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Abstract

This review arises from the need to rationalize the huge amount of information on
the structural and spectroscopic properties of a peculiar class of porphyrin deriva-
tives—the non-ionic PEGylated porphyrins—collected during almost two decades
of research. The lack of charged groups in the molecular architecture of these por-
phyrin derivatives is the leitmotif of the work and plays an outstanding role in high-
lighting those interactions between porphyrins, or between porphyrins and target
molecules (e.g., hydrophobic-, hydrogen bond related-, and coordination-interac-
tions, to name just a few) that are often masked by stronger electrostatic contribu-
tions. In addition, it is exactly these weaker interactions between porphyrins that
make the aggregated forms more prone to couple efficiently with external perturba-
tive fields like weak hydrodynamic vortexes or temperature gradients. In the absence
of charge, solubility in water is very often achieved by covalent functionalization of
the porphyrin ring with polyethylene glycol chains. Various modifications, includ-
ing of chain length or the number of chains, the presence of a metal atom in the
porphyrin core, or having two or more porphyrin rings in the molecular architecture,
result in a wide range of properties. These encompass self-assembly with different
aggregate morphology, molecular recognition of biomolecules, and different photo-
physical responses, which can be translated into numerous promising applications
in the sensing and biomedical field, based on turn-on/turn-off fluorescence and on
photogeneration of radical species.
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1 Introduction

Porphyrins are undoubtedly one of the most investigated classes of dyes. The sci-
entific interest they have excited from the very beginning arises from their optical
properties, namely very high molar extinction coefficient in the visible region and
fluorescence quantum yield. The former helped to understand, for example, the
effect of the exciton coupling mechanism on the degenerate (or quasi-degenerate)
main absorption band of the molecule during aggregation, as well as the chirality
transfer phenomenon upon interaction with biomolecules or nucleic acids. In addi-
tion, the strong electronic coupling between porphyrins in a supramolecular aggre-
gate represented the basic model for the study of antenna systems and energy con-
version devices [1-5]. The strong fluorescence, on the other hand, was frequently
exploited to monitor the interaction with membranes and to study the confinement
in the microenvironment of micelles and liposomes as a model of cell membranes.

Easy coordination with metals in the molecule core and covalent functionaliza-
tion of the peripheral groups (for a recent review, see [6]), even with rather complex
molecules, extend the range of electronic and optical properties of the porphyrins
and their mechanisms of interaction with other species [7, 8].

More recently, the scientific community has been turning much attention to the
study of porphyrins exploitable in photodynamic therapy against solid tumors [9]
or in the sensor field as “turn off-on” fluorescence sensors of chemical species
(e.g., pollutants like heavy metals and pesticides) [10—12]. Indeed, the photosensi-
tizer action of porphyrins, namely the ability to produce reactive oxygen radicals
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(superoxide, hydrogen peroxide, hydroxyl radicals, etc.) when irradiated at the
proper wavelength, is the basic process used to induce toxicity in cells in the treat-
ment of some kinds of cancer. Therefore, the main aim of current research in this
field is to confer selectivity to porphyrin towards the cells of tumor tissues by func-
tionalizing the molecular structure with specific receptors.

With regard to porphyrin as a fluorescence sensor, many works have been based
on the ability of porphyrin in solution to form energy or electron donor/acceptor sys-
tems with a substrate or nanoparticle (through supramolecular interaction), which
leads to significant quenching of the fluorescence signal of porphyrin. If the inter-
action with the target molecule, added to the solution, perturbs the supramolecu-
lar complex up to separation, porphyrin fluorescence tends to be restored. A certain
degree of specificity in the interaction with the target molecule would give more
selectivity to the sensor also in this case.

The main limitation in application of these dyes lies in the poor solubility in
water of non-ionic species and the predominance of the electrostatic contribution
from ionic species, which prevents specific interaction with target molecules from
emerging. In the last two decades, efforts to overcome these drawbacks produced
a huge variety of water-soluble macromolecular architectures derived from por-
phyrins, many of them devoid of chargeable groups but possessing water-soluble
polymer chains linked covalently to all or some of the peripheral positions of the
porphyrin macrocycle. More sophisticated architectures even encompass dendritic
structures and molecular cages.

The choice of polymer to link is determined strictly by the properties the porphy-
rin derivative is expected to have. Chains can be thermo-responsive, drive aggrega-
tion phenomena for drug inclusion through hydrophilic/hydrophobic balance, pos-
sess biocompatibility and exhibit stealth effects with regards to the immune system.
The latter property is the most frequently considered for perspective in biomedical
applications such as photodynamic therapy, but is also extremely useful for inves-
tigating the role of hydrophobic interactions, hydrogen bonds, and coordination in
the absence of charged groups, both between porphyrins and between porphyrins
and target molecules. It exploits the high solubility in water of polyethylene glycol
(PEG) chains, its biocompatibility and the fact that the porphyrin optical properties
remain almost unaffected by PEG.

