
HAL Id: hal-04632305
https://hal.science/hal-04632305v1

Submitted on 11 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Porphyrin-Containing MOFs and COFs as
Heterogeneous Photosensitizers for Singlet
Oxygen-Based Antimicrobial Nanodevices

Adrien Schlachter, Paul Asselin, Pierre Harvey

To cite this version:
Adrien Schlachter, Paul Asselin, Pierre Harvey. Porphyrin-Containing MOFs and COFs as Heteroge-
neous Photosensitizers for Singlet Oxygen-Based Antimicrobial Nanodevices. ACS Applied Materials
& Interfaces, 2021, 13 (23), pp.26651-26672. �10.1021/acsami.1c05234�. �hal-04632305�

https://hal.science/hal-04632305v1
https://hal.archives-ouvertes.fr


  

  

  

  

mailto:Pierre.Harvey@USherbrooke.ca


  

  

  

  

  

  

  

  

  

  

  

  

 

 

 

 



3 
 

collapse of the walls and cell death. The area of heterogeneous photocatalysts for singlet oxygen-

based processes and applications using porphyrin and metalloporphyrin-containing MOFs and 

COFs has experienced a booming interest over the past three years (Figure 1).  

 
Figure 1. Number of research reports on porphyrin-containing MOFs (blue) and COFs (green), 

along with their corresponding nanosized versions, used as photocatalysts. These data exclude 

reports related to photodynamic therapy of cancer cells. 

Recent studies focused on using MOF and COF as photosensitizers for antimicrobial applications. 

This endeavour is readily motivated by the recurrent and stubborn resistance of bacteria towards 

current antibiotics, often due to abuse, that makes bacterial infections a serious problem. Indeed, 

when one considers that there are 17 million infected people annually,12 and that many people die 

due to drug resistant bacteria,13 bacterial infection is a particularly important health issue that 

imposes a large financial burden to society. It is noteworthy that several porphyrin-based MOFs 

and COFs have demonstrated a better ability to generate 1O2(1g) than porphyrins and 

metalloporphyrins alone.14 This is indeed the case for the MOF commonly labelled PCN-224 in 

which Zr6
 clusters (Zr6(3-O)4(3-OH)4(OH)6(H2O)6(COO)6) are used as nodes and the porphyrin 

photosensitizers are tetrakis(carboxyphenyl)porphyrin (TCPP4-, see Figure 2 for structure), which 

is widely used in antibacterial photodynamic therapy. This comprehensive minireview summarizes 

the recent developments of the porphyrin-containing MOFs and COFs and corresponding 

nanosized versions used as photosensitizers for antibacterial properties. It is noteworthy that COFs 

are recently discovered materials and the field is yet to be developed. Because of their structural 

similarity with MOFs, they are included in this review. 



Common methods to generate singlet oxygen 



Direct detection of singlet oxygen 



6 
 

radiative lifetime of O2(1Δg) has been calculated to be 45 mins for a pressure of 0 torr.27 Because 

of this relative short lifetime in ordinary conditions, combined with the small amount of generated 

O2(1g), spin-trapping of this highly reactive intermediate is a far more convenient technical 

approach (described below). To the best of our knowledge, there seems to be no direct EPR 

observation of O2(1g) when generated by porphyrin-MOF sensitization. 

 
Figure 3. Left: EPR spectra of O2(1Δg) at 293 K generated by microwave discharge (P = 0.2 Torr). 

Reproduced from ref 25 with permission. Copyright 2013 American Chemical Society. Right: 

Phosphorescence spectra of photosensitized O2(1Δg) produced in acetonitrile dispersions of the 

network 3D-PdTPP (i.e. COF) saturated with O2 (a), air (b), and Ar atmosphere (c) upon excitation 

at 420 nm. Reproduced from ref 28 with permission. Copyright 2016 Royal Society of Chemistry. 

Conversely, the direct detection of O2(1Δg) is performed by emission spectroscopy (emi = 1268-

1275 nm), regardless of the method used to generate it (i.e. chemi-, electrochemi-, or 

photoluminescence).2 A typical example is shown in Figure 3 (right) where O2(1Δg) is produced 

from sensitization with the network 3D-PdTPP constructed with the tetrakis(4-phenylboronic acid) 

linker and (5,10,15,20-tetrakis(4-bromophenyl)porphyrinpalladium(II) as sensitizer.28 The 3D-

COF is suspended in an organic solvent containing dissolved molecular oxygen. Then, a 

heterogeneous sensitization process (solid-liquid) takes place. The phosphorescence lifetime, P, of 

O2(1Δg) is significantly affected by the environment. In the gas phase the excited molecule persists 

for 10-3-100 s. This duration is cut short by several orders of magnitude depending on whether 

O2(1Δg) exists in solution or inside a porous MOFs. For instance, the P value for O2(1Δg) 
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dibenzoyl-L-cystine, which together form micelle-hybridized supramolecular gels, called M/DBC 

gels. Upon irradiation at 418 nm (i.e. in the Soret band of Pd-TCPP), O2(1Δg) is generated by 

sensitization and can be trapped by 2,2,6,6-tetramethylpiperidine (TEMP) to form the stable 

radical TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl) according to Scheme 1. The latter species 

is EPR-active and exhibits a triplet signal of equal intensity (Figure 4, left). This method is the 

most frequently used technique throughout the literature to unambiguously demonstrate the 

presence of O2(1Δg) in the medium. Concurrently, the removal of oxygen (in this case, it consists 

in irradiating in the UV region to activate the S-S bond in N,N′-dibenzoyl-L-cystine, which then 

react with O2) provides a higher intensity signal from the Pd-TCPP emission. The quenching of 

the porphyrin emission by oxygen is accompanied by a decrease in emission intensity proportional 

to the quantity of quencher (i.e. Stern-Volmer approach). Experience shows that three conditions 

are generally used for such study (inert atmosphere, in air, in pure O2) as shown in Figure 3, right. 

 
Scheme 1. Oxidation of TEMP by O2(1Δg). 

 

Figure 4. (a) EPR spectrum of a Pd-TCPP inside a M/DBC gel in the presence (thus generating 

O2(1Δg)) and the absence of UV irradiation. (b) Phosphorescence spectrum of Pd-TCPP in a 

M/DBC gel with and without deoxygenation (i.e. respectively without and with molecular 

oxygen,). Reproduced from ref 37 with permission. Copyright 2019 Elsevier. 

The third indirect method involves the use of oxygen traps and permits the measurement of the 

singlet oxygen quantum yields, (1O2) in some cases.38–41 Several examples of oxygen traps are 
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shown in Figure 5 and their reactivity towards O2(1Δg) can be monitored by UV-vis (similar to 

actinometry) or fluorescence spectroscopy, and more rarely, by the change in gas pressure. One of 

the oldest types of spin traps are 9,10-disubstituted anthracene derivatives and their reactivity 

towards O2(1Δg) is represented in Scheme 2a.42 A recent example is the 2D-MOF formulated as 

[Tb(2-OH)(TCPP)0.5] (Tb-TCPP), which is used as a sensitizer.43 The presence of O2(1Δg) is 

demonstrated by its reactivity towards 9,10-diphenyl anthracene disrupting its absorption or 

fluorescence bands. Nowadays, the fluorescent 1,3-diphenylisobenzofuran (DPBF) is the most 

common oxygen trap, which also exhibits a particularly specific reactivity towards O2(1Δg). It 

forms an endoperoxide upon reacting with O2(1Δg) and transforms in the diketone 1,2-

dibenzoylbenzene (Scheme 2b). The reaction between O2(1Δg) and DPBF is generally 

spectroscopically monitored where its fluorescence intensity is recorded as a function of time. 

