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Introduction

What are porphyrins?
Porphyrins are aromatic macrocyclic structures [1,2] consisting of four pyrrolic rings linked in o position by four methynic

groups [FIG. 1]. From the total number of 22 7 electrons, 18 of them are involved in extended aromaticity (Hiickel’s rule).

Meso-substituted porphyrins derivatives are capable to mimic [3,4] most of the natural porphyrins functions such as optical
and electronic modifications and reversible binding of metal ions (porphyrin bases) or anions (metalloporphyrins), volatile
organic compounds (VOCs) or other ligands [5].

Porphyrins and their derivatives are of tremendous interest in many crucial processes because they are stable and their
electronic properties might be modified by chelating of a metal ion or by different peripheral substitution on the macrocycle.
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FIG. 1. The basic structure of the porphyrin tetrapyrrolic ring. The a, p and meso-substitution positions.

They are fascinating and important architectures, both because of their complex structure and of their amazing photophysical
properties [6] that recommend their applications in photodynamic therapy of cancer (PDT) [7] and photonic applications [8].
Some optoelectronic applications require for self-organization [9] and porphyrins are particularly suitable for supramolecular
assembling [10,11].

Supramolecular chemistry [12] allows the precise assembly of randomly oriented molecules into highly ordered
supramolecular structures by means of delicate balance of weak non-covalent interactions. Higher efficiency of the charge
separation than in the non-linked compounds [13] was obtained by irradiation of a functionalized structure containing a
photosensitive porphyrin and possessing also binding sites for silver ions. The irradiation leads to the transfer of one electron
from the porphyrin to Ag (as acceptor) and generates a porphyrinium cation of long lifetime. In order to improve the
spectroscopic performances of porphyrin derivatives (an absorption that could be more red-shifted to increase its
compatibility with in vivo applications) careful tuning of molecular structure revealed that longer lifetime is obtained in

environments in which the planarization of the probe is favored [14].

The replacement of the donor groups (deplanarizing) by acceptor groups (planarizing) should increase the push-pull dipole in
flipper structures and thus increase the red shift of the emission from the planarized excited state. Such intramolecular
competition between planarizing and deplanarizing interactions in the ground state has already been beneficial for
polythiophene DNA sensors [15].

Supramolecular chemistry plays a key role in a number of research fields, such as chemical and material science, as well as
biology. When reversible, noncovalent enough strong and highly directional interaction took place between molecules, the
self-assembly is similar with supramolecular polymerization [16]. The incorporation of nanomaterials into thin films,
deposited on different types of surfaces leads to new functionalities. The thin films of porphyrin derivatives (and of their
inorganic-, polymer-or silica-hybrid nanomaterials) rose great attention due to their potential uses as catalysts, sensors and

actuators. Balancing hydrophobic/hydrophilic properties of porphyrins by grafting different functional groups make them the
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best candidates for self-assembling [17] by weak Van der Waals forces or hydrophobic effects, hydrogen bonding and n-n

stacking interactions that finally produced highly organized nanostructures [18].

Experimental

Sensors: General information

A chemical sensor is a device that transforms certain information such as: presence of an anion or cation, concentration or
chemical activity into an analytically measurable signal [19]. The sensors used in chemistry are divided into chemosensors,
optical sensors, mass transducers, electrochemical (potentiometric, amperometric and voltammetric) and

photoelectrochemical sensors [20].

Electrochemical sensors

Amperometric detection using porphyrins: A dual probe microsensor for detection of the NO released from cultured
endothelial cells containing Ni (4-N-tetramethyl) pyridyl porphyrin [21] deposited onto the Pt electrode, was reported and
served as amperometric NO sensor. Nitrite anion might be found in waters, foods and physiological processes and due to
interaction with amines can form carcinogenic nitrosamines [22]. Excellent sensitivity to nitrite [23] was achieved using an
amperometric sensor based on glassy carbon electrode modified with alternated layers of iron (1l1) tetra-(N-methyl-4-
pyridyl)-porphyrin and cobalt (1) tetrasulfonated phthalocyanine. The porphyrin-modified electrode exhibits significant
catalytic activity and stability for the nitrite oxidation, decreasing the peak potentials toward less positive values and
displaying increased peak currents than those obtained on the bare GC electrode. A linear response in the interval of

concentrations 0.2 mol L™ —8.6 mol L™ and a detection limit of 0.04 mol L™ were reported.

