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ABSTRACT: In order to use MOFs in virus decontamination processes, four archetypal MOFs
with different metal clusters have been chosen: UiO-66 (Zr), HKUST-1 (Cu), MIL-53 (Fe) and
MIL-125 (Ti). Five different concentrations (from 0.01 to 1 mg/mL) for each MOF and three
different cell lines (Huh7 TMPRSS2, VeroE6 and Vero81.6) were investigated in aqueous medium
(DMEM). Moreover, different cytotoxicity assays were evaluated (MTS, Neutral Red and LDH)
and critically compared for the first time, with Neutral Red seemingly to be the most appropriate.
HKUST-1 was found to be toxic above 0.1 mg/mL for all of the three cell lines, while the other
three MOFs appear to be nontoxic, even above 1 mg/mL. Then, their effect against viruses was
monitored, mainly for HCoV-229E and SARS-CoV-2, two different coronaviruses that still cause
a lot of infection cases and deaths up to now. Following 1 hour contact with the viruses, HKUST-
1 (Cu) and MIL-125 (Ti) were able to greatly diminish the viral titer by 86% and 79.2%,
respectively, for HCoV-229E, whereas for SARS-CoV-2 HKUST-1 (Cu), MIL-53 (Fe) and UiO-

66 (Zr), demonstrated an efficacy of 68.4%, 63.1% and 56.1%, respectively.

1. Introduction

Coronaviruses, belonging to the family of Coronaviridae and subfamily of
Orthocoronavirinae, are single-stranded RNA viruses with a length of 26 to 32 kilobases and
consist of four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus and
Deltacoronavirus. HCoV-229E is one of the viruses of the genus Alphacoronavirus that causes
mild symptoms of common cold in healthy subjects, and more severe forms in
immunocompromised and elderly subjects, while Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2), a Betacoronavirus, is responsible for the Corona Virus Disease of

2019, also known as COVID-19, which was first detected in Wuhan, China in December 2019.1:23



This disease was declared on 11" of March 2020 by the World Health Organization (WHO) as a
global pandemic that has plagued almost all countries, exhibiting 767 million confirmed cases thus

far and over 6.9 million deaths from all around the world as of 6 July 2023.%

It is known that SARS-CoV-2 is transmitted by aerosol, droplets or contact, with indoor
places being of high risk.>® One of the main pathways of the entry of the virus into the host cells
is through the fusion of the viral envelop and plasma membrane after attachment of the spike
protein (S) to the ACE2 receptor, ACE2 for SARS-CoV-2 and APN for HCoV-229E.”®
Specifically, a cleavage of the spike glycoprotein between the S1/S2 junction and S2’ takes place
with the aid of furin-like proteases for SARS-CoV-2, but the cleavage of the S1/S2 and S2’ of
HCoV-229E is mediated by trypsin-like serine proteases, that will later allow the entry of the
viruses in the host-cells.®>** A variety of drugs have been used so as to hinder the effects of SARS-
CoV-2 for the patients that ail from COVID-19, in order to help them recover, but none of them is
really effective.! Also, the development of vaccines has aided in the decline of deaths

worldwide.}213

Many classes of materials have been tested against viruses to evaluate their antiviral activity
against SARS-CoV-2, such as carbon-based materials like graphene oxide (GO)*, functionalized
fullerenes'®, or nanoparticles based on several metals, like copper, iron, gold, silver or zinc.*6-18

These materials, especially the metal nanoparticles, might pose a health risk due to their high

cytotoxicity.

Metal-Organic Frameworks (MOFs) is a class of porous crystalline solids with a hybrid
nature, consisting of different combinations of inorganic metals and organic compounds that serve

as linkers between the inorganic cores. The easy tunability of the structural and chemical features



of these materials has caught the eye of the scientists worldwide, as they can be applied to many
and different fields, such as catalysis, gas capture, separation and biology.!%20212223 By delving
deeper into the bio-applications of MOFs, four major fields can be distinguished: bio-imaging®*,
bio-sensors?®, drug delivery?® and cancer therapy?’. MOFs could be studied as antiviral agents that
might replace more cytotoxic materials, such as metal nanoparticles, having also an appeal for

other applications and functions.

