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Abstract 

Oxygen is a vital molecule for life and its precise quantification is pivotal to ensure correct functioning 

of cells. Instruments able to quantify accurately the oxygen levels are extremely important to 

understand cells behaviour especially in a three-dimension (3D) environment, where uneven 

distribution of oxygen can occur leading to zones of low cell viability. Optical oxygen sensing is a 

relatively recent method to monitor oxygen concentration. This approach exploits the emissive 

behaviour of a broad family of molecules (organic species and organometallic complexes), for which 

the luminescence emission is proportional to the quantity of oxygen present in the environment. 

Unlike methods based on the use of electrodes, optical oxygen sensing allows monitoring of oxygen 

levels without causing oxygen depletion in the observed sample and can be more easily applied in 

miniaturised devices.  

Metalloporphyrins are widely employed as optical oxygen sensors thanks to their favourable physico-

chemical properties. The aim of this project was to synthesise a library of oxygen-sensing porphyrins 

to monitor variation of oxygen in 3D cell cultures. For this specific application, the chromophore 

needed to (1) be a platinum or palladium complex to ensure oxygen response, (2) present a suitable 

functional group to allow conjugation to a support (e.g., a biomacromolecule supporting the 3D cell 

construct) to avoid leaching and cell uptake, and (3) water-solubility to allow conjugation in aqueous 

solutions. 

We first focused our attention on the synthesis of tetra meso-substituted porphyrins bearing a 

carboxylic group as the conjugatable function on one of the beta-positions of the macrocycle. This 

approach was overall successful in terms of yield and reaction conditions, but the side-chain proved 

insufficiently stable to allow further manipulation of the species. Attention was then directed to the 

synthesis of asymmetric porphyrin A3B, bearing the conjugable group on one of the meso-substituted 

aryl ring. Novel positively and negatively charged water-soluble conjugatable porphyrins were 

developed during this work, obtained from a single high-value intermediate. The new species 

presented overall good yields employing relatively mild reaction conditions, via a synthetic procedure 

with gram-scale applicability. In addition, in this work the synthesis of two known water-soluble 

conjugatable porphyrin was improved and scaled-up. Platinum (II) and palladium (II) insertion in the 

water-soluble macrocycles was achieved employing a microwave-assisted reaction, which ensured 

reaction completion in short times. Finally, a high potential purification approach based on ion 

exchange was developed for cationic and anionic water-soluble derivatives. This method allows 

obtaining highly pure compounds employing cheap reagents and without the use of expensive 

purification instruments. The conjugation of the species to the proteins chosen as matrices for 

hydrogels (silk fibroin and collagen) was performed via N-hydroxysuccinimide chemistry.  



2 
 

Oxygen response of the complexes synthesised was tested both in aqueous solution and supported 

on protein-based hydrogels. Most species showed oxygen-dependent fluorescence and linear Stern-

Volmer plot supported on solid support, indicating their suitability to monitor the oxygen levels in a 

heterogeneous system such as a hydrogel. To the best of our knowledge, this work represents the first 

example of optical oxygen measurements in silk fibroin hydrogels.  

 

The objectives of this work were: (1) to synthesise and characterise a library of platinum (II) and 

palladium (II) complexes of water-soluble and conjugatable porphyrins, (2) to test their responsiveness 

to oxygen both as stand-alone probes and as protein conjugates in hydrogel materials.  
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INTRODUCTION 
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Oxygen, together with water, is one of the key molecules for existence of life as we know it. It allows 

cells to release energy through respiration. Not only the presence of oxygen is fundamental for life, 

but its concentration also plays a crucial role. The EarthΩǎ atmosphere contains 20.8 % of oxygen, and 

if this value drops below 17 %, asphyxia can occur leading to death. For few months a picture circulated 

on social media showing a piece of iron covered in rust, with the sentence: ά¢Ƙƛǎ is rust. It is called 

oxidation and it is caused by oxygen. We breathe oxygen every day. If it can do that to a metal pipe, 

imagine what it can do to your lungs and health. Share to help raise awareness about the danger of 

ƻȄȅƎŜƴέΦ1  

 

Image credit from reference 1  

Obviously, this was merely a pun aimed at making fun of the recent unfortunate spreading of alarmist 

crusades void of any scientific bases and common sense, but despite the apocalyptic tones of the 

sentence above, excess of oxygen is indeed dangerous for life. Hyperoxia (a state characterised by 

excessive supply of oxygen to tissues and organs) is highly toxic to cells and can be exploited for 

specific therapeutic applications.2,3  

Monitoring the oxygen levels in cultured cells and artificial tissues is a tool of the trade in 

biotechnology and in regenerative medicine. To ensure successful growth of a functional tissue from 

a 3D aggregate of cells, from a spheroid or from cells seeded in a matrix, the supply of oxygen needs 

to be carefully monitored and kept constant between appropriate values, which are dictated by the 

cell type and by their metabolic status.4 Areas in which the oxygen tension is too low (hypoxic zones), 

which can arise from a non-uniform distribution of the cells within the scaffold, are incompatible with 

cell growth and differentiation. Similarly, cell proliferation is prevented in areas where the oxygen 

tension is too high, leading to cell damage through oxidative burst.4 Ensuring that the supply of oxygen 

is sufficient and constant throughout a scaffold hosting a 3D cell culture is pivotal for the viability of 
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the cells.5 Oxygen, like nutrients, can have a relatively low diffusion rate within cells construct, and if 

the oxygen consumed by the cells is not replaced efficiently, zones of lower oxygen tension can arise 

determining a different behaviour to the cells in the core of the construct compared to those close to 

the surface.5 Therefore, oxygen tension must be constantly monitored to assess the suitability of a 

material for cell growth and proliferation, and ultimately if the material could be employed as scaffold 

in tissue engineering.  

Traditional methods for oxygen measurement are based on titration,6 amperometry,7 

chemiluminescence8 and thermoluminescence.9 For many years, Winkler titration has been 

considered the standard method for oxygen measurement (Figure 1). 6,10 This approach involves the 

addition of two solutions to the oxygen-containing sample, the first one containing manganese (II) 

sulphate and the second one potassium iodide, sodium hydroxide and sodium azide to suppress the 

nitrite present, that otherwise would react with the iodide interfering with the analysis. In the 

presence of oxygen, Mn2+ is oxidised to Mn3+ causing a precipitate of manganese (III) hydroxide. 

Sulphuric acid is then added, leading to the oxidation of iodide ions by Mn3+ to molecular iodine, later 

titrated with a thiosulfate solution. The iodine concentration is directly proportional to the amount of 

oxygen dissolved. Therefore, titrating the iodine allows determining the concentration of oxygen in 

the sample.  

The method, however, presents non-negligible disadvantages. For instance, the result is strictly 

dependent on how the sample is handled and how well the system is sealed, because any oxygen that 

is introduced in the sample once the analysis has started will alter the result. In addition, the sample 

should not contain any oxidising or reducing agent that can interfere with iodine or manganese ions, 

changing the amount of oxygen detected. 

 

Figure 1: ²ƛƴƪƭŜǊΩǎ titration example 10 
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Despite its overall popularity, the Winkler titration has been replaced by approaches based on the use 

of Clark-type electrodes.7 The Clark-type electrode employs a platinum cathode, where the oxygen is 

reduced producing an electric current proportional to the partial pressure of oxygen (Figure 2).11  

 

Figure 2: /ƭŀǊƪΩǎ electrode 11 

Clark electrode is a very robust and popular approach for oxygen detection, but it presents several 

major disadvantages that limit its applicability to measurement in cells and tissues. Despite 

considerable efforts invested in the miniaturisation of the electrode, its bulkiness makes it unsuitable 

for measurements in cells or spheroids. As with most electrodes, the detection of low levels of oxygen 

in microscale samples can be affected by electrical interferences, but the most serious issue associated 

to the use of Clark electrode is determined by the fact that the measurement causes oxygen depletion 

in the sample under observation, thereby potentially affecting its behaviour.12 Thus, especially for 

applications in regenerative medicine, new and improved techniques for monitoring oxygen levels are 

highly desirable. 