Fluorescence is often preferred to avoid the undesired spectral overlap between the absorbance 

of the chemical traps and photosensitizer. DPBF is also used as a comparative standard for the 

measurements of (1O2). A few recent examples using DPBF as an O2(1Δg) fluorescent indicator 

or a tool to evaluate the performance of porphyrin-based MOFs as photosensitizers for the 

generation of O2(1Δg), have indeed been reported.44–47 An example where absorption 

spectroscopy (i.e. colorimetry) was employed to detect O2(1Δg) is presented in Figure 6.48 In this 

case, nanosheets of a MOF built upon Ni-TCPP and a Zr6 cluster as a node (UNs-FA), which 

absorbs in the 300-700 nm region were prepared and characterized. Upon irradiation, the reaction 

between O2(1Δg) and DPBF occurs at the surface of the 2D-MOF catalyst and the conversion of 

DPBF into the corresponding endoperoxide. 

 
Figure 5. Structure of common molecular traps for O2(1Δg). ASG = Aarhus Sensor Green, SOSG = 

Singlet Oxygen Sensor Green (commercially available). 
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Scheme 2. Reactivity of O2(1Δg) towards 9,10-disubstituted anthracenes (a) and DPBF (b). 

 

Figure 6. Left: Illustration of the 2D MOF (UNs-FA) containing Ni-TCPP and a Zr6-cluster. 

Right: Changes of the absorption spectrum of DPBF upon being exposed to the surface of UNs-FA 

under irradiation. Reproduced from ref. 48 with permission. Copyright 2018 Wiley-VCH.  

3. Antenna effect and semi-conductivity 

A required property for photosensitization is the possibility of efficient excitation energy 

funnelling across the bulk (antenna effect; Figure 7). Porphryin-based MOFs have this ability and 

the energy hopping process is believed to occur via a through space dipole-dipole Forster 

mechanism.49 This displacement of singlet excitons is typically monitored by fluorescence 

quenching experiments.50,51 In these two studies, the extent of the photogenerated exciton went up 

to ~45 porphyrin units in one case 50 and up to 60 nm in the other,51 thus illustrating the significant 

efficiency of the migration of the singlet exciton. This conclusion is consistent with the evaluated 

time scale for such an energy funnelling (1 ps) in a very recent investigation.52 Although this was 

not specifically pointed out in these studies, this efficiency benefits from the short distances 

between the porphyrin units and the favorable orientation factor of their transition moments, which 
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are important parameters of the Forster’s theory.53 Concurrently using nanosecond transient 

absorption spectroscopy, the triplet exciton is found to be somewhat slower (ns) and less 

delocalized where a distance of 17.3 nm was obtained for the MOF PCN-223.54 This outcome is 

consistent with the fact that the J-integral (i.e. spectral overlap between the phosphorescence band 

of the donor with the absorption band of the acceptor) is smaller than that of the singlet one simply 

because the absorptivity values for the spin-forbidden transitions are significantly smaller than 

those for the allowed ones. Consequently, the rates of energy migrations in the triplet states are 

bound to be slower, therefore less extensive. 

 

Figure 7. Process of exciton (*) energy migration (green arrows) across a MOF (here PCN-224 as 

a representative example; the image of the MOF was reproduced using the cif file). 

Multiple MOFs have demonstrated semi- and photo-conducting properties even in the absence of 

doping.55–59 This feature has been established using exclusively 2D MOFs for technical reasons. 

This presence of charge or hole carriers within the MOFs, which was briefly alluded to above 

when mentioning the design of electroluminescent devices, has an important impact on the 

possible concomitant photo-induced redox processes. In the absence of heterojunction inherent in 

composite materials (described below), the metallic cluster may occasionally act as a redox 

partner. In a recent investigation,60 it was demonstrated that H2TCPP acted as the electron donor, 

and the zirconium cluster (Zr6(3-)4(3-OH)4(OH)4(H2O)4(COO)8; PCN-222), the electron 

acceptor. Conversion of 3O2 into O2• ‾ (called Type I ROS) was demonstrated using superoxide 

scavengers (isopropyl alcohol and dinitrogen). Other examples exist.61,62 Concerning COFs, the 
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absence of a redox partner, conductivity requires doping or the design of an adequate composite 

material using a semi-conducting material.63,64 The Type I ROS includes H2O2, HO•, and O2‾.  

4. MOF and COF designs, and related properties. 

Porphyrins and metalloporphyrins as such are well-known to exhibit photocatalytic antimicrobial 

properties.65,66 Their incorporations as building blocks for the preparation of both 2D- and 3D-

frameworks are also well-documented and the various synthetic methodologies have recently been 

thoroughly reviewed (COFs 67,68 and MOFs 69,70). For instance, the construction of 3D-COFs may 

proceed upon condensing tetrahedral and quadrilateral building blocks such as a tetrafuntionalized 

porphyrin unit under solvothermal conditions (Figure 8, left), whereas the design of 2D COFs 

proceeds with a linear building block (Figure 8, right). Other binding strategies such as Suzuki 

and Sonogashira palladium coupling between C-Br and C-Ar and C≡C-H units respectively, exists 

(Scheme 3).71,72 The large porosity of these 2D- and 3D-materials are evaluated by BET analysis 

and the propensity to photocatalyze the generation of O2(1Δg) is also well demonstrated.73,74 

 

Figure 8. (a) One possible approach for the construction of 3D COFs via the [4+4] condensation 

of tetrahedral and quadrilateral building blocks. (b) Structure of one example of a tetrahedral block 

(tetra(p-aminophenyl)methane). (c) Three examples of motif of quadrilateral building blocks: from 

left to right, 1,3,6,8-tetrakis(4-formylphenyl)pyrene, 5,10,15,20-tetra(4-benzaldehyde)porphyrin 

(metallated or free base), and ethylenetetra(4-benzaldehyde). Reproduced from ref 68 with 

permission. Copyright 2020 American Chemical Society. (d) Example of a 2D COF using 

5,10,15,20-tetra(4-phenylamino)porphyrin(metal(II)) (M = 2H, Cu, Pd) and 

dihydroxyterephthalaldehyde as starting materials. The spacer-to-spacer distance is 2.5 nm. 

Reproduced from ref 73 with permission. Copyright 2020 American Society. 
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Figure 9. Structures of MOFs issued from the reactions between TCPP and zirconium salts. 

Reproduced from ref 75 with permission. Copyright 2020 Elsevier. 

