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e Metal-organic framework MIL-101(AD-
NH, was developed for bioimaging and
drug delivery.

e The interaction of hypericin and MIL- o )
101(AD-NH, with the spike protein Multimodality Hypericin
SARS-CoV-2 RBD-SD1 was investigated.

e The interaction of hypericin and MIL-
101(AD)-NH, with angiotensin-
converting enzyme 2 receptors in cells
was investigated.

e The photodynamic activity of the pre-
pared construct was demonstrated in
cells and bacteria. adsorption
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The global pandemic of SARS-CoV-2 has highlighted the necessity for innovative therapeutic solutions. This
research presents a new formulation utilising the metal-organic framework MIL-101(A)-NHj, which is loaded
with hypericin, aimed at addressing viral and bacterial challenges. Hypericin, recognised for its antiviral and
antibacterial efficacy, was encapsulated to mitigate its hydrophobicity, improve bioavailability, and utilise its
photodynamic characteristics. The MIL-101(Al)-NH; Hyp complex was synthesised, characterised, and evaluated
for its biological applications for the first time. The main objective of this study was to demonstrate the
multimodal potential of such a construct, in particular the effect on SARS-CoV-2 protein levels and its interaction
with cells. Both in vitro and in vivo experiments demonstrated the effective transport of hypericin to cells that
express ACE2 receptors, thereby mimicking mechanisms of viral entry. In addition, hypericin found in the
mitochondria showed selective phototoxicity when activated by light, leading to a decrease in the metabolic
activity of glioblastoma cells. Importantly, the complex also showed antibacterial efficacy by selectively targeting
Gram-positive Staphylococcus epidermidis compared to Gram-negative Escherichia coli under photodynamic
therapy (PDT) conditions. To our knowledge, this study was the first to demonstrate the interaction between
hypericin, MIL-101(Al)-NH; and the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein, which
inhibits cellular uptake and colocalises with ACE2-expressing cells. Therefore, the dual functionality of the
complex — targeting the viral RBD and the antibacterial effect via PDT — emphasises its potential to mitigate
complications of viral infections, such as secondary bacterial infections. In summary, these results suggest that
MIL-101(Al)-NH Hyp is a promising multifunctional therapeutic agent for antiviral and antibacterial applica-
tions, potentially contributing to the improvement of COVID-19 treatment protocols and the treatment of co-

infections.

1. Introduction

The COVID-19 pandemic, which emerged in December 2019, has
presented significant challenges and raised new questions regarding the
effective combat of coronavirus diseases. Severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) is still circulating in the population
and causes different complications that can lead to long-lasting side
effects [1]. Despite the great efforts made by the medical and scientific
community, there are still many unsolved problems that should be
thoroughly investigated.

The rapid determination of the structure of SARS-CoV-2 [2] facili-
tated the identification of the mechanism by which the virus recognises
the target cells of the organism [3]. SARS-CoV-2 bind to angiotensin-
converting enzyme 2 receptors (ACE2r), which facilitate entry of the
virus into the cells. Attachment of the virion to the host cell membrane is
mediated by spike glycoproteins assembled into a homotrimer. It is
present in multiple copies on the virion membrane that makes a crown-
like form. The original spike protein fragments of the Wuhan-Hu-1 strain
create complexes of ACE2r through the receptor binding domain (RBD)
[21.

The transport mechanism of the virion can be characterised by active
transport such as micropinocytosis, caveolar/lipid raft and clathrin-
mediated endocytosis [4]. Many membranous structures of different
sizes originated from the endoplasmic reticulum were recognised in
infected cells with electron microscopy [5,6]. It was reported that syn-
thesised viral proteins and genomic RNA translocate to the endoplasmic
reticulum and the Golgi apparatus intermediate compartment (ERGIC)
for virus assembly and budding [6,7]. Here, the spike protein is heavily
glycosylated, which affects its folding, stability, and sensitivity in
interacting with ACE2r [8].

After attachment of the virus to the plasma membrane of the host
cells, it is cleaved by the transmembrane serine protease 2, resulting in
activation of the spike protein and initiation of the fusion process of the
viral membrane with the host cell plasma membrane. In the absence of
transmembrane serine protease 2 it is cleaved by cathepsin B and L in-
side the lysosome lumen [9]. Mykytyn and coworkers revealed that the
inhibition of serin protease can be a potential strategy to prevent SARS-
CoV-2 entry and replication in host cells [10].

The replication cycle of SARS-CoV-2 is controlled at different stages
with various proteases that can serve as the targets for the treatment.
The main protease, 3-chymotrypsin-like protease, is responsible for
processing viral polyproteins into non-structured proteins [11], and it is

critical for the replication of coronaviruses [12].

Hypericin, an anthraquinone that can be naturally obtained from
plants of the genus Hypericum, possesses interesting antiviral activity
against some viruses [13,14]. Moreover, it was demonstrated that
hypericin has antibacterial [15,16] and anticancer [17-19] efficacy. In
recent years, this molecule has gained attention for its potential to
inhibit SARS-CoV-2.

With in silico methods, Thang and coworkers demonstrated that
hypericin binds to 3-chymotrypsin-like protease through two pockets
[20]. They complemented the results of molecular docking with a
fluorescence resonance energy transfer study that confirmed inhibition
of the 3-chymotrypsin-like protease activity with hypericin and in vitro
proved that hypericin inhibits viral intracellular replication.

Matos et al. reported that hypericin binds with high affinity to viral
main-protease and RNA-dependent RNA polymerase. They demon-
strated Hypericin activity in a dose-dependent manner for anti-SARS-
CoV-2 replication in an in vitro model of Vero-E6 infected cells. Hyper-
icin was identified as an excellent candidate for repurposing for the
treatment of COVID-19, with possible inhibition of two important pha-
ses of virus maturation [21].

Delcanale et al. demonstrated that hypericin binds to the membrane
envelope of SARS-CoV-2 with a strong affinity, where 30 molecules of
hypericin can be loaded on a single viral particle [22]. They also showed
a significant reduction of the viral infectivity toward Vero E06 cells in
the dark and after irradiation.

Bajrai et al. screened the antiviral properties of Hypericum perforatum
using Vero E6 cells [23]. They measured the inhibition of viral load
using quantitative real-time polymerase chain reaction on cell culture
assay. They showed that H. perforatum possesses significant antiviral and
virucidal effects.

Despite the promising potential of hypericin in the treatment pro-
tocols, the main obstacles are affiliated with the highly hydrophobic
character that makes it insoluble in aqueous solutions [24,25] and de-
creases its biological activity [26,27]. However, this, in particular, can
be overcome by encapsulation of this molecule to increase its bioavail-
ability and biological activity, which can be amplified by the application
of light in photodynamic treatment (PDT) [28-31]. PDT employed light-
activated hypericin that interacts with molecular oxygen in its excited
triplet state to create reactive oxygen species, resulting in the elimina-
tion of the targeted cells and tissues [32].

One of the side effects of SARS-CoV-2 infection that was reported in
many clinical studies is secondary serious bacterial infection, often
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Fig. 1. Schematic representation of the experimental setup and the multimodal activity of MIL-101(Al)-NH, loaded with hypericin.

resulting in fatal consequences [33-35]. PDT can be an elegant modality
to inhibit viral replication and antibacterial treatment with the same
drug composition [36].

Porous materials are very attractive as nanocarriers for hydrophobic
and hydrophilic molecules, including hypericin [31,37]. Metal-organic
frameworks (MOFs) represent a promising class of highly porous
nanocarriers for biomedical applications with excellent thermal,
chemical and mechanical stability [38,39]. The composition of MOFs
can be tuned by combining organic ligands and metal ions through co-
ordination bonds or postsynthetic modification [40].