The interest in this class of PEG-modified porphyrins, named PEGylated porphy-
rin derivatives, is lively and growing. Thus, this review was inspired by the need to
rationalize the huge amount of information on the structural and spectroscopic prop-
erties of PEGylated porphyrin derivatives, along with knowledge on their supramo-
lecular binding with target molecules, nanoparticles or substrates, collected during
almost two decades of research activity. The lack of charged groups in the molecular
architecture and the solubility in water of these porphyrin derivatives is the key ele-
ment of this review, in which each section is devoted to one characteristic aspect,
common to the class, and presented with the related literature. In particular, after
a brief recap of the main properties of the porphyrin macrocycle, useful for under-
standing the spectral response to photoexcitation, there are sections on (i) macromo-
lecular architecture, self-assembly and resulting aggregate morphology; (ii) chirality
transfer and molecular recognition of biomolecules; (iii) generation of phototoxic
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species with perspectives in photodynamic therapy; and (iv) binding to target mol-
ecules or atoms for applications in the imaging or sensor field.

These topics, despite being the most prolific in terms of experimental works and
published articles regarding PEGylated porphyrins, have no pretension to be an
exhaustive review of all the features and potentiality of such compounds, but aim to
furnish an outline of useful information for interested readers and act as a starting
point for rousing the interest of those less expert in this field.

2 Porphyrin Spectroscopic Features

The overall profile of the absorption spectrum of porphyrin derivatives depends
basically on macrocycle singlet energy levels. The profile displays a main band—
the B or Soret band—corresponding to the Sy—S, electronic transition (typically
in the wavelength region of ~410-430 nm) and two or four weaker bands—Q
bands—depending on the macrocycle symmetry related to the S,—S, transitions
(typically in the wavelength region of ~450-660 nm). In the free-base porphyrin,
the transition dipole moment associated with the electron promoted from S to S,
is represented by two quasi-degenerate transitions B, and B, (see Fig. 1a), which,
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Fig. 1 Sketch of the transitions of a free-base and b diacid or metal porphyrin with the correspond-
ing representative absorption spectrum. ¢ Scheme of energy levels in electronic transitions during light
absorption. Dashed arrow Inter-system crossing (ISC) from the singlet to the triplet state
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due to symmetry, become degenerate when the core is protonated or a coordina-
tion metal is present (Fig. 1b).

Likewise, the transition dipole moments related to excitation from S, to S,
are described by Q, and Q,, which are degenerate for the protonated or metal-
coordinated porphyrin core. Within these transitions, different vibrational lev-
els [0,(0,0), 0,(1,0), 0,(0,0) and Q,(1,0)] are involved, as depicted in Fig. Ic.
Therefore, in the case of the free-base porphyrin, the degeneracy of the B transi-
tion is not resolved in the absorption spectrum, but is for the Q transitions, so that
four bands appear instead of two.

The absorption spectrum of porphyrins has long been understood in terms of
the “four-orbital” model (two highest occupied = orbitals, HOMO, and two lowest
unoccupied ©t* orbitals, LUMO) discussed by Gouterman [13, 14].

As far as fluorescence emission is concerned, the steady-state spectrum is con-
stituted by two bands (in the range 600-800 nm) due to the photons emitted dur-
ing spontaneous de-excitation from S, to S, the de-excitation from S, to S, being
non-radiative. The total lifetime of the singlet excited state differs from species to
species, depending also on the possible presence of a metal in the porphyrin core,
but, generally, varies from fractions of a nanosecond to a few nanoseconds.

Porphyrins in the excited S, state can also undergo a spin conversion to the
first triplet state 7, (the inter-system crossing process sketched in Fig. 1c), espe-
cially when heavy coordination metals, e.g., platinum or palladium, are present
[15-19]. Phosphorescence (with typical lifetimes from a few microseconds to
tens of microseconds) is emitted upon de-excitation from T to S, and, despite
being forbidden in principle, occurs in these porphyrins with a discrete quantum
yield.

The features described above characterize the wide variety of porphyrins; func-
tionalization with PEG chains (regardless of number and length) does not affect
them significantly if porphyrin is in the monomeric form, as is the case, for example,
in many organic solvents. Conversely, in water, if the PEG length is too short or the
number of chains linked is small, self-assembly occurs.

From a general point of view, aggregation of dyes involves coupling between
the transition dipole moments of the constituent monomers (exciton coupling)
and, depending on their alignment, gives rise to specific changes in the absorption
spectrum. If the arrangement of dyes in the aggregate allows the transition dipole
moments to align in a slipped (head-to-tail) manner, very efficient coupling and
exciton delocalization involving even tens of monomers is favored. According to
Kasha [20], and following exciton coupling theory, these structures, known as J-type
aggregates, are characterized by the appearance of a red-shifted absorption band
with respect to that of the monomer (Fig. 2a). An important consequence of exciton
delocalization is the peculiar narrow shape of this absorption band, which gives the
large resonant enhancement of the scattered light [21, 22].

On the other hand, a face-to-face alignment of transition dipole moments in
the aggregate gives rise to structures known as H-type, revealed by the presence
of a blue-shifted absorption band (Fig. 2b). Although the resonance effects are less
intense for H-aggregates than for J-aggregates, it is more pertinent to refer to both
bands as extinction bands (absorption + scattering).
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Fig.2 Porphyrin alignment (/eff) and energy splitting (right) of allowed (solid lines) and forbidden (dot-
ted lines) states according to exciton coupling theory for a J-type and b H-type aggregates

It is noteworthy that, due to the existence of two transitions (B, and By), the
aggregates of porphyrins and their derivatives usually display both H- and J-bands
in the absorption spectrum, even if with very different amplitudes. Indeed, even if
the aggregate grows preferentially along either the head-to-tail or face-to-face direc-
tion, thus displaying the related band as a main contribution, a certain degree of
coupling occurs also in the perpendicular direction. Finally, the effect of exciton
coupling on the emission properties of porphyrin aggregates is a significant quench-
ing phenomenon.