1.1 Optical Oxygen Sensors 

A technique suitable to measure oxygen in microscale biological samples should be non-invasive, 

highly specific for oxygen to avoid interferences with other analytes and it should show sensitivity and 

responsiveness in biologically relevant oxygen concentration range. The possibility to report real-time 

variations in oxygen concentrations and to carry out parallel measurements and multi-sample analysis 

would be highly desirable features.13 The approach that better combines all the above features is 
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called optical oxygen sensing. Optical oxygen sensing (OOS) is a relatively recent oxygen sensing 

strategy but thanks to its features, it gained fast popularity and it is replacing the traditional 

polarographic methods. Optical oxygen sensors present faster response to changing concentrations 

of oxygen, they are less prone to electrical interferences and they only cause a transient limited 

oxygen consumption in the sample during the analysis.14 In addition, optical oxygen sensors are 

relatively cheap, simple to use and can be easily incorporated in miniaturised devices. 

 

1.2 How does an optical oxygen sensor work? 

In 1985 a new optical method to monitor oxygen concentration in biological samples was developed, 

based on the collisional quenching of the excited state of pyrene butyric acid by molecular oxygen.15  

Excited states of molecules are generated following the absorption of electromagnetic radiation (hv, 

Figure 3).  In the absence of a quencher, the excited species can follow two main pathways to lose 

energy and decay back to the ground state: it can dissipate the energy through vibrations (non-

radiative decay) or it can emit photons by photoluminescence, which includes fluorescence and 

phosphorescence. Fluorescence (F) is the radiative transition between electronic states that possess 

the same electron spin multiplicity (S1 Ҧ S0), while phosphoresce (P) is the radiative decay from the 

triplet excited state to the ground state (T1 Ҧ S0), involving intersystem crossing (ISC) as shown in 

Figure 3. Since ISC is a forbidden transition according to the selection rules (triplet-to-singlet),16 triplet 

state lifetimes and phosphorescence are typically longer than excited singlet lifetimes and 

fluorescence (10-6 to 102 s vs. 10-9 to 10-7 s). 

 

Figure 3: simplified Jablonski diagram showing the quenching of the excited triplet state by energy transfer to oxygen  

In the presence of the quencher, the excited state can also be deactivated through collisions with 

quencher molecules. This additional pathway for decay reduces the luminescence intensity. Molecular 

oxygen is a very efficient quencher of excited states for most organic molecules. The reason for this is 
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still matter of intense debate, but it was suggested that paramagnetic oxygen induces ISC in the 

excited species, reducing the extent of luminescence decay. Collisional quenching can be static or 

dynamic: in static quenching the excited species associates with the quencher forming a complex that 

is non-emissive, whereas in dynamic quenching the collision results in an energy or electron transfer 

between the two species. For the purpose of this work, only dynamic quenching will be discussed. 

Dynamic oxygen quenching is described by the Stern-Volmer equation (Equation 1), which states that 

the ratio between luminescence intensity (or triplet lifetime) in the absence and presence of the 

quencher is proportional to the concentration of the quencher. In Equation 1, Io and I are the 

luminescence intensities, and t0 and t are the triplet lifetimes in the absence and in the present of 

oxygen, respectively. [O2] is the concentration of oxygen, while kq is the bimolecular quenching rate 

constant. 

I0/I = t0/t = 1 + kqt0[O2] 

Equation 1: Stern-Volmer equation 

The Stern-Volmer equation is the equation of a straight line, which can be used to determine 

graphically the constant rate of the quenching (KSV = kqt0). Intensity-based measurement and lifetime-

based measurement can be used interchangeably to obtain the Stern-Volmer equation if purely 

dynamic quenching occurs in the system under observation. When the lifetimes are measured, the 

luminescence quenching is followed in time-resolved domain,17 whereas steady-state measurements 

follow the changes in luminescence intensity.15,18 Time-resolved measurements are generally more 

reliable, as they are not influenced by the background fluorescence and less affected by changes in 

emission intensity caused by non-specific environmental parameters. On the other hand, steady-state 

measurements can be carried out with simpler and cheaper instrumentation.19 

Figure 3 shows the quenching of an excited triplet state (T1) by molecular oxygen leading to energy 

transfer between the two species, which results in the non-radiative decay of the molecule to the 

ground state (S0) and the excitation of ground state oxygen (triplet, 3O2) to its triplet state (singlet 

oxygen, 1O2* ). It is important to note that molecular oxygen quenches excited singlet states as 

efficiently as triplet states, but the longer lifetime of triplet state allows the excited species to interact 

with oxygen present in a larger diffusion range. Crucially, the decay from triplet state is significantly 

slower than the collisional quenching rate: this makes phosphors with long triplet lifetimes useful 

oxygen sensors because the efficiency of the process is limited by the diffusion of oxygen in the 

sample.12  
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1.3 Chromophores for Optical Oxygen Sensing  

A striking variety of chromophores for OOS has been developed over the last few decades. In some 

cases, the chromophores have been conceived to be used in oxygen measurements inside cells,20 but 

most commonly they have been associated to different supports to obtain oxygen sensing materials 

for a wide range of applications (e.g., industrial, technological and biomedical). Considering the 

relevance to this work, only the latter case will be discussed. Developing oxygen-sensing materials 

presents an additional challenge, because the performance of the final sensor does not solely depend 

on the efficiency of quenching of the excited chromophore but also on the characteristics of the matrix 

(i.e., its permeability to oxygen, interaction with the chromophore etc.).  

The most important and essential part of an optical oxygen sensor, however, is the chromophore, as 

it provides oxygen responsiveness. The many different chromophores employed as oxygen sensors 

can be divided in two main categories: organic and organometallic species.  

1.3.1 Organic optical oxygen sensors  

This class of sensors includes species presenting extended conjugated ̄  systems, responsible for their 

oxygen sensitive properties. These species were employed in the early days of the OOS development, 

but their use has now declined. The non-negligible disadvantages of organic sensors are the need to 

use UV light for their excitation and their small Stokes shift. The latter causes a strong background 

noise and limit their applicability especially in biological samples. In addition, they display low 

brightness, long decay times and poor solubility in most polymeric matrices. For the above reasons, 

new and improved molecules presenting better stability and sensing properties have slowly replaced 

organic species. Two main sub-categories of organic optical oxygen sensors are worth mentioning: 

¶ Polycyclic aromatic hydrocarbons (PAHs): this class of organic dyes was instrumental to develop 

the very technique of optical oxygen sensing. They were mostly dissolved and incorporated in 

polymer matrices. The structures of most popular PAHs are shown in Figure 4. Pyrene21 1 and its 

anchorable derivate pyrenebutyric acid 2 were successfully employed as probes for oxygen 

dissolved in bio systems,22ς24 as were perylene,25 perylene dibutyrate (respectively 3 and 4),19 

benzoperylene 526 and decacyclene (DCY)  6.27ς29 6 has a good photostability, a large Strokes shift 

and the possibility to be excited with visible light, compared to other UV-excitable PAHs. 

