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Abstract: Since the COVID-19 pandemic triggered in 2020, there has been an effervescence of
interest in detecting, controlling and eradicating viruses, and developing technologies accordingly.
This is the case for the colored, strongly luminescent, photo- and electrochemically active
porphyrin-based metal-organic frameworks (MOFs) and covalent-organic frameworks (COFs) in
this emerging applied field. This review covers significant research developments for efficient
viral detection, protection and elimination that occurred mostly during the past decade. Sensor

designs utilise porphyrin-based MOFs and COFs as interfaces to selectively detect with very high

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

sensitivity biological materials associated with target viruses (capture of RNA as stimulus for

example), thus allowing for early detection of their associated diseases. The sensor techniques are
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based on chemiluminescence, electrochemiluminescence, photoelectrochemical bioeassays, and

(cc)

photodynamic effect. The deactivation of viruses is based on the photodynamic therapy approach
where the photosensitization of singlet oxygen is performed by the porphyrin chromophore, which
is unavoidably placed at close proximity of the virus due to the short-lived reactive oxygen species
(ROS; 3.1 us in water). The characteristics of this ROS entity and mechanism will be described
with some relevant details. Finally, the development of self-protection has also been addressed in
the literature and concerns the modification of face masks with porphyrin-based porous materials

for adsorption purposes.
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Introduction

There are many viruses such as Dengue, Ebola, Influenza, Hepatitis, Human immune deficiency
virus (HIV), Polio, Rabies, Varicella, Zika, and Coronaviruses, that are still a major societal
preoccupation. The large demand for antiviral solutions has pushed scientists to explore the use of
nanomaterials of the type MOFs and COFs to assess their usefulness and efficacity at sensing these
harmful infectious agents, at preventing them to enter the human body or by isolating them, and at
deactivating them either by entering in direct contact with these nanosized entities, or by
photosensitization to create ROS, notably singlet oxygen, 'O,. Indeed, over the past decade, the
number of research articles has increased steadily (Figure 1), but this field is unambiguously still
in its infancy. A review article dealing with the development of new technologies dealing with
viruses versus MOFs was recently published and the first general observation was that there are
six basic approaches developed to manage viruses using these nano-devices. This series can be
divided into two main categories; virus isolations and eliminations.! The former is subdivided into
three strategies: (a) encapsulation inside a MOF’s cavity, (b) placing a physical barrier of some
sort to prevent contact with humans, and (c) mineralisation (with MOFs) around the virus. The
second category is also divided into three methods: (d) antiviral drug delivery, (e) design of

antiviral MOFs, and (f) sanitization by photosensitization of dioxygen into 'O..

40 39

33

30 31

Figure 1. Graphs reporting the number of research articles devoted to describing new applications
of metal-organic frameworks and covalent-organic frameworks for virus management since 2015
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based on a recent library search using Scifinder engine (2026-02-18). Patents, reports, preprints,
and conferences, are not included.

The second take away message is that, except for rare investigations on the detection of some
viruses, porphyrin-based MOF technologies were not fully developed for these purposes. This
observation is quite surprising since the stand-alone porphyrin dyes and its derivatives are well-
known to serve the last task; virus eliminations by photosensitization of dioxygen into '0,.27 The
porphyrin dye and its derivatives have the advantage to be colored and using sun light, or room
light, these pigments absorb visible light and perform this very basic and yet important
photophysical event, potentially leading to sustainable developments. The third key information
conveyed is the most employed porphyrin-based MOFs, essentially PCN-222 and PCN-224 (PCN
= porous coordination network (Figure 2)%. PCN-223 is also a common porphyrin-based MOF but
it is used in a much lesser extend. PCN-222 and PCN-224 were tested for their cytotoxicity against
J774A.1 cells using the Neutral Red assay method (Figure 3).° The cytotoxic concentration was
found to be larger than 10 to 20 nM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Figure 2. Top: Illustrations of the 3D-porphyrin-based MOF structures of PCN-222, PCN-223,
and PCN-224 built with the ligand TCPP (5,10,15,20-tetrakis(carboxyphenylporphyrin) and
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various zirconium(IV) compounds such as ZrOCl, and ZrCl,. These MOFs are the most used in
the area of antimicrobial photodynamic therapy and the detection of pathogens. Reproduced with
permission from reference 8. Copyright 2020 Elsevier.
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Figure 3. Viability of J774A.1 cells treated with different concentrations of PCN-224 and PCN-
222 for 24 h. Reproduced with permission from reference °. Copyright 2022 Elsevier

Since this last review,! the use of colored, emissive and redox-active porphyrin-based MOFs and
COFs have made a significant progress. This mini review covers these recent developments where
three approaches were exploited: detection using various analytical techniques, protection against

contacts with human, and elimination by antimicrobial photodynamic therapy.

Section 1. Evolution of various stand-alone porphyrin-based antiviral technologies

The early days. To the best of our knowledge, the concept of porphyrin-based remedy to

pathogenic substances, including viruses, as photosensitizers appeared in 1934 (Scifinder).!? This
technique has become more standardized afterward, where solutions containing various viruses
containing porphyrins were irradiated with daylight, but different efficiencies were noted
depending on the viruses.!! In a similar manner, the control of plant viruses was also addressed in
vitro methods by simple contacts between porphyrins and the plant-related viruses, but is was
unclear whether the samples were exposed to day light or not, and the amount of materials used
was large (300 ppm; 1 ppm = 1 mg/L).!? Concurrently, applications in the medical world through
photodynamic inactivation of viruses using visible light started to emerge in late 1970’s and 1980’s

such as the Moloney mouse leukemia virus,!? herpes simplex virus types 1 and 2,'*!7 influenza
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A,'® Phage T4,'3 and vaccinia virus!® for examples. The approach of photodynamic inactivation of
viruses is still employed today, but the focus may vary between the virus as a whole or targeting

only RNA.

A turning point in the early 1980’s is the emergence of AIDS (acquired immunodeficiency
syndrome) induced by the HIV-1 (Human Immunodeficiency Virus) as a pandemic. This event
triggered a large interest in finding solutions to this disease (Figure 4), including using the
photodynamic inactivation properties of porphyrin species,?*?! or testing their ICs, (inhibitory
concentration 50%) efficacity,>>?3 or both.>* Concurrently, other viruses were also subjects of
investigations, for instance feline leukemia virus,?>?° vesicular stomatitis virus,?® Epstein-
Barr virus,?’ and Friend leukemia viruses,?® just to name a few. In a similar manner, the COVID-
19 pandemic started in 2019 and was caused by the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), and rapidly the first investigation on the photoinactivation of this coronavirus

appeared just 2 years after this date.?’

Nowadays. Essentially, the number of studies focussing on the photoinactivation of viruses, in
general, has increased where the scope viruses was enlarged significantly. The inactivation

methods (under irradiation or by contact) of viruses and other pathogens by porphyrin dyes and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

their derivatives have also been the subject of recent reviews.3%33 It is also noteworthy that the use

of stand-alone porphyrin derivatives for the detection of viruses has not been explored very much.
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Figure 4. Graphs reporting the number of research articles containing the key words “porphyrin”
and “virus” from a recent library search using Scifinder engine (2026-02-18). Patents, reports,
preprints, metal-organic framework, MOF, and conferences, are not included.
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Section 2. Development of sensors.