MIL-101, as a mesoporous material, has proven to be ideal for drug
delivery applications due to its exceptional surface area and large pore
size that facilitates efficient drug loading and release [41,42]. Since its
discovery in 2005 [43], many analogues of MIL-101 have been prepared
by using metal nodes with a (+III) oxidation state, such as Cr, Fe, and Al,
along with various derivatives of terephthalic acid [44]. These modifi-
cations have allowed for the tuning of the framework’s properties, such
as stability, pore size, and functionality, expanding the material’s po-
tential for various applications, including drug delivery. By adjusting the
central metal ions and organic linkers, researchers have been able to
optimize the structure for specific uses [45,46]. MIL-101(Al)-NHy,
composed of aluminium(IIl) ions and a 2-aminoterephthalate linker,
offers significant advantages for biomedical applications compared to its
counterparts based on chromium(III) and iron(III) analogues. One of its
primary benefits is its biocompatibility and low toxicity, which are
crucial for applications in drug delivery. Unlike MIL-101(Cr)-NHp,
which, despite its high stability, poses potential health risks due to its
oxidation and the toxicity of Cr(VI) species [47], MIL-101(Al)-NH; is
considered safer for direct biomedical use. In comparison to MIL-101
(Fe)-NHj,, the aluminium(IIl)-based variant offers greater stability in
biological environments, as iron(Ill)-based MOF-101 may undergo
redox reactions, potentially leading to structural degradation and
oxidative stress in living systems [48]. The low atomic weight of
aluminium(III) as the central ion, and consequently the low molecular
weight of the resulting porous material, must also be considered. This
characteristic provides an advantage in terms of specific properties, such
as surface area or drug storage capacity, which are related to per gram of
the material. Moreover, the amine (-NH>) functional groups present in
MIL-101(A)-NHy further enhance its biomedical potential by promot-
ing strong interactions with biomolecules, improving drug loading ef-
ficiency, and enabling targeted delivery. Amine groups can act as Lewis

bases and significantly influence oxidation-reduction reactions [49]. Xu
and Yan reported that amine functionalisation of MIL-101(Al)-NH>
improves the luminescence of this material, which is also pH-dependent
and can serve as a sensor under certain conditions [50]. These attributes
position MIL-101(Al)-NH; as a promising candidate for drug delivery
applications, highlighting its potential in the development of advanced
drug carrier systems.

MOF materials contribute to the fight against SARS-CoV-2 and
COVID-19 at multiple levels, ranging from sample preparation and
detection to viral elimination [39]. It has been demonstrated that MOF
materials, such as ZIF-90 [51], can enhance the stability of COVID-19
serological tests. In the field of virus detection, various MOFs have
been explored, including ZIF-8 [52,53], Y(III) [54], and Eu(IlI) or Tb
(IID)-MOFs based on a 5-(4-(imidazol-1-yl) phenyl) isophthalate linker
[55], which facilitate rapid and sensitive COVID-19 diagnosis through
fluorescence or luminescence changes. Moreover, the surfaces of three
MOFs, UiO-66, UiO-66-NH,, and UiO-66-NO, have been functionalized
with repurposed antiviral agents, specifically folic acid, nystatin, and
tenofovir, to enable targeted interactions with the external spike protein
of the SARS virus. Protein-binding studies have demonstrated that this
surface modification significantly enhances the affinity for both glyco-
sylated and non-glycosylated proteins, leading to the deactivation of
respiratory coronaviruses [56]. Additionally, Dahri et al. investigated
the interaction of MOF materials from ZIF and IR-MOF families with the
main protease and their potential role in inhibiting spike protein binding
to ACE2r through in silico analysis [57]. Furthermore, the elimination of
SARS-CoV-2 has been studied using UiO-66, HKUST-1, MIL-53, and MIL-
125 [58], where viral degradation was achieved through oxidative-
reductive mechanisms and light-driven photocatalytic processes.

In the present study, hypericin was loaded into MIL-101(Al)-NHy
with the aim of transporting this hydrophobic molecule into the vicinity
of cells expressing ACE2r. The aim of this transport was to enable the
interaction of hypericin with the target cells (and thus mimic the entry
and infection with the SARS-CoV-2 virus). For this reason, the interac-
tion of the MOF complex with ACE2r-positive cells and the spike protein
of the virus was analysed at the molecular and cellular level using
fluorescence spectroscopy and microscopy. Finally, the multiple appli-
cations of these materials, including photodiagnostics and photody-
namic therapy, were demonstrated in vivo (preclinical model of chicken
embryo chorioallantoic membrane (CAM)) and in vitro at the cellular
and bacterial levels (schematic representation is shown in Fig. 1).
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2. Material and methods

2.1. Synthesis of the MIL-101(AD-NH,, particles and their conjugation
with hypericin

In the typical synthesis of MIL-101(Al)-NH; reported in [59,60],
300 mg (1.656 mmol) of 2-aminoterephthalic acid and 250 mg (0.666
mmol) of AI(NO3)3-9H,0 were dissolved in 15 mL of N,N-dime-
thylformamide (DMF) using ultrasound-assisted dispersion. The result-
ing clear solution was transferred to a glass vial and heated in an oven at
110 °C for 24 h. The light beige solid product obtained was filtered and
washed with three portions (20 mL each) of methanol. To remove excess
2-aminoterephthalic acid and Al(NO3)3-9H50, the crude material was
purified using a Soxhlet extractor for 24 h with methanol as the solvent.
After extraction, 350 mg of the pure final product MIL-101(Al)-NH; was
obtained.

The drug-loaded material, MIL-101(Al)-NH, Hyp, was prepared by
an impregnation method using a methanolic solution of hypericin (Hyp,
abcam, Cambridge, United Kingdom). MIL-101(A)-NH; was activated
at 100 °C for 30 min prior to impregnation to remove solvent molecules
from the cavities. Then, 10 mL of methanolic hypericin solution at a
mass concentration of 10 mg L™! was added to 500 mg of activated
material. The methanol was freely evaporated at ambient temperature,
while the drug was encapsulated in the channel system of the porous
material due to capillary forces. To ensure efficient storage of hypericin,
5 mL of pure methanol was subsequently added to dissolve the trace
amounts of the drug on the grain surface and transport it into the pore.
This process was repeated a total of 3 times. By the impregnation pro-
cedure described above, 0.2 mg of Hyp was stored in 1 g of MIL-101(AD-
NHs.

2.2. Stability and characterization of unmodified and drug-loaded MIL-
101(AD-NH,

Prepared samples were characterised by Fourier transform infrared
spectroscopy (FTIR) measured on a Nicolet 6700 instrument from
Thermo Scientific, USA. Measurements of the materials were performed
by transmittance technique using KBr tablets with a sample weight ratio
of 100: 1 in the wavelength range from 4000 to 400 cm ™" with 32 scans
at a resolution of 4 cm ™. Simultaneous thermogravimetric analysis and
differential scanning calorimetry (TG/DSC) measurements were per-
formed using the SetsysEvolution instrument from Setaram, France. The
experiments with approx. 10 mg of samples were conducted in a-AlyO3
crucibles under an air atmosphere consisting of 20 % O3 and 80 % Ar
with a total flow rate of 40 mL min~'. The TG/DSC experiments were
conducted according to the following temperature programme: heating
from 30 °Cto 80°C (10°C min’l), an isothermal step at 80 °C for 30 min
(to remove excess solvent), heating to 900 °C (10 °C min ). Nitrogen
adsorption and desorption at —196 °C were measured using an ASAP
2020 instrument from Micromeritics, USA. Prior to adsorption studies,
the samples were activated at 100 °C for 24 h under vacuum to remove
solvents from the pores. Nitrogen adsorption isotherms for the activated
samples were measured in the relative pressure range of p/py = 0.005 to
1, based on which the specific surface areas (Sgpr) were evaluated ac-
cording to the BET equation. Pore volumes (V),) and sizes (d) of the
samples were evaluated using the BJH method, from the desorption
branches of isotherms [61]. Powder X-ray diffraction (PXRD) measure-
ments were applied to analyse the crystal structure, stability and
determine the grain sizes of the prepared materials. The analysis was
carried out on a D2 PHASER diffractometer from Bruker, USA, using
CuKo radiation (4 = 1.54056 f\) in the 260 range from 10 to 50°. The
stability, morphology, and particle size of MIL-101(Al)-NHy were
investigated and determined using scanning electron microscopy (SEM)
with a TESCAN MIRA3 instrument (TESCAN, Brno, Czech Republic)
equipped with an auto-emission cathode. The chemical composition and
elemental distribution mapping of the materials were analyzed using
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energy-dispersive X-ray (EDX) spectroscopy on an EDAX X-act system
(Oxford Instruments, UK). The material grains were deposited onto an
adhesive carbon tape affixed to a sample holder, which was subse-
quently inserted into the instrument for measurement. The particle size
of MIL-101(Al)-NH; was calculated from the SEM image using Image J
software [62]. The total released amount of hypericin in phosphate-
buffered saline (PBS) at pH = 7.4 and fetal bovine serum (FBS, bio-
sera, Nuaille, France) media was measured in 1 nm steps. The fluores-
cence spectra of released hypericin were collected in the range of
500-700 nm at 488 nm excitation using a fluorescence spectropho-
tometer (Jasco FP-8550, Kyoto, Japan).

