent against Gram-negative bacteria but without increasing
the generation of 'O, for bearing apidaecin moiety.

Furthermore, proteins have been conjugated to Pors
too. Lipoproteins are natural particles that are the respon-
sible of the transport of different compounds through
the organism. LDL have been used for the design and syn-
thesis of different biohybrids. Interestingly, the LDL receptor
appears in an overexpressed way in cancer cells, so by this
manner LDL could be promising nanocarriers for different
types of PSs.B*%5 Among the strategies of bioconjugation
to LDL, the most important are the formation of covalent
and non-covalent interactions, and the use of the protein
core of LDL for the introduction of the PS. In order to keep
intact the LDL properties, the non-covalent interaction on
the surface is the most successful way to synthesize these
types of biohybrids.®! An interesting example carried out
by Tang et al. is the synthesis and characterization of fluo-
rinated H,Por and Zn(II)Por derivatives that have been
conjugated to glucose units for an improvement of the con-
jugation to LDL using non-covalent interactions.’”? The
authors observed that the B-lactonization of the macrocycle
improved the production of ROS against HeLa cells.

In the same line as Kobayashi, Maruani et al
have explored the phototoxic effect in HER2+ cells
of bioconjugates of trastuzumab and H, Por. They intro-
duced dibromopyridazinedione-strained alkyne moeities
into the disulfide bond presented in the MAb with the sub-
sequent use of a copper-free click reaction as a strategy
to link water-soluble porphyrin azides.® The bioconjugates
showed the ability to kill HER2+ cells, without affecting
HER2- cells and obtaining a low dark cytotoxicity.

Moreover, in the case of protein cages, the MS2 phage
has been modified for acting as a nanocarrier of H,Por
obtaining excellent results of phototoxicity, with the advan-
tage that this system can has specificity for certain cells or
tissues.’*0

Related to carbohydrates, there are many examples
in the literature about the synthesis of complexes of CD
and Pors. An interesting example is the study carried out
by Kano and co-workers, where they synthesized mimic
complexes of haemoglobin/myoglobin to be used as
an antidote for cyanide poisoning, composed by a -CD-
dimer and Fe(III)Por.’" In other way, anionic tetrasul-
phonated H, Por has been encapsulated in the inner cavity
of octaarginine-B-CD derivatives for intracellular delivery.
P2 A very interesting approach is the use of Huisgen
cycloaddition click reaction for the synthesis of this type
of conjugates. Biohybrids of f-CD and Zn(II)Por have been
synthesized, with the hypothesis of the authors of a possible
use of this system as nanocontainer for including drugs
in the inner cavity of CD.P¥ As a last and interesting exam-
ple, conjugates of B-CD-derivatives and H,Por and Zn(II)
Por have been employed in the study of Alzheimer’s disease,
with the modulation of the aggregation of peptides carried
out for these conjugates.

Otherwise, nanocrystalline cellulose has been used as
a biological component in biohybrids with H,Por and Zn(II)
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Por, using the covalent way as the chemical strategy,
with the production of 'O,.”*! Click chemistry has been
also employed to link Zn(IT)Por derivatives to iron oxide
nanoparticles covered by dextran, for testing the PDT activ-
ity in human keratinocyte cells.’! Also, dextran has been
bound to Mn(III)Por derivatives for improving the proper-
ties of these systems as MRI contrast agents.”

The combination of nucleic acids and Pors has been
much less studied. Among them, the most representative
example was reported by Czuchajowski and co-workers
in 1997 when via solid phase synthesis they linked a H,Por
to oligonucleotides, d(TCTTCCCA) and d(T),.”® These
conjugates were activated in the presence of the target 22-mer
and 16-mer oligonucleotides, obtaining an excellent photo-
modification efficiency for a site-specific DNA (ca. 5 bases).