An interesting hybrid between of 2D MOF and COF has also been reported as an intermediate 2D 

material between a 2D MOF (called SURMOF) and a 2D COF (called SURGEL; Figure 10).78 

The approach involves a porphyrin core (in this example a free base) functionalized by two 

carboxylate groups (susceptible to react with zinc salt), and by two azide units (therefore 

susceptible to react with ethynyl function via click chemistry). The first step consists of forming a 

2D MOF, which pre-programs the positions of the azide functions for the subsequent covalent 

cross-linking click reaction. Then, the organic linker, here HC(CH2O(C=O)C≡CH)3, binds these 

remaining azide functions to form a mixed coordination-covalent bridged 2D sheet (called 

SURMOF-CL). This material can be considered a hybrid between 2D MOF and 2D COF. Then, 

the zinc-containing units can be washed away using ethylene diaminetetraacetic acid to lead of a 

2D COF (SURGEL) that acts as a gel for surface coating and can also provide good cell adhesion. 
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have also been reported, which represents a new topic of research for MOFs.83 Additionally, some 

MOFs were also used as sensors of drug resistant bacteria using PCN-224 (the structure is shown 

in Figure 9).93 

The MOF-composites built with conducting or semi-conducting materials exhibit heterojunction 

features, which opens the door to supplementary redox processes leading to the generation of 

parallel reactive oxygen species (Type I ROS; HO• and O2
• ‾). These processes are illustrated in 

Figure 11. Depending on the size and geometry of the components or the synthesis procedures, 

the nanocomposites can be of various designs as shown in Figure 11 for example. The nanosized 

MOFs can be smaller than the substrate and can be located on a larger particle or on a surface,95–99 

or small nanoparticles can be located inside the pores 100,101 or simply lying on a larger MOF 

particle (see below 81). It is noteworthy that Figure 11 shows the case where the NPs are electron 

donors. The situation where porphyrin unit acts as the electron donor also exists.61,102 

 

Figure 11. Scheme showing nanocomposites consisting of a semiconducting nanoparticle (NP) that 

can transfer an electron to the porphyrin-based MOFs, whether is placed outside (due to its size; 

left) or inside the MOF (right). CB = conduction band; VB = valence band. The ROS are in red. 

The incorporation of a nanoparticle inside the pores of a MOF is a common design in composites 

fabrication. One example consists of preparing Ag nanoparticles using AgNO3 as precursor first 

and adding them to the solvolysis mixture of the MOF Cu-TCPP.83 The ligand Cu-TCPP was also 

prepared separately for comparison purposes. The resulting materials appeared as granular based 

on SEM and TEM (Scanning and Transmission Electron Microscopy) images with dimensions 

ranging from 500 to 800 nm (TEM) for both Cu-TCPP and 550 to 600 nm for Cu-TCPP@Ag NPs 

(SEM). No Ag NPs were observed on the outside faces of the nano-MOF. Elemental composition 

attested the presence of Ag in Cu-TCPP@Ag and the powder XRD patterns were identical in both 
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cases indicating that the Ag NPs are encapsulated inside the MOFs, and that the silver ions could 

not serve as nodes. The comparison of the UV-vis spectra of Cu-TCPP and Cu-TCPP@Ag NPs 

also confirm encapsulation (slight shift of the Soret and Q-bands). In vitro antibacterial properties 

were assessed against cultures of S. aureus, E. coli, and Bacillus subtilis with colony-forming unit 

(CFU) assay measurements, compared to Ag NPs alone, silver ions and penicillin, without 

irradiation. The antibacterial effect was noticed for Ag NPs, Ag(I) ions, penicillin and Cu-

TCPP@Ag NPs) with similar and modest inhibition rates (~55-75 %) after an incubation of 24 h, 

indicating that silver atoms must leach out of the MOF frame. The main conclusion is that in 

addition to the synergic effect that NPs can provide when using irradiation (as shown in Figure 

11, right), the cytotoxicity of Ag can also contribute to the antibacterial property of the 

MOF@Ag’s. This strategy is also viable for MOFs loaded with organics. For instance, naringin-

loaded MOFs (MOFs prepared from H2TCPP, ZrCl4, acetic acid and DMF) and were tested 

against S. aureus with some success.83 The important information is that the leaching process takes 

place over multiple hours and days, which contrasts with the approach of using the porphyrin-

based MOF, not only as a carrier but mainly as a sensitizer for generation of ROS. 

The antibacterial properties are generally addressed by cultivating bacteria in a culture medium, 

such as agar plates, and the number of produced colonies are counted. The antibacterial efficiency 

is given by equation 5 (note that treatment could also mean irradiation: 

Efficiency =  
(number of bacterial colonies in each group under treatment)

(number of bacterial colonies in control group kept in the dark)
× 100%  (5) 

5. Photoinduced antibacterial properties of porphyrin-based MOFs 

The most common bacterial species in wound infections are Staphylococcus aureus (S. aureus) a 

common food-borne pathogen that is a parasite on the skin, and Escherichia coli (E. coli) 

generally found in the lower intestine of warm-blooded organisms. The former is often responsible 

for severe sepsis, while the latter is known for being able to damage blood vessels as well as the 

heart. However, poor use of antibiotics helps render these species drug resistant, in addition to 

their undesired toxicity as a side effect. Consequently, antibacterial photodynamic therapy, aPDT, 

is an attractive alternative to antibiotics in many circumstances, such as the healing process of 

wounds. Table 1 summarizes the list of investigations concerned with aPDT using porphyrin-

based MOFs and COFs. 

https://en.wikipedia.org/wiki/Intestine
https://en.wikipedia.org/wiki/Warm-blooded


X. Campestris, P. Syringae, A. Alternate 

 = 

Porphyrin photosensitizers as guest molecules inside MOFs 

https://en.wikipedia.org/wiki/Trimesic_acid
https://en.wikipedia.org/wiki/Trimesic_acid
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the formation of O2(1g) during irradiation (exc = 418 nm) of a suspension of HKUST-1@Zn-

TMPyP where over 80% of the indicator was consumed in only 4 min (irradiance 6.0 Wcm-2, 

energy 2.88 J cm-2), and only 90 sec when using a 660 nm laser at a power of 100 mW cm-2. 

Cultures of plant pathogens S. sclerotiorum, P. syringae pv. Lachrymans, and C. michiganense 

subsp. Michiganense were examined in vitro against HKUST-1@Zn-TMPyP for aPDT activities. 

The HKUST-1@Zn-TMPyP with a loading of 12% (w/w) showed an excellent antibacterial 

activity. A control efficacity in a pot experiment using S. sclerotiorum as a representative example 

was performed. The cucumber leaves treated with HKUST-1@Zn-TMPyP exhibited a significant 

inhibition of bacteria, an inhibition that compared favorably with the commercial dimethachlon 

fungicide under high dosage (Figure 12). 

 

Figure 12. (a) Photos of disease spots on cucumber leaves treated with water (control), PS@MOF, 

and dimethachlon as commercial fungicide. (b) Comparison of the disease spot area of cucumber 

leaf infected by S. sclerotiorum between water (control), PS@MOF and dimethachlon. The bars 

are the standard deviation (±SD). Reproduced from ref 81 with permission. Copyright 2021 

American Chemical Society. 