2.3. Release of hypericin from MIL-101(Al)-NH;, particles

The release of hypericin was carried out as follows: 50 mg of MIL-101
(A)-NH, Hyp containing 10 pg of hypericin (0.2 mg g~ 1) was weighed
into 50 mL plastic vials. The release process was conducted in PBS with a
PH of 7.4. Samples were collected and measured at time intervals of
0.25, 0.5, and 1 h. Subsequently, 20 mL of a 10 % FBS solution was
added, as the formation of hypericin monomers through FBS ensures the
solubility of hypericin in aqueous environments. Additional sampling
was performed at 2, 3, 4, 5, 6, and 24 h. The detection of hypericin was
carried out using a fluorescence spectrophotometer at Apmg = 599 nm,
with quantification based on a calibration curve defined by the equation
y = 0.03x — 0.0793 (R? = 0.9999), in which y is fluorescence intensity,
and x is known concentration of hypericin.

2.4. MIL-101(AD-NH, stability study

The stability of MIL-101(Al)-NH; upon immersion in various solu-
tions was systematically investigated in this study. Dimethyl sulfoxide
(DMSO), phosphate-buffered saline (PBS), and fetal bovine serum (FBS)
were selected as testing media. To simulate conditions used in biological
assays, 100 mg of the pure material was mixed with each solution and
continuously stirred for 48 h at 37 °C. Following the incubation period,
the material was filtered, air-dried at ambient temperature, and subse-
quently analyzed using powder X-ray diffraction (PXRD), infrared
spectroscopy (IR), and scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDX).

2.5. Fluorescence spectroscopic characterisation of MIL-101(AD-NH;
particles

The excitation-emission matrices of the 0.01 mg/mL MIL-101(Al)-
NH; and MIL-101(Al)-NH, Hyp samples in distilled water were
measured with a spectrofluorometer (Horiba Jobin-Yvon FluoroLog-3,
Germany). Excitation was performed in the spectral range of 250-600
nm and emission at 300-800 nm. This device can also be operated in a
time-resolved mode for measure the fluorescence lifetime. The excita-
tion source for the fluorescence lifetime measurements was a NanoLED
(405 nm), and the detection was performed by time-correlated single
photon counting. The acquired fluorescence decay data were analysed
with the DAS6 software (Horiba Jobin-Yvon, Germany) using a bi-
exponential function fitting module.

2.6. Biodistribution and in vivo biocompatibility of MIL-101(AD-NH,
and hypericin in the CAM model

Fertilised chicken eggs (Animalco AG, Switzerland) were placed in
an automatic rotary incubator (FIEM snc, Italy). The eggs were kept in
the incubator for 3 days at 37 °C, atmospheric oxygen pressure (155.4
mm Hg) and relative humidity of 65 % with the blunt end upwards. On
the embryonic development day (EDD) 3, a small portion of the shell
was removed at the sharp end to create a hole (~ 3 mm diameter). This
area was then covered with adhesive tape (Scotch® Magic™, St. Paul,
Minnesota, USA). The eggs were then incubated in a static position until
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the experiments. On EDD 11, the perforated area in the shell was
enlarged (~2.5 cm diameter).

A volume of 50 pL containing 1 mg/mL MIL-101(Al)-NH; and MIL-
101(Al)-NH; Hyp saline (0.9 % NaCl) was injected into the main vein of
the CAM. The perforation was covered with a Parafilm M barrier film
(Pechiney Plastic Packaging Company, Chicago, Illinois, USA). The
biocompatibility of the substances was evaluated 24 h after intravenous
administration of 20 pL of 20 kDa dextran-FITC (25 mg/mL saline).
Capillary occlusion was considered as mild damage to the CAM.

Imaging of the CAM was performed immediately after injection of
the compounds using an epi-fluorescence microscope (Nikon Eclipse
E600 FN, Nikon, Japan) equipped with a Hg arc lamp (HBO 103 W/2,
Osram, Germany), a 4x/0.13 objective (Plan Fluor co/—, Nikon, Japan),
and a filter cube with excitation 365/10, emission filtered by DM400
and BA410. The fluorescence images were recorded 120 s after admin-
istration. The injection of the solution was recorded with a Huawei BLA-
L29 camera system (Huawei, Shenzhen, China). The fluorescence in-
tensity was determined from the colour images and evaluated using the
ImageJ software.

2.7. Cell cultures and preparation of ACE2 EGFP HEK cell model

Human glioblastoma cells U87MG (purchased from Cells Lines Ser-
vices, Eppelheim, Germany) were cultured in Dulbecco’s modified Eagle
medium (p-MEM, high glucose, GlutaMAX™, with pyruvate, Gibco-
Invitrogen, Life Technologies Ltd., Paisley, UK). Human dermal fibro-
blasts HDF (purchased from Cell, Applications, San Diego, CA) were
grown in RPMI 1640 (Biosera, Nuaille, France). The cell culture medium
was supplemented with 10 % fetal bovine serum (FBS, Biosera, Nuaille,
France) and streptomycin-penicillin (1 % w/w, Gibco-Invitrogen) ac-
cording to the propagation protocol.

Human embryonic kidney cell line HEK293T (ATCC, Manassas,
Virginia, USA) was maintained in complete 10 % FBS p-MEM and 50
mg/L gentamicin (KARA, Novo Mesto, Slovenia). For the microscopy
experiments, HEK293T cells were subcultured in 8-well chambered
coverslips (ibidi, Munich, Germany) and maintained in a phenol red-free
medium. Twenty-four hours after seeding, the cells reached 50-60 %
confluency and were transiently transfected with 75-80 ng of ACE2-
EGFP using the FUuGENE® HD transfection reagent (Promega, MA,
USA), as recommended by the manufacturer. The cells were used for
microscopy within 24 h after the transient transfection.

The particles were dispersed in distilled water at a concentration of 1
mg/mL, and the aliquots were added to the cell culture medium for
different periods of time according to the experimental procedures. Prior
to administration, the particles were sonicated for 5 min.

2.8. Flow cytometry analysis of MIL-101(AD-NH: uptake by US7MG
cells and their interaction with spike protein

U87MG cells were cultured with 0.2 mg/mL MIL-101(Al)-NH; and
hypericin-loaded particles for 24 h. The uptake of particles and hyper-
icin by U87MG cells was detected using the CytoFlex S analyser (Beck-
man Coulter, Brea, California, United States) in channels V450
(particles) and Y610 (hypericin).

To mimic the penetration of SARS-CoV-2 into the cells, the spike
protein SARS-CoV-2 RBD-SD1 (Friedrich-Loeffler-Institut, Greifswald-
Insel Riems, Germany) conjugated with AlexaFluor 488 (ThermoFisher
Scientific, Waltham, MA, USA) was added to the cell culture medium for
1 h. The SARS-CoV-2 RBD-SD1 protein was labelled with AlexaFluor 488
for 50 min and separated with Sephadex G50 (ThermoFisher Scientific).
The mixture of the spike protein with 0.2 mg/mL MIL-101(AD-NH, Hyp
was stabilised for 1 h and added to the cell for 1 h. The cells were de-
tached after incubation and measured in a cold phosphate saline solu-
tion. The histograms and correlation diagrams of channels B525 (spike
protein fluorescence) and Y610 (hypericin fluorescence) were recorded.
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2.9. Interaction of particles with SARS-CoV-2 RBD-SD1

The SARS-CoV-2 RBD-SD1 conjugated with AlexaFluor 488 were
prepared in phosphate-buffered saline (PBS, pH = 7.4) at concentrations
0.0017 and 0.0013 mg/mL, respectively. Hypericin at a concentration of
600 nM was added to these solutions, and the fluorescence of tryptophan
and AlexaFluor 488 was detected using the fluorescence spectrometer
Jasco FP-8550 (Tokyo, Japan) for 300 min. Alternatively, 600 and 33
nM hypericin solutions in PBS were prepared, and SARS-CoV-2 RBD-SD1
was added to allow binding. The fluorescence maximum was detected at
300 nm (excitation at 280 nm) for tryptophan, 520 nm (excitation at
488 nm) for AlexaFluor 488, and 600 nm (excitation at 555 nm) for
hypericin.