When applying MOFs for drug delivery or cancer therapy, cytotoxicity studies have to be
conducted onto the appropriate cell lines, in order to calculate the maximum safest value that will
not cause cell damage. Three routes have been developed for such investigations related to the in
vitro assessment of cell viability. Oftentimes, tetrazolium salts like 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT) or 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) are used for their conversion into compounds
soluble in aqueous solutions, by the mitochondria of viable cells at 37 °C.282%% A second method
that is widely reported in literature for both metals and organic compounds for the in vitro
cytotoxicity studies is the Neutral Red (NR) assay, which uses a cationic dye (Figure 1) able to be
incorporated into lysosomes of the living cells.3*%23 The Lactate Dehydrogenase (LDH) assay is
a third method corresponding to the release of the homonym enzyme into the culture media by
cells that have undergone rupture in their plasma membrane.* All these three methods share one
common feature by producing colored species which can be determined by spectrophotometric
measurements in their appropriate wavelengths. Besides the difference lying on the different
metabolomic pathways, it is observed that the first two methods could directly measure the
percentage of alive cells, while the last one measures the percentage of dead cells. The cytotoxicity

of selected MOFs has been evaluated with the aforementioned methods, in a wide series of



different cell lines like HL-7702 cells®®, A549%, HaCaT®’, Huh7%, Vero?®, HepG2 and MCF7%°,
SKOV3 and HUVEC*®, J774 and HeLa cells** even in adult zembrafish*? for the in vivo studies

(Table S1).

From this literature survey, it was reported that UiO-66 (Zr) was concluded as nontoxic
above 1 mg/mL in Vero cells, while J774 and HeLa cells seemed to be more susceptible to this
MOF, showing toxicity above 0.4 and 0.06 mg/mL respectively. HKUST-1 (Cu) was found toxic
at concentrations above 50 uM in HepG2 and MCF7 cells, and above 1.2 mg/mL for zebrafish. As
indicated in Table S1, the MTT molecule is related the most used method, but no information can
be extracted about the cell lines of Huh7 TMPRSS2, VeroE6 and Vero81.6, which are typically
used for the infection tests of HCoV-229E and SARS-CoV-2, in order to assess the virucidal effect
of organic compounds or other materials.
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Figure 1. The structural representations of the three species MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide), MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium) and Neutral Red (3-amino-7-dimethylamino-2-

methylphenazine hydrochloride) used in the in vitro cytotoxicity studies.

For the last two years, very few MOF compounds have also been studied against SARS-
CoV-2, evaluating their efficacy and how they can aid to fight the family of virus and the

pandemic.*® Active chlorine was successfully immobilized onto a textile that contained UiO-66-



NHo., a Zirconium-based MOF, which was able to significantly delay the growth of SARS-CoV-2
after its contact with the nanocomposite textile.** Photocatalytic degradation of the virus is also a
way to lower its titer, for example UV irradiation or catalysts that get excited by it.*> MOFs that
are able to induce Reactive Oxygen Species (ROS) through their excitation by UV or visible light
irradiations are great candidates for that kind of degradation.*® For instance, zinc-based Zeolite
Imidazolate Framework-8 (ZIF-8) was grafted onto face masks in order to hinder the spread of the
infection of SARS-CoV-2, and by applying UV radiation for 1 h, a drop of 100% was achieved
for the surrogate virus HCoV-OC43, belonging to the Betacoronavirus family.*” In another work,
MIL-125(Ti)-NH2 and MIL-177(Zn)-HT were evaluated as possible antiviral materials against
SARS-CoV-2 by adding an amount of them in aqueous solution on top of non-reflective coupons
and allowing them to be in contact with the virus.*® By exposing these both materials to fluorescent

light for 30 min, almost 50% reduction of the viral titer was achieved.

As observed, the common techniques that are used to evaluate the effectiveness of the
materials against degradation of viruses involve Real Time quantitative Polymerase Chain
Reaction (RT-gPCR) and 50% Tissue Culture Infectious Dose (TCIDsg). RT-gPCR measures the
amount of viral RNA and therefore does not allow the assessment of infectivity, which is
determined by using the TCIDso method, where we get information about the possible decrease of
infectivity of the virus. Detection of viral protein N using western blot assay confirms the

intracellular replication quantified using TCIDso method.

In this work, four archetypal Metal-Organic Frameworks, named UiO-66(Zr), HKUST-
1(Cu), MIL-53(Fe) and MIL-125(Ti) (Figure 2), were selected based on their large use in the
literature as well as their different cationic centers (Ti**, Fe3*, Cu?*, Zr*"), that could influence the

virus degradation.



First, we have conducted cytotoxicity studies in three cell lines, Huh7 TMPRSS2, VeroE6
and Vero81.6 by using three different routes of cytotoxicity tests (MTS, NR and LDH). The aim
of this study was to give a comparison of the three types of cytotoxicity assays, determining their
accuracy in correctly measuring the cells viability. The MOF compounds are then considered as
virucide in the appropriate concentrations, in order to perform tests with two coronaviruses,

HCoV-229E and SARS-CoV-2.

