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A B S T R A C T   

Antiviral medicines to treat COVID-19 are still scarce. Porphyrins and porphyrin derivatives (PDs) usually pre
sent broad-spectrum antiviral activity with low risk of resistance development. In fact, some PDs are clinically 
approved to be used in anti-cancer photodynamic therapy and repurposing clinically approved PDs might be an 
alternative to treat COVID-19. Here, we characterize the ability of temoporfin, verteporfin, talaporfin and 
redaporfin to inactivate SARS-CoV-2 infectious particles. PDs light-dependent and –independent effect on SARS- 
CoV-2 infectivity were evaluated. PDs photoactivation successfully inactivated SARS-CoV-2 with very low con
centrations and light dose. However, only temoporfin and verteporfin inactivated SARS-CoV-2 in the dark, being 
verteporfin the most effective. PDs treatment reduced viral load in infected Caco-2 cells, while not inducing 
cytotoxicity. Furthermore, light-independent treatment with temoporfin and verteporfin act on early stages of 
viral infection. Using lipid vehicles as membrane models, we characterized PDs interaction to the viral envelope. 
Verteporfin presented the lowest IC50 for viral inactivation and the highest partition coefficients (Kp) towards 
lipid bilayers. Curiously, although temoporfin and redaporfin presented similar Kps, redaporfin did not present 
light-independent antiviral activity, and only temoporfin and verteporfin caused lipid membrane disorder. In 
fact, redaporfin is located closer to the bilayer surface, while temoporfin and verteporfin are located closer to the 
centre. Our results suggest that viral envelope affinity, with penetration and destabilization of the lipid bilayer, 
seems critical to mediate PDs antiviral activity. Altogether, these findings open new avenues for the off-label 
application of temoporfin and verteporfin in the systemic treatment of COVID-19.   

1. Introduction 

The number of viral outbreaks has increased over the past decades 
and their frequency is expected to increase [1]. In December 2019, 
coronavirus disease 2019 (COVID-19) pandemic emerged in Wuhan, 
China and the new member of Coronaviridae family, severe acute res
piratory syndrome coronavirus 2 (SARS-CoV-2) quickly became a global 
public health emergency [2,3]. Despite COVID-19 mitigation measures 
and vaccination efforts worldwide, anti-vaccination movements and 
new SARS-CoV-2 variants threaten vaccine efficacy and disease control. 
Moreover, new variants of SARS-CoV-2 emerge at high pace. Thus, it is 
of upmost importance to find therapeutic alternatives that efficiently 
target SARS-CoV-2 acute viral infections, as chemotherapies for 

COVID-19 are scarce. 
SARS-CoV-2 is an enveloped virus with positive-sense single- 

stranded RNA genome, which encodes 4 structural proteins. The N 
proteins are associated with the genome forming the nucleocapsid, 
which is surrounded by the viral envelope, containing the viral spike (S), 
membrane (M), and envelope (E) proteins. Virus binding and entry into 
host cell is mediated by the S protein, which is recognized by the host 
receptor angiotensin-converting enzyme 2 (ACE2), and then cleaved by 
transmembrane proteases, such as TMPRSS2 (cell surface) or by 
cathepsin (endosome) for triggering viral envelope/host cell membrane 
fusion for viral genome release into the cytoplasm [4]. 

The early stages of infection are promising targets for the develop
ment of new antiviral drugs and the S protein is an obvious target for the 
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development of antivirals [5,6]. However, alternative molecules, such as 
the ones targeting the viral envelope integrity, should be considered. 
Such molecules are expected to have broad-spectrum activity among 
different enveloped viruses. At variance with conventional drugs, lipid 
bilayer-targeting drugs do not depend on a particular protein sequence 
and, as such, protein mutations cannot confer resistance. 

Tetrapyrrolic macrocycles, such as porphyrins and their reduced 
derivatives chlorins and bacteriochlorins, are good photosensitizers and 
are used in photodynamic therapy (PDT) [7,8]. PDT is based on the 
activation of a photosensitizer by visible or near-infrared light in the 
presence of oxygen to generate singlet oxygen and free radicals that may 
be deleterious to tumour cells and pathogens [7,8]. In fact, porphyrins 
and porphyrin derivatives (PDs) were successfully used in antimicrobial 
PDT (aPDT) to inactivate several enveloped viruses with low risk of 
microorganism resistance development [9–17]. Moreover, porphyrins 
and PDs have also light-independent antiviral activity [10,11,18–27]. 
Our group and others have demonstrated that several porphyrins had a 
direct effect on viral particle envelope, more specifically at the lipid 
membrane level, inhibiting the early stages of viral infection [10,11,17, 
18,23,25]. 

Some PDs are approved for clinical application in PDT, including the 
chlorin-based temoporfin (Foscan®), talaporfin (Laserphyrin®), and 
verteporfin (Visudyne®) indicated for the treatment of head and neck 
cancer, lung cancer, and age-related macular degeneration, respectively 
[8,28,29]. In addition, the bacteriochlorin redaporfin is currently under 
clinical trials, with promising phase I/IIa POC clinical data in advanced 
head and neck cancer [30]. 

Here, we investigated anti-SARS-CoV-2 activity of temoporfin, ver
teporfin, talaporfin and redaporfin. Biophysical and in vitro infectivity 
assays were performed to unravel PDs anti-SARS-CoV-2 light-indepen
dent mechanism of action. Moreover, PDs cytotoxicity and therapeutic 
potential was assessed in Caco-2 cells. Overall, these results open new 
possibilities for PDs application in antiviral therapy. Importantly, the 
drugs do not require photoactivation for their antiviral activity and, 
therefore, could be used systemically. 