Stimuli-responsive microcapsules (Tebuc@PCN@P@C: Tebuc = tebuconazole as guest fungicide; 

PCN = PCN-224 as host; P = pectin; C = chitosan) were used against Xanthomonas campestris pv. 

campestris, Pseudomonas syringae pv. Tomato and Alternaria alternate.103 In this case, at pH ≤ 5, 

the MOF releases the fungicide, and under visible light irradiation, the MOF produces 1O2(1g). 
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Another interesting three-component nanohybrid was recently designed.90 This triad consists of 

nanocrystal of Prussian blue coated by IUO-66 (Zr6(OH)4(O)4(O2C-C6H4-CO2)6) serving as a co-

redox surface, which is also doped with H2TCPP used as sensitizer (Figure 13). 

 

Figure 13. Scheme showing the design of the tri-composite PB@(UIO-66)@TCPP and the 

electron transfer process PB* → UIO-66. Insets: TEM images of PB (A) and PB@(UIO-66). 

Reproduced from ref 90 with permission. Copyright 2019 American Chemical Society. 

This nano-construction benefits from a dual action of Type I ROSI generation, and perhaps type I 

as well. SEM images indicates that the nanocubes are of ~260 nm dimensions. IR and powder 

XRD confirmed the presence of the different phases, including the presence of doped UIO-66. The 

presence of doping (H2TCPP) was demonstrated by NMR and the ratio between terephthalic acid 

and H2TCPP is 32:1 meaning that only a partial filling of the cavities occurred. The surface area 

was 362.3 m2g-1, and the pore size distribution centered at 2.64 nm for the nanocomposite (BET). 

Prussian blue absorbs in the near-IR region, and H2TCPP exhibits a strong absorption at 420 nm 

(Soret band). In this case, the photoluminescence results from a recombination of the free charge 

carriers and transient photocurrent was indeed detected. Evidence for the production of O2(1g) 

was obtained from colorimetric experiments with PDBF while exciting at 660 nm (i.e. in the Q-

bands of the porphyrin chromophore). Indeed, the yield of O2(1g) formation increases with the 

doping concentration. Concurrently, excitation at 808 nm (in the Prussian blue absorption band) 

does not produce very much, but induces a large temperature increase, which promotes 



Metalation of porphyrins 



Post-functionalization of MOFs 
5.3.1.  Decorated MOFs with nanoparticles 
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monitoring of the biofilm biomass upon crystal staining (monitored at 595 nm) indicated that the 

biomass varies: PCN-224 in the dark > PCN-224@CeO2 in the dark > PCN-224 with light > PCN-

224@CeO2 with light, thus demonstrating a clear synergy between the two actions. Concurrently, 

colonies of bacteria (S. aureus) harvested from infected tissues on Kunming mice under different 

treatments were also examined (Figure 15). The death cells were maximum with PCN-224@CeO2 

under exposition to light (last frame), thus contrasting to the petri dish kept in the dark.  

  

Figure 15. Images of colonies of S. aureus exposed to different antibacterial conditions (L = 

light). Reproduced from ref 87 with permission. Copyright 2019 Wiley-VCH. 

A nanohybrid ZPM@Ag (ZMP = PCN-224; Ag = Ag NPs immobilized at the surface of the MOF), 

were prepared according to Figure 16.81 Transmission electron microscope (TEM) and scanning 

electron microscope (SEM) images reveal that the size of the microporous MOF particles (pore 

diameter = 2 nm; BET 1440 m2 g-1) is ~1 mm x 400 nm. The use of metallic silver amplifies the 

antibacterial properties of these nonhybrids. Further analyses were performed (elemental mapping 

by SEM, FT-IR, powder XRD, X-ray photoelectron spectroscopy (XPS), UV–vis diffuse 

reflectance and fluorescence spectroscopy). The Ag NPs were of the 1 nm size and XPS revealed 

the presence of both Ag(I) and Ag(0). The presence of a charge separation upon irradiation was 

deduced by the weak fluorescence intensity, where the Ag NPs acted electron sinks. Both DMPO 

and TEMP were used to identify the Type I ROS and II, and indeed EPR spectra revealed evidence 

for trapped DMPO-O2‾ and TEMP-1O2. The antimicrobial activity of pristine ZPM, ZPM + Ag 

and ZPM@Ag nanohybrids was examined and compared using confocal fluorescent images of 

cultured E. coli and E. aureus colonies at 37◦C. Upon a 30 min irradiation with visible light, the 

fluorescence of the stained bacteria turned off entirely for E. coli and almost entirely for E. aureus 

witnessing cell death. The cell death was confirmed by SEM images where the cell structure 

collapsed upon death (Figure 17, left). The ZPM@Ag nanohybrids showed the best results 
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demonstrating the synergic action between the porphyrin-based MOF/Ag NP composite. Together, 

they form a heterojunction composite (Figure 11) where an electron from the valence band (VB) 

of ZPM is promoted to the conduction band (CB) of the MOF (Figure 16). Then, an electron 

transfer MOF → Ag NP occurs, thus separating the hole (h+) from the charge (e‾). These species 

generate the type I ROS, while direct excitation of ZPM forms the type II ROS (O2(1g), aPDT). 

The combined action leads to better performances. 

 

Figure 16. Scheme showing the conceptual design of the nanohybrid ZPM@Ag. The MOFs were 

prepared from H2TCPP and ZrCl4 with benzoic acid in DMF under solvothermal conditions. Then, 

the Ag NPs were added to the MOFs upon mixing them with AgNO3 in water at 80°C.81 

      

Figure 17. Left: SEM images of untreated E. coli (a) and S. aureus(c), the bacteria E. coli (b), S. 

aureus (d) treated with ZPM@Ag under visible light illumination for 30 min. Reproduced from ref 

81 with permission. Copyright 2021 Elsevier. Right: scheme showing the antibacterial processes. 

The photogeneration of ROS is desired as it plays a major role in the collapse of the cell wall of 

the bacteria and therefore sterilization of a desired surface. The oxidizing ability of O2(1g) can 

also be exploited by oxidizing Ag metals into cytotoxic Ag+ ions, which can leach out faster. In an 

elaborated study, a porphyrin-based nano-MOF was prepared through solvothermal method using 
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ZrOCl2•8H2O and H2TCPP and benzoic acid via ultrasound, and then kept at 90◦C for 6 hr.94  The 

size of these nano-MOF was ~140 nm (TEM images) and powder XRD patterns confirmed the 

presence of PCN-224. These nano-PCNs were then decorated with Ag NPs upon reducing AgNO3 

in a solution containing as-synthesized nano-MOFs in DMF. TEM images revealed the presence of 

small islands of Ag NPs onto the MOFs (total dimension ~200nm) and powder XRD patterns 

showed the same signature as that of PCN, plus peaks associated with Ag NPs, which was also 

confirmed by elemental mapping. Then, the nano-PCNs were coated with mature neutrophils (N), 

a form of granulocytes of the immune system, to form N@PCN@Ag (Figure 18). SEM images 

confirmed the successful coating (dimension ~220 nm). The presence of photogenerated of 

O2(1g) was demonstrated by the change in fluorescence of dichlorofluorescin and SOSG (see 

structure in Figure 5) upon exposing the dyes to the various materials and control with irradiation 

(exc = 660 nm). This property was accompanied by a release of Ag+ ions upon reaction between 

Ag and O2(1g). The side product is not mentioned but O2
• ‾ is reasonably suspected 81 and would 

enhance the nanocomposite’s toxicity. The best performance was obtained for N@PCN@Ag by 

comparison with N@PCN (PCN coated with neutrophil with no Ag NP) for both O2(1g) 

generation and Ag+ release. S. aureus was used to test these materials, and again, this stimuli-

responsive N@PCN@Ag composite under irradiation showed the best results, even over N@PCN, 

well demonstrating the synergic effect. 