MIL-53 (Fe) MIL-125 (Ti)/
MIL-125-NH,



Figure 2. Crystal structural representations of the four MOF archetypes used in this study. Grey
refers to UiO-66 (Zr), blue to HKUST-1 (Cu), orange to MIL-53 (Fe), green to MIL-125 (Ti) and

to MIL-125-NH2 (Ti).

2. Experimental section
2.1 Materials, cells and viruses

Zirconium(lV) chloride (ZrCls, >99.5%), 1,4-benzenedicarboxylic acid (H.BDC, 98), 2-
amino-4-benzenedicarboxylic acid (H2N-BDC, 99%) copper nitrate hemipentahydrate (CuNO3z)2
2.5 H0, 98-102%) and anhydrous N-N-dimethylformamide (DMF) were purchased from Alfa
Aesar. Glacial acetic acid and ethanol 96% were bought from VWR. Methanol was bought from
Brabant and anhydrous methanol was prepared by putting 50 g of molecular sieves 4 A in 250 mL
of methanol. Iron(lI11) chloride hexahydrate 97%, titanium tetraisopropoxide 97% (TTIP), 1,3,5-
benzenetricarboxylic acid (trimesic acid or BTC), and butyric acid were purchased from Sigma-
Aldrich. Dulbecco's phosphate buffered saline (DPBS or PBS) 1X, Dulbecco’'s Modified Eagle
Medium (DMEM) 1X, Trypsin-EDTA 0.05X were bought from Gibco. Fetal Bovine Serum (FBS)
was bought from Eurobio. Neutral Red (NR) was bought from Clin-tech, MTS (Cell Titer 96
aqueous nonradioactive cell proliferation assay) was from Promega and the LDH kit (cytotoxicity
LDH assay kit-WST) was from Dojindo. Renilla Lysis buffer and the Luciferase reagent were
bought from Promega. Polyclonal rabbit anti-SARS-CoV-2 nucleocapsid antibodies for the
Western blot were bought from Novus, mouse anti-tubulin was purchased from Sigma-Aldrich
and horseradish peroxidase (HRP)-labeled goat-anti-rabbit and goat-anti-mouse 1gG antibodies

were from Jackson Immunoresearch.



Huh7, VeroE6 and Vero81 (ATCC number CCL-81) were grown in DMEM with 10% FBS
in an incubator at 37 °C with 5% CO.. Vero81 cells were subcloned to obtain a better overall
infection rate. HCoV-229E strain VR-740 (ATCC) and recombinant HCoV-229E-Luc (kind gift
of V. Thiel) were used.** SARS-CoV-2 (isolate SARS-CoV-2/human/FRA/Lille_Vero-81-
TMPRSS2/2020; NCBI MW575140) was propagated on Vero81 TMPRSS2 cells.Synthesis and

characterization of the MOFs

The detailed synthesis protocols of the MOFs and their characterizations are presented in

supplementary information and confirm the purity and the good crystallization of these materials.

2.2 Cell culture and cytotoxicity assay protocols

MTS, NR and LDH assays were used to determine the optimal non-cytotoxic concentrations
of the MOFs on Huh7 TMPRSS2, VeroE6 and Vero81.6 cell lines. The preparation of the cells,
the stock and working solutions of the MOFs suspensions and the protocols of the three assays are

explained in supporting information and were followed as in previous studies.®* %

2.3 Infection tests with HCoV-229E

After the statistical analysis of the data from the cytotoxicity tests, the maximum
concentration of the MOFs that had no statistical significance in the growing or the killing of Huh7
TMPRRS2 cells was used, namely 0.1 mg/mL for HKUST-1 (Cu), MIL-53 (Fe) and MIL-125 (Ti)
and 1 mg/mL for UiO-66 (Zr). Firstly, Hun7-TMPRSS2 were seeded at 6x10* cells/well 24 h
before infection in a 96-well plate. The following day, the appropriate dilutions from the stock
solutions, which were kept in the fridge at 4 °C for one week, were done from 5 mg/mL of stock

solution to 2 mg/mL for UiO-66 (Zr) and 0.2 mg/mL for the other three MOFs in 0.25 mL of