2. Material and methods 

2.1. Materials 

Temoporfin, verteporfin and talaporfin were purchased from Med
ChemExpress (Monmouth Junction, NJ, USA). Redaporfin (LUZ11) was 
kindly provided by Luzitin SA (Coimbra, Portugal). All PDs were diluted 
in dimethyl sulfoxide (DMSO) to a stock with maximum concentration of 
10 mM and frozen at - 20◦C. All solutions were prepared in the dark. For 
the experimental procedures, PDs were diluted in culture medium or 
buffer, with the final DMSO concentration being maintained at 1%, 
which did not affect SARS-CoV-2 infectivity, cell viability or large uni
lamellar vesicles (LUVs) integrity (data not shown). 1-Palmitoyl-2-oleyl- 
sn-glycero-3-phosphatidylcholine (POPC) and 1-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphoglycerol (POPG) were purchased from Avanti Polar 
Lipids (Alabaster, AL, USA). Cholesterol, Laurdan, 5-NS and 16-NS were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 

2.2. Cell culture 

Vero CCL-81 and Caco-2 cells were purchased from ATCC (Manassas, 
VA, USA). All cells were cultured at 37◦C in a 5% CO2 atmosphere. Vero 
CCL-81 cells were cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM) high glucose (Thermo-Fisher, Waltham, MA, USA) supple
mented with 10% fetal bovine serum (FBS) and penicillin− streptomycin 
(Pen-Strep) (complete medium). Caco-2 cells were cultured in Eagle’s 
Minimum Essential Medium (EMEM) (ATCC, Manassas, VA, USA) 
(Manassas, VA, USA) supplemented with 20% FBS and Pen-Strep 
(complete medium). FBS and Pen-Strep were obtained from Thermo- 
Fisher Scientific (Waltham, MA, USA). 

2.3. Viruses 

SARS-CoV-2 B.1.1 lineage (Portuguese isolate) was kindly provided 
by Pedro Simas Lab from Instituto de Medicina Molecular, Lisboa, 
Portugal and ZIKV PRVABC59 was purchased from ATCC (Manassas, 
VA, USA). Viruses were propagated in Vero CCL-81 cells. For SARS-CoV- 
2 infectious particles production, cells were infected using DMEM sup
plemented with 2.5% FBS (v/v) and 100 U/mL Pen Strep at a multi
plicity of infection (MOI) of 0.01 for 1 hour. Next, the medium (DMEM 
supplemented with 2.5% FBS (v/v) and 100 U/mL Pen Strep) was 
changed and after 2–4 days, the conditioned medium containing the 
infectious virus particles was harvested and centrifuged at 450 x g for 
15 min to remove cell debris. 

For ZIKV infectious particles production, cells were infected with 
ZIKV using DMEM without FBS and 100 U/mL Pen Strep at a multiplicity 
of infection (MOI) of 0.01 for 1 hour. Next, the medium was replaced for 
DMEM supplemented with 2% FBS (v/v) and 100 U/mL Pen Strep and 
after 2–4 days, the conditioned medium containing the virus particles 
was harvested and centrifuged at 450 x g for 15 min to remove cell 
debris. 

Viral stocks were then frozen at − 80◦C. All experiments involving 
SARS-CoV-2 handling and infection were performed in BSL3 conditions. 

2.4. Virus quantification 

Virus titre was quantified by plaque assay in Vero CCL-81 cells. 
Briefly, viral samples were 10-fold serially diluted in DMEM supple
mented with 2.5% or without FBS (v/v) for SARS-CoV-2 or ZIKV, 
respectively, and incubated for 1 hour at 37 ◦C and 5% CO2 with Vero 
CCL-81 cells. After 1 hour of infection, DMEM supplemented with 2.5% 
or 1% FBS (v/v), for SARS-CoV-2 or ZIKV, respectively, 100 U/mL Pen- 
Strep and 1.5% carboxymethylcellulose (CMC; Sigma-Aldrich, St. Louis, 
MO, USA) was added to the wells. Cells were kept in culture at 37◦C in a 
5% CO2 atmosphere for 5 or 4 days, for SARS-CoV-2 or ZIKV, respec
tively. The cells were then fixed with 5% (v/v) formaldehyde solution 
and plaque was visualized by standard crystal violet staining. Data are 
represented as means of at least three different independent 
experiments. 