In this context, PEGylated porphyrins are useful for understanding how to pilot
the formation of each kind of aggregate, as described in the next section.

3 Design of Macromolecular Architecture and Resulting Aggregate
Structures

The structural and conformational properties of self-assembled PEGylated porphy-
rins can be modulated by the appropriate design of the molecular architecture. The
stacking phenomenon, steric hindrance, aggregate rigidity, hydrophobic/hydrophilic
balance and the tendency to form hydrogen bonds can be varied by changing the
peripheral positions and the number or length of PEG branches in the porphyrin
macrocycle peripheral positions (Fig. 3).
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Fig.3 Examples of some molecular architectures of polyethylene glycol (PEG)-modified (PEGylated)
porphyrin derivatives obtained from the tetra-hydroxyphenyl porphyrin macrocycle (n, polymerization
degree of the PEG chain). Table Details of the molecular structures of the main PEGylated porphyrin
derivatives

At low concentration (typically a few micromoles per liter), the triggering
and extent of self-assembly depend crucially on the number of PEG chains and
their length. If PEG is linked to all four peripheral positions of the macrocycle
(star-like and dendritic molecular architecture), there is a threshold value of chain
length below which molecules aggregate spontaneously in water because the pol-
ymer hydrophilicity is not sufficient to compensate for the strong hydrophobic
character of the core [18, 23-28]. The influences of the thermodynamic condi-
tions have also been investigated [29]. If less than four peripheral positions are
involved, the increase in chain length can be insufficient to avoid aggregation [25,
30-37]. In this case, solubility in water can be achieved by linking two or more
PEG chains to the same point [38].

The stacking of non-ionic PEGylated porphyrins is driven by hydrophobic
and n—r interactions, with a non-negligible role of the hydrogen bond. The most
common structure obtained in aqueous solution is represented by J-type aggre-
gates [23, 25], which resemble many other porphyrins, but the position of the
PEG chains and the absence of groups able to form intermolecular hydrogen bond
definitely favor the formation of H-type aggregates [31, 39], as displayed sche-
matically in Fig. 4.
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Fig.4 The position and number of PEG chains in the porphyrin macrocycle, as well as the presence of
groups able to stabilize the structure by forming hydrogen bonds, determine the geometrical arrangement
during aggregation [30, 31, 39]. For details of the molecular structures of PEGylated porphyrin deriva-
tives, see Fig. 3

The occurrence of either J- or H-aggregates becomes clearer from geometrical
considerations on the mutually orthogonal transition dipole moments associated
with the transitions B, and B, (Fig. 5).

The interaction energy is the value of the (red- or blue-) energy shift of the
B, and B, transitions of the interacting porphyrins with respect to the porphyrin
monomer, measured by the absorption spectrum. In the simpler case of perfectly
parallel macrocycles (for which it holds a;=a,=0, see Fig. 5), only the state
corresponding to in-phase transition moment alignment is allowed from exciton
theory (see Fig. 2); otherwise the excited state with out-of-phase transition dipole
moments can also be populated, although with low probability, as it occurs more
reasonably in real aggregates. Figure 5 summarizes the cases discussed.

By minimizing the steric hindrance in their mutual approach, and in the drive
towards different aggregate types, the cis- (5,10-) or trans-positions (5,15-) of two
PEG chains, for example, then play a decisive role in determining the geometrical
parameters and the relative orientation of the macrocycles. Analogously, for star-
like architectures (PEG chains in 5-,10-,15-,20- positions) the four PEG branches
are too bulky to allow face-to-face alignment, so the head-to-tail arrangement
(J-type) is preferred in the final structure of the aggregate. Finally, PEG position
and length being the same, the energetically favored structure (more stable and
more rigid) is the one allowing for the formation of hydrogen bonds between por-
phyrins [31, 39].

Another important consequence is the size of the final aggregate. The face-to-
face arrangement of the H-type structure is more effective than the J-type in self-
shielding the hydrophobic cores from water, so stability is reached at smaller aggre-
gate size. In the J-type porphyrin alignment, the core surface exposed to the solvent
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Fig.5 Main geometrical characteristics of the porphyrin arrangement in the aggregate and corresponding
energy profile of the absorption spectrum. ji, and ji, indicate the mutually orthogonal transition dipole
moments associated with the transitions B, and By;'any linear combination of them is equivalent [40].
Therefore, any direction of zi, and ﬁy in the ring plane of two interacting adjacent porphyrins is also
equivalent, provided that they remain mutually orthogonal. Thanks to this symmetry, according to exci-
ton coupling within the point dipole approximation [40, 41] the interaction energy between the transition
dipole moments of two interacting porphyrins can be written as: V, = % [cos a; —3cosfcos (6‘ —a; )]
andV, = % cos a,, where R is the center-to-center dipole distance, a; and a, represent the angle between
the ﬁ). transition moments of the two interacting porphyrins and the angle between the i, ones, respec-
tively, in the general case of non parallel porphyrin macrocycles, and € is the angle between /'4'), of the first
porphyrin and the direction of R. By following the classification of Kasha, an aggregate is considered
J-type when €< 55° and H-type for 6> 55°

is generally so wide that the strong n—x interaction contribution drives the formation
of large, nearly micrometric, aggregates (even fractal-like) [31, 39].