complete medium. HCoV-229E-luc is added to the diluted MOFs for a final volume of 0.5 mL.
These tubes were agitated for 1 h at room temperature in a rotating wheel homogenizer (time of
contact of the MOF and the virus was 1 h) and subsequently centrifuged for 5 min at 5000 rpm.
The medium from the wells was eliminated and the supernatant was collected from the Eppendorf
tubes and 0.1 mL was added to each well (3 wells for each MOF, triplicate analysis). Three wells
were infected with the virus alone (positive control), and three wells were left untouched (negative
control). The plate was incubated for 1 h (37 °C, 5% CO>) and then the supernatant was eliminated
and 0.1 mL of fresh DMEM + 10% FBS was added to each well. Then, the plate was further
incubated for 6 h (37 °C, 5% CO,). After 6 h of incubation, the medium was eliminated, and 0.1
mL of PBS was added to each well to wash them. Then, PBS was discarded and 0.02 mL of Renilla
Lysis Buffer, that was previously diluted 1/5 in MilliQ water, was added to each well. The
determination of the luciferase activity was done by fluorescence, using the luciferase reagent, by
a Tristar LB 941 luminometer from Berthold Technologies (Bad Wildbad, Germany). In Figure 3,

a flow diagram of the procedure is visualized.
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Figure 3. The main steps of preparation and incubation of the MOFs with the virus that is
contained in DMEM and its subsequent determination of titer in order to evaluate the efficacy of

the materials against HCoV-229E-Luc.

2.4 Infection tests with SARS-CoV-2, Western blot and titer determination protocol

Vero 81 cells expressing TMPRSS2 receptor were seeded in 24-well plates at 2x10°
cells/well 24 h before infection. The delta variant of SARS-COV-2 was incubated with different
concentrations of the MOFs, at a multiplicity of infection (MOI) of 0.01 (arb. unit), during one
hour on a wheel in a final volume of 1 mL. The tubes were centrifugated at 5000 rpm for 5 minutes
and 500 pL of each supernatant were used to inoculate the cells for 1 h at 37°C, 5% CO>. The

inoculum was removed, and fresh medium was added for 16 h at 37 °C. Due to the handling of

11



potential lethal virus all experiments involving SARS-COV-2 were conducted in a biosafety level

3 (BSL3) laboratory.

After 16 h of infection, the cells were lysed using reducing Laémmli loading buffer and
inactivated 30 min at 95 °C. Proteins were then separated into a 12% SDS-polyacrylamide gel
electrophoresis and transferred on nitrocellulose membranes (Amersham). The membranes were
blocked at least 30 min at room temperature using 5% (w/v) of non-fat dry milk in PBS with 0.1%
(v/v) of Tween-20. Membranes were then incubated overnight at 4 °C with a polyclonal rabbit
anti-SARS-CoV-2 nucleocapsid antibody (Novus) or a mouse anti B tubulin 1gG1 antibody
(T5201, Sigma). After 3 washes with PBS with 0.1% of Tween-20 (v/v), the membranes were
incubated at room temperature with a horseradish peroxidase-conjugated goat anti rabbit IgG
antibody (Jackson Immunoreseach). The membranes were then washed 3 times, and the N protein
and B tubulin were visualized by enhanced chemoluminescence (PierceTM ECL, ThermoFisher
Scientific) on LAS3000 (Fujifilm). The signals were quantified by using the gel function of Image
J. The experiment was carried out 3 times in duplicates. Cell supernatants were collected after
infection assays with MOFs and the amount of infectious virus was determined by infectivity
titration, as discussed before.> Therefore, Vero-E6 cells, seeded in 96-well plates, were inoculated
with 100 uL of ten-fold serial dilutions of supernatants (ranging from 107! to 108 M), eight wells
per dilutions were used. Cells were incubated with the virus dilutions for 5 days at 37°C and 5%
COz. Then, the 50% tissue culture infectious dose (TCIDso) was determined by assessing the
cytopathic effect in each well by light microscopy, and the 50% endpoint was calculated according

to the Spearman and Kéarber method.

2.5 Statistical analysis

12



Statistical analysis, to interpret accurately the results obtained from the cytotoxicity tests and
from the infection experiments, was performed by using the programming language R (version
4.2.1) and RStudio (version 2022.07.1+554).5? The cytotoxicity measurements obtained for the 5
concentrations of a MOF and a cell line were compared with an ANOVA (Analysis of Variance)
or its non-parametric alternative the Kruskal-Wallis test. The Kruskal-Wallis test was privileged
when the homogeneity (Levene’s test) or the normality (Shapiro’s test) of the data were not
observed. When the p value is lower than 0.05 (p < 0.05) from the above tests, we declare a
significant difference and the post-hoc test of Dunnett (from the package DescTools) or Conover
(from the package PMCMRplus) was performed for pairwise comparison to the control group
(cells without MOF). All statistical tests are two-sided. For the infection tests, the two-way
ANOVA was applied to validate any statistically significant difference in the decrease of the viral

titer.