2.5. PD treatment for virus inactivation 

To determine the effect of temoporfin, verteporfin, talaporfin and 
redaporfin on SARS-CoV-2 infectious particles, 104-106 plaque forming 
units (PFU)/mL of virus were treated with different PD concentrations in 
culture medium supplemented with 2.5% FBS (v/v) and 100 U/mL Pen- 
Strep in the dark or under light stimuli. To determine the effect of 
temoporfin and verteporfin on ZIKV infectious particles, 104-106 PFU/ 
mL of virus were treated with different PD concentrations in culture 
medium without FBS (v/v) and 100 U/mL Pen-Strep in the dark. For PD 
dark antiviral activity determination, virus samples were incubated for 
1 hour at 37 ◦C and 5% CO2 atmosphere in the dark. Meanwhile, in order 
to assess light-dependent PD antiviral activity, the photosensitizers were 
activated with adequate light sources. A light-emitting diode (LED) at 
660 nm (KINGBO 36 W all deep red 660 nm LED), for temoporfin, 
talaporfin and verteporfin activation, or 750 nm (Marubeni 
L740–66–60–550) for redaporfin activation, were used to deliver a light 
dose (LD) of 0.5 J/cm2. A power meter (Coherent LaserCheck - RoHS) 
was used to measure the light power (µW) applied on the samples for 
further LD calculation in J/cm2. LD corrections were performed in order 
to deliver the actual light dose value to the samples allowing quantita
tive comparisons between photosensitizers and light sources. Multipli
cative factors for each PD were calculated by overlapping the LED light 
emission spectra with the compounds absorption spectra. Thus, the 
measured LD was corrected by the following multiplicative factors: 
temoporfin = 0.65, verteporfin = 0.24, redaporfin = 0.4 and talaporfin 
= 0.6 [31]. After the different PDs treatment protocols, viral infectivity 
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was determined by plaque assay in Vero CCL-81 cells. 
The half-maximal (50%) inhibitory concentration (IC50) was deter

mined by nonlinear regression with a sigmoidal and variable slope 
profile using GraphPad Prism (version 8.4.3) software. Data are repre
sented as means of at least three different independent experiments. 

2.6. Cell viability determination 

Cell viability was evaluated by CellTiter-Blue Cell Viability Assay 
(Promega, Madison, WI, USA), a resazurin reduction-based assay, dis
tinguishing metabolic from non-metabolic active cells. 

Briefly, Caco-2 cells (2.5 × 104 cells/well) were seeded in tissue 
culture-treated 96-well black flat-bottomed polystyrene plates (Corning, 
New York, NY, USA) and incubated for 48 hours at 37 ◦C with 5% CO2. 
To determine light-independent PDs cytotoxicity, cells were treated with 
different concentrations of each PD in complete medium with 1% DMSO 
(v/v) for 24 hours in the dark at 37 ◦C with 5% CO2. Alternatively, to 
determine light-dependent cytotoxicity, cells were incubated with 
different concentrations of each PD in complete medium with 1% DMSO 
(v/v), followed by immediate photoactivation with a LD of 0.5 J/cm2 

and incubation for 24 hours at 37 ◦C with 5% CO2 in the dark. After PDs 
treatment, cells were washed with PBS, pH 7.4, and 15 μL of CellTiter- 
Blue reagent in 100 μL of complete medium was added to the cells 
and incubated for 2 hours at 37 ◦C and 5% CO2 atmosphere. Resorufin 
fluorescence was measured at 590 nm, with excitation at 560 nm, using 
a Varioskan LUX multimode microplate reader (TermoFisher Scientific, 
Waltham, MA, USA). Cell incubated with complete medium and medium 
containing 0.25% Triton X100 were used as positive and negative con
trols (100% and 0% viability), respectively. % cell viability was deter
mined using Eq. 1: 

%cellviability =
Ft − Fb

Funt − Fb
× 100 (1)  

where Ft is the fluorescence emission of PD-treated cells, Funt is the 
fluorescence emission of the control untreated cells, and Fb is the fluo
rescent emission of CellTiter-Blue reagent in complete medium without 
cells (blank). 

The 50% cytotoxicity concentration (CC50) was determined by 
nonlinear regression with a sigmoidal and variable slope profile using 
GraphPad Prism (version 8.4.3) software. Data are represented as means 
of at least three different independent experiments. 

2.7. Time-of-addition and PD treatment of infected Caco-2 cells 

The effects of PDs incubation at different stages of viral replication 
were tested using 4 different protocols: 1) cell pre-incubation with PDs, 
2) virus pre-incubation with PDs, 3) PDs incubation during infection (co- 
incubation) and 4) PDs incubation after infection (treatment). 

Briefly, Caco-2 cells (1,5 × 105 cells/well) were seeded in tissue 
culture-treated 24-well flat-bottomed polystyrene plates (Corning, New 
York, NY, USA) and cultured in complete medium for 48 hours at 37 ◦C 
with 5% CO2. Viral samples of 105 PFU/mL were used in the experi
ments. 1) For cell pre-incubation assays, cells were incubated with 
temoporfin, verteporfin or vehicle (EMEM 2.5% FBS (v/v) 1% DMSO (v/ 
v) and 100 U/mL Pen-Strep) for 1 hour at 37 ◦C with 5% CO2. Next, PD- 
treated and vehicle-treated cells (control) were infected with 200 µL of 
SARS-CoV-2 in EMEM 2.5% FBS (v/v) and 100 U/mL Pen-Strep for 
1 hour at 37 ◦C with 5% CO2. Following, the medium was replaced by 
complete medium and 24 hours later, virus infectivity was evaluated in 
the cells supernatant by plaque assay in Vero CCL-81 cells. 2) For virus 
pre-incubation, SARS-CoV-2 infectious particles were incubated with 
temoporfin, verteporfin or vehicle (EMEM 2.5% FBS (v/v) 1% DMSO (v/ 
v) and 100 U/mL Pen-Strep) for 1 hour at 37 ◦C with 5% CO2. Next, 
200 µL of PD-treated or vehicle-treated (control) SARS-CoV-2 were used 
to infect cells for 1 hour at 37 ◦C with 5% CO2. Following, the medium 