Sensor technologies using porphyrin-based MOFs and COFs as components inside nanosized
detection devices has emerged only recently. One of the obvious and interesting traits of porphyrin-
based MOFs and COFs, is the possibility to exploit their often-encountered intense fluorescence
as shown below.** However, these porous materials can also act as platforms. For instance, porous
2D-sheets of porphyrin-based MOFs as nanosized platform can be used for the detection of DNA.3
In this study, 2D-MOFs were prepared exploiting the strong chelating properties of the tert-pyridyl
ligand with MCl, salts (M = Co?*, Ni?*, Fe?") using the Langmuir-Blodgett method (pressing speed
of 35 mm/min) and layer-by-layer transfer on a substrate (Figure 5). The Q-band signature (4

bands) confirmed the absence of metal inside the macrocycle.

b)

Cobalt chloride

C) Monolayer
S S S S W= i LBL Transfer

dsDNA
Target (ssDNA) '

’zf TP LTI ) — .L
W‘W\ Hybridization Selective inclusion
- e

Probe (ssDNA)

Figure 5. Illustration showing the preparation of the porphyrin-based MOF nanoplatforms. a)
Structure of the tetradentate TTPP ligand. b) Structure of 2D-[Co-TTPP],, CI” ions not shown. ¢)
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Cartoon representing the Langmuir—Blodgett device preparing a monolayer of 2D-[Co-TTPP], at
the air/liquid interface. d) Overall cartoon showing the controllable layer-by-layer (LBL) transfer
of the 2D-[Co-TTPP],. e) Fluorescence DNA detection by quartz-assisted 2D-[Co-TTPP],
nanodevice. Reproduced with permission from ref 3°. Copyright Royal Society of Chemistry 2019.

In this technique, slight excess of Texas red-labeled ssSDNA probe (Aeyi = 615 nm; Age = 585 nm;
denoted as Probe) was hybridized with target ssDNA (Target), forming a solution containing both
emissive sSSDNA Probe and dsDNA Probe/Target species. When exposed to the (photo-
conducting) quartz-assisted 2D-[Co-TTPP], nanoplatform, the excess of ssDNA P1 binds with the
2D-layers through electrostatic interactions, and perhaps H-bonds with the chloride ions, inside
the cavities made by the wide square structure of the 2D-sheets. This proximity between the
chromophores provokes a fluorescence quenching of Probe by electron transfer. Using different
excess of Probe, the residual fluorescence intensity of dsSDNA Probe/Target species allows for
an accurate assessment of the quantity of DNA present in solution in the linear ranges of 0-20 nM
down to in the 0-1 nM. When M = Co?* (best of the three transition metal ions investigated) a limit
of detection of 120 x 10712 M was reported. This “classic” biological approach can also be
extrapolated to RNA as well, issued from viruses. So, the main approach for the detection of
viruses is largely based on provoking a response where the RNA plays a major role in the change
in the biological environment of the sensor. These techniques are electrochemiluminescence,
chemiluminescence, photoelectrochemical bio-assays, and photodynamic effect, meaning that the

detection signal are luminescence, electric current, and occurrence of a chemical reaction.
2.1 Sensors based on electrochemiluminescence response

The porcine epidemic diarrhea virus, PEDV, causes vomiting, diarrhea and dehydration upon
infection.’® A technique based electrochemiluminescence, ECL, was recently developed by Han
and collaborators to detect this virus,?’ a technique that exhibits high sensitivity (limit of detection
0.4 pg/mL), low noise, and a simple detection process.’® The key ingredient here is the porphyrin
chromophore, which is conveniently electroactive and fluorescent, for ECL response. PCN-224
(Figure 2; left) 1s among the porphyrin-based MOFs that have been used to detect pesticides and
toxins related to agriculture using colorimetry, fluorescence, HPLC, electrochemical and
immunochromatographic methods, and exhibits a great stability.>® Concurrently, nanosized TiO,
(rutile-structured) are often used in ECL devices as it forms stables films and exhibits low-

toxicity. 40
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/ . :
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Figure 6. Drawing of the ELC device, surface components, and mechanism for the ELC signal
when the device is in contact with the virus based on ref 37. GCE = glassy carbon electrode.

This ECL device for the detection of PEDV is constructed as illustrated in Figure 6. First, PCN-
224 is prepared (H,TCPP plus zirconium(IV) salt/DMF and benzoic acid) under solvothermal
conditions, and its stability was verified when in the presence of a potassium persulfate solution
(K5S,05), and was fully characterized (TEM image, UV-vis and IR spectra, N, BET isotherms at
77 K; pore size = 2.8A). Concurrently, TiO, NPs were wrapped into polyacrylic acid, PAA, to

form the TiO,-PAA composite, whereas the emissive and photoelectron-active PCN-224 was

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

conjugated with PEDV antibody, Ab;, through amide-carboxyl bonds. The ECL device was

constructed this way: TiO,-PAA composite was deposited on a glassy carbon electrode (cathode

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 1:47:40 AM.

operating between 0 and -1.2 V), followed by unconjugated PCN-224, then conjugated with the

(cc)

PEDYV antibody (Ab;). Bovine serum albumin was also used among other proteins to verify that
no interference takes place. The ECL signal was dependent of the surface (GCE) composition:
TiO, < BSA/Ab;/PCN-224/TiO, < Ab;/PCN-224/Ti0, < PCN-224/TiO,. Upon addition of the
virus, which is recognized and captured by the antibody Ab;, ECL quenching occurs by electron-
transfer interfering with the overall ECL mechanism (Figure 5) help by the short distance between
the device components and the virus. A reproducible and stable linear relationship (10 cycles, with
a relative standard deviation of 1.5%) between the ECL intensity and log[virus] permitting to
establish the linear range of the response (1 pg/mL to 10 ng/mL) and the limit of detection (0.4
pg/mL), was obtained. The lost of sensitivity kept 94.2 % of its original signal after 1 week for the

device stored in the fridge at 4°C. Swine faeces were used and adopted as real samples after testing.
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The author stressed the fact that this study represents the first application of ECL by a porphyrin-
based MOF for detection purposes.

Later, a new ECL biosensing device was fabricated by Jie, Zhou and collaborators for the detection
of human papillomavirus type 16 (HPV-16) virus,*! which increases cervical cancer in woman.
The ECL redox mechanism is the same as illustrated in Figure 6, except ZnO is used instead of
Ti0,. It turns out that ZnO accelerates reduction of K;S,0g5. The device was constructed using a
gold electrode which was modified with a mixture of polyacrylamide (PAM) used as a matrix
forming stable and good quality films, zinc oxide NPs (n-type semi-conductor), which combine
through electrostatic attractions with the nanosized PCN-224 particles (~500 nm, SEM) forming a
nanocomposite (Figure 7). This approach allowed for overcoming a solubility issue in water. Gold
NPs (~13 nm, TEM), which added bind hair-pin shaped DNAs, were then added to the surface.
After sealing the electrode with MCH, solutions of DNA S1 (GGATACGCACGACTCTAG) and
20 U of EXO III (exonuclease-based cycling cleavage) were successively added. The cycling
cleavage process amplified tremendously the number of binding sites at the surface. Upon adding
the target HPV-16 (HP1, HP2, HP3, see Figure 7 and its caption for details), binding occurs, and
quenching occurs. The limit of detection is 0.13 fM, and linear range of response is 1 fM to 1 nM

in the graph of AECL versus log[conc].
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Figure 7. Illustration showing the construction of the ECL biosensing device using PCN-224/ZnO
nanocomposites, along the biological recognition materials and procedure (with cyclic
amplification and chain reaction) for the detection of HPV-16. Reproduced with permission from
reference 1. Note: HP1=GGACTGGATACGCACGACCTAGTTTTTCTAGGTCGTGCGTATC
CAGTCCATCTCTACTGTTATGAG), HP2 = GGCACCATCGATGAGTCGTGCCGTGGGCTGATC,
HP3 = GACTCATCGATGGTGCCGAGGGATCAGCCCACG.