2.10. Confocal fluorescence intensity and lifetime imaging of MIL-101
(AD-NH; and hypericin in cells

Fluorescence and bright field images of HEK293T cells, transfected
with ACE2-EGFP and particles were acquired using a confocal fluores-
cence microscope Al (Nikon, Tokyo, Japan) equipped with a Plan-
Apochromat 60x/NA 1.27 water immersion objective and a time-
correlated single photon counting upgrade kit (PicoQuant, Berlin, Ger-
many) to detect fluorescence lifetime images. Particles were excited
with a 405 nm pulsed laser, EGFP with a 485 nm laser, and hypericin
with a 561 nm laser. Emissions were detected using a PMA Hybrid 40
detectors in the appropriate spectral range: 482/35 nm, 525/35 nm,
600/50 nm. Fluorescence decay curves were fitted with the Sympho-
Time 64 software to a multiexponential reconvolution model with 2-life-
time components.

U8B7MG cells exposed to particles and spike protein were detected
with an LSM 900 microscope using an Airyscan 2 detector (ZEISS) for
multiplexing super-resolution and higher sensitivity in sample scanning.
To collect the images in super-resolution mode, a Plan-Apochromat 63x/
1.4 Oil DIC M27 objective (ZEISS) was used. Post-processing analysis
was done with the Joint deconvolution (ZEISS) plugin. Excitation was
acquired as follows: 405 nm for particle detection (400-505 nm emis-
sion detection), 488 nm for AlexaFluor 488 (450-545 nm emission
detection) and 561 nm for hypericin and MitoSOX™ red (Thermofisher
Scientific) mitochondrial superoxide indicator (570-700 nm) detection.
ZEISS ZEN 3.10 software was used for image analysis.

The colocalisation analysis was carried out using the ImageJ soft-
ware with the colocalisation plugin. The number and size of vesicles/
areas in the images processed with a threshold were calculated using the
same software using the measure particles plugin.

2.11. Phototoxicity induced by MIL-101(AD-NH2 and hypericin in cells

U87MG cells were cultured for 3 h with 0.1, 0.2 and 0.5 mg/mL MIL-
101(A)-NH; and MIL-101(Al)-NH; Hyp particles. Then, these cells
were irradiated with 590 nm light at 2 and 10 J /cm? (2 and 10 min). The
cells were then kept in an incubator at 37 °C in the dark for 24 h.
Alternatively, these cells with the particles were kept in the dark for 24
h. The control group was not exposed to the particles but was irradiated
or kept in the dark. After this incubation, the 3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, Germany)
was added to the cell culture medium for 1 h. The medium was then
removed, and the formazan crystals were dissolved in DMSO and
measured at 560 nm using a plate reader. The background at 700 nm
was subtracted, and the percentage of formazan production compared to
controls was determined. Formazan production is related to mitochon-
drial metabolic activity and reflects cell viability.

2.12. Determination of statistical significance

Statistical analysis of the results was performed using an one-way
ANOVA test: *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 2. Physico-chemical analysis results of prepared samples (MIL-101(Al)-NH, and MIL-101(Al)-NH, Hyp): (A) Fourier transform infrared spectra; (B) measured
and calculated PXRD patterns. Thermogravimetric analysis coupled with differential thermal analysis for (C) pristine material and (D) hypericin-loaded sample. (E)
Nitrogen adsorption/desorption isotherms measured at —196 °C (inset shows the calculated textural parameters: (Sger in m? g’l), pore volume (V, in cm® g’l) and
diameter (d in nm). (F) The release kinetics of hypericin from the porous MIL-101(Al)-NH, matrix in PBS (up to 1 h) and FBS (at 1-24 h intervals). The inset shows a

closer view of the hypericin release profile in the interval 0-4 h.

2.13. Bacterial culture and photodynamic antibacterial treatment
mediated with MIL-101(A)-NH> and hypericin

Bacterial strains, Escherichia coli CCM 3954 (E. coli in further) and
Staphylococcus epidermidis CCM 4418 (S. epidermidis in further) were
obtained from the Czech Collection of Microorganisms (Masaryk Uni-
versity, Brno, Czech Republic). To generate a culture, the strains were
grown in Mueller Hinton broth (ThermoFisher Scientific) at 37 °C and
250 rpm overnight. The cultures were then diluted in Mueller Hinton
broth to an optical density at 600 nm of 0.2, and three independent 2 mL
samples were prepared for each strain: negative control (without
nanoparticles), MIL-101(Al)-NH, Hyp kept in the dark and irradiated.
The particles were added to bacterial culture in a final concentration of
1 mg/mL and incubated at 37 °C and 250 rpm for 2 h. Following incu-
bation, the samples were irradiated with a LED light source at 500 nm
and a light dose of 10 J/cm? for 10 min. Finally, ten-fold serial dilutions
in Mueller Hinton broth were prepared from each sample (up to 1077),
and 10 uL spots were plated on Mueller Hinton agar plates and allowed
to dry in a biosafety cabinet. Plates were incubated overnight at 37 °C.
All experimental work was performed under low-light conditions.

3. Results and discussion

3.1. MIL-101(AD-NH; and MIL-101(A)-NH, Hyp particles
characterization

The prepared MIL-101(Al)-NH; and hypericin-loaded MIL-101(Al)-
NH, Hyp materials, and pure Hypericin were initially characterised
using infrared spectroscopy. As shown in Fig. 2A, the IR spectra of the
pure MOF (black spectrum) and the hypericin-loaded MOF (red spec-
trum) exhibit several absorption bands corresponding to the molecular
structures of MIL-101(Al)-NH; and MIL-101(Al)-NH, Hyp. The ab-
sorption bands associated with the linker, 2-aminoterephthalate, are
observed at 3487 cm™! and 3363 cm 2, corresponding to asymmetric
v(N—H),s and symmetric v(N—H); stretching vibrations, respectively.
Moreover, the deformation scissoring S(N—H) vibration appears at
1622 cm™ L. Additionally, the stretching vibration for (C—N) is located
at 1258 cm™!. Characteristic vibrations of the aromatic ring are
observed at 1437 cm™! and 1506 cm™}, corresponding to v(C—C)yr
stretching. The carboxylate anions exhibit asymmetric £(COO™ )5 and
symmetric v(COO ™) stretching vibrations at 1578 cmand 1401 em ™Y,
respectively [63]. Finally, the absorption band at 605 cm ! confirms the
presence of a coordinated linker to Al(III) central ions through the v(Al-
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O) stretching vibration. Evidence for hypericin (IR spectrum of pure
hypericin is shown in Fig. S1 in ESI) loaded into MIL-101(Al)-NH; can
be found at 2000 cm ™~ which corresponds to aromatic overtones. Due to
the higher presence of aromatic rings in the measured sample, these
overtones can be observed [64]. By comparing the IR spectra of pure
hypericin and the Hyp-loaded sample, no additional absorption bands
corresponding to hypericin can be identified in the spectrum of the MIL-
101(AD-NHy Hyp material. The amount of hypericin stored within the
carrier’s pores (0.2 mg of hypericin per 1 g of MIL-101(Al)-NHy) is too
low to produce distinct and characteristic absorption bands. At this
concentration, the sensitivity of the instrumental technique used is
insufficient for the detection and detailed characterization of hypericin.