was replaced by complete medium and 24 hours later virus infectivity 
was evaluated in the cells supernatant by plaque assay in Vero CCL-81 
cells. 3) For co-incubation assays, cells were infected with 200 µL of 
SARS-CoV-2 infectious particles in the absence (control) or presence 
(PD-treated) of temoporfin or verteporfin in EMEM 2.5% FBS (v/v) 1% 
DMSO (v/v) and 100 U/mL Pen-Strep for 1 hour at 37 ◦C with 5% CO2. 
Following, the medium was replaced by complete medium and 24 hours 
later virus infectivity was evaluated in the cells supernatant by plaque 
assay in Vero CCL-81 cells. 4) Finally, for treatment assays, cells were 
infected with 200 µL of SARS-CoV-2 infectious particles (EMEM 2.5% 
FBS (v/v) and 100 U/mL Pen-Strep) for 1 hour at 37 ◦C with 5% CO2 and 
then the medium was replaced by complete medium containing temo
porfin or verteporfin (1% DMSO) and 24 hours later virus infectivity was 
evaluated in the cells supernatant by plaque assay in Vero CCL-81 cells. 
Data are represented as means of at least three different independent 
experiments. 

2.8. LUV Preparation and PD-membrane Interaction Measurements 

Large unilamellar vesicles (LUVs) with an average diameter of 
100 nm were prepared by extrusion methods as previously described 
[32]. Briefly, the lipid mixture was first solubilized in chloroform in a 
round-bottom flask. The solvent was evaporated under nitrogen flow 
until a thin lipid film was formed. The lipid film was dried under vacuum 
overnight. A multilamellar vesicle (MLV) suspension was obtained after 
rehydration with the sample buffer (HEPES 10 mM 150 mM NaCl 
buffer) and a series of 10 freeze-thaw cycles. The MLV suspension was 
extruded through a 100-nm-pore-size Nuclepore polycarbonate mem
brane purchased from Whatman/GE Healthcare (Maidstone, United 
Kingdom) using a LiposoFast-Basic plus Stabilizer setup from Avestin 
(Mannheim, Germany), allowing the reorganization of MLVs into LUVs. 
POPC, POPC-POPG (4:1) and POPC-Chol (2:1) liposomes were prepared. 

Lipid membrane partition experiments were performed by successive 
additions of LUVs (15 mM) aliquots to PDs solutions (10 μM), covering 
final lipid concentrations between 0 and 5 mM. A 10 min incubation 
period was allowed between each lipid addition. The extent of partition 
to lipid membranes was followed by the PDs steady-state fluorescence 
emission intensity, measured at each lipid concentration. Excitation and 
emission wavelengths used were 379 nm, collecting 600–700 nm 
emission spectra, 652 nm collecting 670–800 emission spectra, and 
690 nm and collecting 720–820 nm emission spectra, for RD, TP and VP 
respectively. Excitation and emission slits were both 5 nm. Fluorescence 
intensity was corrected for dilution, background, and light scattering. Kp 
values were determined from nonlinear regression fit of Eq. 2 to 
experimental data: 

I
IW

=
1 + KPγL

IL
IW
[L]

KPγL[L]
(2)  

in which IW and IL are the integrated fluorescence emission intensities in 
aqueous solution and in lipid, respectively, γL is the lipid molar volume, 
and [L] the lipid concentration [33]. 

Alteration of membrane order due to the PD interaction was evalu
ated by determination of the laurdan fluorescence spectral shift. Laur
dan probe was added to the LUV solution to a final concentration of 
9.9 μM, and left to incubate for 1 hour in the dark with gentle agitations 
every 15 min. After successive PDs addition (with a 10-min incubation 
time between each addition), samples were excited at 360 nm and the 
fluorescence emission spectra were recorded from 400 to 600 nm. 
Laurdan generalized polarization (GP), which represents the shift in the 
laurdan spectrum induced by medium polarity changes, was calculated 
as described in Eq. 3: 

GP =
I440 − I490

I440 + I490
(3)  

where I440 and I490 are the emission intensities at 440 and 490 nm, 
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respectively [34,35]. 
PDs intramembrane depth was determined by parallax fluorescence 

quenching as described elsewhere [36–38]. Briefly, POPC LUVs con
taining 0% of lipophilic quenchers, 15% of 5-NS or 15% 16-NS lipophilic 
quenchers were prepared using the same procedure described above. 
PDs (10 μM) and 1 mM of each individual LUV solution were incubated 
for 1 hour. PDs fluorescence emission of each sample was followed using 
the same settings described earlier. PDs intramembrane depth was 
calculated based on Eqs. 4 and 5: 

z1 F =

(
1

− πC ln F1
F2
− L21

2
)

2L21
(4)  

where, Z1 F is the difference in 5-NS quencher and PDs depth, C is the 
concentration of quencher in molecules per unit area (mole fraction of 
quencher lipid in total lipid/70 Å2) [39], F1 is the PDs fluorescence in the 
presence of 5-NS quencher, F2 is the PDs fluorescence in the presence of 
16-NS quencher, and L21 is the difference of the two quenchers in depth. 
Upon determination of Z1 F: 

zcF = z1 F + Lc1 (5)  

in which ZcF is the difference between the PD and the lipid bilayer centre 
and Lc1 is the distance from the bilayer centre to the 5-NS quencher. 