¶ C60 and C70 fullerenes (7 and 8 in Figure 4) have been employed in OOS. Thanks to their extended 

conjugated system they display excellent delayed fluorescence, and have been exploited to build 

sensors capable of detecting oxygen at concentrations of the order of ppb.30,31 C70 fullerene 

resulted in a more sensitive sensor compared to C60.32  
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Figure 4: most commonly employed organic dyes with relative structure 

 

1.3.2 Organometallic optical oxygen sensors 

Organometallic complexes have nowadays replaced almost completely the organic PAHs.33 These 

species show strong luminescence with long lifetimes, good photostability, absorption in the visible 

region and large Stokes shifts, so that no interactions with the exciting light occurs, which is important 

especially for biological applications. In this class of fluorophores, the triplet lifetime is increased 

thanks to metal-ligand charge transfer (MLCT), allowing enough time for the excited state to be 

quenched at low concentrations of oxygen, affording high sensitivity of the probe. It has been shown 

that the physico-chemical properties of these species, such as excitation and emission wavelengths, 

can be tuned by structural modifications to obtain materials with optimal features for the required 

application. Oxygen-sensing organometallic complexes can be divided into three main categories: 

polypyridyl complexes, cyclometalated complexes and metalloporphyrins.12  

Polypyridyl complexes  

This category comprises polypyridyl complexes with different metal ions coordinated, i.e., ruthenium 

(II), osmium (II) and rhenium (I). 

Ruthenium (II) polypyridyl complexes are characterized by absorption in the visible region of 

the spectrum, more specifically in the blue region, around 400-450 nm. They display long lifetimes 

with relatively large Stokes shifts, showing a response to oxygen measurable both in steady state and 

in time-resolved fashion. Their photophysical properties, such as excitation and emission wavelengths 
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or triplet quantum yield, can be tuned by modification of the ligands. These species are characterized 

by net charges, which make them soluble in hydrophilic polymers. By changing the counter ions from 

chlorides to more lipophilic ones, such as dodecyl sulphate, the solubility in organic polymers such as 

silicon rubbers (the most employed polymer matrix) notably improves.34 A more homogeneous 

distribution of the chromophore in the matrix usually results in improved brightness of the sensors. 

The most common ruthenium (II) polypyridyl complexes are shown in Figure 5, many of which are 

commercially available or are straightforward to synthesise. 

 

Figure 5: most common employed ruthenium (II) polypyridyl complexes 

¶ Ruthenium (II) tris(bipyridine) dichloride 9 presents good properties, such as excitation in the 

visible region with light emitting diodes (LEDs) sources and large Stokes shift emitting in the red 

visible region.35  

¶ Ruthenium (II) tris(1,10-phenanthroline) dichloride 10 (Figure 5) similarly to 9 possesses excitation 

and emission wavelengths in the visible spectra, but slightly larger molar absorption.36,37 10 has 

been employed also as temperature optical sensor.38 Variation in the temperature and in oxygen 

concentration can be followed by monitoring the changes in lifetimes of the excited-state of the 

complex.38 

¶ The last complex shown in Figure 5, ruthenium (II) ǘǊƛǎόпΣтΩ-diphenyl-1,10-phenanthroline) 11 is 

the most employed among the ruthenium polypyridyl complexes.13,39 11 presents better 

photostability, longer luminescence lifetimes, higher brightness and quantum yield compared to 

the other two ruthenium (II) complexes.40  

These chromophores were modified to obtain conjugatable oxygen probes that were covalently linked 

to a polymer matrix to circumvent leaching. 10 has been provided with acrylamide groups to allow its 

polymerisation within the polymer matrix.41 9 has been covalently linked to sol-gel42 and ormosil43 
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films employing triethoxysilane groups as a anchoring moieties. Conjugation of the dyes to the 

polymer matrix remarkably improves the stability of the sensors, preventing the leaching and 

preserving the probe for a longer time. Some ruthenium-phenanthroline complexes, crystallized with 

hydrophobic counterions such as PF6
-, showed oxygen response in solid state.44,45 The detection was 

possible because enough empty space is present in the crystal structure, as confirmed from a lower 

oxygen response of a crystal grown from a racemic mixture, compared to the enantiomerically pure 

one.46 The crystal shows linear trend of oxygen response and good stability. The fact they can be 

directly employed as solid-state probe is an enormous advantage as no polymeric matrix is required. 

A further advantage arises from the fact that the dimensions of the crystal determine the size of the 

probe. 

Osmium (II) polypyridyl complexes have been employed as oxygen probe to obtain optical 

oxygen sensors. Compared to the ruthenium analogues, these species have the advantage of being 

excitable in the red region of the visible spectrum.47 This advantage is essential for in vivo applications, 

due to the better penetration of the red light in the tissue, compared to the blue light required to 

excite ruthenium complexes. Osmium (II) polypyridyl complexes present better photostability than 

the ruthenium ones, despite the shorter lifetime that limits their use only in highly oxygen-permeable 

polymers.48 Importantly, osmium (II) complexes are extremely toxic and they must be covalently linked 

to the polymer matrix to avoid leaching and subsequent toxicity to cells. As in the case of ruthenium 

(II) complexes, the main ligands resulted to be a-diimine, such as bipyridine and 1,10-phenanthroline 

(see Figure 5 for ligands).49  

Rhenium (I) polypyridyl complexes are sensors that coordinate only one polypyridyl ligand, in 

addition to carbonyl ligands needed to enhance their luminescence.50 They display large Stoke shift, 

high luminescence and long lifetimes, despite their poor photostability.51 The photophysical 

properties of these complexes depend strictly on the ligand nature.52 The most common complexes 

(12 and 13) are shown in Figure 6.  

Optical oxygen sensors have been built employing also other less common and more expensive metals 

complexed with polypyridyl complexes, such as europium,53 terbium54 and gadolinium.55 
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Figure 6: most common employed rhenium (I) polypyridyl complexes 

Cyclometalated complexes  

Cyclometalated complexes of iridium (III) and platinum (II) have also been employed as probes for 

OOS. They generally display strong luminescence with high quantum yield, large Stokes shifts and good 

photostability. They differ from the class of polypyridyl complexes because they present metal-carbon 

bonds with the ligands. 

Iridium (III) cyclometalated complexes gained popularity over the recent years, mostly thanks to 

development of a cheap and versatile light source: Light Emitting Diodes (LEDs).33 

¶ Ir(ppy) (14, Figure 7) displays a green luminescence trapped in a fluorinated polymer,56 and its 

sensitivity proved to be dependent by the matrix employed.57 

¶ Ir(ppy-NPh2)3 15 displays better solubility in organic polymers,58 thanks to the additional phenyl 

rings, and better photostability compared to 14. The complex can be excited with red light. 

Iridium (III) complexes with coumarin ligands bearing different heteroatoms have been synthesised.59 

A general structure is shown in Figure 7, where X can be either N-methyl (16), oxygen (17) or sulphur 

(18). Their main advantage, compared to complexes 14 and 15, is the higher molar absorption 

coefficient in the blue part of the spectrum, responsible for their strong brightness. The photophysical 

properties of the sensors can be tuned changing the substituent X, showing a red shift in the order N 

> O > S.59  

Example of iridium (III) cyclometalated complexes covalently bound to the matrix have been reported. 

Complex 14 was bound to the polymer matrix after replacement of one phenylpyridyl ligand for a 4-

vinylpyridine and a chloride.60 The vinyl moiety was exploited during the polymerization process to 

covalently link the dye to the polymer matrix. In a similar approach, 14 has been endowed with 2-(4-

vinyl)-phenylpyridine, and 17 with a polymerizable allylacetoacetate group, replacing the 

acetylacetonate group (acac).61  
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Figure 7: most common employed Iridium (III) cyclometalated complexes 

Platinum (II) cyclometalated complexes have been employed as oxygen probes in OOS after the 

introduction of LEDs, as in the case of iridium (III) complexes. The main advantage of platinum (II) 

cyclometalated complexes compared to the iridium analogues is the absence of net charges. The 

neutral character of these molecules renders them insoluble in water, preventing possible leaching of 

the dye in aqueous environments. In parallel, their solubility in organic polymer is enhanced.  