The case of covalent dimeric, trimeric or n-meric porphyrin forms (cyclic archi-
tecture) deserves a mention (Fig. 6).

In the architectures provided by the PEGylated porphyrin derivative in cis- posi-
tions (Fig. 6a), the region occupied by the planar porphyrin core is even larger,
causing very extended aggregation with more than micrometric size. For dimeric
and trimeric forms (samples 10, 11) no precipitation is observed provided that the
concentration is low and structure is not compact (as in fractals) [31]. For higher
cyclic forms (samples 13, 14), solubility in water is obtained more easily by giv-
ing up the planar molecular architecture and using the porphyrin derivative that is
PEGylated in trans- positions (Fig. 6b) to design a nano-box in which porphyrin
cores can shield one another efficiently [42]. The nano-box molecular architecture
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Fig.6 a,b Molecular architectures of cyclic n-meric PEGylated porphyrin derivatives 5,10-di[p-
(o-methoxypolyethyleneoxy)phenyl]-15,20-di[p-oxyphenyl]porphyrin-formal (a) and 5,15-di[p-(®-
methoxypolyethyleneoxy)phenyl]-10,20-di[p-oxyphenyl]porphyrin-formal (b)

influences the electron density distribution of the macromolecule, as an effect of the
interactions of & orbitals of the four-porphyrin cycle [43].

As mentioned above, often one or two PEG chains do not guarantee water solubil-
ity of porphyrin in the molecular form; rather, these kinds of architecture are prop-
erly designed to emphasize the separation between the hydrophobic and hydrophilic
parts, so triggering the formation of nanoparticles (micelle-like) [32, 34, 37, 44-47].
Porphyrins constitute the inner part of the nanoparticle, in which macrocycles inter-
act with one another in a face-to-face fashion. Nevertheless, the nanoparticle geom-
etry does not allow for an extended exciton delocalization and the relative H-band is
not very pronounced in the absorption spectrum [37, 46, 47]. PEGylated porphyrin
nanoparticles have been investigated as biocompatible carriers of hydrophobic drugs
into cells [32, 37]. They can be made even more versatile by using PEG as a copoly-
mer of other polymeric species with pH- or thermo-responsive properties, useful for
detecting environmental conditions in target tissues or in solution [44, 45].

4 Chirality Induction

Porphyrins are achiral and do not show any circular dichroism (CD) spectrum (they
are CD silent), unless properly modified with groups possessing specific chiral cent-
ers. Nevertheless, they are able to interact with a huge variety of chiral species and
to change their well-defined physico chemical properties in a definite and measur-
able way. The literature is very rich in studies about achiral porphyrins displaying, in
the Soret region, an induced CD (ICD) signal by chiral templates supramolecularly
bonded to them. The high molar extinction coefficient of porphyrins in the visible
range makes them particularly sensitive for monitoring host—guest interactions and
the mechanism of binding. In addition, obtaining chirality induction on porphyrin
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aggregates during, or even after, the aggregation process is a powerful tool for
amplifying the chiral signal and, consequently, the sensitivity of the system. These
aspects will be considered here exclusively for uncharged PEGylated porphyrins in
water, which disclose further information with respect to porphyrin molecules in
general.

The ICD response changes in a recognizable way depending on the kind of
bonded species. For example, provided that an appropriate metal atom is in the
porphyrin core acting as ligand, binding with aliphatic and aromatic amino acids
(Fig. 7a, sample 15) gives rise to different ICD signals [48]; other specific profiles
are observed upon binding with different proteins [49]. A tweezer conformation can
make the system even more selective, with different signs of ICD (as sketched in
Fig. 7b, samples 16—18) also varying the bridge length and flexibility [50, 51].

Unlike in organic solvent, it was found that the same aromatic amino acids can
bind to these PEGylated porphyrin tweezers through different arrangements: via
coordination of one central metal atom of one porphyrin, the other porphyrin being
not coordinated, or via coordination of one central metal atom and hydrophobic and/
or m—r interactions of aromatic groups with the other porphyrin of the tweezers.
Although it was observed that water molecules can compete for metal coordination
and that the interacting species, especially amino acids, are water soluble in a rather
wide pH range, the formation of stable supramolecular complexes is energetically
favored [50].

Not only do the described properties underline the potential usefulness of
PEGylated porphyrins as selective molecular sensors of amino acids and proteins
directly in aqueous solution, they also help understand if, and to what extent, the
exciton coupling approach is applicable in the split type ICD. In fact, it was pro-
posed that the coupling between the magnetic (n — xn*) and electric (x— = *) transi-
tion moments of the amino acid and the electric transition of the porphyrin can give
different rotational strengths for not exactly degenerate B, and B, transitions (for
instance, in the case of slight molecular asymmetry) [50].

Another stimulating topic is the emergence of chirality in supramolecular aggre-
gates constituted by achiral building blocks. This phenomenon can occur only by
means of external chemical or physical asymmetric perturbations: the use of chiral
templates during the aggregation, asymmetric photosynthesis and photolysis caused
by the irradiation with circularly polarized light, heterogeneous catalysis, and
asymmetric fields. Achiral porphyrins have been exploited for studying the effect
of asymmetric physical perturbation on their supramolecular aggregates, and many
studies have involved the application of such a field from the very beginning of the
aggregation kinetics. For example, consider the pioneering work on the effect of the
hydrodynamic flux (vortex) [52, 53] or more recent results on the combined rotation
and gravity in the presence of a magnetic field [54]. Strong hydrodynamic vortexes,
however, were shown to affect the distribution of enantiomers or enrichment in a
solution of J aggregates already formed [55].