3. Results and discussion

3.1 Evaluation of cytotoxicity assays

After repeating each cytotoxicity assay three times for each cell line (Huh7 TMPRSS2
VeroE6 or Vero81.6), the graphs (Figure 4) were plotted for each MOF with the five different
concentrations (0.01, 0.05, 0.1, 0.5 and 1 mg/mL1), where the mean value of the three experiments,
the standard deviations at a confidence level of 95%, and the corresponding p-values (indicated by

“*7) are shown.

Concerning Huh7 TMPRSS?2 cells, UiO-66 (Zr), MIL-53 (Fe) and MIL-125 (Ti) show no

signs of cytotoxicity up to 1 mg/mL (101.5-123.2%), as seen from the MTS and NR tests. HKUST-
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1 (Cu) is cytotoxic at concentrations 0.5 mg/mL and above (9.5-19.5%). Regarding the LDH assay,
UiO-66 (Zr) seems to be cytotoxic at 0.05 mg/mL (79.5%), but not at concentrations above this
level. Also, HKUST-1 (Cu) demonstrates signs of toxicity at lower concentrations, starting from
0.05 mg/mL (76.6% at 0.05, 61.8% at 0.1, 49.4% at 0.5 and 29.4% at 1 mg/mL). In VeroE®6 cells,
similar results as in Huh7 TMPRSS2 cells are seen (85.8-115.1% from MTS and NR tests, for
UiO-66 (Zr), MIL-53 (Fe) and MIL-125 (Ti)), except for HKUST-1 (Cu), that is toxic at 0.1
mg/mL from the NR test (72.2%) and from the LDH test (69.5%). From the MTS assay, HKUST-
1 (Cu) is toxic at 0.5 mg/mL (32.1%). LDH gives similar results as the MTS and NR for the other
three MOFs. Lastly, in Vero81.6 cells, HKUST-1 (Cu) exhibits alike results as in VeroES6,
meaning that according to MTS 0.5 mg/mL is the toxic concentration against the cells (59.0%),
while with NR 0.1 mg/mL is toxic (75.9%) and with LDH 0.05 mg/mL is enough to show toxicity
(56.9%). MTS, NR and LDH are in accordance with the cytotoxicity results shown for UiO-66
(Zr), MIL-53 (Fe) and MIL-125 (Ti), where no sign of toxicity is demonstrated up to 1 mg/mL

(89.3-123.2% at 1 mg/mL).

By comparing the three procedures, MTS and LDH assays seem to give high standard
deviations in the case of HKUST-1 (Cu) in VeroE6 and Vero81.6 for the former, being 79.2% at
0.01 mg/mL and 75.4% mg/mL in VeroE6, 122.6% at 0.01 mg/mL, 44.1% at 0.1 mg/mL and
34.6% at 0.5 mg/mL in Vero81.6 cells. For the latter method, UiO-66 (Zr), MIL-53 (Fe) and MIL-
125 (Ti) demonstrate the highest standard deviations in all 3 cell lines. Specifically, UiO-66 (Zr)
shows 36.1% at 0.01 mg/mL and 34.9% at 0.5 mg/mL in Huh7 TMPRSS2 cells, 169.3% of
deviation at 0.5 mg/mL in VeroE6 cells and 57% at 0.01 mg/mL and 45% at 0.5 mg/mL in
Vero81.6 cells. MIL-53 (Fe) exhibits 36% of standard deviation at 0.01 mg/mL in Huh7 TMPRSS2

cells, 39.9-145.6% for all five concentrations in VeroE6 cells (except at 0.5 mg/mL, whose value

14



is 10.3%), and 54.8% at 0.05 mg/mL in Vero81.6 cells. Lastly, MIL-125 (Ti) demonstrates
deviations ranging from 26.4% to 54.5% for the first three concentrations in Huh7 TMPRSS2 cells,
25.9%-108.8% for all five concentrations in VeroE6 cells and 23.3%-55.1% for the first two and
last two concentrations in Vero81.6 cells. On the other hand, standard deviations that are calculated
from the NR assay experiments range from 0.4-12.4% in Huh7 TMPRSS2 cells, 0.4-14.5% in
VeroEG6 cells and 4.5-25.2% in Vero81.6 cells, for all five concentrations and for all four MOFs,
rendering this assay as the most precise of the three, when it comes to the assessment of
cytotoxicity of MOFs. Similar results about high standard deviations obtained from the LDH and