Amperometric sensing of bromate (BrOs’) using a Fe-metalloporphyrin and polyelectrolytes together with oxidized multiwall
carbon nanotubes (OMWCNTS) was optimized, related to the number of assembled layers, pH of the buffer solution and
concentration of Fe-metalloporphyrin immobilized on the electrode surface. A linear response from 100 nM to 2.5 mM of

BrO;™ and a detection limit of 43 nM were successfully achieved [24].

Using as sensing material an array of ZnO nanorods coated with Cu (I1) and Mn (111) CI metallo-complexes of 5, 10, 15, 20-
tetra (4-sulfonatophenyl)-porphyrin, L-cysteine concentration in water was determined on an amperometric measurement
setup [25].

The incorporation of a cobalt ion in porphyrin ligands leads to versatile systems for redox purposes, allowing the exploitation
of the redox activity of this metal ion when surrounded by supramolecular porphyrin environment. The studies evidenced the
three possible processes, regarding the changes of Colll-porphyrin to Coll-porphyrin then to Col—porphyrin and finally to
Co0-porphyrin. The Co-metalloporphyrin thin films were realized by matrix assisted pulsed laser evaporation onto silicon
wafers, quartz plates and screen-printed electrodes [26]. The deposited layers have been characterized by cyclic voltammetry.
Because Co changes its state of oxidation from Co?* to Co®" it can act as an effective mediator between dopamine and the
CNT substrate.
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Potentiometric detection using porphyrins: Porphyrin derivatives imposed themselves as ionophores in potentiometric ion
selective membrane electrodes [27]. As a general rule, free base porphyrins, incorporated into polymeric membranes, act as
neutral carriers and generate with almost all metallic cations the so-called sitting-a-top complexes [28]. In their turn,
metalloporphyrins can readily recognize anions [29] and the anion selectivity can be improved by changing the central metal
ion or the macrocycle structure. Metalloporphyrins act in ion selective membrane electrodes as Lewis acids (selective axial

coordination) and do not act after Hofmeister selectivity patterns [30].

Nevertheless, exceptions are reported, polymerized porphyrin films containing only one pyrrole group per monomer
molecule showed a selectivity pattern similar to the Hofmeister series: SCN>CIO,>NOs>Br>Cl [31a, b, c]. Nowadays,
metalloporphyrins were tested as neutral and charged ionophores in solvent polymeric membrane electrodes, for the detection

of hydrophilic anions [32].

Reported experience [33] in electronic tongues are distinctively different and are based on a solid electrical contact made
from a conductive composite formed by epoxy resin and conducting graphite and the formulated electrodes were used for the

determination of alkaline ions.

Sensor arrays based on electropolymerized layers of metalloporphyrins used for electronic noses have also been described
[34]. The Mn (111), Fe (111), Co (I1), Ni (1) derivatives of 5, 10, 15, 20-tetrakis (3-methoxy-4-hydroxyphenyl) porphyrin and
the porphyrin base were tested to the five compounds chosen as representative of the five basic taste sensations, as follows:
NaCl for salty, glucose for sweet, HCI for sour, quinine for bitter and monosodium glutamate for umami. The results are
different depending on the nature of the metal. The porphyrine base shows the highest sensitivity to glucose and the lower to
NaCl, Co-TMHPP has a reversed behavior, meaning a strong sensitivity to NaCl and the less to glucose and both Mn and Ni-

metalloporphyrin have a high sensitivity to quinine and a low sensitivity to glucose.

Finally, the use of biosensors of the potentiometric type for certain specific applications, such as for the simultaneous
determination of urea, ammonium, potassium and sodium, are to be mentioned [35]. In pharmaceutical analysis manganese
(111)-tetraphenylporphyrin chloride incorporated in poly (vinyl) chloride matrices were used for detection of penicillin-G [36]
and valproate [37] and manganese tetrakis (3, 5-bis (t-butyl) phenyl) porphyrin chloride showed good selectivity for

paracetamol [38].