Regarding the formation of ternary biohybrids using
Pors and liposomes, a benzoporphyrin derivative monoacid
A (BPD), a FDA-approved drug, was associated into a stable
preformed plain liposome (PPL) and the Cetuximab anti-
body for EGFR embedded on the outer membrane.”” BPD-
conjugate showed a high optical stability and more quantum
yield than free-BPD. The Cetuximab presented a high
selectivity towards cells that overexpressed EGFR whose
inhibition increased the ovarian cancer cell death in Ovcar-5
and CAMA-1 cell lines. In this sense, a Por-liposomes com-
posed by hexyloxyethy-pyropheophorbide (HPPH) demon-
strated an effective and controlled release of cargo after NIR
irradiation including when these systems were loaded with
doxorubicin, an anticancer drug, whose efficiency in anti-
tumor phototherapy could be enhanced.'®™ Furthermore,
an interesting example was reported by Shao et al. where
a Co(II)Por-liposome conjugate has been selectively linked
to polyhistidine tag proteins and peptides.!'™ This biohybrid
was also loaded with sulphorhodamine B in the inner cavity
in order to visualise the cargo release in cancerous tissues
of mice. Another exciting approach is the development
of porhysomes that are spherical nanovesicles composed
by self-assembled porphyrin bilayers. These porphysomes
can be passively or actively loaded with different biomol-
ecules such as antibodies or proteins, among others being
enzymatically biodegradable and highly biocompatible. In
a recent study, porphysomes composed by pyropheophor-
bide were accumulated in tumours of xenograft-bearing
mice and were used as photothermal therapy agents.!'”
These results demonstrated an excellent potential of these
systems for biophotonic imaging and therapy. As a last
and interesting example, sulfonated polystyrene nanoparti-
cles have been covered with Pcs and Pors, that were capable
of produce '0,and a photodonor that was capable of produce
'0, and NO under irradiation.!'””! However, the production
of NO was dependent on the temperature, improving with
the increase of this one. These systems were tested as agents
in photodynamic inactivation, showing a high antibacterial
action against E. coli.

3. Other Porphyrinoids

In other way, some examples of other PSs conjugated
to peptides can be found in literature, mainly amino acids
and antimicrobial peptides. Chlorins, such as chlorin e "%
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and chlorin p ' have been linked to aminoacids (lysine,
aspartic acid and glutamic acid) in different positions. Chlo-
rin e, derivative biohybrids were studied in vitro in human
carcinoma Hep2 cells. Authors showed that all biohybrids
were highly accumulated in cells and hypothesized that
the biological activity may be determined by the molecu-
lar conformation of the biohybrid. In this sense, Yao
and co-workers developed a water-soluble aspartylchlorin
p, dimethylester biohybrid, highly phototoxic, against
melanoma cells and scarce dark toxicity and, at the same
time, they found an excellent antitumoral efficacy on mice
bearing a B16-F10 tumour.

On the other hand, different types of PSs as BODIPYs
have been used in PDI through the conjugation to antimi-
crobial peptides. In 2016, Vendrell et al. linked a BODIPY
to fluorogenic tryptophan antimicrobial peptide without any
kind of spacer among them.!'"®1°] The resulting biohybrid
had a dual behaviour, as imaging probe and as antifungal
photodynamic agent. Excellent results were observed in ex
vivo human tissues of A. fumigatus, fungi that causes fatal
diseases in human such as invasive pulmonary aspergillosis
(IPA). One year later, these same authors applied the previ-
ous methodology in order to obtain another fluorogenic,
Trp-BODIPY cyclic peptide. This biohybrid was able to bind
in apoptotic bodies from BL2 human lymphoma cells.['*®]

Concerning the linkage of other PSs to HSA/BSA,
there are diverse examples described in the literature. Nano-
spheres composed by biohybrids of HSA, poly-L-lysine
and chlorin e, have been tested in HeLa, B16 and MCF-7
cell lines, evaluating the phototoxic effect, obtaining good
results and showing no harmful effects in dark conditions.
109 Regarding to other PSs, pheophorbide @ has been con-
jugated to BSA and polyethylene glycosylated folate,!"!”
and a BODIPY to HSA and Mn(II) complexes and PEG-
folic acid derivatives,!"'! giving interesting and promising
results of generation of ROS.