Also in this ambit, PEGylated porphyrins display new findings and peculi-
arities. The most impressive evidence came from the reversible chiral response
induced on already formed achiral aggregates by a weak asymmetric perturba-
tion. It was demonstrated that the switch-on of a weak thermal force (generated
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Fig. 8 Circular dichroism (CD) 6 ——AT=0°C
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Fig.9 a,b CD spectra of PEGylated porphyrin derivative 8 showing inversion of the CD signal under
inversion of the thermal gradient: traces in a and b are examples recorded under opposite directions of
the thermal force. ¢ Corresponding linear dichroism (LD) maintains the same sign under an opposite
sense of the perturbation

by a thermal gradient typically not larger than 0.1 °C/cm) causes chiral deforma-
tion of the aggregates through the thermophoresis phenomenon [56, 57].

This local deformation of the aggregates is traduced into a non-zero CD signal
whose intensity depends on the thermal gradient strength (Fig. 8). Supramolecu-
lar chirality vanishes after the thermal gradient is switched off. It should be high-
lighted that, by applying the opposite sense perturbation, the sign of the induced
chirality on aggregates is reversed (Fig. 9a,b).

A specific study found a correlation between the supramolecular aggregates
size and appearance of the CD signal [58], showing that only mesoscopic sized
aggregates behave as “flags”, intercepting the flows generated by thermal gradi-
ents and responsible for the chiral supramolecular deformations revealed as CD
signal. Smaller aggregates instead change their orientation, which is revealed as a
linear dichroism (LD) signal.

The occurrence of asymmetric local deformations of the aggregates can be
related directly to the absence of electrostatic interactions between adjacent por-
phyrins and definitely suggests that the emergence of unexpected chirality origi-
nates from some uncontrolled asymmetric external force.
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Large anisotropic aggregates are also inclined to align under the effect of the per-
turbation, so displaying a LD. Figure 9c displays the LD profiles collected under the
thermal gradient; unlike the observed CD signals, they are independent of the chiral
sense of the perturbation.

In the presence of strong LD, a fictitious CD signal can also appear (cross-talk
effects). In order to estimate the contribution of alignment correctly, and to avoid
misleading interpretation, measurement of LD is essential. For PEGylated porphy-
rins forming sub-micrometric fractal-like aggregates, for example, the cross-talk
effect exists but it remains small for the J-band (typically less than 5%) [56]; for
the H-band, on the other hand, it is so significant as to produce visible distortions
into the corresponding CD signal (Fig. 9a and b illustrate an example). This means
that the efficient exciton coupling of the transition dipole moments in the slipped
arrangement overcomes the effect of alignment.

5 Photosensitizer Properties and Potentiality in Cancer Therapy
and Diagnostic Imaging

Porphyrins are known as efficient photosensitizers for applications in the photody-
namic therapy (PDT) of solid tumors to cause cell death locally using a treatment
based on the use of porphyrins in combination with a light source and the pres-
ence of oxygen. Indeed, porphyrins excited with visible light (typically within the
Q-bands region of the absorption spectrum) are able to de-activate the excited sin-
glet level, besides through emission of fluorescence, by intersystem crossing to the
triplet state with high quantum yield. This level has the proper energy and relatively
long lifetime to promote, by energy transfer, the molecular oxygen from the triplet to
singlet state or to form free radicals from biological substrates (Fig. 10). Free radi-
cals and singlet oxygen are all very reactive species, thus causing oxidative stress to
cells until their death.

Free radical

A . R L 0.
$1 i R R step reactions | H202; 0" ; °OH
1A% o
VI ~. N :
Tl — S, . i
H A v
= H Cellular Damage
g 1f i 19, - .Singletoxygen_ due to
S V 2 gssisted reactions Oxidative stress
VII
30,
L Cell Death ]
S, H H (necrosis/apoptosis)

Fig. 10 Schematic representation of the oxidation reactions triggered by photo-excited porphyrins: /
absorption, /I fluorescence, /II internal conversion, IV intersystem crossing, V phosphorescence, VI for-
mation of free radicals by energy transfer (R biological substrate), VII singlet oxygen formation by energy
transfer
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In this context, the attachment of PEG chains offers more solutions not only
in terms of solubility in water, but also for modulating the amphoteric character
involved in interactions with cell membranes. In the latter case, moreover, the
uncharged species are an optimum strategy to improve the crossing of membranes
and to gain access to cell compartments.

Many studies highlighted that the dark cytotoxicity of PEGylated porphyrins is
negligible or very low in the working concentration range [25, 59-61] and signifi-
cantly lower than the parent porphyrin at the same concentration [35], especially
the metal-free species.

According to the literature, on the other hand, photoinduced toxicity in cells
can depend on different factors. First among these factors is the quantum yield of
production of reactive species under irradiation, and, for singlet oxygen, it can be
evaluated directly by measuring its phosphorescence [18]. However, it is gener-
ally estimated by indirect methods: in aqueous solution from the decrease of the
optical density of an added specific molecule in the presence of the PEGylated
porphyrin, with reference to a known system [61-63], and in vitro from the meas-
urement of the cell viability before and after irradiation [25, 60].