Starting from this knowledge, some Mn-metalloporphyrins such as: manganese (1) tetraphenylporphyrin chloride and
manganese (I11)-tetrakis (3-hydroxyphenyl) porphyrin chloride, have been used as ionophores to develop ion selective
membrane electrodes for the detection of diclofenac, that is an intensively used analgesic, anti-inflammatory and antipyretic
drug [39]. The sensing material was incorporated either in poly (vinyl) chloride or in sol-gel matrices and the best selectivity
was achieved for the poly (vinyl) chloride membrane electrode that gave a linear response in the concentration range 3 x 10°°-
1 x 10 M with a detection limit of 1.5 x 10° M. Manganese (I11)-tetrakis (3-hydroxyphenyl) porphyrin chloride provided a
super-Nernstian slope, explained by its dimerization in the membrane, probably due to the interactions of hydroxyl

substituents.
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In order to monitor Fe** ions from different samples, three AsB porphyrins with mixed functionalization: 5-(4-
carboxyphenyl)-10, 15, 20-tris (4-phenoxyphenyl)-porphyrin, -(4-pyridyl)-10, 15, 20-tris (3, 4-dimethoxyphenyl)-porphyrin
and 5-(4-pyridyl)-10, 15, 20-tris (4-phenoxy-phenyl)-porphyrin [40] were obtained [41] and used to prepare iron (I11)-
potentiometric sensors. The influence of the nature of peripheral groups grafted on porphyrin structure on the detection
performance of Fe (Ill) ion was investigated. The best response, with a very good selectivity, was obtained with the

porphyrin bearing a carboxyl group, which showed a near Nernstian response in a linear range from 1 x 1071 x 10" M.

The detection of Cu (Il) ions from recovery solutions from spent lithium batteries was successfully performed using as
ionophore a symmetrical porphyrin, tetrakis (4-allyl-phenyl) porphyrin, for construction of a ion selective membrane
electrode. The selectivity was tested toward the following ions: Co (1), Li (1), Al (1I1) and Fe (I11) that are usually present in
the recovery leach liquors [42]. Due to its chelating properties, this porphyrin was also investigated for the retention of

copper from copper solutions and a maximum adsorption capacity of 280 mg/g was achieved.

Voltammetric detection using porphyrins: In volt-amperometric method because of the oxido-reduction processes
developed at the electrodes, the current is flowing into the cell and the analyte concentration changes as a result of the
oxidized or reduced species formed on the electrode surface. Voltametric sensors are based on the variation of the applied
potential. A mercury-free voltametric sensor for detection of copper based on chemical accumulation of the trace metal onto
the surface of glassy carbon electrode modified with tetraphenylporphyrin has been reported [43]. The ability of porphyrins
and their hybrids to recognize and quantify compounds, such as: thrombin, neurotransmitters, glucose, oxygen, hydrogen
peroxide, ascorbic acid, histamine and histidine with significance in early medical diagnosis or in food quality control has a

tremendous importance [45-50].

The synergistic activity between gold nanoparticles and manganese (Il11) meso-tetrakis-(pentafluorophenyl) porphyrin
recommend this system for the detection of L-cysteine [44] and for the electrochemical detection of thrombin [45]. MAPLE
deposition of (5, 10, 15, 20-tetraphenyl) porphinato manganese (111) chloride thin films onto gold screen-printed electrodes,
or on (111) Si substrates [46], were realized and presented globular structures with average diameters decreasing with laser
fluence. These Mn (I11)-metalloporphyrin thin films were investigated by cyclic voltammetry and proved to act as mediators

for dopamine neurotransmitter bio/chemosensing.

Other types of thin films, consisting of asymmetrical functionalized 5-[o-(4-bromine-amyloxy) phenyl]-10, 15, 20-
triphenylporphrin, were obtained by electropolymerization on a glassy carbon electrode (GCE) and the electrocatalytic
response of thus prepared electrodes to dopamine oxidation were investigated. [47]. The porphyrin modified electrode shows

high electrocatalytic activity and selectivity and a detection limit of 6 x 10°M for dopamine.

In another experiment, glassy carbon electrodes modified with conjugate manganese porphyrin/gold nanoparticle films were
obtained and proved to have great potential as electrochemical sensor for determination of hydrogen peroxide [48]. Recently,
gold nanoparticles smaller than 20 nm were obtained and functionalized with Co (1) 5, 10, 15, 20-meso-tetra (3-
hydroxyphenyl) porphyrin and the hybrid material was exposed to increased amounts of H,O, and has proven its UV-vis and

voltammetric sensing capacity [49]. In order to verify if the range of physiologically-relevant H,O, concentration levels (5
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pMM-35 uM) might be detected, three modified glassy carbon (GC) electrodes were realized, by deposition onto their surfaces
of nAu and Co-porphyrin (alone and in successive layers) and were tested to evidence the electrochemical response for H,0,.
The comparative linear and cyclic voltammetry of the bare and modified GC electrodes evidenced an increased

electrocatalytic effect on the reduction of H,0, onto GC electrode modified with nAu/Co-30HPP ordered layers.