MTS test were also observed in other studies.®* %3

Another problem that arises from the MTS and LDH method, is that sometimes very high
mean values appear. In detail, low concentrations of HKUST-1 (Cu), from 0.01 to 0.1 mg/mL,
give relatively high values in the MTS assay in the last two cell lines, them being between 161.7-
184.8% in VeroE6 and between 143.6-195.1% in Vero81.6 cells. These huge values would suggest
that low doses of HKUST-1 (Cu) could attribute to the increase of produced cells in these cell
lines, something that is not evident with the NR assay. A possible explanation could be that
HKUST-1 (Cu) interferes in the redox reaction that takes place for the MTS compound, acting as
a catalyst that reduces it synergistically with the cofactors that are responsible in the mitochondria
of alive cells. Concerning the LDH test, abnormal high mean values are observed in VeroE6 cells,
at 0.1 mg/mL for MIL-53 (Fe) and MIL-125 (Ti), being 181.3% and 183.5% respectively, and at
0.5 mg/mL for UiO-66 (Zr), being 204.8%. Once again, these MOFs could have an impact on the
redox reaction concerning the LDH molecule and VeroE6 cells. The NR assay seems to give
similar results with the MTS test about the toxicity of HKUST-1 (Cu) in the last two

concentrations, which range from 17.6% to 59% for the MTS and from 9.5%-16.7% for the NR,
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indicating its cytotoxicity for the three cell lines. Also, NR seems to be in accordance with MTS
for the highest concentration of the other three MOFs, exhibiting values that range between 98.1-
123.2% (MTS) and 89.3-105.6% (NR) for UiO-66 (Zr), 106.5-123.2% (MTS) and 85.8-105.6%
(NR) for MIL-53(Fe), 109.8-116.4% (MTS) and 92.1-110.7% (NR) for MIL-125 (Ti) for all three
cell lines. Higher values than 100% were also for other molecules in previous studies, that confirm

the variation of our obtained results.3*

In conclusion, the LDH assay gives variable (from 3.8% to 145.6%) and not accurate results
for most of the concentrations tested, probably due to its complex nature of redox reactions that
take place. While the MTS test and NR assay present similar results for most of the concentrations
tested, the former exhibits higher standard deviations from the NR, while also being false for low
concentrations of HKUST-1 (Cu). Considering that NR is the most accurate and precise among
the three, the three cell lines seem to be able to tolerate UiO-66 (Zr), MIL-53 (Fe) and MIL-125
(Ti) in concentrations ranging from 0.01 up to 1 mg/mL, while HKUST-1 (Cu) becomes toxic for
Huh7 TMPRRS2 cells above 0.1 mg/mL and above 0.05 mg/mL for VeroE6 and Vero81.6 cells.
In Table 1, the highest safest concentrations that do not show cytotoxicity (meaning values above
80%) and that can later be used for the infection test are presented for each cell line, according to
the results of the NR assay. Furthermore, the cytotoxicity of MIL-125(Ti)-NH. was calculated by
the NR assay with the same method used for the other four archetypal MOFs, and its results can

be seen in Figure S5.

Among these results we observe a dose-dependent trend in HKUST-1, not observed in the
other three MOFs. This observation confirms previous studies reported in literature about MOF
cytotoxicity.®” This behaviour is assigned to the specific cytotoxicity of copper, compared to the

other metals (Ti, Fe, Zr).343%
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Taken all the above into account, for HCoV-229E 1 mg/mL will be used for UiO-66 (Zr)
and 0.1 mg/mL for HKUST-1 (Cu), MIL-53 (Fe) and MIL-125(Ti). For SARS-CoV-2, 0.1 mg/mL
is the maximum safest concentration of HKUST-1 (Cu), while the other three aforementioned

MOFs, with MIL-125(Ti)-NHz, will be used at 1 and 5 mg/mL.
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Figure 4. Results from the three cytotoxicity assays for the four MOFs that were studied in five

different concentrations and in three cell lines (Huh7 TMPRSS2 VeroE6, Vero81.6). Relative
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cytotoxicity (%) refers to the ratio between the measurement of the absorbance of each MOF
divided by the one of the control. Concentrations tested were between 0.01 and 1 mg/mL, from
the light colored to the darker, respectively. * for p < 0.05, ** for p < 0.01 and *** for p < 0.005

as obtained after the statistical analysis.

Table 1. A summary of the highest safest concentration of each MOF for each cell line, according
to the results of the NR assay.