2.2 Sensors based on optical response chemiluminescence

Chemiluminescence is also a technique that has been exploited to design sensors for virus-related
entities using porphyrin-based MOF. In a recent investigation Wang et al. targeted the Epstein-
Barr virus (EBV) sometimes called herpesvirus 4.#? This virus is known to infect about 90% of the
population worldwide.**When infected, the patent may not show symptoms by sometimes it can
lead to mononucleosis in children and young adults, and other cases, to nasopharyngeal carcinoma
(NPC). EBV-related antibodies are produced during infection and can be employed for early
detection.** These antibodies include early antigen (EA-IgA), nuclear antigen (NA-IgA) and virus
capsid antigen (VCA-IgA), and can be found in high levels in blood. An early screening for NPC
patients where the EBV-IgA are in low quantities, is necessary. Moreover, targeting three
antibodies increases the accuracy of the diagnosis. The concept and procedure outlined by Wang

et al. is illustrated in Figure 8.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Figure 8. Schematic drawing of the biological strip, surface components and reactants, and
mechanism for the chemiluminescence response of Luminol when the EBV-IgA is in contact with
the biological surface components according to reference 42.
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Briefly, first the nanosized porphyrin-based MOF (MOF-FeP), for which the building blocks are
TCPP(FeCl) and Zr(IV), was prepared and fully characterized (SEM, TEM, PXRD, XPS, EDS,
and UV-vis spectroscopy). The size was just slightly smaller than 100 nm. It was first post-
functionalized with COOH-PEG-NHS and then conjugated with mouse anti-human IgA antibody
(MOF-FeP@anti-human IgA), which is used to detect the EBV-IgA. Three test lines of EA-IgA,
NA-IgA and VCA-IgA (red triangles) are created on a hospital strip, along with a control line of
anti-mouse IgG antibody. Blood samples from NPC patients are collected and prepared for
analysis. The composite MOF-FeP@anti-human IgA is placed at the beginning of the pad. When
the EBV-IgA of the blood samples migrate throughout the pad, they bind with the composite MOF-
FeP@anti-human IgA (recognition step) and continue to migrate with the flow (chromatography)
until reaching the three test lines where another recognition step occurs though binding with the
EBV-antigens. With time, an accumulation occurs inducing an amplification step. In the situation
that there is no EBV-IgA in the blood samples, then only the control line accumulates the
composite, and thus shows that migration did indeed occur, but the sample did not contain any
EBV-IgA, meaning the blood does not contain evidence of virus infection. At high concentrations
of EBV-IgA, the hospital strip can simply be used as colometry sensor based on the photographs
provided. However, for early detection another approach is needed. To induce chemiluminescence,
injection of Luminol is performed, and when in contact with the TCPP(FeCl) unit, it induces an
oxidoreduction reaction between provoking these entities, similar to peroxidase (i.e. catalytic
decomposition of H,O, induced by TCPP(FeCl)) and emission is observed. With blood dilutions
between 1:20000 and 1:10000, chemiluminescence is observed. Serum samples were also analyzed
using this method and proved successful, and showed superior sensitivity compared to traditional
ELISA kits. All in all, the porphyrin-based MOF, namely through the central iron(III) ion of the
porphyrin macrocycle, is employed as a catalyst to stimulate another reaction leading to an
observable signal. The porosity of the MOF can be beneficial for capturing Luminol through its
pores thus rendering distance between TCPP(FeCl) and Luminol much shorter leading to a rapid

and efficient response. However, this aspect was not addressed in this investigation.

It is also worth nothing that the same main authors used the properties of similar porphyrin-based
MOFs, labelled MxP where x stands for Ir, Ru, Pt, and Pd, to induce peroxidase-like activity, with
the goal to cure NPC patients.* It turns out that the iridium-based MOF was the most efficient.
The strategy consists in post-functionalizing these MxP with Epigallocatechin-3-Gallate ligands,
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which recognize the EBV associated with this disease. Then, H,O, is catalytically and efficiently
decomposed in hydroxy radicals by these porphyrin-based MOFs causing thus severe damages to

the cellular surrounding where the EBVs are located.

2.3 Sensors based on photodynamic effect

This methodology uses the photosensitization of singlet oxygen, '0,('A,), by the porphyrin unit
within the MOF within an assembly, which in turn oxidises efficiently a well-known indicator thus
providing a quantifiable signal intensity change. Note, that a necessary description of !0,('A,), its
in situ preparation, properties, and applications are provided in a section below. In this section on
photodynamic effect, SARS-CoV-2 is addressed. Patients with COVID-19 suffers with Acute
Respiratory Distress Syndrome (ARDS) caused by the down- or upregulation of the mechanism
for the binding of porphyrin to iron in heme during its formation (meaning the iron atom is not
placed inside the macrocycle), and interference with the immune system leading to severe
consequences.* For early detection, the selective recognition of its RNA can be performed with
complementary oligonucleotide sequences; single-strand DNAs (ssDNA), for example. In this
recent study, Zhu and his collaborators designed a rigorous methodology to address this need using

a porphyrin-based MOF knowing that it can be easy to post-functionalized and photosensitize

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

10,('D,) efficiently (Figure 9).#7 Several preliminary steps are necessary, including viral lysis

(isolation of the target RNA), preparation of the MOF@DNAT1 composite, preparation of a silica-

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 1:47:40 AM.

decorated magnetite nanoparticles, FSN NPs (Fe;04@SiO,-NH;) and post-functionalized with
DNA2 (FSN@DNA2 composite). The nanosized MOF (PCN-224) was synthesized and post-
functionalized with DNA1 (TTGAAGAGGACGATCTTACCGACCGT), and the nanosized FSN
was functionalized with DNA2 (COOH-AGCAGCATCACCGCCAT), both of which bind
AACUUCUCCUGCUAGAAUGGCUGGCAAUGGCGGUGAUGCUGCU (i.e. target RNA).

(cc)

Note that the color codes indicate the complementary strands that bind to each other. Finaly,
FSN@DNA2, MOF@DNA1 and target RNA are mixed to form a hybrid composite
NPMOF@DNA1@ target RNA@FSN@DNAZ2. This composite is then separated using a magnet.
In the situation there is no target RNA, only FSN@DNA2 is extracted, which is inactive. Each
component, MOF@DNA1 and FSN@DNAZ2, were first respectively tested for their efficacity for
photodynamic oxidation of 1,3-diphenylisobenzofuran (DPBF) into 1,2-dibenzoylbenzene and the

capacity to be extracted from a solution with a magnet, prior to assembly; capture of target RNA.
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Figure 9. Scheme illustrating the multiple step procedure for the detection of RNA related to
SARS-CoV-2 based on the photosensitisation of singlet oxygen according to reference #’. Codes:
FSN = FSN@DNAZ2 = silica-decorated magnetite Fe;O4@Si0,-NH,@nanoparticles, MOF =
composite NPMOF@DNA1, hybrid = NPMOF@DNA1@target RNA@FSN@DNA2.

measure

After separation of the composite was subjected to PDBF, which exhibits an absorption band at
426 nm, as an indicator and monitored by colorimetry. Upon illumination, PCN-224 generates
'0,(!A,) and a photo-induced oxidation of PDBF occurs, and the 426 nm-signal decreases. The
linear relationship between DDE % and the concentration is between 10 and 100 fM at pH 7.4,
with a limit of detection of 4.94 fM (DDE% is defined by (initial 426 nm absorbance - absorbance
at 426 nm after irradiation)/initial 426 nm absorbance x 100%). This biosensor test takes less than

30 mins, which is convenient for applications in medical clinics and hospitals.