The hybrid material formed between Mn (I11) tetratolyl-porphyrin chloride and spherical gold colloid has also the capacity to
detect ascorbic acid by UV-vis spectroscopy in the range of concentrations 2.6 x 10° M to 4.38 x 10° M. Modified glassy
carbon electrodes were obtained by thin film deposition of Mn-porphyrin [50]. In addition, the catalytic effect of Mn (I11I)
tetratolyl-porphyrin chloride modified glassy carbon electrode on the ascorbic acid oxidation was demonstrated both by the

increase of the peak current density in the voltammetric curves and the shifting towards more lower potentials.

The porphyrins with carboxyl functional groups, such as the AzB porphyrin, 5-(4-carboxyphenyl)-10, 15, 20-
triphenylporphyrin are appropriate for detection of different amino-compounds. The above-mentioned porphyrin was
electrochemically investigated as sensitive thin film for the trace detection of histamine, a chemical compound that is related
with meat products quality. The film was deposited by MAPLE technique onto the carbon working electrode. The current
density of the oxidations peaks displayed by cyclic voltammetry depends on the concentration of histamine and the detection

limit of the sensor is within the range of (0-8) ppm histamine [51].

A sensitive sensor for determination of I-histidine was achieved by modifying gold electrodes with an asymmetrical Fe (I11)-
porphyrin, substituted with three 2, 6-di-tert-butylphenol groups and one palmitoyl long chain. Two methods were employed
to realize the modified electrodes: chemisorption or embedment into dodecanethiol monolayer. Both types of electrodes were
tested for detection of I-histidine using square-wave voltammetry and the results were compared. The determination of I-
histidine using the electrode modified by embedment technique had higher precision than that obtained by chemisorption and

the detection limit was 1nM I-histidine on artificial matrix mimicking human serum samples [52].

Photoelectrochemical detection

Porphyrin is unanimously recognized as a photoactive, light-absorbing chromophore and is used as an effective
photosensitizer. Due to this property the porphyrins were firstly interfaced with inorganic matrices to form donor—acceptor
complexes for light-harvesting systems [53] and bioinspired photodetectors, even wearable sunlight sensors [54]. The
carboxylated graphene oxide based nanocomposites were constructed through m—m conjugation using zinc monoamino
porphyrin  Zn-5-(4-amino-phenyl)-10, 15, 20-tris-phenylporphyrin loaded with Au nanoparticles. ITO electrodes were
modified with this hybrid nanomaterial and provided a good photocurrent response to 4-nitrophenol detection in river water
sample matrices, when a potential, -0.1 V was applied. The light irradiation induces photoexcited electrons in porphyrin that
are further injected into the conduction band of graphene oxide, followed by transfer to Au-nanoparticles and finally to the
ITO support. Based on this synergic conductivity, a novel method for photoelectrochemical detection of 4-nitrophenol was

developed with a linear range from 0.1 to 15 nmol/L and detection limit of 0.04 nmol/L [55].

An iron metalloporphyrin, namely: 5, 10, 15, 20-tetrakis (3, 4-dimethoxyphenyl)-porphyrin Fe (111) chloride functionalized

with carbon nanotubes, was deposited from solution by Langmuir-Blodgett technique onto a ceramic substrate with
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interdigital platinum electrodes. The complex film comprised of five monolayers manifest sensitivity to UV radiation due to
the fact that an electron is excited from a Fe d orbital into a porphyrin antibonding = orbital while the presence of SWCNT
activates the charge carriers [56].