Another important factor is the cellular uptake of these compounds, which was
found to depend on the number and length of PEG chains, and on the nature of the
coordinated metal ion and the axial ligand when present [25, 64]. This is ascriba-
ble to the achievement of the best balance between the hydrophilic and hydropho-
bic character of the whole molecule, the former avoiding extended aggregation,
the latter guaranteeing the interaction with cell membranes. Although PEGylated
porphyrins do not seem to get into the cell nucleus, their uptake is rather efficient
(even in the presence of a time dependence related to hydrophilicity) and their
localization occurs mainly in lysosomes and the endoplasmic reticulum [32-35].

Therefore, published works show that PEGylated porphyrins retain their pho-
tosensitizer properties, exploitable in PDT, and have numerous advantages with
respect to their parent porphyrins, including increased bioavailability, decreased
immunogenicity, and optimized pharmacokinetics.

Internalization, however, can be improved to further enhance PDT efficacy by
using liposomes or vesicular structures as carriers or by forming inclusion com-
plexes (for example, with modified cyclodextrins [62]).

Indeed, although also in this case the interaction with liposome depends on the
number and length of PEG chains [30, 65], the tendency to self-aggregation of
porphyrins decreases in the presence of liposomes because they are solubilized in
the bilayer [35]. In particular, the chromophore stays in the hydrophobic interior
of the bilayer, whereas the PEG chains remain in the outer surface exposed to
water and can further screen the molecules from the solvent. Some fluorescence
studies have suggested such an occurrence because isolation of the dye from con-
tact with water avoids quenching by collision with solvent molecules [30, 36].

For the more soluble species (higher PEG chain length), dark toxicity is not
improved significantly by entrapment within liposomes, but the intracellular dis-
tribution consequent to uptake can change drastically [66]. Localization in dif-
ferent cell compartments may, in turn, influence the mode of cell death after
irradiation.
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The usefulness of PEGylated porphyrins extends to tumor diagnostics, progres-
sion and response to therapy through imaging. It has been demonstrated that changes
in tissue oxygenation can be evaluated in vivo and in real time by measuring the
phosphorescence quenching of specific metal porphyrin derivatives. Their hydro-
phobic dendritic structure protects the porphyrin core, whereas the PEG branches
provide water solubility and prevent interactions with biological macromolecules
[24, 67].

The combination of PDT with other therapeutic approaches, such as chemo-,
gene- and photothermal-therapy, or with diagnostics, can also be achieved by proper
functionalization of the PEGylated porphyrin or modification of the platform used
for delivery [62, 68, 69]. As a recent example, a PEGylated penta-porphyrinic sys-
tem has been synthesized in order to mix the features of different porphyrin plat-
forms and obtain a stimuli-responsive tool suitable for PDT and/or nanosurgery,
depending on the wavelength of the light used for triggering (Fig. 11) [70].

6 Potential as Optical Sensors and Catalysts

PEGylation leaves most properties of porphyrins unaffected, so that their optical
response and electrochemical activity are well suited for use in catalysis and sens-
ing applications, for which reaction and detection are often expected to take place in
water.

Unbound, bound to a solid substrate or embedded into synthetic membranes [27,
71, 72], PEGylated porphyrins can be exploited for pH sensing purposes in water
solution (Fig. 12). The covalent binding to the substrates takes place on macro- and/

532 nm: Singlet Oxygen Generation &‘:t

o

Light - Trigger 8

532 nm: Singlet Oxygen Generation wi »

405 nm: Physical Nano-explosion Penta-porphyrin

A Dl Y TSN

Fig. 11 Left Schematic representation of the different stimuli-response mechanisms of the PEGylated
porphyrin systems: green light produces singlet oxygen due to the excitation of the PEGylated moieties;
blue light induces physical nano-explosions of Penta-porphyrin system. Right Chemical structure of the
Penta-porphyrin system (n=9)
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Fig. 12 Top Ultraviolet-visible (UV-Vis) (inset fluorescence) spectroscopic variations due to the increase
of acid concentration. Botfom Schematic representation of PEGylated porphyrin derivatives with pH-sen-
sitive properties when unbound (a) or bound to NPs (b) or silica surface (c)

or nano-sized substrates, without altering the optical properties of the porphyrin
core.

The main advantage of solid optical pH sensors is the easy removal of the probe
from the analyzed environment—the kind and size of the substrate determining vari-
ous applications in biological and/or analytical fields. The measure is based on the
absorbance signal of porphyrin bound to a macro-sized support; in particular, proto-
nated porphyrin exhibits a significant red-shifted Soret band (with a deep modifica-
tion of Q-bands) with respect to neutral porphyrin [73, 74]. A similar spectroscopic
feature has been also verified in PEGylated porphyrin bonded to metal nanoparti-
cles; such a nano-support makes the hybrid system suitable for pH sensing appli-
cations also in biological environments. Lowering of the pH induces quenching of
the fluorescence emission signal, and because the fluorimetric approach is generally
more sensitive than the comparable colorimetric (absorbance) mode, it represents an
even more reliable signal to monitor pH variations [69, 75, 76].