2.4 Sensors based on photoelectrochemical bioassay

Early detection of the human immunodeficiency virus (HIV) has also been a topic of interest using
porous porphyrin-based materials, and accurate and sensitive sensing of specific DNA sequences
is an essential trait that such devices should have. Photoelectrochemical DNA bioanalysis emerges

as an attractive and modern technique in medicine, where the photocurrent is monitored for any
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changes upon capture and recognition of a target entity, such as DNA. Photocathode-based DNA
bioassays turn out to be a method of choice for their stability.*® Concurrently, porphyrin-based
COFs exhibits electrochemical and optoelectronic properties, large surface area and high porosity,
good biocompatibility, chemical stability, and non-interferences rendering them suitable for the
development of COF-based photocathode in photoelectrochemical bioassays. Luo, Fan and
collaborators designed an accurate and sensitive sensor device for HIV DNA using a porphyrin-
based COF composite as photocathode.*® The concept of fabrication is illustrated in Figure 10.
Briefly, a porous vinyl-functionalized COF (COF-V) was first synthesized according to a literature
procedure,® which was eventually placed onto indium-tin-oxide, ITO, a semi-transparent and
semiconducting material. These ~300 nm-sized crystalline COF-V spheres (TEM, SEM, XRD)
were modified with meso-tetra(4-carboxyphenyl)porphyrin free base (H,TCPP) and polydopamine
(PDA), which formed a film upon polymerisation of dopamine and the nanosphere have a ~500
nm-size (TEM, SEM). This p-type semiconductor photocathode composite, PDA/TCPP/COF-V,

generates a photocurrent is used as a transducer.
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Figure 10. Scheme illustrating the construction of the photoelectrochemical DNA bioeassay
device and the mechanism for the detection of the target DNA. The trigger consists in opening the
hairpin DNA by the target DNA helped by A-Exo, thus exposing the attached segment of what is
left of the hDNA, which is then prone to recognize and capture the SDNA portion of AIS-sDNA.
Reproduced with permission from reference.*® Copyright ACS 2025.
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For recognition purposes, this composite surface was further post-functionalized through strong
covalent bonding (via Michael or Schiff reactions) with the bioconjugate LZP-hDNA where LZP
is (CPPPPDKDKDKDK-N3), a linear zwitterionic peptide providing a stable anti-interference
interface. hDNA is an ethynyl-modified hairpin DNA probe, which covalently binds the azide unit
(-N3) of LZP through a CLICK reaction. AgInS, (AIS) nanodots were used as quenchers and were
attached to the signaling DNA (sDNA) to prepare the AIS-sDNA labeling. When the target DNA
(aided by A-exonuclease; A-Exo) was in contact with the bio-modified PDA/TCPP/COF-V
photocathode, triggering the chemically induced detection process, a sharp decrease in
photocurrent occurred through electron transfer processes across the bio-modified composite. For
comparison, the COF-based photocathode response after covalently binding LZP-hDNA onto the
surface significantly decreased when the target DNA (10 pM) is added, which decreased a little
further when an additional 10 U A-Exo was co-incubated, and which decreased even more when
AIS-sDNA hybridization was performed onto the bio-surface, signaling total quenching by ~60
%. The resulting proximity between the AIS unit and the COF-based photocathode amplifies the
quenching process by electron transfer going from the photo-excited AIS unit to the PDA matrix
due to the position of their respective valence and conducting bands (Figure 11b), thus blocking
the charge separation process. In the absence of trigger (target DNA), the hairpin DNA does not
open and the AIS-sDNA is not captured by the bio-modified surface. The photo-induced formation
of hole*-charge™ pairs at the NP interfaces generates ROS type I leading to the conversion of O,
into H,O as result, thus completing the photoelectrochemically driven cycle (Figure 11a). The
linear range is found to be quite large (0.1 fM to 100 pM from the graph of Al versus log[conc.]
where Al is the change in photocurrent) and the limit of detection impressively low (0.04 fM).
Interference tests indicate the HIV target DNA is selectively detected over a large series of DNA
oligonucleotides (commercially available), including in a mixture. This technique can also serve

at detecting various HIV targets, thus rendering it very versatile, and applicable in hospitals.
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Figure 11. Drawing illustrating the photoelectrochemical behaviour at the interfaces of the bio-
modified PDA/TCPP/COF-V photocathode in the absence (a) and presence (b) of the target DNA.
Reproduced with permission from reference 4°. Copyright ACS 2025.

Section 3. Antiviral property and photodynamic therapy.

The antimicrobial photodynamic therapy, aPDT, is the most efficient manner to control and
deactivate viruses. The concept of aPDT using porphyrin-based MOFs and COFs, which focusses
mainly on bacteria’! and fungus so far,” is relatively recent but well-known. The technique

consists of generating singlet oxygen, !O,(g), in situ near or on the species to be deactivated. The

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

ground state electronic configuration of O,(g) is (05)*(0s*)*(c,)*(m)*(n*)*(c,*)° where the m*

manifold is doubly degenerated and leads to three possible electronic states. The first one is the

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 1:47:40 AM.

ground state, X, ", and the two others are excited states: 'A, (0.9773 eV) and 'Zg* (1.6268 V).

(cc)

The direct excitation of molecular oxygen is inefficient as the X, —!A, is spin-forbidden and
consequently the oscillator strength is small. Alternatively, photosensitization of singlet oxygen is
far more convenient and efficient, and this thermodynamically downhill photophysical event

proceeds via a collisional process (eq. 1 and Figure 12):

dye* + 02(32;) — dye + OZ(IAg) + heat (1)
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Figure 12. Energy diagram of a porphyrin ligand, H,TCPP as an example, illustrating the
unimolecular radiative and nonradiative processes after visible-light irradiation (isc = intersystem
crossing) and the sensitization process with molecular oxygen, O,(°Z, ). Image reproduced with
permission of reference 3!. Copyright ACS 2021.

3.1 Production and properties of singlet oxygen

As the photosensitization processes are based on bimolecular collisions, then the excited state
lifetimes of the dye* play one of the crucial roles in the resulting quantity of produced '0,('A,).
The longer-lived the excited state, the more probability for photosensitization to occur. As the
triplet (3dye*) lasts significantly longer than the singlet state (!dye*), then the later one is far more
inclined to transfer its energy to dioxygen. However, photosensitization from the singlet state also

occurs, in parallel.