Because, carbon monoxide colorless and odorless gas is responsible for more than half of all fatal poisoning in the world and
the symptoms (headache and confusion) cannot be easily discriminated, the well-known affinity of iron porphyrins toward
CO is used for the design of small and cheap sensors that prevent both poisoning in familial and industrial environments. A
complex sensing device was constructed based on a matrix, consisting in pyridyl-functionalized single walled carbon
nanotube and a biomimetic 5, 10, 15, 20-tetraphenylporphyrin iron (I1l) perchlorate as the sensing element that can be
reversed (activated or deactivated) by modifying the window voltage. The limit of detection was 80 ppm of CO in N,, lower
than the industrial requirements for CO detectors [57]. The mechanism is attributed to reduction of Fe (lIl) to Fe (II)

associated with a change of Fermi level in the single walled carbon nanotubes.

Recent progress exploits the photoactive nanomaterials [58] wide application potential [59]. Photostable porphyrin
photosensitizers 5, 10, 15, 20-tetraphenylporphyrin and 5, 10, 15, 20-tetrakis-(N-methylpyridinium-4yl) porphyrin with high
quantum yields were encapsulated in polystyrene nanoparticles and the hybrid nanomaterials were tested for monitoring of
0Xxygen concentrations in situ in aqueous media in the broad region of oxygen concentrations from anaerobic conditions to
oxygen saturated media [60]. The effect of temperature on the photophysical behavior must be thoroughly investigated [61]
because the lifetime decreased with increasing of temperature.

Porphyrin sensitized transparent thin TiO, films have been reported to be useful in a wide range of applications. The water
soluble 5, 10, 15, 20-tetrakis (1-methyl-4-pyridinio) porphyrin tetra (p-toluene-sulfonate)/TiO, coated optical fibers were
tested into solutions of differing concentrations of ammonia in water [62] and the sensing system respond to concentrations

of ammonia in water as low as 0.1 ppm, with a fast response time of less than 30 s.

The high toxicity of most organophosphorus derivatives is known, so that the detection of triphenylphosphine oxide was
performed using Mn (I11)-5, 10, 15, 20-tetratolyl-21H, 23H porphyrin chloride, as sensitive material. The change produced in
UV-vis spectra of porphyrin, that is the decrease in the intensity of the Soret band, by increasing the concentration of
triphenylphosphine oxide was investigated. The two isosbestic points at 483 nm and 487 nm respectively confirm the
existence of two equilibrium processes due to interaction between the porphyrin and the phosphorus derivative, caused by the

strong affinity of manganese to both oxygen and phosphorus atoms. The detection limit is 2.5 pg/mL [63].

Polydimethylsiloxane matrices are regarded as the ideal sensory support for porphyrins [64]. Optical oxygen sensors
performing with fast response and high accuracy have been intensively developed, especially those based on the fluorescence
quenching principle. A hybrid material based on Pt-5-(4-methoxy-carbonylphenyl)-10, 15, 20-triphenylporphyrin and 3-

(trimethoxy-silyl) propyl methacrylate has a limit of detection of 4.7umol/L for the determination of dissolved oxygen.
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Results and Discussion

Optical, fluorescent and colorimetric sensors based on porphyrins

Fluorescent sensors: Fluorescent detection comprising steady-state fluorescence, time-resolved fluorescence and
fluorescence dynamics developed with an amazing rate in the last years and is based on the monitoring of changes in

fluorescence intensity, fluorescent lifetime and shape of fluorescence spectra.

A fast novel naked-eye and turn-on fluorescence sensor was proposed based on well-known fluorescent water soluble 5, 10,
15, 20-(4-sulphonatophenyl) porphyrin to selectively recognize and detect glutathione in real samples. The fluorescence of 5,
10, 15, 20-(4-sulphonatophenyl) porphyrin was quenched by Hg?* in a one electron transfer process. The detection limit was
0.43 nM [65].

A triple-signaling fluorescent probe for simultaneous intracellular activities measurement of b-D-Glucosidase (determined at
460 nm) and phosphodiesterase | (emission at 390 and 656 nm, respectively, with an excitation wavelength of 340 nm) [66]
comprised three fluorescent components, namely: 7-b-D-glucopyranosyl-oxycoumarin, 7-hydroxy-coumarin and meso-
tetraphenylporphyrin [67].

A highly sensitive and selective fluorescent sensor for the detection of sulfide anion was constructed based on the benefits of
steric hindrance effect that lead to efficiently quenching of the fluorescence of fluorescein [68]. The recognition unit consists
of dinitrobenzene sulfonate ester group grafted on aromatic ortho-position in the 5-(2-hydroxylphenyl)-10, 15, 20-
triphenylporphyrin. Alzheimer's disease, Down's syndrome and diabetes are only a few diseases that might be produced due
to the exposure to high levels of sulfide that were proved to act as neuromodulator in the brain [69]. The detection limit was
estimated to be 59 nM which is convincingly less than the maximum recommended sulfide concentration (around 15 pM) in
drinking water by World Health Organization [70].