 
Figure 18. Scheme showing the preparation of nanocomposite N@PCN@Ag (N = neutrophil). 

A recent study exploting a double post-functionalisation of PCN-224 involves the formation of 

heterojunctions with MnO2 clusters coated with a biocompatible membrane human serum albumin 

(HAS).80 The porphyrin-based MOF built with Hf4+ ions, PCN-224(Hf), was previously reported 

and is found isomorph to the commonly used PCN-224 built with Zr4+ ion (upon comparing the 
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powder XRD patterns) 105 and was resused in this study. Hf4+ ions exhibit strong X-ray attenuation 

and often serve as a radio-sensitizer to enhance radiotherapy in cancer treatment.105,106 The key 

role of HAS is to permit the nanocomposites to penetrate through the biofilm formed by the 

bacteria more easily. To ease this penetration further, the size of the NPs of PCN-224(Hf) were 

sonicated to form dots of ~5 nm (TEM images). This small dimension permits convenient rapid 

escape from the MOF when considering that the O2(1g) lifetime is in the s time scale. The 

identity of the MOF lattice was confirmed from the powder XRD patterns and AFM images 

indicated that the topographic average diameter was 4.7 nm. Upon exposing these dots to HAS-

coated MnO2 clusters, the resulting particles anchored the MnO2 clusters at its surfaces under 

alkaline conditions and were characterized as multicomponent nanoplatforms (MMNPs) in this 

study exhibiting a hydrodynamic size of 105 nm and are positively charge rendering them more 

prone to attach to the acidic cell wall of the bacteria. The presence of both Mn and Hf elements 

was confirmed by TEM elemental mappings of the MMNPs. These MnO2 clusters are pH-

responsive. Under acidic environment such as inside the biofilms formed by the bacteria (pH ~ 

5.5), the presence of H+ ions trigger the decomposition of MnO2 and release O2, thus securing a 

continuous supply of O2. It is noteworthy that when O2(1g) reacts with cell membrane, the 

resulting oxidized products contain oxygen atoms, thus rapidly and irreversibly consuming O2 

inside the biofilm, so photosensitisation stops.  The concept is summarized in Figure 19.  

 
Figure 19. Scheme showing the preparation of the MMNPs and their penetration processes in 

biofilms according to reference 80. 

Their antibacterial efficiencies against E. coli and S. aureus cultures were also evaluated. The 

percentage survival of these bacteria decreased drastically when the cultures were illuminated. 

MMNP was also tested in vivo for its cytotoxic effect against abscesses with a local infection of S. 

aureus. The nanocomposites were injected subcutaneously into the abscess and irradiated with 
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visible light. After 5 days of illumination, no obvious inflammation was observed, performing far 

better than the control group (phosphate buffered saline (PBS), and PBS + light). 

5.3.2. Decorated MOFs with biocompatible functions 

A pH-responsive MOF was also designed in order to sense drug resistant bacterial infection and to 

eradicate them at the same time by two possible therapeutic actions.93 The concept stems from the 

fact that bacteria generate a microenvironment where pH, toxins and enzymes differ from a 

healthy one. The change in pH stems from the glycometabolism of most pathogens. Crystal 

engineering permits the coating of nanoparticles with desired functional groups, in this case a pH-

responsive chain: chitosan (Figure 20).  

 
Figure 20. Design of bifunctional antibacterial nano-MOF according to ref 93. 

Upon protonation, the positively charged chains repel each other inducing a breakup of the random 

coil structure to form elongated filaments, thus opening the pores more widely. This process 

allows for the therapeutic agent to slowly leach out of the MOF where the acid-triggering 

occurred. The stimuli-controlled release of cargos from a coated MOF is well known in 

biomedicine.107,108 In this study, nanosized MOFs of PCN-224 were prepared and from post-

synthesis, they were functionalized with chitosan. After loading, the nano-NOF can be then 

incorporated into a device. In this investigation, the authors anchored the nano-MOFs onto a 
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aPDT treatment (note the cell wall destruction, far right). Reproduced from ref 84 with permission. 

Copyright 2020 Elsevier. 

Another bifunctional material was designed using PCN-224 and Ti3C2 MXene, which respectively 

exhibit aPDT and photothermal properties.82 It is noteworthy that 2D-Ti3C2 MXene has attracted 

tremendous attention recently since, among many interesting properties, it is a material that 

strongly absorbs light all the way in the near-IR region and exhibits efficient light→heat 

conversion due to localized surface plasmons.109 Consequently, eradication of bacteria becomes 

more efficient if heat is combined to ROS attacks. Thus, the combined action of the PCN-224 and 

Ti3C2 MXene composite represents an interesting material for the design of smart fabric knowing 

that the surface temperature of a photothermal material, then it should increase with elimination 

time. The only drawback is overheating, which would lead to premature aging of the fabric, and 

discomfort caused to humans. In this investigation, a cotton fabric was impregnated with a 

thermochromic dye (45 °C color change, No. TSG-45, Shenzhen Qiansebian New Material 

Technology Co) acting as an indicator, which turns green when the temperature reaches 45 °C. The 

procedure for the fabrication of this smart material is shown in Figure 22 and consists in 

generating first PCN-224 in situ with the fabric inside the reactor. Then, the surface of the fabric 

was decorated with Ti3C2 MXene using electro-spray, and subsequently pasted with a 

thermochromic dye using the screen-printing technique. Successful synthesis of PCN-224 was 

confirmed by XRD and generation of O2(1g) was demonstrated by colorimetry using DPBF. The 

presence of Ti3C2 MXene was verified by XRD, EDS and SEM elemental mapping. The 

antibacterial inactivation of E. coli and E. aureus reached an impressive 99.9999% upon 

irradiation at 780 nm using a near-IR laser and under a visible Xe lamp (exc ≥ 420 nm), and the 

temperature of the fabric also reached nearly 50 °C within 3 min based on an IR camera and the 

fabric turned green. It is noteworthy that the fabrics loaded with PCN-224 without Ti3C2 MXene 

reached a temperature of 37 °C only. 

 
in situ synth. of PCN-  electrospraying         pasting of the           color of the 
224 in a cotton fabric  of Ti3C2 MXene    thermochromic dye  dye at 45°C 
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Figure 22. Scheme showing the procedure for the preparation of the fabric containing PCN-225, 

Ti3C2 MXene and the thermochromic dye. Reproduced from ref 82 with permission. Copyright 