Concurrently, the other parameter influencing this process is the rate for energy transfer between
dye* and dioxygen is the rate of energy transfer. First, excited state quenching in solution is solvent
dependent (viscosity and bimolecular interactions). For viruses’ managements, water (viscosity is
about 1 mPa s™! (Pa = Pascal) or 1 centipoise at 25°C and about 25% higher for D,0) is the main
solvent. This parameter translates to if the excited state lifetime of dye* shorter than a couple of
nanoseconds, then photosensitisation of 'O, is inefficient or not possible. Another critical aspect

is that water also acts as a quencher which deactivate 'O,('A,). This is well observed from the

short-lived excited state lifetime of 'O,('A,) (Temi is 3.57 ps for H,O and 77.8 ps for D,O at 5°C),*
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which is the shortest one among all other solvents (3.1 < Tey,; < 994 us at room temperature for
strongly deactivating solvents, and 7.0 to 463 ms for weakly interacting solvents).>? Similarly, H,O
has the highest bimolecular quenching rate constant, ko (M-!s!) of 10,(1%,") in the gas phase.™
All in all, the photo-deactivation of viruses in water suffers from the disadvantageous strong
interactions between water and 'O,('A,), which are likely to be associated with H-bonding. For
comparison purposes, the tp value for !0,(!A,) photosensitized inside the cavities of a porphyrin-
based MOF constructed with 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin and the
oxometallate cluster [Eug(ug-O)(13-OH)g(H,0)14]%" is 21 + 1 ps.> This longer phosphorescence
lifetime, in comparison with tp of 3.1 ps in pure water, is first indicative of strong interactions
between '0,('A,) and the cavity, which contains multiple H,O molecules, but also turns out to be
convenient for diffusion reasons for antiviral photodynamic therapy actions if the

photosensitisation is performed solely in water.

Second, the nature of the dye used also plays a role in the rate of photosensitization of '0,('A,).
The steric effect is certainly an obvious geometric parameter, which have been demonstrated by
different groups.’® Moreover, upon the bimolecular collision, two energy transfer mechanisms are

possible: Forster (intermolecular electric field interactions)’’ and Dexter (double electron

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

exchange).’® Their rates of energy transfers (kgr) are given by eq. 2 (Forster) and eq. 3 (Dexter):

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 1:47:40 AM.

o] K2
kET: kF(D)- F - Cte - J
= (2)
k=
ke =K J exp(-2r/L

where kr°(D) is the radiative rate constant of the energy donor in absence of energy transfer, r is
the center-to-center distance between the donor and acceptor, cte is (9000 ¢ In10/128 w°> n* N, with
n being the refractive index of the medium and Na being the Avogadro’s number), L is the radius
of the energy donor (4.8 A for porphyrin), K is a pre-exponential factor, «? is an orientation factor
between the transition moments of the donor and acceptor as expressed in eq. 4 and Figure 13,
and J is a normalized integral quantifying the spectral overlap in nm (1) between the fluorescence
band (or any emission; Fp) with the absorption band (€4) of the energy acceptor as described by

eq. 5 (more details are provided in the Supplement Information of reference >?):

19


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lf00380f

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 1:47:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

Page 20 of 39

View Article Online
DOI: 10.1039/D5LFO0380F

K* =(sind, sind, cosg —2cos &, cosd,)’ (4)

= [Fo(0) A0 24d2,
[enon i 5)

Lumoﬁ — — —+
Homo —— —H- +H 4+

D* sess A D eeee A*

\ Toy

Figure 13. (Left) Representation of the electron movements on the frontier molecular orbitals upon
electric field interactions between an excited energy donor (D*), also known as the photosensitizer,
and the acceptor (A*). The process is D* + A — D + A* + heat. In the Dexter process, the electron
of the D* LUMO transfers to the A LUMO while one electron of the A (HOMO) simultaneously
transfers to the D* HOMO. (Right) Schematic illustration of &), €, and ¢ in eq. 4, where the green
and blue arrows represent the orientation of the transition moment of the electronic transitions
involved during the energy process. The images are taken from the Supplement Information of 2.

Because the extinction coefficient is only about 40 to 60 M-'em™! (C0,(Z, ) + hv — '0,('A,) in
organic solvents, so it is assumed that it is in the same order of magnitude for water),>° then the J-
integral is in the lower range (low J-integral means slow kgr, which means less '0,('A,) formed),
which explains the often-encountered low phosphorescence intensity of 10,(1A,) (i.e. 10,('A,) —
30,(Z, ) +hv). The other parameter included in the J-integral is the size of emission band overlap
with the absorption of the energy donor. This overlap then becomes extremely variable depending
on the spectral position and bandwidth of the dye* emission, which ultimately leads to a high
variability of photosensitization efficiencies of the dyes, often referred as quantum yield of

photosensitization (®,) expressed by eq. 6:

10, produced
@a =

hotons absorbed
£ (6)

This situation and the fact that the excited state lifetime of the excited state acting as the energy
donor unavoidably lead to a high variability of ®@,, including dyes being completely inefficient at
photosensitization. Fortunately, the porphyrin chromophore and its substituted and metallo-

derivatives are very good photosensitizers of '0,(!A,).®® Moreover, the concentration of O, in
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water is about 2 x 10* M (25 °C), which is relatively large. The combination of these two facts
renders the antimicrobial PDT applicable even in aqueous conditions. It is noteworthy that the
presence of metallic nodes in MOFs promotes heavy atom effect, thus increasing the rate of
intersystem crossing, kis. (Figure 12), and consequently populating the long-lived triplet state (T;)
of the porphyrin chromophore, which then augment the probability of photosensitization.5!-62
Again, this effect depends on the metal size (as the spin-orbit coupling constant increases with the
atomic number) and distance between the chromophore and the heavy atoms. It is also important
to note that k. also operates between the T, and ground state thus reducing the excited state

lifetime of T;.
3.2 Detection of singlet oxygen.

As the @, values are highly variable from one material to another,%>%* the confirmation of the
presence of this ROS is necessary, and absolute quantification of 'O,('A,) is also possible.®* Two
categories of detection are possible: direct and indirect. The direct detection of 'O,('A,) can be
performed into two manners: electronic paramagnetic spectroscopy (EPR), using a spin trap® or
not,% and emission spectroscopy (i.e. '02('Ay) — 30,(°Z, ) + hv, phosphorescence at ~1270-1280

nm).>? The direct detection of diamagnetic 'O,('A,) (no unpaired electron) by EPR spectroscopy

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

is rendered possible due to a net orbital electronic angular momentum, which in a magnetic field,

the MO level degeneracy is lifted and an EPR transition becomes possible. This EPR transition

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 1:47:40 AM.

leads to a nearly symmetric quartet (Figure 14, up left) due to off-diagonal Zeeman effect. This

(cc)

signal is generally weak since 'O,(!A,) is in the gas phase, short-lived (ms to seconds) and pressure
dependent. However, spin-trapping is favored in solution, which is in fact an indirect method as
well. This technique is generally based on the oxidation of 2,2,6,6-tetramethylpiperidine (TEMP)
to 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), which is persistent, using 'O,('A,). The long
stability of TEMPO permits to acquire high intensity signal. The triplet of equal intensity is due to

a spin-nuclei coupling (spin N = 1).
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Figure 14. (Up left) EPR spectra of O,(°Z, "), B =10 544.68 G (g = 0.6522), where Po,= 0.2 Torr,
(a) in the dark, (b) with a photosensitizer upon irradiation.®® (Up right) EPR spectrum of TEMPO
when generated by trapping TEMP by !0,(!A,).%> This process takes several minutes until
stabilisation. Images reproduced with permission from refs. % and %, respectively. Copyright ACS
2013 and ACS 2024. (Bottom) Phosphorescence spectra of 'O,('A,) photosensitized by PCN-222,
PCN-224, and the 3D-porous coordination network [Zn-TPyP], (its structure is placed beside for
convenience; TPyP = tetrakis(pyridyl)porphyrinzinc(Il)). The figure showing the spectra (bottom
left) is reproduced from reference 7 and the structure (bottom right) from reference . Copyright
ACS 2025 and ACS 2022, respectively.