The powder X-ray diffraction (PXRD) analysis was performed to
confirm the crystal structure of MIL-101(Al)-NH, and evaluate the
stability of the drug carrier after hypericin encapsulation (see Fig. 2B).
The PXRD patterns of both samples were compared with the powder
diffraction record calculated from the single-crystal X-ray diffraction
data of MIL-101(Cr)-NHy [43]. A closer examination of the PXRD pat-
terns shows excellent agreement with the calculated diffractogram,
indicating that the compound was prepared correctly and contains the
desired cubic MIL-101 framework. Moreover, because of the similarity
between the MIL-101(Al)-NH; and MIL-101(Al)-NHy Hyp PXRD pat-
terns, it can be concluded that the crystal lattice remains stable after
hypericin encapsulation. This stability is evidenced by the unaltered
diffraction pattern when compared to MIL-101(Al)-NH,. Interestingly,
the broadening of peaks observed after adsorption suggests a reduction
in crystallinity due to the formation of an amorphous hypericin layer in
the pores of MIL-101(Al)-NH; [65] According to previous study [66],
the crystallite size calculated using the Debye-Scherrer equation was
39.7 nm for MIL-101(Al)-NH; and 28.9 nm for MIL-101(Al)-NH, Hyp.
This phenomenon is attributed to the adsorption of hypericin into the
mesoporous structure of MIL-101(Al)-NHy, leading to structural disor-
ders and crystal defects — typical characteristics of the drug adsorption
onto metal-organic frameworks.

The thermal stability and decomposition behaviour of MIL-101(Al)-
NH; and hypericin-loaded material were investigated using thermog-
ravimetric analysis (TG) and differential scanning calorimetry (DSC), as
presented in Fig. 2C and D, respectively. The TG curves indicate a multi-
step mass loss for both samples. For MIL-101(Al)-NHj, the initial weight
loss (8.21 wt%) observed below 200 °C is attributed to the removal of
adsorbed water and residual organic solvent molecules from the
framework. A second significant weight loss (46.2 wt%) occurs between
350 °C and 600 °C, corresponding to the decomposition of the organic
linker, 2-aminoterephthalate ligand. In contrast, the hypericin-loaded
sample, MIL-101(A)-NH; Hyp, exhibits a similar initial weight loss
(7.65 wt%) up to 200 °C, which is also related to solvent removal.
However, a slightly higher mass loss (46.72 wt%) is observed in the
second stage, likely due to the decomposition of both the organic linker
and the incorporated hypericin molecules, indicating a change in ther-
mal stability because of the loading process. The DSC curves further
support the mentioned observations. On the DSC curve of MIL-101(Al)—
NHj, an exothermic peak with a maximum is evident at 481 °C, asso-
ciated with the decomposition of the linker. In the case of MIL-101(Al)—
NH; Hyp, the exothermic peak shifts slightly to 502 °C and appears more
intense, reflecting the additional degradation heat processes associated
with hypericin decomposition.

The nitrogen adsorption/desorption isotherms of MIL-101(Al)-NH,;
and hypericin-loaded MIL-101(Al)-NH; measured at —196 °C are pre-
sented in Fig. 2E, providing insights into the surface area, pore volume,
and porosity changes induced by hypericin loading. Both materials
exhibit type IV isotherms, characteristic of mesoporous materials, with a
hysteresis loop indicating capillary condensation in the mesopores [67].
For MIL-101(A)-NHj, the Brunauer-Emmett—Teller surface area (Sggr)
is 1568 m? g1, and the total pore volume (Vp) is 0.918 em® g1, After
loading with hypericin, the surface area and pore volume decrease
slightly to 1498 m? ¢! and 0.902 cm® g%, respectively. The observed
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reduction in BET surface area and pore volume confirms the successful
incorporation of hypericin within the pores of MIL-101(Al)-NH,. The
isotherm profiles for both samples remain similar, indicating that the
structural framework of the material is preserved after hypericin
loading. However, the slight reduction in the adsorbed nitrogen volume
at higher relative pressures (p/pg) for MIL-101(Al)-NHy Hyp further
supports the partial pore blockage or occupation by hypericin molecules
[68].

The release profile of hypericin from the MIL-101(Al)-NH; matrix is
depicted in Fig. 2F. The release behaviour occurs in two distinct phases.
In the initial phase, during the first hour (with time intervals of 0.25; 0.5;
and 1 h), the release of hypericin into PBS media is relatively slow,
attributed to its poor solubility in water. During this period, only 3.26 %
of hypericin is released. Following the addition of a 10 % FBS solution, a
significant enhancement in hypericin release is observed due to
increased solubility facilitated by its monomerisation. After 4 h, 58.51 %
of the total hypericin is released. The release continues progressively,
reaching 99.38 % after 24 h, indicating an almost complete release of
hypericin into the media. This two-step release profile highlights the
role of FBS in modulating the solubility and subsequent release of
hypericin [31].

As part of this study, the stability of MIL-101(Al)-NH; was evaluated
after immersion in dimethyl sulfoxide (DMSO), phosphate-buffered sa-
line (PBS), and fetal bovine serum (FBS) at 37 °C for 48 h. A combination
of IR spectroscopy, PXRD, and SEM with EDX was used to assess struc-
tural changes, elemental composition, and particle size distribution.

PXRD analysis (Fig. S2A in ESI) revealed a decrease in peak intensity
for all samples compared to the pristine material. For the samples
impregnated with PBS and FBS, several diffraction peaks in the 15-20°
26 range were missing compared to the calculated XRD pattern. This
suggests that the polycrystalline form of MIL-101(Al)-NH; was partially
transformed into a semi-amorphous state [69], consistent with findings
reported in [70]. This transformation was further confirmed by infrared
spectroscopy (Fig. S2B in ESI). The spectra of the treated samples were
similar to that of the pristine material, except for the appearance of a
new absorption band at 1068 e¢m™!, corresponding to the stretching
v(P—O) vibration of phosphates from PBS and FBS solutions. In the
sample treated with DMSO, a new absorption band appeared at 1006
cm’l, attributed to the stretching v(S—O) vibration from DMSO. Fig. S3
in ESI provides a comparative visualization of the material’s
morphology and chemical composition before and after exposure to
different media. The SEM image of the synthesized MIL-101(Al)-NH;
(Fig. S3A in ESI) reveals an aggregated particle morphology with a
highly textured and porous structure. While distinct octahedral crys-
tallites are not clearly discernible, likely due to particle agglomeration
and surface roughness, the observed features suggest a hierarchical as-
sembly of primary nanocrystals. Elemental analysis via EDX spectros-
copy (Fig. S3B in ESI) and elemental mapping (Fig. S3C in ESI) confirm
the presence of the expected elements (C, O, N, and Al) consistent with
the material’s composition. Additionally, particle size distribution
analysis derived from SEM imaging indicates that the majority of par-
ticles are below 100 nm in size (Fig. S3D in ESI). Further SEM analysis
was conducted on samples exposed to different media for 48 h. The
DMSO-treated sample (Fig. S3E in ESI) appears to enhance the purity of
the pristine material. In contrast, samples treated with PBS and FBS
(Figs. S3F and G in ESI) exhibit slight surface roughening of their
polycrystalline structure, transitioning toward a semi-amorphous state,
likely due to the adsorption of phosphate and fetal bovine serum com-
ponents onto the nanoparticles. The presence of phosphates was further
confirmed by EDX analysis, as evidenced by the detection of phosphorus
in the treated samples (see Figs. S3H and I in ESI).