PEGylated porphyrin derivatives do not lose their spectroscopic response to acid-
ity variations in organic environments (i.e., fuels). In particular, the red-shift of the
Soret band and the deep modification of Q-bands (the decrease of the four Q-bands,
typical of free porphyrin, and the growth of a new red-shifted Q-band) occurs when
acid species are present in an organic environment. Moreover, it also induces fluo-
rescence emission quenching and/or formation of a new red-shifted emission band
as a function of the excitation wavelength. These features also make the multi-sol-
vent soluble PEGylated porphyrin a potential optical-sensor tool in both organic and
aqueous environments [77].
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PEGylated porphyrins can also act as electron donor or acceptor upon photo-
excitation, when supramolecular binding occurs with a wide variety of molecules,
aggregates and substrate. The donor/acceptor system formed is called a “ground-
state complex”, because the ground-state levels of both species are involved, with
significant superposition of the electronic orbitals that can be permanent (static
interaction) or transient (during photoexcitation). In the former case, the complex
is formed via various kinds of supramolecular interactions, in the latter, the tran-
sient electrostatic attraction is due to the electron transfer and it ceases after the fast
charge recombination process.

The effect of such an interaction on the absorption spectrum of porphyrin con-
sists in an evident red-shift and amplitude decrease of the Soret band. Occurrence
of the electron transfer process also gives rise to significant changes in the emission
properties of the dye. Indeed, the singlet excited state of porphyrin is fast deacti-
vated by electron transfer and consequent charge recombination, resulting in signifi-
cant fluorescence quenching.

The study of the photophysical properties related to these processes in supramo-
lecular complexes is of fundamental importance both in terms of knowledge of the
interaction or binding mechanisms and for optimizing such systems for the required
applications from sensor to energy conversion devices. Also in this case PEGylation
of porphyrins represents an interesting challenge, by avoiding the ionic contribution
of chargeable groups.

Thus, the potential of PEGylated porphyrins as turn-off fluorescent probes
becomes clear, and has been studied for the determination of pollutants or toxic spe-
cies dissolved in water [78]. Indeed, under appropriate concentration conditions, the
inverse of fluorescence intensity is proportional to the amount of target species (pol-
lutant or other), thus allowing its presence to be determined and its concentration
estimated.

The sensitivity of the fluorescent sensor can be improved (especially at low con-
centration of target) by a turn-on fluorescence approach, i.e., based on a fluorescence
increase upon interaction with the target. This is possible by building up, via elec-
tron transfer, no more emitting supramolecular complexes, which are stable until an
added species, competing with porphyrin, perturbs the supramolecular interaction
and promotes the complex dissociation into the original components. Consequently,
fluorescence of porphyrins, free again in the bulk, is turned on (Fig. 13) [79].

The presence of metal atoms within the porphyrin core of PEGylated porphy-
rin derivatives has been used to tune some sensing capability of these systems.
It should be noted that the interaction between metal atoms and porphyrin core
induces spectroscopic shifts in the Soret band of the metal porphyrin, attributed to
n—n* excitations [48]. Moreover, metal induces enhanced intersystem crossing to
the triplet state, resulting in fluorescence emission quenching. Among several metal-
PEGylated porphyrins, cobalt-PEGylated porphyrin exhibits the capability of selec-
tively binding aromatic amino acids due to the hydrophobic effect of the porphyrin
core and the coordination bond with the metal atom [80]. In particular, the binding
of aromatic amino acids occurs due to the interaction between amino groups of the
guest molecule and the central metal atom, but also due to the stacking interaction
between aromatic rings of porphyrins and aromatic guests. The formation of this
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complex through a static interaction was confirmed by the variation in porphyrin
fluorescence anisotropy behavior, as evidenced by the slowdown of the rotational
dynamics with respect to that of the free cobalt-porphyrin system (Fig. 14). Moreo-
ver, fluorescence anisotropy measurements also suggested the formation of a sand-
wich-like complex where two porphyrinic moieties surround suitable amino acids
[48].

The occurrence of chirality induction on PEGylated porphyrin by chiral spe-
cies, shown in the section on Chirality Induction, can be also exploited to recognize
selectively globular proteins in water environments, through selective interactions
with amino acids residues [49] present on the protein surface (Fig. 14). Note that,
due to the uncharged nature of PEGylated porphyrin derivatives, the native protein
structure is not altered by interaction with metal-PEGylated porphyrin [49].

Another aspect, related to the important role played by porphyrins in nature and
for applications, concerns their catalytic and photocatalytic properties. These are
influenced in different ways by the covalent linkage of PEG chains, enabling the
application of PEGylated porphyrin derivatives in different fields such as organic
reaction conversion and environmental remediation.

As far as the porphyrin-catalyzed oxidation reactions are concerned, the goal
is manifold, encompassing the achievement of useful compounds through cheaper
pathways and by starting from more readily available substances [81]. Undoubt-
edly, the PEG functionalization of the porphyrin core influences the solubility of the
system and simplifies catalyst removal and recycling, including in photo-oxidation
reactions [82]. PEGylated ruthenium and manganese metalloporphyrin derivatives
have been employed in hydrocarbon oxidation [83, 84], exploiting the PEG chains
to improve catalyst efficiency in aqueous media [85]. Moreover, nanoparticles of
PEGylated manganese-porphyrin derivative, prepared through combined self-
assembly and cross-linking, have been used for catalytic oxidation of cyclohexene in

Fluorescence Anisotropy

Time

Fig. 14 The time dependence of the fluorescence anisotropy is related to the characteristic time of the
dye rotational diffusion. This characteristic time changes when binding with another species occurs; it
slows down more and more with increasing size of the species. Here the slowing down is displayed for
the PEGylated derivative 15 (solid line) and upon binding with an amino acid (dashed line) or with a
protein (dot-dashed line), as examples. For the sake of clarity, PEG chains in porphyrin peripheral posi-
tions are not shown

@ Springer



Topics in Current Chemistry (2021) 379:35 Page210f25 35

aqueous media, exhibiting higher catalytic activity than the bare metal porphyrin in
organic solvents [86].