Concurrently, the direct detection of 'O,('A,) can be performed by emission spectroscopy where
the phosphorescence spectrum of '0,(!A,) appears at ~1270 to 1280 nm. Typical example of such
spectra is shown in Figure 14 (down left)S” where clear evidence for !O,(!A,) generation is
provided for porphyrin-based MOFs suspended in water and in the solid state, even in porous

porphyrin-based coordination networks.®® The discrepancy in the band maxima (~1270-1280 nm)
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is due whether '0,('A,) is bonded to the metal of the porphyrin or interact somehow with the
material (such as H-bonds), or does not interact at all.®® Other indirect methods concern the use of
a facile oxidation process of an aromatic compound monitored either by absorption or emission
spectroscopy. The two generally used compounds are anthracene and 1,3-diphenylisobenzofuran

(DPBF; Figure 15).5! The latter is a standard commonly used to evaluate ®,.

Figure 15. Photoinduced oxidation reaction of anthracene (a) and DPBF (b) by 'O,('A,). R is
variable but phenyl is common as 9,10-diphenylanthracene has a fluorescence yield of unity.

Finally, selective scavengers can be used to react with '0,('A,), thus slowing down or stopping its
oxidative action towards organic molecules,” for instance 9,10-diphenylanthracene or DPBF,

during tests. Sodium azide is well-known to quench 'O,('A,).

3.3 Mechanism of action of singlet oxygen.

First, '0,('A,) is short-lived in water (3.1 ps), but its capacity to oxidize organic materials in water

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

by MOFs is well documented.”! While this time scale is long enough for diffusion in water based

on the viscosity of the liquid, thus allowing for bimolecular oxidation processes with organics, it

Open Access Article. Published on 23 February 2026. Downloaded on 2/25/2026 1:47:40 AM.

is still on the very short end of the spectrum. This where the porosity of the materials come to play.

(cc)

It is known that MOFs bear exchangeable groups or ligands where organics containing polar
entities, including H-bonding, are prone to be adsorb efficiently at the surface or even inside the
pores of the MOF, and then these species are placed precisely where '05(1A,) is photosensitized.
This fact was recently well demonstrated for the degradation of antibiotics at the 100-ppb level
using a porphyrin-based MOFs 3D-[Zn,(TPyP)(NO,),], (TPyP: 5,10,15,20-tetrapyridylporphyrin)
within one hour (Figure 16).57 It is worth noting that the ultrafast exciton migration helps to
delocalize rapidly the absorbed light energy throughout the materials until photosensitization
occurs at the interface of the material. This basic material-related photophysical event contributes

significantly to this photosensitization.
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Figure 16. Scheme illustrating the photophysical events that occurs at the surface of the 3D-
[Zny(TPyP)(NO,),], (UDS-2) leading to the efficient adsorption and photodegradation of
antibiotics by '0,('A,). Image reproduced from reference ¢7. Copyright ACS 2025.

Moreover, in a very recent biological in vivo and in vitro study, stand-alone fluorescent porphyrin
free bases (TMePPTos: 5,10,15,20-(tetra-N-methyl-4-pyridyl)porphyrin tetratosylate, TPP:
5,10,15,20-tetraphenylporphyrin, and TSPPA: 5,10,15,20-(tetra-4-sulfonatophenyl)porphyrin
tetraammonium) were tested for the photo-eradication of the common fungus Botrytis cinerea in
tomatoes plants, tomatoes and apples, using resistant and non-resistant strains.”> While TMePPTos
and TSPPA were efficient at both curing and preventing infections, TPP was inert. The reason is
that the ionic species stick the cell walls of the B. cinerea spores as illustrated in Figure 17. By
confocal microscopy, the fluorescent porphyrins that stuck to the surface of the cell walls were
readily detected (red ovals), otherwise no fluorescence is observed meaning that no attachment to
the spores occurred and the porphyrin (TPP) was washed away upon rinsing. In brief, the
deactivation of viruses involves the adsorption of these viruses at the surfaces or insides de pores

for the porphyrin-based MOFs or COFs, prior to deactivation.
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Figure 17. B. cinerea spores were incubated with various free-base porphyrins for 1h followed by
confocal microscopy. Images are shown under illumination by white light (b, d, f, h) or 406 nm (a,
c, €, g). Images show spores incubated with nothing else (a,b; control), TPP (c, d), TMePPTos (e,
f), or TSPPA (g, h). All images were acquired at 40x magnification. Image reproduced from
references 72. Copyright ACS 2025.

3.4 Applications of porphyrin-based MOFs and COFs.

Volkringer and his collaborators tested the antiviral performance of PCN-222, PCN-223 and PCN-
224 (Figure 2) and of AI-TCPP (a 2D-nanosheet porphyrin-based MOF), against HCoV-229E,
(SARS-CoV-2 and MERS-CoV) and hepatitis C virus (HCV).”® The in vitro test indicated that Al-
TCPP and PCN-222 deactivated HCoV-229E by respectively 99.98 % and 99.96 % when under
illumination for 15 min. Similarly, SARS-CoV-2 was photo-deactivated by 99.95 % and 93.48 %,
respectively, for the same irradiation time. Finally, AI-TCPP was tested against MERS-CoV and
HCV and deactivation of MERS-CoV and HCV by respectively 99.28 % and 98.15 %. All four
porphyrin-based MOFs photosensitize !0,('A,), as established by the effect of sodium azide used
as a scavenger. As predicted, the photoproduced '0,(1A,) oxidizes the phospholipids at the surface
of the cell walls (Figure 18a). One experiment consisted in monitoring the Luciferase activity of
HCoV-229E-Luc under various conditions. Luciferase is an enzyme that catalytically oxidizes
Luciferin and produces bioluminescence. In the absence of porphyrin-based MOFs, no '0,(1A,) is
photosensitized under illumination so the activity is optimum (Figure 18b; see the first two bars).

In the presence of the MOFs and irradiation, 'O,(1A,) is formed and envelop damages to the virus
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occur thus seriously reducing the Luciferase activity (green bars), where the best two MOFs, Al-
TCPP and PCN-222 are depicted. Upon adding 'O,('A,) scavenger, NaNj3, the activity is somewhat
at the same level as if there was no '0,('A,). PCN-223 and PCN-224 appears to be lesser efficient.

After a series of antiviral tests against the viruses mentioned above, AI-TCPP is the best MOF.
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Figure 18. (a) Cartoon illustrating the mode of action of 'O,(!A,) onto the bilayer membrane of a
virus envelope. (b) Relative Luciferase activity as a function of the experimental conditions for
each porphyrin-based MOF. Reproduced with permission from reference 7. Copyright Elsevier
2024.

In addition to take advantage of 'O,('A,) photosensitisation, other methods have been developed
which simply involve bringing the viruses on the surface of porphyrin-based MOF NPs or their
composite. For instance, by adding Mn;0O,4 NPs, an oxidizing and reducing agent and a catalyst, to
a 2D-MOF (Cu-TCPP, Figure 19a) can deactivate influenza A vairus according to both in vitro
and in vivo tests.” Indeed, the half maximal inhibitory concentration (IC50) ranges from 1.21 to
2.39 ug mL™! and from 0.79 to 1.47 ug mL~! for Cu-TCPP and Cu-TCPP@Mn;0y, respectively,
for five strains of influenza A virus: A/Puetro Rico/8/34, A/PR/8/34 with NA-H274Y,
A/WSN/1933, A/Aichi/2/68, and A/FM/1/47 (in vitro tests and western blotting assay). TEM
images showed that the viruses could be adsorbed at the Cu-TCPP surface where evidence for
virus envelope disruption was observed. A549 cells (human lung carcinoma cell line) were used
for other in vitro tests leading to the same observations and corroborative conclusions about the
antiviral behavior of Cu-TCPP and Cu-TCPP@Mn;0,4. One important missing information is the

mechanism of virus deactivation. /n vivo tests using mice were also conducted. In overall, this
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study also reveals that the composite Cu-TCPP@Mn;0, binds the hemagglutinin proteins of the
virus envelop preventing the influenza A virus to penetrate through the cellular membrane and

thus to infect healthy cells (Figure 19a).