As an important example in the design of biohybrids
using MADbs as a targeting biomolecule, is the synthesis
and the biological studies of a bioconjugate composed
by a Ga(IIl) corrole and HerPBK 10, that can target HER2.
Apart from a phototoxic activity, this complex can act as
imaging agent, being a promising agent in PDT and ther-
anostics.!'"?]

Unfortunately, the synthesis of conjugates between
CD and other PSs has been not so explored. However,
there are some examples in the literature that have to be
mentioned. One or two units of B-CD have been linked
to corrole, to evaluate the phototoxic effect in HeLa cells,
with the generation of 'O, for both conjugates.I""* A different
interesting example is the linking of fluorinated chlorins
to B-CD, showing good results of phototoxicity and a high-
water solubility.!*

Regarding other carbohydrates, chitosan is a polysac-
charide that comes from the deacetylation of chitin, which
can be easily modified and shows interesting properties to be
considered excellent nanomaterials for biomedical applica-
tions.""! Good results have been obtained in PDT experi-
ments in tumour bearing mice, which have been carried
out with the use of chitosan-chlorin conjugates.['"®! Other
examples are the synthesis of photosensitizing nanoparticles
composed by the linking of pheophorbide a and glycol
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chitosan,!""” and the use of biohybrids of iodinated chitosan
and chlorin e, as PDT and imaging agents.!"™ Chlorin e, has
been linked to dextran too, to test in HCT116 human colon
cancer cells, the results of phototoxicity and cellular uptake,
showing good results.["!

Recently, in 2016, Hocek and co-workers developed
a BODIPY fluorescent molecular rotor linked to a nucleoside
to appreciate modifications in exogenous DNA microenvi-
ronment measuring the fluorescence lifetime in both in vitro
and in cellulo."* This sensor presented good photostability
and versatility, and responded to DNA-binding proteins or
lipids, or during the transfection of living cells.

In connection to oligonucleotides, two different
chlorins were conjugated using linkers such as diamine
or dihydrazide.” These conjugates promoted selective
damages to certain nucleic sequences although quantum
yield of the photoprocess was moderate (Figure 6). Another
different approach was developed by Zhang et al. where
a BODIPY-based fluorescent sensor presented an excep-
tional affinity to parallel-stranded G-quadruplexes.l'” This
remarked selectivity promoted the disaggregation of PSs
in aqueous media, and thus, the increase in the BODIPY

fluorescence.

10,
VN

|
/X9 XN

S~ = linker
S \S\ = oligonucleotide

Figure 6. Bioconjugates of chlorins and oligonucleotides
allow, under the irradiation of red light, the generation of 'O,
and the photodamage of single-stranded or double-stranded
nucleic acids.

As a final example, chlorins have been payloaded into
polymeric micelles, for the treatment of cardiovascular
diseases allowing the elimination of macrophages in athero-
sclerotic plaques.l'*

Conclusion

Photosensitizers based on phthalocyanines, porphy-
rins and related systems are interesting nanomaterials
with multiple applications in different fields ranging from
molecular photovoltaics!'>*1?"1 to nanomedicine.['128-131
The design of biohybrids materials by linking porphyrinoids
and biomolecules allows the enhancement and the appear-
ance of new valuable properties for the use of these com-
plexes in a biological media. The literature is very extensive,
and this review has covered only the most recent and inter-
esting examples that comprises the conjugation of biomol-
ecules through different methods for novel applications

14

in the fields of for photodynamic therapy, photoinactiva-
tion of microorganisms and medical imaging, with the aim
of stimulating the curiosity of the reader.
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