¶ Pt(thpy) (19 Figure 8) was successfully trapped in a polydimethylsiloxane (PDMS) matrix, and 

it could be excited with blue LEDs, but it showed poor molar absorption.62 

¶ Compound 20 and 21 presented dual emission: one fluorescence band not affected by oxygen, 

and a phosphorescence emission band sensitive to oxygen. Compound 21 showed a longer 

lifetime.63 

¶ Compound 22 is one of many differently R-substituted compounds synthesised as oxygen 

probe, but the only one to display a near infrared (NIR) emission at 638 nm.64 

¶ Compound 23 is one of few examples of charged platinum (II) cyclometalated complexes. It 

shows dual emission: fluorescence emission at 677 nm and phosphorescence at 732 nm.65 
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Figure 8: most common employed platinum (II) cyclometalated complexes 

  



16 
 

Metalloporphyrins 

Tetra-meso-substituted porphyrins  

The third group of organometallic optical oxygen sensors discussed here comprises platinum (II) and 

palladium (II) complexes of porphyrins. Thanks to their exceptional properties, this class of dyes 

became the most popular for obtaining optical oxygen sensors. These species show a very strong 

phosphorescence at room temperature, with high triplet quantum yield and long lifetime.66 The triplet 

state of porphyrins is efficiently quenched by oxygen and the compounds generally show moderate 

to good photostability, enhanced by the presence of fluorine atoms.67 Metalloporphyrins are 

characterized by a strong absorption band around 400 nm (Soret band), and weaker bands at 

wavelengths higher than 500 nm (Q-bands). Metalloporphyrins, as well as free porphyrins, show very 

large Stokes shifts, which eliminate the possibility of overlap between the excitation and the emission 

bands. The triplet lifetimes of metalloporphyrins are in the order of hundreds of nanoseconds, and in 

the case of palladium porphyrins they can reach microseconds, which make the latter species suitable 

to sense traces of oxygen.68 On the other hand, platinum complexes show higher quantum yield 

compared to palladium complexes.  

As in the case of the chromophores described above, the photophysical properties of 

metalloporphyrins can be tuned by structural modifications of the macrocycle to optimise the 

response to oxygen in the environment required by specific applications.69 Platinum and palladium 

porphyrins are neutral complexes, allowing for a better solubility in organic polymers and limited 

leaching from the polymer into aqueous solutions. Similar to other oxygen sensing chromophores, 

porphyrins can be covalently linked to polymer matrices employing a wide array of chemistries. For 

instance, the nucleophilic substitution of the para fluorine atoms in meso-

tetrakis(pentafluorophenyl)porphyrin (TFPP) and its derivatives (79c, 27 or 28, Figure 9) has been 

widely explored, as well as the carboxylic groups of meso-tetrakis(4-carboxyphenyl)porphyrin (TCPP) 

and its derivatives (30, 31 or 32, Figure 9).  

Platinum (II) octaethylporphyrin (25) shown in Figure 9, is perhaps the most studied macrocycle as 

optical oxygen sensor.70 25 has been extensively employed as oxygen probe in association to various 

polymers, such as polystyrene,71ς73 poly(vinyl chloride) (PVC),74 sol-gels75,76 and many other different 

matrices.70,77ς80 25 displays very strong phosphorescence at room temperature, with high triplet state 

quantum yield and long lifetime. Thanks to its remarkable brightness, it can be employed in small 

amounts to produce very thin films. 25 shows good solubility in most organic polymers and solvents, 

yielding a homogeneous distribution inside the matrix and therefore a uniform brightness. 
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Figure 9: structures of oxygen-sensing metalloporphyrins 

Further applications of 25 include its deposition as a solution on glass surfaces and its absorption into 

oxidized porous silicon layers to build oxygen sensing materials for application in microelectronics.81 

25 has been embedded in a fibre-optic sensor to monitor the oxygen levels in the digestive tract 

mucosa.82 The fibre-optic was coated with 25 dissolved in poly(ethyl methacrylate) (PEMA) yielding a 

sensitive probe that could withstand sterilisation and particularly suitable for mucosal measurements. 

25 has been combined with 5-hexadecanoylamino-fluorescein, a pH sensitive molecule, and with 

quantum dots (QDs) to develop a ratiometric optical sensors to simultaneously monitor pH and oxygen 

concentrantion.83 Exciting the sensor with a 405 nm LED source elicited emission at 650 nm (from 

oxygen-sensing 25), at 520 nm (from pH-sensing fluorescein) and at 460 nm (reference signal from 

QDs), yielding simultaneous information on oxygen concentration and pH. In addition, 25 has been 

employed to build sensors to simultaneously monitor oxygen and carbon dioxide concentrations.84 8-

Hydroxypyrene-1,3,6-trisulphonic acid trisodium salt (HPTS) and 25 were absorbed in PEMA, and 

when the sensor was excited by blue light at 470 nm, two fluorescent peaks were detected, one at 

515 nm and one at 645 nm. The peak in the green part of the spectrum (515 nm) was relative to the 
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partial pressure of CO2, while the peak in the red part (645 nm) corresponded to O2.84 The 

commercially availability of the dye contributed to its popularity and promoted its use as oxygen 

probe. However, 25 presents a non-negligible disadvantage: a marked photo-instability that drastically 

reduces the durability of the sensing device it is incorporated in.75 

Palladium (II) octaethylporphyrin (26, Figure 9) has been less employed as oxygen probe compared to 

25. Palladium porphyrins display very long lifetimes thanks to the increased spin-orbit coupling,66 and 

therefore they are suitable to detect trace levels of oxygen. However, their sensitivity is so high that 

they can be used to detect higher level of oxygen only if previously embedded in a polymer matrix 

with low gas permeability. 26 is commercially available, but it can be easily synthesised from the free 

base 24 (also commercially available) and a palladium source (PdCl2 or Pd(OAc)2).79 26 has been 

dissolved in many different matrices, such as PVC and ethyl cellulose,74 fluoropolymers78 and different 

fluorine-containing poly(aryl ether ketone)s.79 26 shows linear SternςVolmer plots at low oxygen 

concentrations, and higher values of I0/I compared to 25. 

As mentioned above, the photostability of metallo-octaethylporphyrin is very low due to the photo-

oxidation caused by the singlet oxygen produced during the sensing process (Figure 3). The 

introduction of halogens atoms in the molecular structure reduces the electron density on the ring, 

rendering the molecule less prone to photo-oxidation.67 However, the presence of halogens causes a 

reduction of the triplet quantum yield and lifetime. Amongst halogens, fluorine proved ideal as it 

increased notably the photostability of the porphyrin while leaving almost unaffected other 

photophysical properties.33  

Derivatives of 79c (Figure 9) are widely employed to obtain OOS materials. The strong electron 

withdrawing effect of the pentafluorophenyl rings causes a very low electron density on the ring, 

resulting in a reduced susceptibility to photo-oxidation by singlet oxygen.67 Platinum complex 27 

(Figure 9) trapped in a polystyrene matrix showed less than 10% degradation after 50 hours of 

continuous irradiation at 507 nm.67 27 displays high brightness and a long triplet lifetime, but its 

photostability made it particularly suitable for applications that require high light intensity and long 

exposure time, such as microscopy85 and fibre-optic sensing.86 27 has been absorbed in 

polystyrene/poly(vinylpyrrolidone) core-shell particles, and employed with a temperature probe (29, 