2021 American Chemical Society. 

It is noteworthy that the substitution of the protons inside the porphyrin ring by a copper(II) atom 

was made to enhance the antibiotic properties of the nano-MOF (PCN-224) discussed above.91 In 

this work, one or several zirconium atoms were replaced by titanium(IV) ions.92 To do so, a 

certain amount of TiCp2Cl2 is used as post-synthesis reagent with PCN-224 to form a mixed-metal 

node MOF: PCN-224(Ti/Zr). The powder XRD patterns remained unchanged compared to that of 

PCN-224. The XPS spectra and elemental mapping images confirm the presence of both elements 

inside the nano-MOFs (409.5 ± 10.2 nm). The emission of PCN-224(Ti/Zr) turned out to be 

weaker than that of the control PCN-224 indicating quenching by photoinduced electron transfer 

from TCPP to metallic node. The percentage of introduced titanium atoms is 35.87 % based on 

ICP-OES. The performance for ROS generation was measured using 2’-7’dichlorofluorescin 

diacetate (DCFH-DA), which emits when in presence of ROS. Under identical experimental 

conditions, the resulting emission of the DCFH-DA essay with PCN-224(Ti/Zr) was over 3 times 

more intense than that for PCN-224. In vitro testing of the bacterial activity of Gram negative (E. 

coli, drug resistant E. coli, A. baumannii, and drug resistant A. baumannii) and Gram positive (E. 

aureus, drug resistant E. aureus, S. epidermidis) was performed using staining with 

photoluminescent dyes and SEM to examine the morphology of the non-treated and treated 

bacteria. After 20 min of irradiation, the plate counting indicated that the elimination efficiency 

varied between 96 to 98.8%, which is commendable for bacteria such as A. baumannii and drug 

resistant A. baumannii are extremely hard-to-treat bacteria. The medical performance of PCN-

224(Ti/Zr) for aPDT was evaluated using a dressing applied over a wound. A biodegradable 

nanofiber (containing poly(lactic-co-glucolic acid), PLGA, or not) was fabricated loaded with the 

MOF (or not) via electrospinning (Figure 23, left). SEM images confirmed the presence of nano-

PCN-224(Ti/Zr) were well encapsulated in the fiber (see white dots in Figure 23, middle). 

Methicillin-resistant Staphylococcus aureus (MRSA) and drug resistant E. coli were introduced in 

mice. Wounds were treated with regular gauze, dressings containing only PLGA, and dressings 

containing nano-PCN-224(Ti/Zr)@PLGA. The dressings and gauzes were irradiated 30 min. 

Typical photographs of the wound healing progress are shown in Figure 23, right. A drastic 

decrease in size of wounds infected with MRSA and drug resistant E. coli is observed with 
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treatment. The comparison was made against regular gauze, and dressings containing PLGA only 

(not shown). In conclusion, the titanium incorporation appears to boost the ROS generation and its 

antibacterial effect, but no biomedical testing was performed using regular PCN-224 as control. 

 
Figure 23. Left: scheme showing the electrospinning device used for the fabrication of PCN-

224(Ti/Zr)@PLGA dressing and their control dressings. Middle: SEM images of the dressing 

network containing PCN-224(Ti/Zr)@PLGA (top) and containing PLGA only (bottom); scar bar = 

10 m. Right: photographs of wounds infected with MRSA for example) for wound healing 

evaluation for dressings containing PCN-224(Ti/Zr)@PLGA vs. gauze only vs. dressing containing 

PCN-224(Ti/Zr)@PLGA after 7 and 14 days; scar bar = 1 cm. Note that the photographs showing 

wounds treated with the dressing containing PLGA only show similar sizes as the regular gauze. 

Reprinted in part with permission from ref. 92. Copyright 2010 John Wiley and Sons. 

6. Photoinduced antibacterial properties of porphyrin-based COFs 

The use of antibacterial COFs targets surfaces (Figure 24). There are less characterization 

methods possible from those used for MOFs due to a generally lower level of crystallinity and 

absence of metallic nodes. However, in general the nature of the COF materials is well elucidated. 

IR spectroscopy allows for the monitoring of the functional groups during the fabrication process. 

UV-vis and fluorescence spectroscopy allows for the confirmation of the presence of porphyrins 

and assesses as to whether the porphyrin ring has been altered (i.e. metalation). COFs are often 

porous and quartz crystal microbalance may indicate the absorptivity of small molecule vapours 

and kinetics (QCM sorption experiments). Powder XRD patterns provide a qualitative idea on the 

level of crystallinity, and SEM images give information on the morphology of the film. 
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Figure 24. Drawing illustrating the quasi-exclusive of mode of applications of antibacterial COFs. 

In the first example, SURGEL (Figure 10) was prepared in three steps using a 2D pseudo-MOF 

called SURMOF.78 Essentially, SURMOF served as a pre-programmed template providing 

concurrently a high degree of ordering as demonstrated by XRD. First, epitaxially grown 

SURMOF is prepared layer-by-layer from subsequent spray coating of the porphyrin precursor 

with the metal ions and linker (i.e. zinc acetate). In the second step, the SURMOF is immersed in a 

solution containing the organic linker (HC(CH2O(C=O)C≡CH)3) to induce the click chemistry at 

80◦C. Then in the third step, the metal ions are removed using EDTA. The resulting film has a 

thickness of 400 nm (SEM), which appears to be thicker than necessary considering the sphere of 

activity of 1O2(1g) up to 100 nm.110 The uptake capacity of ethanol vapour for a sample of about 1 

μg cm−2 was observed (QCM sorption experiments). After characterization, the photoinduced 
1O2(1g) generation by SURGEL was verified by colorimetric measurements using anthracene-

9,10-dipropionic acid disodium salt as indicator (exc = 455 nm). The antibacterial efficiency of 

SURGEL was evaluated against E. coli as model organism. Both fluorescence imaging of stained 

bacteria and counting colonies in Petri dishes indicated a strong light-induced toxicity. After 1.5 hr 

of irradiation using visible light, the survival percentage of the bacteria was 2.29% compared to 

79.68 % in the dark in the presence of SURGEL. 

There are a limited number of reported 3D-COFs and they are usually prepared using the strategy 

illustrated in Figure 8. Using Schiff-base chemistry, 3D- (3D-TPP, 3D-PdTPP) and 2D-COFs 

(2D-TPP) were synthesized according to Scheme 4.85 It is noteworthy that the presence of 

terminal -NH2 groups provides better adhesion to bacterial cell membranes. The (C=N) (1260 

cm-1) and (C=O) (1700 cm-1) IR peaks are good diagnostics of the reaction progression. N2 

sorption measurements (BET) indicate that 3D-TPP, 3D-PdTPP and 2D-TPP are respectively 
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micro-meso bimodal (pore width Dmax = 1.2, 9 nm), mesoporous (Dmax = 7-8 nm) and microporous 

(Dmax ~ 2 nm). 

 

Scheme 4. Synthesis of 3D-TPP, 3D-PdTPP and 2D-TPP. Reproduced from ref 85 with 

permission. Copyright 2018 American Chemical Society. 