3.2. Spectroscopic properties of MIL-101(AD)-NH; and its suitability for
in vivo bioimaging

The fluorescence properties of MIL-101(Al)-NHy particles were
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Fig. 4. (A) Intravenous (i.v.) administration of 50 pL of 2 mg/mL MIL-101(A)-NH; a in the CAM model. MIL-101(Al)-NH, particles are visible as bright cyan
fluorescence 1, 4, 7 and 8 s after administration. The averaged fluorescence intensities were plotted in the histogram (statistical significance: *p < 0.05, ***p <
0.001). The fluorescence was stimulated with light from the microscope in the UV range (excitation 365/10, emission filtered by DM400 and BA410). (B) Intra-
vascular and extravascular biodistribution of MIL-101(Al)-NH, during 120 s after their intravenous administration. The orange arrow indicates bright foci of MIL-
101(A1)-NH; particles in the main vein. (C) Angiographies of CAM vessels highlighted with dextran-FITC. Images were taken 24 h after intravenous administration of
MIL-101(AD)-NH, and MIL-101(Al)-NH, Hyp. The orange arrow indicates inhibition of capillary growth. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

investigated with the aim of identifying their potential for fluorescent
bioimaging. Representative absorption and fluorescence spectra of
hypericin can be found in Fig. S4 in the supplementary material. The
main absorption of hypericin is at 600 nm with a second maximum at
560 nm (black spectrum). The fluorescence spectrum is a mirror image
of the absorption with a maximum at 600 nm (red spectrum). This
fluorescence does not significantly interfere with the emission of MIL-
101(Al)-NH,, but the absorption of hypericin in the UV and blue range
enables an energy transfer from the particles to hypericin. Due to this
transfer, the emission of the particles and the corresponding lifetime can
serve as an indicator of hypericin loading in the particles and subsequent
release into the biological environment [71,72].

Excitation and emission matrices of MIL-101(Al)-NH, in the absence
and presence of hypericin are shown in Fig. 3A and B. Bright emissions
were observed at excitation maxima between 300 and 400 nm, which is
consistent with the observations of Lin and coworkers [73]. The lumi-
nescence intensity of MIL-101(Al)-NH; decreased in the presence of
hypericin. This indicates that hypericin can be incorporated into the
particles. Time-resolved measurements of the fluorescence lifetime of
MIL-101(Al)-NH; can confirm this hypothesis.

The lifetime of fluorescence luminescence is an interesting param-
eter that describes the local environment of the fluorescent molecules
[74]. The NanoLED source at 405 nm was used to determine the lumi-

nescence lifetime of MIL-101(A)-NH,; at different emission
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Fig. 7. (A) Expression of EGFP-labelled ACE2r in HEK cells (green). Cells were incubated for 24 h with (B) 0.2 mg/mL MIL-101(Al)-NH; and (C) 0.2 mg/mL MIL-101
(AD)-NH;, Hyp particles. Live cell images were recorded in brightfield and fluorescence mode. MIL-101(Al)-NH,, particles are shown in blue, and hypericin in red. The
mixing of colours during colocalisation analysis is shown by colour-coded circles. White arrows indicate the hypericin-loaded plasma membrane. (D) Colocalisation
efficiency (defined by Manders’ coefficients) of red at the place of green pixels, and green at the place of red pixels in corresponding images (n = 20 EGFP-labelled
cells). The level of significant difference was determined using an one-way ANOVA test: **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. (A) Fluorescence images of US7MG cells exposed to 0.02 mg/mL SARS-CoV-2 RBD-SD1 conjugated with AlexaFluor 488 (green) for 24 h. (B) Cells exposed to
0.2 mg/mL MIL-101(AD)-NH; Hyp for 3 h. Hypericin fluorescence is shown in orange, and particles in blue. (C) Cells exposed to SARS-CoV-2 RBD-SD1 conjugated
with AlexaFluor 488 (24 h) and MIL-101(A)-NH Hyp (3 h). The zoom image was split into (D) green and (E) orange channels. White arrows indicate the localisation
of SARS-CoV-2 RBD-SD1-loaded vesicles in the cells. (F) Colocalisation of red with green, and green with red pixels determined from C (n = 36 images). G) The
number of vesicles detected in the green channel was determined from untreated control and cells exposed to treatments presented in A-C. One-way ANOVA was
used to determine the level of significant differences between treatments: **p < 0.01, NS — not significant. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 9. Flow cytometric analysis of (A) US7MG cells in the presence of (B) 0.02 mg/ml SARS-CoV-2 RBD-SD1 conjugated with AlexaFluor 488 (green), (C) 0.2 mg/
mL MIL-101(AD-NH; Hyp (red) and (D) a combination of both. The correlation diagram of the B525 and Y610 intensities can be found in the insert. The new
population in the B525 channel was identified as P and was also recognised in the Y610 channel. Statistical analysis of fluorescence intensities (in triplicate) in (E)
B525 channel and (F) Y610 channel. An one-way ANOVA test was performed to determine the level of significant differences from the control: ***p < 0.001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

wavelengths. The 3D luminescence decays are shown in the supple-
mentary materials in Fig. S5C and D for both MIL-101(Al)-NH,, in the
absence and presence of hypericin. The parameters of the amplitudes
and components of the luminescence lifetimes were derived from bi-
exponential fits of the decays (see Fig. S5, Table S1 and Table S2 in
the supplementary material). Longer lifetimes 75, and corresponding
amplitudes A, were plotted in Fig. 5B and C. A significant decrease in
amplitudes was observed in the presence of hypericin in the spectral
range between 420-525 nm (Fig. 3B). On the other hand, a decrease in
luminescence lifetime was observed with the maximum difference in the
spectral range between 525-600 nm (Fig. 3C), a major absorption of
hypericin. This confirms the incorporation of hypericin into MIL-101
(Al)-NH,. Furthermore, these spectral parameters (excitation between
300-400 nm and emission 450-500 nm) may define the optical window
for successful in vivo imaging of MIL-101(Al)-NH.

The microvasculature system developed in the CAM was used in this
study to validate the suitability of MIL-101(Al)-NH; for in vivo bio-
imaging and 24 h biocompatibility. CAM is a reliable model commonly
used for preclinical drug screening, photodiagnostics and phototoxicity
assessment [75-77].

As previously mentioned, bioimaging of MIL-101(Al)-NH;, was per-
formed in real-time using an epifluorescence microscope at 360-370 nm
excitation after intravenous (i.v.) administration of 50 uL. MIL-101(Al)—
NHj, in physiological solution (Fig. 4A). During administration, a bright
blue luminescence can be observed in white light. However, this lumi-
nescence disappeared shortly after administration, probably due to the
systemic distribution of the particles in the bloodstream. Microscopic
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images of CAM vessels were obtained by filtering the emission with a
combination of DM400 and BA410 filters (Fig. 4B).

Bright luminescence was detected in the CAM vessels and capillaries
up to 30 s after administration. The bright foci of MIL-101(Al)-NH, were
identified in the walls of the large vessels (>500 pm) in later seconds
(see orange arrow in Fig. 4B).

The acute toxicity of the particles was investigated 24 h after i.v.
administration. All tested embryos (n = 4 per case) survived, indicating
a certain biocompatibility of MIL-101(Al)-NH, and MIL-101(Al)-NH>
Hyp, as carriers.

Hypericin is known for its minimal dark toxicity [17]. However, its
inhibitory effect on cell signalling during proliferation, which is mainly
related to protein kinase C, has been observed [78-80]. Lavie et al. re-
ported the inhibitory effect of hypericin on neovascularisation in
ophthalmology [81], and the antiangiogenic effect of hypericin was also
suggested by Martinez-Poveda et al. in the study of endothelial cell
proliferation, migration and invasion [82].

The fluorescence angiographies of CAM recorded after contrasting
with dextran-FITC and black ink are shown in Fig. 4C. Occlusion of small
capillaries (>10 um) was observed in CAMs treated with MIL-101(Al)-
NH; Hyp (see orange arrow in Fig. 4C). It should be noted that the CAMs
were kept in the dark for 24 h after administration. While MIL-101(Al)—
NH; did not induce any changes in the vasculature, the inhibition of
capillary growth can be attributed to the bioactivity of hypericin and the
anti-angiogenic effect in the dark.