All spectroscopy studies described above were conducted in a 
FLS920 series Edinburgh Instrument (Livingston, UK), at temperature of 
25ºC. Data are represented as means of at least three different 

Fig. 1. SARS-CoV-2 inactivation by clinically approved PDs. (A) Temoporfin (TP), (B) verteporfin (VP), (C) redaporfin (RP) and (D) talaporfin (TalP) structures are 
represented (left panels). SARS-CoV-2 infectious particles were incubated with (A) TP, (B) VP, (C) RP and (D) TalP immediate followed by photoactivation with a 
light dose of 0.5 J/cm2 (middle-panels). SARS-CoV-2 infectious particles were incubated with (A) TP, (B) VP, (C) RP and (D) TalP for 1 hour in the dark (right panel). 
Viral infectivity was evaluated by plaque assay. Data are represented as means ± SEM for at least three independent samples.* - Results with p-value ≤ 0.05 when 
compared with untreated group. 
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independent experiments. 

2.9. Statistical analysis 

Statistical analyses were performed using GraphPad Prism (version 
8.4.3) software. One-way ANOVA was used to assess statistically sig
nificant differences between groups (P< 0.05). 

3. Results and discussion 

3.1. Photoactivated PDs successfully inactivate SARS-CoV-2 infectious 
particles 

PDs can be used in aPDT, with low risk of developing microorganism 
resistance [14,40]. Therefore, we first studied the repurposing of 
different anti-cancer PDs in aPDT against SARS-CoV-2. For this, viral 
particles were directly incubated with different concentrations of 
temoporfin, verteporfin, talaporfin or redaporfin (Fig. 1, left panel), 
following immediate photoactivation (Fig. 1, middle panel and Sup
plementary figure 1). Infectivity yields of the treated viral particles were 
evaluated by plaque assay. All photoactivated PDs, using very low light 
dose (0.5 J/cm2), were able to inactivate SARS-CoV-2 infectious parti
cles with IC50s in the nanomolar range (Table 1). Verteporfin presented 
the lowest IC50 (3.0 ± 0.5 nM), while photoactivated temoporfin was 
the least effective against SARS-CoV-2 (638 ± 158 nM). 

Porphyrin light-dependent antiviral activity has been studied before 
by our group and others [9–13,15–17]. We have previously shown that 
photoactivation enhanced Sn-protoporphyrin IX antiviral activity 
against several enveloped virus, including Zika (ZIKV), Chikungunya 
(CHIKV) and Vesicular Stomatitis (VSV) viruses [11]. Furthermore, 
singlet oxygen generated by protoporphyrin IX, mesoporphyrin IX and 
Zn-protoporphyrin IX causes VSV glycoprotein cross-linking and enve
lope protein loss, affecting viral morphology and infectivity [10]. 
Recently, singlet oxygen generation was also related to the inactivation 
of tick-born encephalitis virus by different porphyrins and PDs [17]. 
Likewise, a similar antiviral mechanism should be involved in 
SARS-CoV-2 inactivation by the photoactivated temoporfin, verteporfin, 
talaporfin and redaporfin. Noteworthy, aPDT of nose and lungs can be 
easily achieved by irradiation with an endoscopic optical fibre [14,41]. 
Inhibition of SARS-CoV-2 was also demonstrated with aPDT in vitro 
using PDs and methylene blue [41–44]. In fact, non-invasive aPDT using 
methylene blue was successfully used in COVID-19 treatment [41,45], 
reducing viral load and disease progression. Therefore, the repurposing 
of anti-cancer PDs in anti-SARS-CoV-2 aPDT appears feasible. Moreover, 
PD-based aPDT could be used for development of innovative technolo
gies, e.g. photoactive textiles and auto-disinfect surfaces [14], with 
future positive impact on health services and industry. 

Although most of the PDs used in this study are already approved in 
clinics, it was important to determine their CC50/IC50 ratio to estimate 
the safety of the studied PDs for anti-SARS-CoV-2 applications, specif
ically. For this, photoactivated temoporfin, verteporfin, redaporfin and 
talaporfin cytotoxicity was evaluated using resazurin reduction-based 

assays, in non-infected human intestinal Caco-2 cells 24 hours post PD 
photoactivation (Supplementary figure 1). For light doses of 0.5 J/cm2, 
the calculated CC50 are above 50 µM for temoporfin, redaporfin and 
talaporfin, and 2.0 ± 0.1 µM for verteporfin (Table 1), values considered 
of safe prospective application given the CC50/IC50 ratios of around 
666 for verteporfin, above 78 for temoporfin and above 2000 for reda
porfin and talaporfin. 

3.2. Temoporfin and verteporfin inactivate SARS-CoV-2 infectious 
particles in the dark 

Although, aPDT is feasible for controlling viral infection in the air
ways, [41,45] light-independent PD antiviral activity is a more practical 
and convenient biomedical approach, allowing effective systemic 
treatment of SARS-CoV-2 infection. Here, we studied whether temo
porfin, verteporfin, talaporfin or redaporfin also have light-independent 
antiviral activity. For this purpose, SARS-CoV-2 infectious particles were 
directly incubated with different concentrations of each PD for 1 hour in 
the dark. Infectivity yields of the treated viral particles were assessed by 
plaque assay (Fig. 1, right panel and Fig. 2). Only temoporfin and ver
teporfin presented light-independent anti-SARS-CoV-2 activity. Verte
porfin was the most effective against SARS-CoV-2 in the dark, with an 
IC50 of 93 ± 19 nM while temoporfin presented an IC50 of about 1859 
± 274 nM (Table 1). 

Porphyrins and PDs light-independent antiviral activity has already 
been demonstrated against some enveloped viruses other than SARS- 
CoV-2, [10,11,18–27] and our group have previously demonstrated 

Table 1 
CC50 and IC50 values of clinically approved PDs.   