A NIR fluorescent selective sensor for the detection of sulfide anion was based on a different approach [71]. A traping group,
2, 4-dinitrobenzenesulfonate ester, was integrated into the fluorescent porphyrin 5-hydroxy-10, 15, 20 triphenyl porphyrin,
decreasing its fluorescence. By increasing the concentration of the sulfide anion, the group 2, 4-dinitrobenzenesulfonate ester

is cleaved and this generates the recovery of the fluorescent properties of the non-grafted porphyrin.

Another chemosensor with outstanding potential for medical areas, suitable for detecting Cd®* in living cells, was designed
based on further functionalization of a cis derivative, namely: 5, 10-bis (4-aminophenyl)-15, 20-diphenylporphyrin [72]. The
Cd?* ions generate the increase of emission intensity at 611 nm and accompanied by a decrease of emission intensity at 653
nm. The other physiologically significant metal ions acting in living cells, such as Na*, K*, Ca** and Mg”* do not changed the

emission spectrum. The detection limit of the sensor was 0.032 uM.

Ratiometric fluorescence measurements [73] have only recently been conducted to detect metal ions. This method involves
monitoring of changes in the emission at two distinctive wavelengths, improving in this way, the selectivity and sensitivity of

the detection.
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Considering the biological importance of zinc, the development of novel improved ratiometric fluorescent Zn®* sensors
become a demand [74]. The proposed fluorescent material is based on a porphyrin grafted in one of phenyls in the meso-
position with a strong chelator bearing three nitrogen atoms, namely 5-[4-(aminoethylene) amino]-10, 15, 20-
triphenylporphyrin. This sensitive material is changing its fluorescence band from 650 nm to 610 nm during Zn?* addition

and is highly selective for zinc in the physiological pH range having a detection limit of 1.8 mM.

Two symmetrical porphyrin compounds meso-tetrakis (2-hydroxynaphthyl) porphyrin and meso-tetra (2-thiophene)
porphyrin were comparatively investigated regarding their fluorescent response to Hg*. An efficient fluorimetric membrane
based on the fluorescence quenching of meso-tetra (2-thiophene) porphyrin in the presence of Hg® * ion was successfully
achieved. The membrane containing meso-tetra (2-thiophene) porphyrin reversibly responded to Hg?* in a range of
concentrations from 5.0 x 10" ° M to 1.25 x 10" ° M. This fluorescent sensor is highly selective and was used to the

determination of mercury content in biofenac medicine, recommended for eye treatment [75].

Another comparative fluorimetric determination of mercury ions was reported using 5, 10, 15, 20-tetra (p-sulfonatophenyl)
porphyrin that is a water soluble porphyrin and by using porphyrin doped sol-gel films. Optimization of complexation
parameters resulted in the determination of mercury ions with a detection limit of 1.4 pg/1 Hg (1), but the sol-gel hybrids
prepared in acid catalysis were not sensitive to Hg (1) [76].

Sensing of oxygen is a great demand because human beings can live maximally 10 min without supply of oxygen (the
average need is 200 g/day) [77]. Besides, for thinking personalized PDT treatment of cancer molecular oxygen in irradiated
tissues has to be strictly controlled [78].

A fluorescence complex sensing system comprises two units: an ionophore, with function of linking and a fluorophore that is
capable to change emission characteristics. A novel conjugate fluorescent system for detection of low O, concentrations in
the range of 40-90 pM was formed between 5, 10, 15, 20-tetrakis (3, 4-dimethoxyphenyl)-porphyrin Fe (111) chloride with
binding properties and the highly fluorescent (5, 10, 15, 20-tetraphenylporphinato) dichlorophosphorus (V) chloride [79]. It
was established that a concentration of H,O, higher than 50 uM is cytotoxic for life, so that this system might be relevant for

medical diagnosis of many diseases such as Alzheimer, Parkinson, Huntington [80] even cancer [7].