To determine the dosage of the drug, the toxicity of MIL-101(Al)-
NH; and MIL-101(Al)-NH, Hyp in the dark was investigated in human
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Fig. 10. Interaction of 0.0017 mg/mL SARS-CoV-2 RBD-SD1 (RBD) with hypericin. (A) Fluorescence of RBD tryptophan in the presence of 600 nM hypericin for 300
min. (B) Fluorescence of 600 nM hypericin in the presence of RBD for 300 min. (C) Fluorescence of 0.0013 mg/mL AlexaFluor 488 in RBD-A488 in the presence of
600 nM hypericin for 300 min. (D) Fluorescence of 33 nM hypericin in the presence of RBD.

dermal fibroblasts (HDF) for 48 h. The results of the MTT-assay in terms
of metabolic activity of the cells are shown in Fig. S6 of the supple-
mentary material. While an ICsy value of 0.15 mg/mlL was found for
MIL-101(Al)-NHy, a higher ICsy value of 0.25 mg/mL was found for
MIL-101(Al)-NH> Hyp. It should be noted that this cell line represents
healthy tissue cells, which have a slow proliferation rate compared with
cancer cells. It is to be expected that too high a concentration of particles
applied topically to the tissue may lead to local irritation of this tissue as
a confluent layer forms on the surface, as observed in our previous work
for mesoporous materials [37,83]. The results of the MTT-assay indicate
that hypericin can reduce the toxicity caused by MIL-101(Al)-NH, in the
dark and thus significantly influence the biocompatibility of the
particles.

Considering the different functionalities and modularity of MOFs,
the multimodality of such a system can provide the structural informa-
tion in vivo using advanced imaging techniques such as magnetic reso-
nance imaging, computed tomography, ultrasound and other optical
techniques that provide functional and molecular information [84].

3.3. Subcellular distribution of hypericin transported into cells by MIL-
101(A)-NH; and its photodynamic activity

The modification of MIL-101 particles and the incorporation of
photocatalysts or photosensitisers can lead to an improvement in their
photosensitisation and bioavailability [85-87]. However, the transport
into the cells depends on the size of the MOF particles [88]. Particles
smaller than 150 nm can be transported into the cell via endocytosis,
which is also the favoured route for various macromolecules and viruses,

12

including SARS-CoV-2 [4].

Here, the particle size was chosen so that a large number of hypericin
molecules can enter the cells while the particles adhere to the cell sur-
face. The MIL-101(A])-NHy Hyp particles were therefore applied to
U87MG cells to determine the uptake rate of hypericin and subsequently
to determine its subcellular distribution in HEK cells expressing higher
numbers of ACE2r.

The distribution of particles and hypericin in the presence of US7MG
cells is shown in Fig. 5B and C. MIL-101(Al)-NHy (blue colour) is
localised in the extracellular space and only some of them adhere to the
surface and inside the cells (smaller particles). Hypericin fluorescence
(orange and pink) was identified inside the particles and in the cells with
bright localisation in tubular structures (Fig. 5C). These structures were
identified as mitochondria using the MitoSOX Red fluorescence probe
(Fig. 5D).

The uptake of particles and hypericin was analysed by flow cytom-
etry (Fig. 5E-G). MIL-101(Al)-NH; was positively identified in the V450
channel at 405 nm excitation. Hypericin was detected in the Y610
channel at 561 nm and only when MIL-101(Al)-NH, Hyp was applied
(Fig. 5F and 5G). These results confirm the internalisation of hypericin
in UB7MG cells. Furthermore, mitochondrial localisation indicates an
important role of hypericin in apoptosis of these cells, especially after
PDT.

The efficacy of PDT, which is triggered by hypericin transported in
MIL-101(A)-NHy, was found to be concentration- and light dose-
dependent. The metabolic activity of U87MG cells was slightly
impaired by the particles in the dark and in the absence of hypericin
(Fig. 6). However, a significant decrease in metabolic activity (below 60
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%) was observed after the cells (MIL-101(Al)-NH, Hyp) were irradiated
with 2 and 10 J/cm?. The higher the concentration, the stronger the
effect (Fig. 6C). These results indicate the availability of MIL-101(Al)-
NH; Hyp for PDT.

It has been reported that SARS-CoV-2 mainly affects cells with a high
expression of ACE2r [2]. Therefore, we tested the ability of MIL-101
(AD)-NH; to transport hypericin into cells expressing ACE2r. Fig. 7
shows HEK cells with high (green EGFP-labelled cells) and low ACE2r
expression. Note that EGFP was expressed both in the plasma membrane
(localisation of ACE2r) and in the cytoplasm of the cells (Fig. 7A). The
MIL-101(Al)-NH; particles were localised near the cell surface, similar
to the case of US7MG (Fig. 7B). The MIL-101(A)-NH, Hyp particles
were applied to these cells for 24 h. Fig. 7C shows that hypericin was
internalised by both cell types. Hypericin was found in punctate foci
within the cells and in the plasma membranes (see white arrows in
Fig. 7C). Interestingly, punctate localisation of EGFP was observed in
cells with high ACE2r exposed to hypericin. Significantly higher coloc-
alisation of hypericin and EGFP was observed in cells exposed to MIL-
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101(AD-NH; Hyp (Fig. 7D). This suggests that hypericin is present in the
vesicles and membranes containing ACE2r. Wang and coworkers have
shown that SARS-CoV-2 can enter cells together with ACE2r by endo-
cytosis [89]. It can be assumed that hypericin enforces endocytosis of
the receptors, but a detailed analysis should be carried out in a follow-up
study.

3.4. Intracellular localisation of SARS-CoV-2 RBD-SD1 and its
interaction with MIL-101(AD-NH, Hyp

Endocytosis is not only the mechanism by which the particles enter
the cells, but also the route by which SARS-CoV-2 RBD-SD1 can infect
the cells. To test this hypothesis, US87MG cells expressing low levels of
ACE2r [90] were exposed to SARS-CoV-2 RBD-SD1 labelled with Alex-
aFluor488 (RBD-A488). After 24 h, numerous vesicles loaded with RBD-
A488 were identified in the cells (Fig. 8A). However, the excess of this
protein was located in the extracellular space. These vesicles were not
seen in cells lacking RBD-A488 (Fig. 8B). Furthermore, MIL-101(AD-
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Table 1
FLIM analysis of EGFP fluorescence lifetime in HEK ACE2 EGFP cells.

Amplitude
A;

Component
71 (ns)

Amplitude
Az

Component
72 (ns)

Average
7 (ns)

HEK
ACE2
EGFP

HEK
ACE2
EGFP +
MIL-
101
(AD-
NH,
Hyp

HEK
ACE2
EGFP +
RBD

HEK
ACE2
EGFP +
RBD +
MIL-
101
(AD-
NH,
Hyp

0.31 +
0.23

1.30 +
0.40

1.3+0.3 2.50 +

0.10

2.30 +
0.02

4.00 +
0.40

1.53 +
0.08

8.0+ 0.4 2.66 +

0.03

2.28 +
0.01

0.97 +
0.07

1.20 +
0.12

25+0.3 2.62 +

0.03

2.20 +
0.02

0.27 +
0.16

1.40 £
0.40

0.8 £0.2 2.60 =

0.10

2.29 +
0.04

NH, Hyp particles were administered to the cells treated with RBD-
A488. Similar to Fig. 8A, a large number of green vesicles correspond-
ing to RBD-A488 were clearly visible (Fig. 8C and D). A significant in-
crease in vesicles in cells exposed to RBD-A488 was confirmed by image
processing and counting of these vesicles (Fig. 8G).

It can be observed that hypericin could easily penetrate into the cells
treated with RBD-A488. However, the localisation was slightly different
from the case shown in Fig. 5C. The bright fluorescence of hypericin was
detected in the plasma membrane and in the perinuclear region of the
endomembrane system, as indicated by white arrows (Fig. 8E). Coloc-
alisation of RBD-A488 and hypericin was observed (Fig. 8C-F), indi-
cating the presence of hypericin in close proximity to RBD. Fig. 8F shows
that more than 70 % of green pixels (associated with RBD-A488) are
colocalised with red pixels (associated with hypericin) in cells exposed
to the combination of RBD-A488 and MIL-101(Al)-NH; Hyp. The
amount of RBD-A488 and hypericin in the cells was then determined by
flow cytometry.