Mean CC50 ± SEM (µM) Mean IC50 ± SEM (nM) 

PD Caco-2  SARS-CoV-2  ZIKV 
Non- 
PA 

PA (0.5 J/ 
cm2)  

Non-PA PA (0.5 J/ 
cm2)  

Non- 
PA 

TP > 50 > 50  1859 ±
274 

638 ± 158  276 ±
64 

VP > 10 2 ± 0.1  93 ± 19 3 ± 0.5  95 ±
21 

RP > 50 > 50  N.A.* 25 ± 3  N.D. 
TalP > 50 > 50  N.A.* 22 ± 4  N.D. 

PA (photoactivated), N.A. (not active), N.D. (not determined). 

Fig. 2. - In vitro PDs light-independent SARS-CoV-2 inactivation and cytotox
icity in Caco-2 cells. To determine PDs IC50, SARS-CoV-2 infectious particles 
were incubated with different concentrations of (A) TP or (B) VP for 1 hour in 
the dark and viral infectivity was evaluated by plaque assay in Vero cells (red 
circles). For CC50 determination, non-infected Caco-2 cells were incubated 
with different concentrations of (A) TP or (B) VP for 24 hours and cytotoxicity 
was evaluated by resazurin reduction-based assays (black squares). Data are 
represented as means ± SEM for at least three independent samples. 
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that some porphyrins were able to inactivate different enveloped vi
ruses, including DENV, ZIKV, and CHIKV in the dark, suggesting a broad 
spectrum antiviral activity for these class of molecules [10,11,18]. To 
prove temoporfin and verteporfin potential broad spectrum antiviral 
activity, we also tested these PDs light-independent anti-ZIKV activity 
(Supplementary Figure 2). Similarly to SARS-CoV-2 inactivation assays, 
ZIKV infectious particles were directly incubated with different con
centrations of each PD for 1 hour in the dark. Infectivity yields of the 
treated viral particles were assessed by plaque assay. As expected, 
temoporfin and verteporfin were also active against ZIKV with IC50s of 
276 ± 64 nM and 95 ± 21 nM, respectively (Table 1). Recently, 
non-photoactivated protoporphyrin IX, pyropheophorbide a and 

pheophorbide a were also described as promising anti-SARS-CoV-2 leads 
[23,46–48]. Gu et al., also described verteporfin anti-SARS-CoV-2 ac
tivity [47]. 

Furthermore, non-infected Caco-2 cells viability was determined by 
resazurin reduction-based assays, following temoporfin, verteporfin 
(Fig. 2), redaporfin or talaporfin (data not shown) 24-hour incubation in 
the dark. The calculated CC50 values are above 50 µM for temoporfin, 
redaporfin and talaporfin and above 10 µM for verteporfin (Table 1), 
values considered of safe prospective application given that CC50/IC50 
ratios are higher than 26 and 107 for temoporfin and verteporfin, 
respectively. 

Taken together, these findings support temoporfin and verteporfin 

Fig. 3. - Mechanism of light-independent SARS-CoV-2 inactivation by clinically approved PDs. (A) Time-of-addition experiments were performed in Caco-2 cells. TP 
or VP were added to the cells (cell pre-incubation) or to the infectious viral particles (virus pre-incubation) for 1 hour prior to infection. Additionally, TP and VP were 
added to cells during (co-incubation) or immediately after (treatment) infection with SARS-CoV-2. Viral infectivity was evaluated by plaque assay 24 hours post 
infection. Data are represented as means ± SEM for at least three independent samples. * - Results with p-value ≤0.05 when compared with untreated control group. 
(B) Representative partition graphs for VP (red circles), TP (black circles) and RP (white circles). PDs fluorescence quantum yield was accessed upon titration with 
POPC (left-panel), POPC:POPG (middle-panel), or POPC:Chol (right-panel) LUVs. (C) Laurdan GPs upon crescent titration of VP (red circles), TP (black circles) and 
RP (white circles) in a fixed concentration of POPC (left-panel), POPC:POPG (middle-panel), or POPC:Chol (right-panel) LUVs. Data are represented as means ± SD 
for at least three independent samples. 
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potential broad-spectrum antiviral activity and low cytotoxicity, indi
cating their possible application not only in the treatment of COVID-19, 
but also in the treatment of other co-circulating viral infections. 

3.3. Temoporfin and verteporfin act in early stages of viral replication 

Incubation of SARS-CoV-2 and ZIKV with temoporfin and verteporfin 
resulted in loss of viral infectivity, suggesting that PDs interfere with 
viral particles ability to enter cells. To confirm this hypothesis, time-of- 
addition experiments were performed in Caco-2 cells (Fig. 3A). In 
agreement, pre-incubation of Caco-2 cells with both PDs did not hinder 
viral replication, while SARS-CoV-2 pre-incubation resulted in infection 
inhibition. Moreover, we also observed reduction in viral load when 
Caco-2 cells were incubated with verteporfin during virus absorption 
and entry (co-incubation). These data further confirm that temoporfin 
and verteporfin interfere in early stages of viral replication, probably 
through direct impact on the viral particles. PDs could induce viral 
particle disruption or affect viral particle structure, impairing virus-cell 
interaction processes such as fusion and entry. Noteworthy, Neris and 
colleagues showed that ZIKV treatment with Co-protoporphyrin IX and 
Sn-protoporphyrin IX resulted in a viral particle morphological changes, 
observed by transmission electron microscopy imaging [11]. 