(a)

hemagglutinin

5 4,50 5 1]

Cu-TCPP@Mn,0,

Virus deactivation Adhesion

Figure 19. (a) Illustration showing the preparation of the 2D Cu-TCPP and Cu-TCPP@Mn;04
and its mode of action for the deactivation of influenza A virus. Note that in the presence of water,
the Cu(II) metal is most likely coordinated with H,O molecules. (b) Illustration showing the mode
of action of Cu-TCPP@Mn;0, pertaining its interactions with hemagglutinin thus preventing
viruses penetrating healthy cells according to reference 74.
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Section 4. Nanodelivery.

For situations where the photo-deactivation of viruses by ROS or blocking access to the viruses to

(cc)

penetrate the walls of the healthy cells cannot be applied as a protection against these antagonists,
another approach is drug delivery. MOFs in general exhibit another physical feature and is the
encapsulation of molecules inside their pores, therefore their efficiencies and utilities depend on
their biocompatibility and their capacity of adsorbing the drug molecules and their release rates.
In a recent study, particles of um-sized PCN-224 (with 3D-[Zn(2-methylimidazole),],, ZIF-8,
NPs) were tested against HIV-reservoirs using antiretroviral treatments, which consists at
delivering drugs capable of blocking one of various stages of the virus life cycle, thus preventing
replication 7. The biocompatibility of PCN-224 was demonstrated using CyQUANT™ lactate
hydrogenase assay. It was found that PCN-224 exhibits negligeable cytotoxicity in the 0-500

pg/mL on multiple human cell lines. It is noteworthy that due to the strong luminescence of PCN-
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224, cytotoxicity assay based on a luminescent probe (epifluorescence microscopy) cannot be
applied. In addition, PCN-224 showed no significant in vitro hemolytic activity (breakdown of red
blood cells) at concentrations lower than 500 ng/mL. Moreover, PCN-224 was also tested for
platelet aggregation (process that controls the hemostatis) as too much aggregation may lead to
thrombotic diseases (a percentage above 60% is a risk factor). The tests show that PCN-224 does
not exhibit platelet aggregation within the concentration range of 0-500 pg/mL. The antiretroviral
drugs are shown in Figure 20 (combination 1: emtricitabine/bictegravir/tenofovir; FTC/BIC/TFV,
combination 2: nevirapine/tenofovir/emtricitabine; NVP/TFV/FTC). The encapsulation efficiency
in percent (% EE = {1-([drug]supermactant’[drUg]iota1) } ) 0f PCN-224 of these drugs varies from 68 to
88 %; values that are considered high. The release of these drugs followed a first order kinetic and
the rate constants, k, obtained from % drug;eje.seqa = a(1-exp(-kt)), are reported in Figure 20 (right).
Interestingly, these rates are found to be combination dependent suggesting specific interactions
with PCN-224. The um-size of the PCN-224 particles prevented in vivo studies. Conversely, the
nm-size ZIF-8 MOF permitted such studies in HeLa cell lines, which showed high cellular uptake.
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Figure 20. Left: molecular structures of the antiretroviral drugs. Right: delivery rate constants of
the antiretrovirals at different pHs and combinations by PCN-224. Reproduced with permission
from ref. 7. Copyright RSC 2024.

Section S. Photo-sanitary fabrics.

When COVID-19 pandemic hit the planet, an urgent need for immediate protection emerged until

vaccines were developed, also calling for rapid modification of ventilation strategy to impede the
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microbial aerosols,’® notably for COVID-9 patients. Ultimately, protective nose/mouth masks
turned out to be the rapid and handy temporarily solution worldwide. However, modified fabrics
with anchored porphyrin-based MOF photosensitizers of '0,('A,) for self cleaning’® and
antimicrobial purposes,’! have been developed and are well-known tactics. It is only recently, that
the use of 2D-porphyrin-based COF in fabrics for photo-sanitary purposes against viruses has

emerged (see the principle and details in Figure 21).77
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Figure 21. (a) Illustration showing the preparation of the porphyrin-based COF composites. First,
a three-component one-pot Doebner reaction is performed to the COF DhaTph-COOH (the N,
adsorption capacity and BET surface area are respectively for 259.3 cm?/g and 306.9 m?/g. Then,
this COF exhibiting an excellent solubility in various organic solvents and water solutions, is post-
functionalized by Ag NPs, giving the composite Ag@DhaTph-COOH, where the NPs are located
within the COF’s pores (N, adsorption capacity and BET surface area are respectively 224.6 cm?/
and 259.3 m?/g. The structure on the right-hand side is a simulation, which exhibits a 4.2
interlayer separation. (b) This composite NPs is HO-enriched, then mixed with OCN-terminated
polyurethane oligomers in anhydrous CHCI; to securely covalently bind the composite NPs to the
oligomers. The resulting dispersion was carefully and homogeneously sprayed over a non-woven
polyethylene terephthalate fabric, which was then dried (80 °C for 6.0 h). Reproduced with
permission from ref. 77. Copyright RSC 2022.

(cc)

The porphyrin-based MOF, DhaTph-COOH, was fully characterized (BET, IR, powder-XRD,
TEM, DLS (dynamic light scattering), ICP (inductively coupled plasma) and XPS (X-ray

photoelectron spectroscopy), and it was determined that the average particle size was 396 nm, and
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the average pore size was 1.83 nm. The composite, Ag@DhaTph-COOH, was also fully
characterized and the dispersed Ag NPs throughout the COF material exhibited a particle size
smaller than 5 nm, meaning that they are placed between layers. The addition of Ag NPs increased

the hydrophilicity of the composite, which appears as an extra convenient feature.

The performance of photosensitization of '0,('A,) by Ag@DhaTph-COOH was also assessed
using the photooxidation reaction of DPBF (Figure 15b) irradiated with visible light (A > 400 nm
(filtered), ~50 mWem? at the sample) and showed faster photodegradation of DPBF (within a
minute) than that of DhaTph-COOH. Although not specifically specified, heavy atom effect, which
promotes enhanced spin-orbit coupling and faster rates of intersystem crossing, may populate even
more the triplet excited state of porphyrins, thus increasing their probability to interact with
dioxygen. Further evidence for !0,(!A,) was provided by EPR spectroscopy using TEMP as a spin-
trap (Figure 14, up right). A concomitant effect is the temperature increase upon illumination
(AT), which were +14 and +17 °C for DhaTph-COOH and Ag@DhaTph-COOH, respectively.
Under sunlight, the composite even shown a variation of +18 °C and remain stable (41 < T(°C) <
43) for at least 3 hours. No supplementary test was performed to identify whether other ROS (type

[; radicals) and holes were at play.