Figure 10) incorporated in low gas permeability polyacrylonitrile (PAN) microparticles to build a new 

water-based fluorescent paint.87 Oxygen pressure and temperature were detected simultaneously 

after excitation at 405 nm with a LED source, and the two emission signals (519 nm 29, 658 nm 27) 

were separated by almost 140 nm.87 The paint was employed to monitor pressure and temperature 

in the aerospace industry.87 27 has been widely employed in pressure-sensitive paints,88ς90 but also 

embedded in sol-gels of different nature86,91,92 and other matrices.93,94 The brightness of this species 
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can be enhanced by light harvesting antennae, which are molecules that absorbs light and efficiently 

transfer it to the dye.95 Palladium complex 28 (Figure 9), as in the case of octaethylporphyrin (OEP), 

has been less employed than its platinum analogue: its extremely long lifetime (in the order of 

milliseconds in solution) makes it suitable to measure nanomolar concentrations of oxygen.96,97 Its 

emission is almost entirely quenched at atmospheric levels of oxygen.68  

 

Figure 10: structure of Iridium 2-phenylpyridine carbazole 

TCPP (30 in Figure 9) is a further example of a porphyrin substrate to obtain oxygen sensors. The 

palladium complex 32 has been more frequently used than the platinum analogue 31, probably due 

to its commercial availability and ease of metal insertion, which can be performed in mild reaction 

conditions with a palladium (II) salt such as PdCl2.98 32 was bound to albumin through the carboxylic 

groups and the resulting complex was used to measure oxygen from air concentration to 0%.99 In a 

similar approach, albumin conjugate of 32 was employed to simultaneously sense oxygen and as a 

photosensitizer.100 32 was also absorbed on different matrices, such as alumina plates,101 silicon 

membranes to detect oxygen partial pressure in blood streams,102 chitosan nanoparticles103 and 

organically modified silicate made of TEOS/octyl-triEOS composite xerogel, showing linear detection 

in the 0-100 % oxygen range.  

The platinum complex 31 was absorbed on alumina plates101 and was also employed to build the first 

luminescent metal-organic frameworks (LMOFs).104 It showed linear oxygen response, and it could be 

excited by UV light (365 nm) displaying a red emission (655 nm).104 

Alongside the use of perfluorinated derivative mentioned above, an alternative approach to increase 

the photostability of oxygen sensing porphyrins consists in oxidising the macrocycle with osmium 

tetroxide (OsO4) to obtain a porphyrin ketone.105 Octaethylporphyrinketone (OEPK), 33 in Figure 9, is 

a highly photostable porphyrin. Derivative 34, the corresponding platinum complex, was incorporated 

in matrices such as PVC and polystyrene (PS).106,107 This species exhibit a bathochromic shift in the 

absorption (lmax from ca. 400 nm to 570-600 nm) with a NIR emission peak. This property is particularly 
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useful for oxygen measurement in biological samples, due to reduced interferences from auto-

fluorescence with the sample.108 Compound 34 and 35 display good quantum yield and lifetime, 

despite the relatively poor brightness. 

Meso-tetrakis(pentafluorophenyl)porphyrin lactone TFPPL (36 in Figure 9) shows very weak 

photodegradation, even lower than 79c, which has been attributed to the effect of the lactone 

group.109 Similarly to 33, this porphyrin displays a red-shifted emission. The dye can be synthesised 

starting from 79c, reacted with silver nitrate and oxalic acid in refluxing acetic acid.110 Interestingly, a 

derivative of 37 functionalised with polyethylene glycol (PEG) chains on the para position of the aryl 

rings, has been employed to measure the pH of water samples.111 Crucially, comparable oxygen-

sensing properties are displayed by the zinc (II) and the gallium (III) analogues. All the complexes were 

incorporated into a Nafion® membrane.111  

p-extended porphyrins 

 

Figure 11: structures of oxygen-sensing extended porphyrins 

Meso-tetraphenyl-tetrabenzoporphyrins (TPTBP) are NIR emitting dyes characterized by an extended 

aromatic system condensed on the porphyrin structure which is responsible for a red shift in the 

emission,112 and for enhanced brightness and photostability compared to porphyrins. TPTBP can be 

excited by both red and blue light, due to the very intense Soret band and the Q-bands that are only 

3 times less intense than the Soret band.113 Higher photostability is achieved by introducing fluorine 

atoms on the aryl rings, as shown in Figure 11.113 The substitution on the meso position with aryl 

groups reduces the tendency of aggregation typical of these molecules.108 As for other metal 

complexes, platinum benzoporphyrins are more suitable for oxygen detection on a broad 

concentration range, while palladium analogues are ideal for very low oxygen tensions.114 41 was 
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incorporated in PS nanoparticles together with a reference dye for in vivo ratiometric oxygen 

measurement.115 40 was embedded in differently substituted polystyrene matrices, such as poly(2,6-

dichlorostyrene), poly(4-tert-butylstyrene) and poly(2,6-fluorostyrene).116 Both metal complexes 

were incorporated in a silicon-glass micro-reactor for real-time measurement of oxygen tension in the 

reaction medium.117 More specifically, 41 was employed for traces of oxygen (up to 2%) while 40 was 

suitable for low-to-ambient oxygen concentrations. The dyes were first embedded in a PS-silicon 

rubber matrix and then incorporated in the micro-reactors.117 TPTBP are ideal for oxygen 

measurements in biological environment, in which a deep-penetrating light (red light) is required for 

the excitation and NIR emission is preferred to avoid interferences caused by background 

fluorescence.118 40 was also employed in organic solar concentrators for photovoltaics.119 The stability 

of these compounds is considerably higher compared to the corresponding tetra-arylporphyrins, but 

their synthesis is much more challenging.  

Further extension of the p-system of TPTBP results in meso-tetraphenyltetranaftoporphyrins such as 

species 42 (Figure 11), which determines a further red shift of the absorption peaks and an increased 

intensity ratio between Q-bands and Soret band.112,120 However, these species present poor triplet 

quantum yields and lower photostability compared to benzoporphyrins.121 Platinum complex 43 was 

encapsulated in phospholipid nanomicelles and employed to image anoxic tumours.122 Its 

phosphorescence emission around 900 nm allowed to drastically reduce interferences from 

background autofluorescence.122 43 was also incorporated in poly(9-vinylcarbazole) and employed as 

dye in the construction of polymeric light emitting diodes (PLED).123 In the class of p-extended 

porphyrins there are other compounds deriving from a mixture of benzo- and nafto-substituted 

porphyrins. These hybrids combine the properties of both dyes, affording an increased bathochromic 

shift in the emission but, on the other hand, a decrease in the quantum yield and a reduced 

photostability.124  

Water-soluble porphyrins  

Optical sensors designed for biological applications must display specific features to be suitable for 

use in an environment containing cells, namely: 

¶ high triplet state quantum yield (higher the quantum yield results in a higher concentration of 

triplet state molecules, and potentially in a more intense signal)  

¶ long triplet lifetime (the longer the lifetime, the higher the probability of intermolecular collisions 

even at low oxygen concentrations) 

¶ high chemical- and photo-stability (to avoid the accidental production of species toxic to the cells) 

¶ solubility in water (to maximise compatibility with living systems) 
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Water-soluble metalloporphyrins satisfy these criteria, and consequently they have been widely used 

for the detection of dissolved oxygen in aqueous solution. To ensure water solubility, most derivatives 

have either net charges or several polar groups.  