Differently, temoporfin was described to inhibit ZIKV replication in 
human placental and neural progenitor cells by targeting flavivirus 
protease complex NS2B/NS3, potentially inhibiting viral polyprotein 
processing during ZIKV replication [49]. Indeed, SARS-CoV-2 load was 
also reduced when Caco-2 cells were treated, starting immediately after 
infection, with temoporfin and verteporfin for 24 hours (Fig. 3 A). 
Although, we cannot exclude PDs intracellular action during 
SARS-CoV-2 replication, the observed viral load reduction can also be 
explained by PDs interaction to viral infectious particles envelope. We 
propose that during each replication cycle, newly released viral particles 
are inactivated by PDs, impairing the next round of viral entry. In a 
longer timescale, the number of infectious viral particles is reduced, 
impacting infection yield as observed in Fig. 3 A. These results are in 
agreement with Assunção-Miranda et al., that also demonstrated that 
cell treatment with heme and Co-protoporphyrin IX during infection 
were able to reduce viral load, protecting cells from dengue 
virus-induced death [18]. Additionally, these data suggest that PDs, 
such as temoporfin and verteporfin, have therapeutic potential and 
could be used in viral disease control. 

3.4. Temoporfin and verteporfin caused lipid order destabilization, which 
is responsible for their light-independent antiviral activity 

It is well described that interaction/accumulation of some amphi
philic porphyrins in viral envelope lipid membranes disturb its struc
ture, abrogating the early stages of viral infection, namely recognition, 
attachment and/or fusion with the host cell [10,11,17,25]. Temoporfin 
and verteporfin showed higher efficiency inhibiting the early stages of 
SARS-CoV-2 infection, which is in agreement with a direct action on the 
viral envelope structure. Concomitantly, the hydrophilic talaporfin did 
not present antiviral activity in the dark (Fig. 1D, right panel). More
over, SARS-CoV-2 inactivation by some porphyrins and PDs was recently 
described and related to a direct effect on viral envelope [23,44,48]. 
Given these considerations, we evaluated temoporfin, verteporfin, 
talaporfin and redaporfin interaction with lipid membranes using LUVs 
as membrane models. 

Lipid/water partition coefficients (Kps) were calculated based on the 
increase in quantum yield of the PD fluorescence emission upon titration 
with LUVs [33,50]. Three lipid compositions were used: 1-palmitoy
l-2-oleyl-sn-glycero-3-phosphatidylcholine (POPC) to mimic the zwit
terionic outer leaflet of eukaryotic cell membranes (Fig. 3B, left panel), 
POPC and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) 
(4:1 molar) to mimic negatively charged inner leaflet of eukaryotic cell 
membranes (Fig. 3B, middle panel), and POPC and Cholesterol (Chol) 

(2:1 molar) to mimic rigid viral envelope membranes (Fig. 3B, right 
panel) [51–53]. Verteporfin, temoporfin and redaporfin fluorescence 
emission intensity increased in the presence of LUVs, indicating affinity 
towards all lipid compositions tested, at variance with talaporfin (data 
not shown). Talaporfin has four sodium carboxylate groups that increase 
its hydrophilicity [54], consequently decreasing or even nullifying its 
affinity towards lipid membranes. This result correlates with the lack of 
light-independent antiviral activity against SARS-CoV-2 demonstrated 
by this PD. Among the tested PDs, verteporfin presents the higher af
finity towards all LUVs tested (Table 2), with Kp ranging 5.0–7.3 ×103, i. 
e. circa one order magnitude higher than temoporfin and redaporfin, for 
which Kps range from 0.4 to 0.6 ×103 and from 0.5 to 1.1 ×103, 
respectively. Verteporfin SARS-CoV-2 inactivation efficiency can be 
directly correlated to its higher affinity towards lipid membranes. 
However, the same direct relation cannot be assumed for temoporfin 
and redaporfin, given that for similar values of Kp, only temoporfin 
presents antiviral activity. It is worth mentioning that Marzorati et al. 
suggest that PDs uptake by membranes comprises two different phases: a 
first faster one corresponding to the electrostatically driven PDs 
adsorption to the amphiphilic outer membrane surface layer, and a 
second phase corresponding to the slower PD penetration into the 
non-polar membrane interior, both not only dependent on the PDs 
amphiphilicity but also on their overall polarity [55]. Redaporfin is a 
mixture of four atropisomers that differ in the orientation of the polar 
groups with respect to the macrocycle. Each atropisomer has approxi
mately the same overall polarity but the amphiphilicities of the four 
atropisomers are different. In this case, it was shown that the most 
amphiphilic atropisomer uses a bind-flip mechanism to internalize cells 
faster than less amphiphilic atropisomers [56]. 

Since membrane affinity is not in itself the feature responsible for the 
PDs antiviral action, we further explored the capacity of the PDs to 
disturb membrane structure. PD-membrane destabilization was evalu
ated based on laurdan GP [34]. Lipid order variations induced by the PD 
lead to alterations in hydration, causing laurdan spectral shifts, which 
are reported by GP calculations. Significantly, only temoporfin and 
verteporfin, the two PD active in the dark, induce GP reduction in all 
lipid compositions tested (Fig. 3C). Lipid order destabilization is 
particularly noticeable on the viral-mimetic POPC:Chol (2:1) LUVs 
(Fig. 3C – right panel), where both temoporfin and verteporfin induce 
the transition of the majority phospholipid population from a gel phase 
(GP = 0.4) to a liquid-crystalline phase (GP = − 0.5) [35]. In contrast, 
Meunier et. al. observations indicate that photoactivated pheophorbide 
a inactivates SARS-CoV-2 infectious particles by stiffening the viral en
velope membrane [44], which suggest a different PD effect on viral 
envelope membrane in the presence of reactive oxygen species. 