Highest Cytotoxicity Concentration
MOF Cell line Safest values expressed compared to literature
Concentration inX (%) +s (%)
Huh7 TMPRSS2 105.6 £9.3
Ui0-66 (Zr) VeroE6 1 mg/mL 95.4+9.2 >1 mg/mL (Vero)*
Vero81.6 89.3+£19.9
Huh7 TMPRSS2 0.1 mg/mL 91.8+114
HKUST-1 (Cu)  VeroE6 0.05 mg/mL 98.7+ 145 -
Vero81.6 0.05 mg/mL 97.3+17.3
Huh7 TMPRSS2 0.1 mg/mL 102.1£10.9
MIL-53 (Fe) VeroE6 1 mg/mL 85.8+8.1 -
Vero81.6 1 mg/mL 93.1+19.1
Huh7 TMPRSS2 0.1 mg/mL 101.5+8.7
MIL-125 (Ti)  VeroE6 1 mg/mL 92.1+4.3 -
Vero81.6 1 mg/mL 95.1+25.2

3.3 Results from the infection tests with HCoV-229E

The concentrations of the MOFs that were used for the infection tests against HCoV-229E
were 1 mg/mL for UiO-66 (Zr) and 0.1 mg/mL for HKUST-1 (Cu), for MIL-53 (Fe) and MIL-125

(T1), as these concentrations were considered not toxic. Three experiments were also performed in
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order to evaluate the efficiency of our four selected MOFs against the inactivation of
Alphacoronavirus HCoV-229E, under visible light from the lamps of the lab (fluorescent tube, 36
W, 3350 lumens, white light) at room temperature. Two different controls were made so as to be
able to observe the effect of the MOFs, mainly a control virus without it being in contact with a
MOF, and a cells control, where no virus was added in the wells. The results of the luciferase
activity are summarized in Figure 5. Only HKUST-1 (Cu) and MIL-125 (Ti) showed a great
decrease in the infectivity of the virus, being 86% and 79.2% respectively. MIL-53 (Fe) and UiO-

66 (Zr) show a lesser effect on the virus, reducing its infectivity by 41.2% and 16.4% respectively.

proteins: The release of copper cations Cu?* in the solution cannot be ruled out, since this solid in

known to be sensible to hydrolysis®, as seen from the PXRD patterns and the SEM images (Figure
S6, S7). So far, the mechanism reducing coronaviruses activity is not clear in the literature, and
suggest that coronaviruses degradation can find its origin from protein of the viral envelop® °® or
from the viral RNA®. Then, based on the antimicrobial activity of copper, we can propose two
paths that could explain the better efficiency of Cu-based MOF. The effect of HKUST-1 could be
attributed to its metal center of Cu(ll) that can undergo redox reactions and that can form reactive
oxygen species (ROS), that impair the viral envelope’s proteins. The second possibility, involve

release of copper ions in the solution, diffusing within virus and degrading RNA.58

Titanium oxide (TiO2) was used as a thin-film coating in borosilicate glass substrates against
HCoV-229E and no drop on the viral titer was observed in that case.>® However, MIL-125 (Ti)
that consists of Tig clusters is known to have a catalytic effect on organic compounds, that could

explain its efficacy against HCoV-229E.%0 61
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MIL-53 (Fe) is built up from Fe(ll)/Fe(lll) as its metal group, which is responsible for
generation of hydroxyl radicals that can attack the viral envelope via Fenton-like reactions.5? &3
UiO-66 (Zr) low effect could be attributed to its Lewis acidity, that probably is not so strong to
attack the virus as the ROS that could be produced from the other MOFs. Concluding, HKUST-1
(Cu) and MIL-125 (Ti) show the best results of the four MOFs against HCoV-229E at
concentrations of 0.1 mg/mL and indicate that the infectivity of the virus is decreased. Further

analyses should be performed in order to find out the mechanism of action of these materials.
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Figure 5. Results from the infection experiments with the MOFs against HCoV-229E (N = 3).
After applying a two-way ANOVA and a Tukey’s test, no statistically significant importance (ns)

was found between the viral titer before and after the contact of the MOFs with the virus.

3.4 Results from the infection tests with SARS-CoV-2
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In order to evaluate the effectiveness of the MOFs against SARS-CoV-2, three experiments
were realized as described earlier, although this time two approaches of analyzing the results were
applied, corresponding to the detection of viral protein N using western blot assay and the TCIDso
methods. For this purpose, a fifth MOF, MIL-125-NH. (Ti), was added to the study so as to be
able to compare our results with the literature and prior to infection tests, its cytotoxicity was
assessed (Figure S5). The five MOFs were tested at 1 and 5 mg/mL, except HKUST-1 (Cu), were
we selected 0.1 mg/mL and 1 mg/mL. Two different controls were used as comparison media for
the efficacy, a negative control with the virus without being in contact with any material and a
positive control, where 1 mg/mL of HKUST-1 (Cu) - known to be toxic for the cells - was used.
By comparing the controls, the intensity of the bands obtained with the anti-tubulin antibody is
used to assess cell viability (Figure 6, anti-tubulin line), while that obtained with the anti-N
antibody evaluates the effect of the MOF on viral infectivity (Figure 6, anti-N protein). When there
is a signal (black rounded rectangle band), it means that either the cell viability is really high (anti-
tubulin) or that the infection that took place was high (anti-N protein), while their absence means
that the MOF compound was toxic to the cells or to the virus, respectively. By looking at the
western blots, an effect with HKUST-1 (Cu) is seen at 0.1 mg/mL and a smaller effect with MIL-
53 (Fe) and MIL-125 (Ti) at 5 mg/mL for the first experiment (N = 1) but was not confirmed in
the other two experiments, N = 2 and 3. UiO-66 (Zr) and MIL-125(Ti)-NH2 seem that they do not
decrease the infectivity of the virus for all three experiments. Western blot seems not to give
reproductive. Results for HKUST-1 (Cu), MIL-53 (Fe) and MIL-125 (Ti) obtained using western
blot assays were not reproducible, thus the effects of MOF were evaluated using the TCIDsg