Coproporphyrin (45 Figure 12) is a water-soluble macrocycle in which the solubility in aqueous media 

is given by the four carboxylic groups. The palladium complex 47 was employed as oxygen probe 

immobilised on different polymeric matrices, such as PVC, poly(methyl methacrylate) (PMMA), PS and 

silicon rubber.125 The optical oxygen sensors obtained by embedding the dye in PS was employed to 

measure the oxygen concentration in the gas phase, following excitation with a cheap flash lamp as 

light source.125 The platinum complex 46 was employed as an albumin conjugate to measure the 

intracellular oxygen levels in mammalian cells.126 

 

Figure 12: structure of oxygen-sensing coproporphyrins and coproporphyrin ketones 

The photostability of coproporphyrins and their derivatives is rather poor, despite their otherwise 

good photophysical properties. To overcome this problem a new dye was synthesised bearing a 

ketone group on the macrocycle to give a coproporphyrin ketone (48, Figure 12)127. Both platinum and 

palladium complexes 49 and 50 were conjugated to serum albumin to detect intracellular oxygen.127 

As in the case of 24, the introduction of the ketone group shifted the emission towards longer 

wavelengths in the NIR region and increased the intensity of the Q-bands.127 

Other examples of water-soluble porphyrins employed as oxygen sensors include species bearing four 

charged groups on the meso-aryl substituents as shown in Figure 13. 
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Figure 13: structure quadruple-charged free base, platinum (II) and palladium (II) species 

Palladium complexes 53, 56 and 59 (Figure 13) were tested both in aqueous solution and after 

incorporation on serum albumin, to detect oxygen concentrations from atmospheric levels down to 

the nanomolar range.128 Platinum and palladium complexes 52,55 and 53,56 were embedded in a 

perfluorinated ion-exchange membranes (Nafion®) and the oxygen concentration was detected in the 

range 0-100%.129 Linear Stern-Volmer plots, good sensitivity and photostability were observed in the 

whole concentration range. Compounds 52 and 53 were incorporated in synthetic clay (Sumecton 

SA®) to obtain a new hybrid material for oxygen sensing in aerobic conditions.130 Clay minerals proved 

to be suitable matrices to host the metalloporphyrins, allowing fluorescence quenching by oxygen, 

while keeping the cost of the sensing material very low. 

Second generation polyglutamic Pd-porphyrin-dendrimers (60) and tetrabenzoporphyrin-dendrimers 

(61) are further examples of water-soluble oxygen sensing porphyrins (Figure 14).131 

 

Figure 14: structure of oxygen-sensing glutamate-dendrimers 

These complexes bear 16 carboxylate groups in the outer layer of the dendrimer, which are 

responsible for the good solubility in aqueous media. The size of the resulting molecule prevents it 

from crossing cell membranes.131 Thanks to its red-shifted absorption and emission, compound 61 was 

employed as oxygen probe in vivo to measure the oxygen distribution in a subcutaneous tumour, after 
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incorporation in serum albumin.131 Dendrimer 61 was also embedded in polyacrylamide hydrogels to 

monitor oxygen levels in cancer cells, both in aerobic and hypoxic conditions.132 Despite their 

challenging synthesis, they soon became commercially available, fact that helped their use in the build 

of optical oxygen sensors. 

A new class of porphyrins recently emerged as oxygen probes: iridium (III) octaethylporphyrin bearing 

different axial ligands (Figure 15). These dyes are characterized by a non-planar macrocycle, in which 

the central iridium ion can coordinate two ligands in the axial positions. The complexes are obtained 

from compound 62133 by ligand exchange. The different axial ligands influence the photophysical 

properties of the dye and play a key role in the solubility properties.134 Compounds 63 and 64 bearing 

lipophilic ligands such as pyridines and N-butylimidazoles, respectively, are soluble in organic polymer 

and they were incorporated in PS matrices. 

 

Figure 15: structure of iridium (III) octaethylporphyrin bearing different axial ligands 

On the other hand, compound 65 bearing 1-imidazoleacetic acid as axial ligands is soluble in polar 

solvents.134 Thanks to the carboxylic group on the ligand, this species can be covalently linked to a 

support: 65 was attached to bovine serum albumin and amino-modified silica gel allowing real time 

measurements in aqueous solutions.134 Iridium (III) complexes with cell-penetrating and tumour-

targeting peptides as axial ligands were also synthesised,135 which showed linear Stern-Volmer plots 

and good solubility in aqueous media.135 

Compound 65 introduced a new class of compounds, in which an axial ligand coordinated to central 

metal atom is exploited as anchoring moiety to covalently link the dye to the support. This was the 

first example of a conjugatable porphyrin complex attached to a support through an axial ligand.134 

Most frequently, the conjugation of the dye to a support is performed via a suitable functional group 

on the ring, or on the aryl substituents in the meso-positions. A covalent bond between the dye and 

the support is useful to prevent issues associated with leaching or uneven distribution of the dye in 

the environment where the measurement is taking place.33,108  
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Oxygen-sensing porphyrin monomers for radicalic polymerisation 

For oxygen sensing in biological systems, the leakage of the dye must be prevented as much as possible 

to avoid toxicity in the sample. The most common approach to overcome this problem is to covalently 

link the dye to the polymeric matrix.108 A number of porphyrins have been provided with a vinyl- or 

acryloyl-moiety and subsequently co-polymerised to obtain oxygen-sensing polymers (Figure 17). 

Porphyrin 66 (Figure 17) is an A3B porphyrin in which a meso-substituent is different from the other 

three.136 The carboxylic group on the starting porphyrin was esterified to provide the dye with 

polymerizable 2-methacryloyloxyethyl chain. The resulting species was co-polymerised with isobutyl 

methacrylate or 2,2,2-trifluoroethyl methacrylate.137 The resulting oxygen sensitive material was 

employed for pressure sensitive paint in the aeronautical field. Compound 66 was also employed to 

obtain optical oxygen sensors capable of simultaneously sensing pH and oxygen.138 In this case, poly(2-

hydroxyethylmethacrylate)-co-poly(acrylamide) (PHEMA-co-PAM) was employed as matrix and 67 

(Figure 16) was co-polymerised in the material via the same acryloyl moiety as pH sensor. The absence 

of toxicity, detected after 40 hours of incubation with HeLa cells on the material, confirmed that 

neither sensors leached from the polymer.138 The favourable behaviour of 79c (Figure 9) as an oxygen 

sensor encouraged researchers to explore different approaches to incorporate this species in various 

materials. The structure of 79c is suitable for this purpose because the fluorine atoms in the para 

position on the aryl rings can be replaced via aromatic nucleophilic substitution. This strategy was 

widely pursued to introduce suitable groups to co-polymerise the dye in a matrix (Figure 17). 

Four methacrylate groups were inserted on the para positions of the perfluorinated aryl rings of 

porphyrin 27 to obtain complex 68 (Figure 17) which was co-polymerised into two different polymers, 

namely a hydrophilic one made of poly(2-hydroxyethylmethacrylate)-co-polyacrylamide (PHEMA) and 

a hydrophobic one made of PS.139 68 showed negligible leaching from the polymer and higher 

photostability compared to the same polymer in which the porphyrin (27) was simply adsorbed.139 

Crucially, the sensors obtained with PHEMA proved ideal for applications in biological samples due to 

the biocompatibility of the material, a fast response, a high sensitivity to oxygen and no toxicity to 

human lung adenocarcinoma epithelial cells (A549).139 The sensor made of 68 covalently linked to 

PHEMA was also employed to monitor the oxygen consumption of Escherichia coli.140  

 

Figure 16: structure of 2-(1,3-dimethylene-6-(4-methylpiperazin-1-yl)-1H-benzo[de]isoquinolin-2(3H)-yl) ethyl methacrylate 

67  
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Platinum complex 69 bearing four silyl groups (Figure 17) was used to covalently link the oxygen 

sensing species to silica gel. The resulting material showed a faster response and a higher ratio of 

fluorescence from environments without oxygen to oxygenated systems compared to 68 linked to PS 

and PHEMA.140 Oxygen sensor 68, pH sensor 67 (Figure 16) and a reference dye were copolymerized 

with PHEMA-co-PAM to obtain new ratiometric dual sensitive optical oxygen sensors.141 Under 

excitation at 380 nm the sensor showed emission in the blue, green and red part of the visible 

spectrum, and it was employed to evaluate the photosynthetic activities of Synechocystis sp. PCC 

6803.141 

 

Figure 17: structures of polymerisable porphyrins 

These sensing materials were obtained through the tetra-functionalisation of 79c but there are 

examples of mono-functionalisation of 79c, which allows the co-polymerisation but not the cross-

linking of the porphyrin with the matrix. This approach was pursued by inserting a suitable function in 
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the matrix to attach the porphyrin to the pre-formed polymer or by introducing a single reactive group 

on the porphyrin. 