A mesoporous silica-Mn-porphyrin hybrid nanomaterial, obtained by sol-gel method in acid-base catalysis and its application
for fluorescent detection of H,O, was studied at the emission wavelength of 655 nm. The exposure of the silica-Mn-
porphyrin hybrid to H,O, led to major changes regarding the optical, textural and morphological properties of the material.
The high sensitivity for hydrogen peroxide in wet media noticed for this hybrid, accompanied by changes in color, justifies

the using this material [81].
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FIG. 2 illustrates a few structures of porphyrins and metalloporphyrins used for the formulation of sensors.
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FIG. 2. Symmetrical and asymmetrical porphyrins used as sensitive substances: Co (1) 5, 10, 15, 20-meso-tetra (3-

hydroxyphenyl) porphyrin [49]; Mn (111) 5, 10, 15, 20-meso-tetratolylporphyrin chloride [50 and 63]; (5, 10, 15, 20-

tetraphenyl-porphinato) dichlorophosphorus (V) chloride [a, ref. 79], Fe (111) 5, 10, 15, 20-tetrakis (3, 4-dimethoxy-
phenyl)-porphyrin chloride [b, 79] and the heterodimer complex [c, 79].

Colorimetric sensors
A terpyrrolic analog of dipyrrolylquinoxaline (DPQ) that contains two pyrrole anion recognition groups acts as an improved

colorimetric and fluorescent sensor for halide and dihydrogen phosphate anions in organic media [82].

A facile method to prepare the 5, 10, 15, 20-tetrakis (4-carboxyl phenyl) porphyrin functionalized ZnS nanoparticles [83] of 5
nm-8 nm in size, was reported and the material was proved to catalyze the colorimetric oxidation of 3, 3’, 5, 5'-
tetramethylbenzidine with H,O, that suffer decomposition to -OH radicals. Finally, a sensitive colorimetric assay to detect

H,0 in the range of concentration from 0.01 to 0.06 mM was achieved.

Hydrogen peroxide detection is important in biology because its involvement in many enzymatic reactions. Nanoparticles of
porphyrin functionalized ceria was used as a colorimetric sensing material for H,O, detection, due to intrinsic peroxidase
activity toward a classical substrate, 3, 3', 5, 5'-tetramethylbenzidine. If this material is coupled with glucose oxidase, glucose

can be also detected. A detection limit of 1.9 x 10 mM glucose was reported [84].

10
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Polymeric solid-state CO, sensors based on a long-decay phosphorescent Pt-porphyrin and a pH indicator dye, a-
naphtholphthalein [85,86] were optimized related to CO, sensitivity, response and recovery times. The application is destined
for food packaging industry. A water-soluble polymer-dye hybrid material, with sensing properties, was prepared by
incorporating of a mixed substituted A3;B porphyrin 5-(4-pyridyl)-10, 15, 20-tris (4-phenoxy-phenyl) porphyrin into the
biocompatible polyvinylpyrrolidone polymer [87]. The UV-vis spectrophotometric response of the hybrid material to
increasing CO, amounts, revealed a continuous decrease of the intensity of the Soret absorption band. The color changed
from yellow to red in the presence of trace amounts of gas. AFM and TEM microscopy illustrated morphologic changes of
the hybrid material surface which lead to the conclusion that the mechanism of CO, recognition is based on chemisorption

phenomena instead of changes in the acidity of the environment, as previously expected.

The awareness of the importance of gold nanoparticles and of their hybrids formed with biomimetic porphyrins for sensing,
conducted to obtaining of a hybrid between gold and 5-(4-pyridyl)-10, 15, 20-tris (4-phenoxyphenyl)-porphyrin destined for
the detection of CO,. The complex showed wide absorption in the whole UV-vis spectrum, the hybrid band was
bathochromically shifted in comparison to gold plasmonic band and proved to be efficient for the CO, detection in wet
environment. The hybrid has double functionality because during its synthesis it can be considered as optical sensor for trace

amounts of gold [88].

The same group of researchers, obtained and characterized another A;B mixed substituted porphyrin, namely: 5-(4-pyridyl)-
10, 15, 20-tris (3, 4-dimethoxyphenyl) porphyrin and used it to develop novel CO, sensitive nanomaterials. The presence of
pyridyl group in the meso position of the macrocycle led to some distortions of the planar shape and increased the self-

assembling properties, proving to be useful for the sensing performances [89].