In addition to the demonstrated good antibacterial behavior of DhaTph-COOH and Ag@DhaTph-
COOH against E. coli (> 97%) and S. aureus (> 96%), these nanomaterials were also tested against
the vesicular stomatitis virus (VSV) and influenza A virus (A/H1N1) using HeLa and MDCK cell
lines, respectively, under visible light (A > 400 nm, ~50 mWcm?) and sunlight conditions (50-54
mW cm?), as well as in the dark as controls. Three processes can take place: chemotherapy induced
by the Ag NPs, photothermal therapy, and photodynamic therapy, either separately, or combined
(Figure 22, top). In the dark, only chemotherapy can occur, and the parameter TCIDs,, the number
of infectious viruses expressed as the 50% infective dose in cells, was evaluated and compared to
that when irradiated. For example, for VSV versus Ag@DhaTph-COOH, quasi-complete
inactivation (99%) was achieved in 1 hour. Conversely under the same conditions, DhaTph-COOH
deactivate the viruses to a level of ~78%. More specifically, for a sample of VSV (2 x 107
TCIDs(/ml; blank), in a log scale, a decrease in TCIDs, varied from 7.0 to 6.6 to 4.2 for a blank,
in the presence of DhaTph-COOH, and Ag@DhaTph-COOH, respectively. Under visible light,

these values went from 6.2, 3.3 and 1.0, respectively. Finally, under sunlight exposure, quasi-
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complete deactivation of the virus was observed. The use of the scavenger, NaN;, confirmed the
presence of !0,('A,). The reusability test showed a quasi-stable performance of Ag@DhaTph-
COOH versus VSV and A/HIN1 going from 99% (both) to 97 and 96 %, respectively (in 5 cycles).

Control DhaTph-COOH Ag@DhaTph-COOH Ag@DhaTph-COOH

Sunlight

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Figure 22. Top: Immunofluorescence microscopy images of VSV-infected HelLa cells after
treatment under different conditions. (chemo = chemotherapy induced by the Ag NPs; PTT =
photothermal therapy; PDT = photodynamic therapy, i.e. 'O,('A,)). Bottom: (a) SEM image of
facemask cloth. (b) and (¢) SEM images of the facemask cloth with Ag@DhaTph-COOH coating.
Reproduced with permission from ref. 77. Copyright RSC 2022.

The functionalization of facemasks (details are given in Figure 21’s caption). The polyurethane
hybrids, Ag@DhaTph-COOH@M, was also fully characterized (IR, PXRD, BET, TGA, SEM,
SEM-EDX). The SEM images (Figure 22, bottom) show that the fibers are well-blended with a
dense and homogeneous coat of Ag@DhaTph-COOH (thickness ~100 um). Due to the presence
of polyurethane, the hybrid mask is more hydrophobic than that of the stand alone composite,
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which conveniently prevents droplets to adsorb onto the fabric. In addition to antibacterial tests,
the bio-protective ability of the modified mask was also assessed against A/HINI-containing
aerosols (1 x 10* TCIDso/mL) using a nebulizer (flow rate =200 mL/min). The self-sterilizing test
revealed that after 60 min of irradiation under sunlight conditions, the antiviral efficiencies still
reached 99%, and after 5 cycles, this value just dropped to 95%. All in all, this over approach

demonstrates unambiguously the true potential for applications for self-protection and others.

Conclusion

Taking advantage that porphyrin-based MOFs and COFs are often semi-conductors and efficient
at photosensitizing '0,('A,), many opportunities occur when comes the time to manage virus
threats. In the mini-review, the design of sensors, protection devices and nanotechnologies against
viruses using porphyrin-based MOFs and COFs are found to be still in its infancy in comparison
with MOFs and COFs in general, but have already demonstrated quite mature advancements based

on performance metrics.

In the area of sensors, which is generally far more developed than that of the inactivation of viruses,
modern technics are advantageously exploited, which are largely based on RNA recognition as
trigger of a change in an analytical signal. However, there is still room for further developments
by taking advantage of other material responses. Recently, surface plasmon resonance (i.e. when
a polarized light arrives with a specific angle on a thin film, depending on the material, it generates
surface plasmon polaritons) has emerged as a powerful modern technique combining rapid
responses, non-destructive method, high specificity and sensitivity, real-time on-site detection, and
continuous monitoring advantages, a technique that was recently reviewed.”® In the area of MOFs,
a UiO-66-based device was able to detect single-strands associated with SARS-CoV-2 in a linear
detection range of 10-400 mg/mL with a limit of detection 0.9625 ng/mL. However, this technique

experiences some challenges, and further developments are to be expected.

The antiviral approach based on PDT ('O,(!A,)) is mostly an interfacial phenomenon on the NP
surfaces due to relative size of viruses (20-200 nm versus porphyrin-based MOF and COF pore
sizes, several nm), and to the relatively short lifetime of 'O,('A,) in water (3.1 ps).> This ROS is
a powerful oxidizing agent that degrades organics efficiently.”® However, this methodology is
limited to only ideal cases where the need for visible light is fulfilled. Its is also noteworthy, despite

this limitation, taking into account the large library of possible viruses and porphyrin-based MOFs
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and COFs, further extensive developments are also expected. When the medium prevents light to
penetrate efficiently into the matrix (for instance flesh of the virus foyer), alternatively drug
delivery is possible.”> The pore sizes of porphyrin-based MOFs and COFs are sufficiently large

enough for numerous medicinal molecules to be incorporated inside these nanocarriers.

In the field of self-sanitary fabrics, a clever use of a COF composite and hybrid was presented and
briefly described. Concurrently, porphyrin-based MOFs could also be employed since examples
such as PCN-222 and PCN-224 have demonstrated no or negligible cytotoxicity (Figure 3),° and
fabrics based on covalently attached Zr(IV)/porphyrin-based MOFs can also be expected. The
efficiency to photosensitize '0,('A,) (often called singlet oxygen quantum yield) and other ROS
is also MOF-dependent.

Furthermore, in comparison with the recent review on MOFs in general (in which porphyrin-based
MOFs and COFs were absent due to lack of development), which demonstrated that the 6 modes
of action for virus managements (physical barrier, encapsulation, mineralisation, antiviral based
on contacts, photosensitization, and drug delivery),! encapsulation and mineralisation were not
studies or observed porphyrin-based MOFs and COFs surveyed herein. One of the reasons is that

the encapsulation of a virus requires the rare combination of a very small virus and mesoporous

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

materials. Similarly, the mineralisation process cannot easily apply when the syntheses of these
nanomaterials do not occur spontaneously. Instead, harsh conditions need to be applied to prepare

these materials. Consequently, no development is expected in the near future using these NPs.
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Finally, with regard to the wealth of reported photocatalysis applications of porphyrin-based MOFs
and COFs in the fields of eradication of bacteria,’' cancer therapies,’® reduction of high-valent
toxic metals in contaminated water,’%”® agricultural management,?® degradations of toxins and
organic pollutants in used water,3° organic synthesis®' and generation of solar fuels,’? this review
on viruses differs profoundly. While all previous applications rely on effortless adsorptions of
species either at the surface on inside the pores of the NPs, the efficient capture of virus RNAs for
stimulus-driven detection purposes requires a be quite complex device fabrication (Figures 5-10).
Similarly, the desired efficient interactions between the virus hemagglutinin proteins and the nano-
NPs for antimicrobial PDT is not automatic. There is a need for appropriate biological ingredients
or conditions for this purpose. So, without a surprise, the late occurrence of emerging technologies

in this field with respect to the above applications is simply due to its inherent bio-complexity.
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