In an example of the latter approach, platinum and palladium complexes of 79c were covalently linked 

to amino modified silica-gel particles exploiting the reactivity of the para fluorine atoms on the aryl 

rings.68 The terminal amines of the silica particles reacted with one of the para fluorine on the aryl 

rings of 79c, forming a covalent bond and, therefore, anchoring the dye on the particle. Subsequently, 

the particles were dispersed in silicon rubber to give the sensor. Linear Stern-Volmer plot, high 

photostability and fast response time were detected for both the complexes, and as expected, a higher 

sensitivity to oxygen was detected for the palladium complex.68 In a similar approach, styreneς

pentafluorostyrene-copolymer was grafted with 1,3-propanedithiol by displacement of the para 

fluorine of pentafluorostyrene with a thiol group, following the first approach mentioned above. The 

dye was subsequently anchored to the substrate by nucleophilic substitution of the para fluorine atom 

on the porphyrin with the free thiol group on the propanedithiol chain, affording a material in which 

1,3-propanedithiol acts as a spacer between the porphyrin and the polymer, as confirmed by 19F-NMR 

spectroscopy.142 When the three components (dye, polymer and thiol spacer) were added 

simultaneously, heavy cross-linking was detected, where the propanedithiol randomly bridged the 

porphyrin and pentafluorostyrene.142 

79c was monofunctionalised with divinylbenzene moiety to give compound 70 (Figure 17) which was 

used to obtain oxygen sensing core-shell nanoparticles with a hydrophilic shell and a hydrophobic 

core.143 The new sensor displayed favourable photophysical properties and no leakage of the dye. 

Thanks to its biocompatibility, it was employed for intracellular oxygen detection.143 

Conjugatable derivatives of tetrabenzoporphyrin were also synthesised and employed as oxygen 

sensors (Figure 17). Hutter et al. synthesized both the mono- (71) and the tetra-brominated (72) 

tetrabenzoporphyrin for covalent grafting on a polymeric matrix through C-C bond via Suzuki 

coupling.144 The bromine atom was either replaced with a vinyl group used to co-polymerise the dye 

with vinyl monomers, or alternatively the Suzuki coupling was performed between the brominated 

dye and double-bond-functionalised polymer. The resulting sensor showed favourable photophysical 

properties, displaying high brightness, typical NIR emitting properties and no leakage of the dye from 

the polymer.144 

Conjugatable and water-soluble porphyrins  

The last sub-group of porphyrins discussed here is the most pertinent to the project. It comprises 

species that display both solubility in aqueous media and conjugatable group: these species were 
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developed to link covalently and selectively (i.e., with no possibility of cross-linking the matrix) the 

sensing moiety to a matrix in aqueous medium.  

Examples of such species are shown in Figure 18: these are A3B type porphyrins with either positively 

charged or negatively charged groups.145 The species were obtained via a mixed aldehyde 

condensation approach, with one of the aldehydes bearing a carboxylic group as the conjugatable 

moiety. Water solubility was attained by functionalising the three equivalent aryl rings to insert a net 

charge, positive (N-methyl-4-pyridinium) in the case of 73, 74 and 75 and negative (4-

sulphonatophenyl) in the case of 76, 77 and 78, respectively free base, platinum and palladium 

complexes. These dyes were anchored to amino-functionalised polyacrylamide nanoparticles 

(PAANPs) via N-hydroxysuccinimide/ethyldimethylaminocarbodimide (NHS/EDC) chemistry. Thanks 

to the water solubility of the porphyrins, the conjugation could be carried out in water and under mild 

reaction conditions.146 Metal insertion was achieved employing microwave irradiation that reduced 

notably the reaction time and increased the yield. The photophysical properties of the stand-alone 

dyes and of the nanoconjugates were measured, showing a red shift in the emission wavelength and 

a broadening of the Soret band relative to the nano-conjugates. 

 

Figure 18: structure of free base platinum (II) and palladium (II) 5-(4-carboxyphenyl)-10,15,20-(N-methyl-4-pyridyl)porphyrin 

(73,74,75) and 5-(4-carboxyphenyl)-10,15,20-(4-sulphonatophenyl)porphyrin (76,77,78) 

Giuntini et al. showed that the association of the porphyrin with the support caused a decrease in the 

quenching rate constant by one order of magnitude. All the dyes showed linear Stern-Volmer plots 

both in steady state and time-resolved measurements, and the linearity was maintained when the 

nano-probes were embedded in compressed collagen sheets.146 

The same authors developed also a dual oxygen and pH ratiometric sensor exploiting compound 74 

as oxygen probe, 6-carboxyfluorescein and Oregon green® as pH probes and 

carboxytetramethylrhodamine as a reference dye.147 The new nanosensors responded to variations of 

oxygen over a 0-100% range and pH values in the fully biological range between 3.5 and 7.5.147  

  



29 
 

1.4 A closer look at porphyrins 

Porphyrins are aromatic macrocycles made of four pyrrole rings connected by four methine bridges in 

a square planar conformation. Porphyrins have a 18-  ̄ electrons conjugated system, which is 

responsible for their very intense colour.148 The name of these species is derived from the Greek word 

porphyra, meaning purple.149 The macrocycle presents a tetra-dentate cavity suitable to coordinate 

different metal atoms, such as Zn (II), Fe(II) or Fe(III), Ni(II), Cu(II), Co(II), Pd(II), Pt(II).150 The basic 

structure of a porphyrin is shown in Figure 19. Three different positions on the structure can be 

identified: alpha, beta and meso positions. When the meso position is substituted with aryl groups, 

the species are called meso-tetra-arylporphyrins. 

 

Figure 19: porphyrin structure 

Due to their extended conjugated system, porphyrins present a very characteristic visible absorption 

spectrum (Figure 20). The most intense band appears around 400 nm and it is known as Soret band. 

This band is generated by the  ̄Ҧ ˉϝ transition. In free porphyrins, four lower-intensity bands are 

visible between 450 nm and 650 nm, which are called Q-bands and are responsible for the vivid red 

colour that these compounds show. Modification on the aryl groups on the meso positions does not 

have a major influence on the intensity and wavelengths of the absorption spectrum, but the insertion 

of a metal atom causes a marked change in the absorption. Besides a more or less pronounced shift 

of the Soret bands, which depends on the nature of the metal ion, two of the four Q-bands 

disappear.151 The latter feature is particularly useful when monitoring the metal insertion reactions. 



30 
 

 

Figure 20: typical absorption spectrum of porphyrin 

Some porphyrins and related tetrapyrroles are natural products and, due to their unique physico-

chemical properties, they play major roles on the very process of life. The two most prominent 

examples are haem and chlorophylls, the pigments present in the red blood cells and in green plants 

and algae, respectively.  

Haem (Figure 21) is the iron complex of protoporphyrin IX, and it is the prosthetic group of 

haemoglobin, the protein responsible for carrying oxygen from the airways to the cells and carbon 

dioxide from the cells to the airways. Molecular oxygen coordinates to the iron metal in the porphyrin 

core and it is transported in the blood stream to the districts of the body. Once it reaches a cell, the 

oxygen is released from the coordination complex, haem coordinates carbon dioxide and carries it to 

the heart and then the lungs. In other words, haemoglobin is a crucial element for the very existence 

of life.152 

 

Figure 21: structure of haem group 

The second naturally occurring porphyrins are found in plants (mainly in their leaves) and in green 

algae. In this case, a magnesium complex of a chlorin, a porphyrin in which one of the four pyrrole 

rings partially reduced, is involved. As haem is important for the life of multicellular animals, 
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chlorophyll is pivotal for plants life because it is part of the complex machinery deputed to 

photosynthesis, the process via which plants harvest light and convert it into energy. Many different 

types of chlorophyll are present in a plant leaf, as shown in  

 Figure 22, with different specific functions.  