Multifunctional materials based on 5-(4-carboxyphenyl)-5, 10, 15-tris (4-phenoxyphenyl)-porphyrin, iron oxide magnetic
nanoparticles, a silica linker and a polysaccharide, k-carrageenan, were developed. All synthesized materials were tested as
catalysts for the Knoevenagel condensation of aldehydes at room temperature. The best performing porphyrin-based catalyst

has also the capacity to optically detect CO, in the range of 35-190 uM of gas concentrations [90].

A fluorescent and reversibly naked-eye colorimetric sensor destined for hydrogen chloride detection was developed in a
facile design. The 5, 10, 15, 20-tetraphenylporphyrin was entrapped in a polystyrene membrane. Exposure to HCI gas turns
the color from pink to yellow-green. The detection limit is in the range of very low concentrations, 46 ppb and the response

time is prompt, in only 5 s [91].

Multianalyte detection by a single porphyrin derivative represent the new trend to discriminate between toxic ions [92 ]
different gas compounds [93] and relevant compounds for medicine [94]. p-Dicyanovinyl substituted porphyrinogen acts as a
selective and reversible material for fast colorimetric recognition of picric acid and other aromatic nitro substituted being able
to detect picric acid with a detection limit of 1.12 ppm (4.99 uM) [95].

A new structure, 10-bromo-15-phenyl-5-(pyridin-2-yl) porphyrin was reported to show good thermochromic reversibility in

solution accompanied by a color change from yellow to red. A good solvatochromic behavior of this porphyrin to the axial
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FIG. 3 presents three asymmetric porphyrins used for the design of sensors [87-90,98].
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FIG. 3. Structures of 5-(4-pyridyl)-10, 15, 20-tris (4-phenoxyphenyl)-porphyrin [87-89];
5-(4-carboxy-phenyl)-10, 15, 20-tris (4-phenoxyphenyl)-porphyrin [90] and 5-(4-carboxy-phenyl)-10, 15, 20-tris
(phenyl)-porphyrin [98].

ligation of coordinating solvents was observed. The axial coordination studies suggested that CN"and Fiions were detected

colorimetrically and optically [96].

Optical pH sensors

A porphyrin-polymer hybrid material was obtained by the nucleophilic reaction to chlorobenzyl groups of a polysiloxane
performed by an asymmetrical hydroxy-functionalized porphyrin, 5-(4-hydroxyphenyl)-10, 15, 20-triphenyl-porphyrin. Both
the pure porphyrin and the porphyrin modified polymer proved to be fluorescence pH sensors in acid domain, between 3 and
5.5 [97].

A novel fluorescent pH sensor, in acid media, pH from 1.5 to 5.5, based on 5-(4-carboxy-phenyl)-10, 15, 20-tris (phenyl)-
porphyrin, as sensing agent, has been developed. The proposed fluorescent sensor can measure pH in the presence of several
metal ions that recommend its use in leaching solutions of the recyclable processes of valuable metals [98]. The potential of a
water soluble metalloporphyrin, 5, 10, 15, 20-tetrakis (N-methyl-4-pyridyl) porphyrin-Zn (1) tetrachloride to act as an optical

pH sensor in the 5.5-10.5 domain was also proved [99].
Conclusions and Future Perspectives
The well-known physical-chemical versatility of porphyrins and their metalloporphyrins was exploited to design a large

variety of sensors capable to selectively detect heavy metals, anions, volatile organic compounds, pharmaceutical and toxic

compounds and relevant molecules for medical diagnosis.
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The sensing properties of porphyrin derivatives can be enhanced by their own supramolecular organization or by tailoring

novel hybrid materials based on porphyrins (silica, polymer, plasmonic materials or heterodimers or trimers). A certain

property of the matrix (transparency, conductance) will be enhanced by the porphyrin partner (fluorescence, wide absorbance

range), so that the materials will find novel applications in sensing. The novel techniques to realize mono-layer or multi-layer

films by deposition through LB, LS or PLD and MAPLE methods contribute to the quality of the films. As a conclusion the

field of porphyrin applications is infinite both regarding the novel hybrid materials to be obtained and with respect to the

targets to be detected.

Some promising trends in porphyrin-based sensors involve their future applications in dual-mode opto-electrochemical

systems [31b]. Being able to mimic human receptors, porphyrins will find novel applications in multisensory analysis [31c].
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