2D-COF was used as comparison material which bears resemblance to COF-366.111 Indeed, the 

powder XRD pattern of 2D-TPP exhibits diffraction peaks at 2 = 4.0° and 9.1°, which correspond 

to an interplanar spacing of 25.2 Å. This value compares favorably with that of COF-366.111 

Conversely, 3D-TPP and 3D-PdTPP do not diffract X-ray indicating the absence of crystalline 

domains. The triplet excited state of the COFs ranges from 200 to 490 s and the 

photosensitization of 1O2(1g) was addressed using 9,10-diphenylanthracene. The order of 

efficiency is 3D-PdTPP > 3D-TPP > 2D-TPP, which is consistent with the heavy atom effect 

populating the triplet state efficiently, and the shorter triplet lifetime of 2D-TPP (460 s) 
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compared to 490 s for 3D-TPP. The aPDT properties of these COFs deposited on top of 

polystyrene were addressed against pseudomonas aeruginosa and enterococcus faecalis. Both 

bacterial strains form stable multicell-thick biofilms. The three COFs turned out effective in 

breaking down the biofilms upon irradiation for 4 hr (exc = 460 nm; 1 mW cm-2). The three COFs 

exhibit high photostability, meaning they are robust even in the presence of ROS, especially 3D-

PDTPP. 

 
Figure 25. Left: structure of TCP-C60. Right: illustration of the photo-induced electron transfer 

generating the charge separated state responsible for forming the superoxide ROS. 

Electro-polymerization was used to generate porphyrin-based 2D-COFs using N-ethylcarbazolyl-

porphyrin-C60 dyad, TCP-C60 (Figure 25, left), deposited on a semi-conducting semi-transparent 

indium tin oxide (ITO) forming a thin electro-active film.112 Past literature indicates that the 

oxidation of carbazole occurs at the 3,3’-positions.113 This dyad is accompanied by TCP (M = 2H, 

R2 = R1) and ZnTCP (M = Zn, R2 = R1) as comparative films. These films exhibit an 

homogeneous morphology on an ITO electrode. The characteristic absorption peaks of the 

porphyrin and zincporphyrin attest to the integrity of the dyes in the films and the bathochromic 

shifting of ~10 nm, in comparison with the solution data, indicates the presence of interporphyrin 

interactions inside the films. Tetrasodium 2,2-(anthracene-9,10-diyl)bis(methylmalonate) was used 

as indicator for the photosensitization of 1O2(1g) through colorimetric experiments and TCP-C60 

was found to be the most efficient. The photodegradation of nitro blue tetrazolium into diformazan 

(max = 600 nm) monitored by UV-vis spectroscopy was used to assess the formation of O2● ‾ in 

water.114 Again, the best films were those containing TCP-C60. Two pathways may explain the 

production of O2● ‾. The first one is the creation of a charge separated state (Figure 25, right), then 

C60● ‾ + O2(3g‾) → O2● ‾ + C60. The second one is 3C60* + O2(3g‾) → O2● ‾ + C60●+. Altogether, 

films containing TCP-C60. are better at photo-generating ROS. The only potential drawback is that 

back electron transfer (C60● ‾ to porphyrin+) in the charge separated state in model compounds 

occurs in the ns time scale.115–117 This fact means that collision between O2(3g‾) and C60● ‾ must 
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occur within this time window. Considering the amount of O2 in air at 1 atm (1 mole = 22.4 L) and 

its velocity (461 m s-1 at STP), this should not be a major issue at the surface of the film. However, 

inside the bulk of a thick electro-generated film (many hundreds of nm), it could be. In vitro 

inactivation of S. aureus and E. coli by films containing TCP, ZnTCP and TCP-C60, was tested. 

The best films were those containing TCP-C60 (up to 99.97% of inactivation for 30 min of 

irradiation of visible light). This outcome is consistent with the findings on the ROS production 

experiments. The films containing TCP and ZnTCP were less active.  

 
Figure 26. Scheme showing the preparation of the multifunctional membrane containing the 

porphyrin-based COF and ibuprofen. Reproduced from ref 86 with permission. Copyright 2021 

Wiley-VCH. 

The impregnation of a photo-sensitizer porphyrin-based COF along with ibuprofen as an anti-

inflammatory drug into a membrane, was recently preformed.86 The preparation of such a 

membrane is illustrated in Figure 26. In this study, 5,10,15,20-tetrakis (4-aminophenyl) porphyrin 

is subjected to 2,5- dihydroxyterephthaldehyde at a water/CH2Cl2 interface to afford a thermally 

stable (up to 200 °C; TGA), mechanically robust and flexible purple-black material (DhaTph-

membrane). Characterization was achieved using IR ((C=N) = 1612 cm-1) and solid-sate 13C CP-

MAS NMR ( 13C=N = 161 ppm) spectroscopy. High crystallinity materials were obtained as 

asserted by two diffraction peaks 2 = 3.4° (Miller indices = 100) and 6.9° (200), which 

correspond well with those of a parent and well-known COF (DhaTph),118 which is not modified 
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upon uploading with ibuprofen. N2 sorption measurements (BET) indicate that the material has a 

specific area 937.5 m2 g-1, which decreases (to 499.0 m2 g-1) upon loading with the drug. This free-

standing material can be applied as a band-aid on skin for wound healing applications. The surface 

topology of the 150 m thick membrane was examined by ESM and the images showed a 

homogeneous texture (height variation = ± 6 nm). This membrane exhibits the expected spectral 

signature in the UV-vis spectra of porphyrin chromophore, which efficiently photosensitize 
1O2(1g) (exc ≥ 400 nm, ~52 mW cm-2) as monitored by the photooxidation of DPBF. The spin-

trapping of 1O2(1g) was also performed using TEMP and EPR spectroscopy to corroborate the 

photobleaching experiments. The antibacterial properties of DhaTph-membrane were verified 

against S. aureus and E. coli under both visible light and sun light, which gave similar results. The 

bacterial survival rate decreased to 4.1% and 5.8% for S. aureus and E. coli, respectively, for an 

irradiation of 3 h. Wound healing tests on mice infected with S. aureus were performed. Almost 

complete healing of ~8 mm wound was observed for mice treated with an ibuprofen-containing 

DhaTph-membrane and sun light (30 min in total) over a period of 14 days. Conversely, the 

wound in mice treated with DhaTph-membrane without ibuprofen showed a 50% reduction in 

wound size. Experiments conducted in the dark showed no reduction in wound size. All in all, 

there is a clear synergetic action of the loaded membrane, each (ibuprofen and aPDT) contributing 

about evenly to the healing. 