Other iron porphyrin derivatives have been investigated as electrocatalysts in CO,
reduction, by exploiting the stability of the iron—carbon adduct. Recently, PEGyla-
tion of the porphyrin unit has improved the catalytic activity of the system in elec-
trochemical CO, reduction, providing a second coordination sphere that enables a
concerted mechanism involving the PEG chains and water molecules [87].

Applications of PEGylated porphyrins in environmental remediation have also
been reported. Complex amphiphilic nanosystems containing a PEG-supported
manganese-porphyrin have been used for chlorophenol photocatalytic degradation
in water environments [88]. On the other hand, a metal-free PEGylated derivative,
intercalated within a nanoclay, was investigated in adsorption and photooxidation of
phenol in water [89]. All methods are based on the ability of porphyrins to generate
singlet oxygen under suitable light irradiation, inducing the oxidation of compounds
in their proximity.

Porphyrin derivatives are also involved as catalysts in many biological processes
such as photosynthesis and oxygen transport [90, 91]. Due to their biocatalytic fea-
tures, research has been conducted to exploit them in laboratory-scale biocatalytic
reactions. PEGylated porphyrin derivatives are more stable catalysts than oxidore-
ductase enzymes in polymerization reactions of aniline- and phenol-based mono-
mers [92].

7 Conclusions and Perspectives

Porphyrins certainly represent a vast and thoroughly studied variety of dyes, but
they also present some drawbacks that limit their potential use and application. One
such limit is surely the poor solubility in water of some non-ionic species. Thanks
to the relatively easy functionalization of peripheral groups, solubility in water is
achieved mostly by linking PEG chains. The class of molecules obtained, PEGylated
porphyrins, have turned out to have interesting properties for basic science and to
be very versatile and promising compounds in numerous application fields. Interest
in PEGylated porphyrins has been growing in the last two decades and the subject
is widespread in many scientific areas. Nevertheless, each published work is neces-
sarily circumscribed into the ambit of its specific area, so that, to the best of our
knowledge, an overview of the properties and potentiality of PEGylated porphyrins
was lacking. This review aimed to recap and discuss the results of recent publica-
tions devoted to the study of non-ionic PEGylated porphyrin in aqueous solutions,
by grouping them under different headings according to the goal of the research.
The literature indicates that these macromolecular architectures are fruitful systems
for investigating self-assembly phenomena, exciton coupling, resonance effects and
supramolecular binding with various target species, in the absence of the electro-
static contribution. No less important, they also contribute to the comprehension of
chirality induction and the role of weak external physical perturbation in the debated
and stimulating symmetry breaking phenomenon.
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Regarding applications, the research works span a vast range of topics, from
use in cancer therapy and diagnostics to sensors and catalysis. From the huge
amount of data it is clear that these systems possess many of the properties
required by these related fields, but much work still needs to be done in order
to achieve specificity and selectivity towards targets. Interesting perspectives
surely concern urgent environmental problems, in particular green chemistry and
the detection of pollutants, but strong expectations are addressed also to nano-
medicine and personalized medicine. Indeed, proper functionalization of non-
ionic PEGylated porphyrins could merge the ability of internalization in differ-
ent cell compartments and the recognition of specific cells and tissues, with the
aim of minimizing side effects and excessive toxicity of the current therapies. In
addition, along with the rapid growth of more and more sensitive and accessi-
ble instrumentations, uncharged PEGylated porphyrins could improve diagnostic
techniques for early therapeutic approaches.

Among all the opportunities opened, our future research will be devoted to
the development of innovative multifunctional materials based on PEGylated
porphyrins anchored, as a side-chain, on suitable polymers. The aim is to
improve the properties of hybrid nanocomposites based on semiconductor oxide
(e.g., titanium dioxide) nanoparticles, with a focus on photocatalytic and sens-
ing properties. Indeed, with proper efficiency, such materials could be used in
energy-sustainable methods to support indoor air or water depollution in human
environments in which fresh air or water replacement is not easy to obtain (for
example, in underground or out-of-orbit laboratories).

Another aspect that will also be explored is the in-depth use of this class of
porphyrin in the nanomedicine field, after suitable modification with active tar-
geting agents and/or drugs, thanks to the multi-faceted capability of these sys-
tems to act as theranostic agents.

Finally, some attention has been devoted very recently to the phosphorescence
properties of platinum or palladium porphyrin derivatives for applications in oxy-
gen and small molecule detection. Optical oxygen sensors, in fact, present good
detection accuracy, promising anti-interference ability and easy miniaturization,
which has interesting perspectives in the environmental monitoring of water qual-
ity, but also in clinical approaches and medical diagnostics for tissue health. In
this context, systematic studies on PEGylated porphyrin derivatives are very few
and surely deserve more insight.

In summary, the future of this class of porphyrin derivatives is still challenging
and much of their potential remains unexplored, and thus they are all the more
deserving of the attention of researchers working in different scientific and appli-
cative areas.
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