 

 Figure 22: structure of different chlorophylls 

Synthetic porphyrins  

Porphyrins can be also artificially synthesised starting from simple building blocks. Different synthetic 

strategies follow the same development based onto the formation of a porphyrin core (via 

electrophilic substitutions on positions 2 and 5 of the pyrrole ring) followed by the oxidation of the 

latter. These protocols have been developed to achieve the synthesis of a wide variety of meso- and/or 

beta-substituted porphyrins. Synthetic approaches to porphyrins fall into three main strategies. The 

oldest and most employed strategy is based on the condensation of four pyrrole units to form the 

porphyrin core (Scheme 1).  

 

Scheme 1: aldehyde and pyrrole condensation mechanism 
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This approach does not give any control on the stereochemistry of the final product. To solve the 

problem, two strategies have been developed, both by reacting two dipyrromethane units previously 

synthesised, and by including a pyrrolic unit to a tripyrrane precursor.  

In this paragraph, only the aldehyde and pyrrole condensation will be discussed in detail. 

¶ Rothemund synthesis 

The first porphyrin synthesis was performed in 1935 by Rothemund:153 the scientist showed that 

heating acetaldehyde or formaldehyde with pyrrole in a sealed tube led to the formation of  porphyrin. 

Few years later, in 1941, Rothemund described the first synthesis of meso-tetraphenylporphyrin,154 

performed in a sealed vessel in pyridine for 8 hours. These first synthetic approaches were extremely 

low yielding, so an intensive work of optimisation took place.  

¶ Adler-Longo synthesis 

The synthetic procedure mostly used nowadays to obtain porphyrins was developed in 1966 from the 

Rothemund procedure and it bears the name of the two authors: Adler-Longo.155 This synthesis is 

performed in refluxing propionic or acetic acid, increasing notably the yield up to 20 %. In some cases, 

when propionic acid was employed, the product would precipitate in the reaction mixture upon 

cooling and could be obtained directly by filtration from the reaction mixture.155 Together with the 

role of temperature, the amount of oxygen, and the reagents concentration, the authors have 

highlighted the influence of the reaction medium acidity. Thus, the protocol established follows the 

following recommendations: the condensation of pyrroles and aldehydes needs to be performed 

starting from an equimolar mixture dissolved in refluxing propionic acid (141 °C), under air and for at 

least 30 minutes. As for the previous Rothemund synthesis, this approach requires the use of 

aldehydes which can withstand the high temperatures but, despite the higher yield, most of the 

products formed are impurities. Over the years, the method was improved, and yields were 

moderately increased.  

¶ Little synthesis, known as άƳƛȄŜŘ ŀƭŘŜƘȅŘŜǎέ 

Based on the work of Adler and Longo, Little proposed, in 1975, the synthesis of porphyrins bearing 

different substituents on meso positions to obtain asymmetric porphyrins (Scheme 2). Using the 

previous protocol, a mixture of two different aldehydes can condense with pyrrole to form asymmetric 

porphyrins.156 Unlike the synthesis of a symmetric porphyrin, the procedure according to Little does 

not allow the synthesis of just one porphyrin.  
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Scheme 2: [ƛǘǘƭŜΩǎ synthetic scheme for mixed aldehydes  

In fact, using a mixture of two aldehydes leads to the formation of six different porphyrins (Scheme 

3). When using this protocol, a άŎƻŘŜέ has been created to distinguish the different products. Starting 

from two different aldehydes A and B, the obtained porphyrins are labelled as follows: 

A4 for porphyrins with substituents just from reagent A 

A3B for porphyrins with 3 substituents from reagent A and 1 substituent from reagent B 

A2B2 for porphyrins with 2 substituents from reagent A and 2 substituents from reagent B (2 isomers) 

AB3 for porphyrins with 1 substituents from reagent A and 3 substituents from reagent B 

B4 for porphyrins with substituents just due from reagent B  

To obtain A3B porphyrins, it is suggested to use 3 equivalents of aldehyde A, 1 equivalent of aldehyde 

B and 4 equivalents of pyrrole.156 The synthesis of an A3B porphyrin widely depends on the aldehydes 

used and the yield can vary from 5 to 25 %. Moreover, the purification requires the use of 

chromatographic techniques to separate the various porphyrins obtained. Nevertheless, the protocol 

remains the most utilised to obtain asymmetric porphyrins.  
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Scheme 3: different porphyrins produced during Little synthesis 

¶ Lindsey synthesis 

Another synthetic method to obtain meso-tetraphenylporphyrin was developed by Lindsey in 1986, 

and it involves the use of a Lewis acid as catalyst to form the porphyrinogen, later oxidised by the 

addition of an oxidant.157 In this synthetic route, aldehyde and pyrrole are dissolved in a dry organic 

solvent like dichloromethane (DCM) or chloroform. Due to its sensitivity to the presence of oxygen, 

the reaction needs to be carried out under inert atmosphere.158 The solution is then treated with Lewis 

acid catalyst: either trifluoroacetic acid (TFA) or BF3-Et2O complex in a ratio that varies between 10 % 

and 30 %, depending on the nature of the catalyst and of the reagents.159 The addition of the catalyst 

leads to the formation of the porphyrinogen, which must be then oxidised by the addition of an 

oxidant such as chloranil or 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to obtain the desired 

porphyrin. The reaction temperature can vary depending on the aldehyde employed, however, it is 

generally lower compared to Adler-Longo synthetic method. This method is not applicable if aldehydes 

bearing Lewis basic groups are used, as these groups would react with the catalyst, preventing the 

formation of the porphyrinogen. 
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2 Beta-functionalisation of A4 porphyrins  

2.1 Aim of the work 

The aim of the work was to build a library of conjugatable and water-soluble oxygen-sensing 

porphyrins to obtain oxygen-sensing biomaterials for application in the biomedical field.  

In this section of the work, the synthesis of symmetrical porphyrins A4 and their subsequent 

functionalisation with a carboxymethyl group on the beta position of the structure will be described, 

as shown in Scheme 4. The side chain was strategically placed on the beta position, to leave the four 

aryl rings on the meso positions available for further functionalisation in order to impart water-

solubility to the whole structure. The beta carboxylic acid, once activated, would be exploited as 

anchoring moiety to covalently link the dye to a solid support, made of biocompatible polymers. As 

mentioned previously, the presence of a conjugatable group was deemed necessary to prevent the 

leaching of the dye from its support.  

 

Scheme 4: general strategy for beta-functionalisation 

2.2 Synthesis of A4 porphyrins  

The first approach employed to obtain a library of meso-substituted porphyrins was the Adler-Longo 

synthesis. According to this approach, pyrrole was added dropwise to refluxing solutions of aromatic 

aldehydes in propionic acid.155 The method does not require any specific precautions and once the 

porphyrinogen is formed, it is oxidised by atmospheric oxygen to give the desired porphyrin. The 

simplest way to isolate the crude porphyrin was to filter it from the cooled reaction mixture and 

washing the solid with water and warm MeOH.155 Despite the straightforward character of this 

method, in our hands it afforded little or no product due to partial and poorly reproducible solubility 

of the porphyrin in the solvent. The problem was circumvented by evaporation of the propionic acid 

under reduced pressure, and a filtration on silica pad and further crystallisation from DCM/MeOH to 

obtain the desired compound.  

A general porphyrin structure 79 with different meso-substituents (a-f) is shown in Figure 23. The 

choice of different aldehydes was dictated by the interest in obtaining porphyrin with different 