7. Discussion 

The photoinduced eradication of bacteria by molecular porphyrin pigments used as sensitizers is 

well documented 65,79 and the quest to apply this important sanitisation property to textiles is also 

not new.119–122 However, the superiority of the nano-MOFs and nano-COFs versus conventional 

antibacterial methods has been demonstrated on several occasion. For instance, some nano-MOFs 

are found environmentally friendly nano-MOFs are found to perform the same task as 

conventional pesticides with similar efficiencies. Moreover, several nano-MOFs and nano-COFs 

and composites can eradicate drug resistant bacteria, while conventional drugs fail. It is 

noteworthy that there is no comparison of efficiencies of MOFs and COFs for their relative 

antibacterial properties, even though the experimental conditions employed are carefully 

described, they systematically differ from one another. Comparison with other materials, such as 

porphyrin-containing polymers,123,124  while interesting, seems to lay behind significant 
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experimental hurdles if it is to be done rigorously. This situation contrasts with what is commonly 

done when evaluating solar cell performances (i.e. power conversion efficiency at A.M. 1.5; 1000 

W m-2) or when evaluating the quantum yields of sensitized 1O2(1g) in solution (i.e. comparison 

against a standard with precises experimental conditions). One critical parameter is the size of the 

nano-MOFs and nano-COFs. Photogenerated 1O2(1g) at the surface of these nanomaterials or 

inside, do not have the same antibacterial effect due to the time scale of their lifetimes (s). This 

consideration excludes the morphology issues, including degree of porosity for instance. One can 

also wonder whether optimisation of the photosensitizers, and perhaps the nature of textile, is a 

worthy investment, particularly when one considers the possibility of using day and room light as 

the constant source of mild photocatalyst’s activation. Standardization of the evaluation of MOFs 

and COFs antibacterial activities, beyond measurements of quantum yields of generation of 
1O2(1g), appears to be a worthy venture in this field. 

Concurrently, this minireview indicates that the use of porphyrin-based MOFs and COFs for this 

medical purpose is in its infancy and that a significant increasing interest has evolved over the past 

several years. However, since the solid-state photogeneration of ROS is mainly a surface process 

(but not exclusively), it appears relevant to compare these 3D- and 2D-scaffoldings with their 

corresponding 0D-molecular dyes while immobilized on fibers. 3D-MOFs exhibit the clear 

potential advantage by their much larger specific area in comparison with grafted molecular 

pigments onto fabrics and reports stated the superiority of MOFs over molecules in terms of 
1O2(1g) generation. Then, one may wonder whether the increased cost of using these nanocarriers 

(namely the PCNs) is a viable approach. Concurrently, MOFs and COFs have the disadvantage 

that the generated ROS well inside the MOF and COF nanostructures still must escape the porous 

particles for efficient action prior to relaxation to the ground state O2(3g‾) (i.e. by non-radiative 

means, or by reacting with the pigment itself) if it is to have any beneficial effect. 

It is also interesting to note that viricidal properties have also been discovered for porphyrin 

derivatives using the photosensitizing approach.125–127 The question is can MOFs and COFs be 

more efficient at eradicating viruses knowing that the formation of biofilms and cell penetration 

are not an issue in these cases. 

Nanosized composites containing porphyrin-based MOFs for antibacterial applications have been 

thoroughly explored, and evidence for synergic actions has been unambiguously provided. 

Concurrently, despite the fact many composites of porphyrin-based COFs have been described 
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thorough the literature, particularly during the past three years,95,128–137 composite materials using 

the photosensitizer porphyrins dedicated for generating ROS has been modestly employed. To the 

best of our knowledge, only one study reporting a composite material with graphitic carbon nitride 

(g-C3N4@COF) aiming at pollutant destruction in water, appeared.138 Considering that the 

efficiencies for photo-induced eradication of bacteria using nanosized composites containing 

porphyrin-based MOFs are clearly superior (> 99.9%) to those for pristine MOFs and COFs, there 

seems to be an opportunity for further exploration. 

It is well known that arsenic, beryllium, cadmium, hexavalent chromium, lead, and mercury are 

serious environmental threats and provoke health issues. The described MOFs and COFs herein, 

along with their composites, are all in the nanometric dimension, and include zinc, zirconium, 

iron, copper, cerium, manganese, titanium, palladium, silver, and hafnium. For antibacterial 

textiles for medicinal applications and sanitisation, the disposal of these fabrics after usage may 

cause a stress on the environment and potentially health issues upon long term exposures. First, 

nanosized materials are inherently and potentially dangerous due their ability to penetrate living 

cells. Second, elements or ions, such as silver, copper, titanium carbide, manganese (here as 

manganese oxide), palladium, and cerium are toxic, especially upon long term exposures. 

Moreover, iron has a corrosive effect on gastrointestinal mucosa. Conversely, zinc, zirconium, and 

titanium oxide exhibit very low toxicity. Consequently, PCN-type MOFs seem, at first glance, 

better suited for daily antibacterial applications and subsequent disposal. The possibility of 

recycling porphyrin-based MOFs as photocatalysts has also been addressed with some success,139–

141 but for more reactive ROS, namely Fenton-like species (H2O2, •OH) degradation may be 

observed.142 However, this review indicates that the various investigations on the antibacterial 

properties did not address this issue, particularly for studies involving the testing of fabrics, 

surfaces, and membranes. Concurrently, porphyrin-based COFs do not bear a metallic node but 

may have a coordinated metal inside the porphyrin ring (i.e. zinc 78 or palladium 85). While the 

former is harmless, the heavier metal is not. Again, the recycling of COF-photocatalysts is 

possible.143,144 

Conclusion 

The valorization of nanosized porphyrin-based MOFs and COFs as heterogeneous photosensitizers 

for singlet oxygen driven antibacterial purposes is currently under intense development aiming at 

medicinal, sanitisation and agricultural applications. The efficiency of this type II ROS at 
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eradicating both bacteria and drug resistant bacteria is commendable but combined with type I 

ROS, the results are impressive. At the molecular level, one of the limitations of nano-MOFs and 

nano-COFs is the diffusion limit of the ROS when generated inside the materials. For example, 

with a lifetime of 21 ± 1 s,18 the diffusion of 1O2(1g) from the center of these nanomaterials to 

the surface appears challenging. Indeed, for a length of action of 60 nm,51 any distance longer 

would prove this diffusion outside the nano-object impossible. This issue suggests that the size of 

these porous nanoparticles should remain within about 100 nm. Moreover, despite the 

demonstration of a good recyclability (ranging from 5 to 10 cycles), long term application was not 

demonstrated. This is an important issue since ROS type I are rather very reactive and aging is 

bound to occur. Despite these two challenges, the current success observed across these recent 

investigations is based on the rather well-documented precedents on porphyrin- and 

metalloporphyrin-containing materials and composites, including their use as molecular 

photosensitizers, and the established knowledge of MOFs’ and COFs’ preparation, management, 

and applications. Future developments clearly appear to lie in the design of photo-sanitary textiles 

and surfaces where toxicity and environmental issues are carefully addressed, perhaps even 

considering the possibility of recycling. It is noteworthy that all investigations reporting the 

recyclability of such materials used as photosensitizers or photocatalysts indicated that at least 

three cycles were performed, which appear insufficient for applications. Applications in 

agriculture are possible and speak volumes as to the potential versatility of such materials. For 

now, the cost of production of these nano-photosensitizers remains significant, and the overall 

cost/benefit ratio must be improved before a serious widespread use can be considered. However 

based on this review, the urgent outlook lies on the developments of nanocomposites aiming at 

eradicating the still stubborn drug resistant bacteria, a task that nano-MOFs and nano-COFs tend 

to do very well through the formation of ROS type I. In addition, the design of antimicrobial 

textiles and membranes are highly desirable and their production at low cost appears feasible. 

However, the number of investigations on this topic remains low for the moment indicating clearly 

that further development is needed. Finally, multiple nano-MOFs, nano-COFs and composites 

were investigated but the use of different experimental conditions precludes reliable comparison of 

their efficiencies. Future investigations in this direction are definitely needed. 
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