method.
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Figure 6. Western blots of the anti-tubulin (cells viability control) and anti-N protein of SARS-
CoV-2. The numbers 0.1, 1 and 5 stated after each MOF represent their concentration in mg/mL.
Each experiment done is noted by a number on the right-hand of the image, by N =1, 2 or 3. Each

measurement is repeated twice.

Regarding the results from the TCIDso method (Figure 7), the reduction of the viral
infectivity was calculated and expressed as a percentage of relative TCIDso by dividing the value
obtained from the MOF by the negative control (virus). For these experiments, 5 mg/mL was
selected as the concentration of the MOFs, except of HKUST-1 (Cu) that was 0.1 mg/mL. This
method is more sensitive for calculating the percentage of decrease of the viral titer, when that is

between 1-100%. The best performing MOFs for inactivating SARS-CoV-2 are HKUST-1 (Cu),
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MIL-53 (Fe) and UiO-66 (Zr) with an efficacy of 68.4%, 63.1% and 56.1%. Their antiviral effect
against SARS-CoV-2 could be the same as observed for HCoV-229E and assigned to the catalytic
degradation of the organic species. Although the structure of the viral particles is the same, there
are differences that can explain why the same MOFs do not exhibit the same results on the two
selected coronaviruses. The main differences lie in the recognition of cellular receptors to bind and
enter the host cell, namely APN for HCoV-229E and ACE2 for SARS-CoV-2, or in the cleavage
of glycoprotein Spike by cellular proteases after virus attachment.” & 54, The two Ti-MOFs, MIL-
125 (Ti) and MIL-125(Ti)-NH. show no effect against the virus, and confirmed a previous result.*®
Taken together, UiO-66 (Zr), HKUST-1 (Cu) and MIL-53 (Fe) decrease the infectivity of SARS-

CoV-2, but the exact mechanism is not yet known and should be supplemented with further

characterizations.
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Figure 7. Results from the infection experiments with the MOFs against SARS-CoV-2 from the

TCIDso method (N = 3).

4. Conclusions

In summary, five Metal-Organic Frameworks were evaluated as coronavirucides. Firstly,
their effect on cell viability was assessed using three of the most widely used cytotoxicity assays,
in order to determine the concentrations to be tested for virucidicity The Neutral Red assay was
found to be the most precise within the three, showing standard deviations of 0.4-25.2%. The
results obtained were confirmed by the other two methods for MOFs on the 3 cell lines tested.
HKUST-1 seems to be toxic in concentrations above 0.1 mg/mL for all three cell lines, while the
other three materials can be used at higher concentrations above 1 mg/mL, probably due to its poor

stability in agueous media, that could release copper ions, which are cytotoxic.

Next, the highest safe concentration of each MOF for the appropriate cell lines was used to
test their efficacy against two coronaviruses, HCoV-229E and SARS-CoV-2, by allowing the
contact between the viruses and the MOF in an aqueous-based medium. HKUST-1 (Cu) and MIL-
125 (Ti) reduce infectivity of HCoV-229E by 86% and 79.2% MIL-125 (Ti) was observed
respectively. Concerning SARS-CoV-2, HKUST-1 (Cu) exhibits similar results than with HCoV-
229E, although UiO-66 (Zr) and MIL-53 (Fe) show a higher decrease (=65%) on the infectivity.
Western blot was found to be less sensitive for this kind of measurement of the efficacy of MOFs
than TCIDso, which gave accurate results. The same MOFs have differences in the inactivation
activity towards each virus, which might depend on the different chemical composition of these
two viruses. HKUST-1’s activity could be attributed to the release of Cu(ll) ions, that could either

attack the viral proteins or the RNA of the virus, MIL-53’s to the possible production of ROS,
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while the Ti-based MOFs show dissimilar effect. Further studies need to be conducted on the

mechanisms lying behind their activity.
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