Although PDs antiviral activity is clearly dependent on membrane 
destabilization events, it was not clear why redaporfin does not present 
such destabilization effects. Redaporfin, like the antiviral-active temo
porfin and verteporfin, is highly hydrophobic, presenting high mem
brane affinity. Variation on membrane penetration depth of some small 
molecules lead to different membrane local perturbations, that can 
impact their activity [57–59], which can be the case for the PDs. Thus, 
taking advantage of two lipophilic quenchers, fatty acids with a doxyl 
group on the 5th and 16th carbon of the aliphatic tails (5-NS and 16-NS, 
respectively), we calculated PDs membrane penetration depth (ZcF) [36, 
60]..While redaporfin is located closer to the surface of the bilayer 
(10.4 Å from bilayer centre), consistent with the bind-flip mechanism 

Table 2 
PDs KP and ZcF values towards lipid membranes.   

KP (x 103) ZcF (Å) 

PD POPC POPC:POPG (4:1) POPC:Chol (2:1)   
TP 0.5 ± 0.1 0.4 ± 0.05 0.6 ± 0.3  0.8 
VP 7.1 ± 0.7 7.3 ± 1.2 5.0 ± 0.9  6.2 
RP 0.5 ± 0.5 1.1 ± 0.3 0.8 ± 0.5  10.4  
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mentioned above, [56] both active PD temoporfin and verteporfin are 
located closer to the centre (0.8 and 6.2 Å from bilayer centre, respec
tively) (Table 2). 

Overall, these results suggest that PDs light-independent anti-SARS- 
CoV-2 activity is mainly driven by three membrane-interaction prop
erties, all uniquely shared by verteporfin and temoporfin: (1) high af
finity towards lipid membranes, obviously being the first driver for the 
insertion on the viral envelope lipid bilayer; (2) deep membrane pene
tration; and (3) membrane destabilization capacity, causing variations 
on the viral envelope lipid packaging and fluidity, ultimately hindering 
all viral envelope membrane-dependent processes such as viral entry 
and/or fusion into the host cells. It is important to emphasize that the 
stated aspects of membrane interaction are probably not exclusive to 
viral envelope membranes, but rather that PDs also interact with healthy 
cell membranes because of their hydrophobic properties. However, in 
contrast to viruses, healthy cells membrane repairing pathways coun
teract the perturbations caused by PDs. This is in agreement with the low 
cytotoxicity of PDs towards Caco-2 cells. The same mechanistic features 
are also observed for others viral envelope-targeting antivirals [61–63]. 

At first glance, these results contradict Gu et al. observations, which 
suggest that verteporfin inhibited SARS-CoV-2 by binding to ACE2 and 
consequently interfering with the ACE2-S protein interaction [47]. In 
fact, negatively charged porphyrins can inhibit HIV entry through 
interaction with the V3 loop of gp120 [64–66]. Although we cannot 
exclude PDs interaction with ACE2, verteporfin ability to induce lipid 
order destabilization and inactivation of other enveloped virus, namely 
ZIKV, support the hypothesis of unspecific viral envelope targeting. 
Indeed, it has been established that porphyrins are able to interact and 
destabilize biological membranes and disrupt the functionality of the 
viral envelope as referred before [10,67]. 

4. Conclusions 

COVID-19 pandemic left an immensurable socio-economic toll on 
world’s population, where more than 7 million lives were lost. Even with 
the declaration of the end of the COVID-19 pandemic issued by WHO 
[68] efforts on finding alternative therapeutics for COVID-19 and the 
development of effective broad-spectrum antiviral therapies for future 
pandemics must continue. Porphyrins and PDs have been proposed as 
promising broad-spectrum antiviral molecules, and in here, we aimed to 
repurpose four PDs for the treatment of SARS-CoV-2 infection. Viral 
inactivation and further characterization of the active PDs antiviral 
mechanisms were presented. 

As expected, all 4 PDs efficiently inactivated SARS-CoV-2 infection 
when photoactivated, which despite promising, is not particular suitable 
for a systemic treatment. Nonetheless, temoporfin and verteporfin were 
able to inactivate SARS-CoV-2 infectious particles in a light-independent 
manner, with IC50s in the nano-to-micromolar range. Beyond their viral 
inactivation potential, temoporfin and verteporfin significantly inhibi
ted SARS-CoV-2 ongoing infection in Caco-2 cells, while not inducing 
cytotoxicity in non-infected cells, proving their potential for clinical 
application. 

Since temoporfin and verteporfin inhibit the early stages of infection 
and considering the lipid-targeting mechanism already characterized for 
other porphyrins [10,11,18,23,25,44,48], a biophysical characteriza
tion of the PDs interaction with lipid membranes was performed. In this, 
high membrane affinity towards lipid vesicles, deep membrane pene
tration and enhanced membrane destabilization in membrane models 
revealed to be uniquely shared by temoporfin and verteporfin, in 
agreement with a viral envelope lipid membrane-targeting mechanism. 

Finally, these results suggest temoporfin and verteporfin potential 
off-label application in the systemic treatment of COVID-19, with 
promising broad-spectrum application against emergent viruses. 
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