Uptake of RBD-A488 by U87MG cells was determined by the green
fluorescence of AlexaFluor488 (Fig. 9B and E). Hypericin uptake by cells
treated with RBD-A488 followed the same trend as in the absence of
RBD-A488 (Fig. 9C, D and F). However, an additional population was
detected in the B525 channel (Fig. 9D). This population was also found
in the Y610 channel. It should be noted that the particles and RBD-A488
in this experiment were mixed and stabilised for 1 h before being
administered to the cells. We have previously shown that mesoporous
particles can adsorb proteins by forming a protein corona [91]. There-
fore, it can be assumed that part of the RBD-A488 was already adsorbed
on MIL-101(Al)-NHy Hyp. This effect is to be expected, as it has been
shown that the material MIL-101 is able to remove small molecules,
antibiotics and even rare earth materials from the aqueous environment
[92-94].

To confirm this assumption, fluorescence microscopy was per-
formed. Fluorescence images of particles in the absence and presence of
RBD-A488 are shown in Fig. S7 in the supplementary material. RBD-
A488 has a green fluorescence (Fig. S7E), which is concentrated in
MIL-101(AD)-NH, (Fig. S7C) after interaction, but decreases signifi-
cantly in MIL-101(A)-NH; Hyp (Fig. S7D). The determined fluores-
cence intensities indicate that RBD-A488 is quenched due to its
interaction with hypericin.

The interaction of hypericin as a ligand with SARS-CoV-2 was
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demonstrated using super-resolution stimulated emission depletion
microscopy [22]. However, the binding of hypericin to SARS-CoV-2
RBD-SD1 can also be monitored using fluorescence spectroscopy by
quenching of tryptophan and A488 conjugated to RBD. The kinetics of
SARS-CoV-2 RBD-SD1 tryptophan fluorescence in the presence of 600
nM hypericin is shown in Fig. 10A. After 5 h of stabilisation, a significant
decrease in fluorescence intensity was observed. The fluorescence of
hypericin in Fig. 10B shows a clear maximum followed by a gradual
decrease in intensity. This effect has been frequently observed when
hypericin interacts with proteins and lipids by forming aggregates
within or on the surface of the macromolecule [72,95-97]. The inter-
action of hypericin was also confirmed by recording A488 fluorescence
in RBD, which decreased with the time of incubation with hypericin
(Fig. 10C). However, hypericin fluorescence is highly dependent on the
concentration ratio between hypericin and RBD. At a low concentration
(33 nM), hypericin was able to dissolve into RBD, as evidenced by the
recovery of fluorescence (Fig. 10D). This is an important result because
it means that hypericin itself in RBD can be transported into the cells in a
biologically active state (fluorescent monomers), which in turn can in-
fluence cellular signalling.

Since we have demonstrated that hypericin interacts with RBD and
can colocalise in cells, we performed the study of ACE2r in the presence
of SARS-CoV-2 RBD-SD1 and particles. The representative localisation of
ACE2r in EGFP HEK cells is shown in Fig. 11A. The uninterrupted
plasma membrane localisation is clearly visible. As shown above, the
intracellular localisation of ACE2r in EGFP HEK cells is slightly
increased in the presence of MIL-101(Al)-NH» Hyp, but the plasma
membrane localisation can still be seen (Fig. 11B). Administration of
SARS-CoV-2 RBD-SD1 for 5 h induced intracellular foci of ACE2r, and
diminished plasma membrane EGFP labelling was visible (Fig. 11C).

The most striking changes were seen in cells incubated with a com-
bination of MIL-101(Al)-NH; Hyp and SARS-CoV-2 RBD-SD1 (Fig. 11D).
Note that MIL-101(Al)-NH; Hyp and SARS-CoV-2 RBD-SD1 (RBD for
simplicity) were stabilised for 1 h prior to administration (to allow
binding). A decrease in EGFP fluorescence and plasma membrane
localisation was observed. Analysis of colocalisation showed that RBD
added to the cells together with MIL-101(Al)-NH;, Hyp significantly
reduced the percentage of green pixels colocalised with red (Fig. 11E).
No significant difference was observed in the colocalisation of red with
green pixels (orange box graphs in Fig. 11E).

Next, the threshold was adjusted to the green channels of EGFP-
related images (see representative images in Fig. 11F) to determine
the size of ACE2r (EGFP) objects, shown with outline bars. A significant
decrease in this size was observed in cells exposed to RBD and MIL-101
(AD-NH3 Hyp (denoted as MIL in the graph in Fig. 11G). This result
supports the observed fragmentation and reduction in EGFP abundance.

Fluorescence lifetime is a useful parameter that reflects fluctuations
and changes in the local environment of the fluorescent molecule. For
this reason, the fluorescence lifetime of EGFP was determined in HEK
ACE2 EGFP cells before and after treatment with SARS-CoV-2 RBD-SD1
and MIL-101(Al)-NH; Hyp. The average lifetimes are summarised in
Table 1.

Two components of EGFP fluorescence lifetime have been identified.
The average fluorescence lifetime reached a value of 2.3 ns. However, no
significant difference was found between the two cases. This means that
the fluorescence lifetime was not shortened by the presence of RBD or
hypericin in the cells. Therefore, it can be assumed that the reduction of
EGFP fluorescence in the cells after administration of RBD and MIL-101
(AD)-NH;y Hyp is probably due to a reduction of ACE2r.

All these results suggest that hypericin is not only colocalised with
SARS-CoV-2 RBD-SD1 but also contributes to endocytosis of the receptor
and a possible silencing of ACE2r expression, which may subsequently
lead to a reduction in the internalisation of the entire virus.
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Fig. 12. Bright field and fluorescence images of MIL-101(Al)-NH; incubated with (A) S. epidermidis and (B) E. coli for 2 h. Hypericin fluorescence (orange colour)
contained in MIL-101(Al)-NH, was detected in (C) S. epidermidis and (D) E. coli after 2 h of incubation. White arrows indicate bacteria in zoomed images. The
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3.5. Selective photodynamic antibacterial activity of MIL-101(Al) Hyp

Patients with a viral infection are susceptible to secondary bacterial
infections. This has also been observed in COVID-19 patients [98]. It was
found that the most common bacteria in COVID-19 patients were gram-
positive bacteria [99]. Given the increasing resistance of bacteria to
antibiotics, it is crucial and one of the risk factors to administer the right
antibiotics for treatment [100].

To overcome this problem, photodynamic therapy is on the rise
[101,102]. For this reason, the new formulation of MIL-101(Al)-NH,
Hyp was tested on two representative bacterial strains: S. epidermidis
(gram-positive bacteria) and E. coli (gram-negative bacteria).

Bright field and fluorescence images of MIL-101(Al)-NH, material
with S. epidermidis and E. coli are shown in Fig. 12A and 12B. In the
bright field, typically roundish S. epidermidis and rod-shaped E. coli were
identified, but no fluorescence of the bacteria was detected. Blue fluo-
rescence was present in the MIL-101(Al)-NH, particles. However,
administration of MIL-101(Al)-NH; loaded with hypericin allows
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identification of the bacteria by fluorescence, as the hypericin is redis-
tributed from the particles into S. epidermidis. The orange-coloured
bacterial walls are clearly visible in Fig. 12C. This was not observed in
E. coli (Fig. 12D). This fluorescence shows a certain selectivity of
hypericin for gram-positive bacteria.

In addition, the bacterial suspension containing particles was irra-
diated with 590 nm light to induce PDT with hypericin. The bacteria
were then inoculated onto agar at different concentrations for growth.
Inhibition of bacterial growth after PDT was only observed for
S. epidermidis (Fig. 12E). No significant difference was observed in the
dark. E. coli was not affected by MIL-101(Al)-NH2 Hyp and PDT.

MIL-101 MOFs have recently been identified as an interesting sensor
material for the detection of bacteria at low levels [103]. Moreover,
upon irradiation with visible and infrared light, the MIL-101(X)-NHj
particles can themselves generate reactive oxygen species and destroy
pathogens, depending in the central metal ion (X), enhancing antibac-
terial and antiviral photodynamic activity [104,105].

The approach presented in this study demonstrates the broad
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applicability of the prepared material MIL-101(Al)-NH; Hyp at the level
of proteins, cells and bacteria. While MIL-101(Al)-NH; was able to
adsorb the spike protein and thus reduce its concentration, which could
be transported via ACE2r, hypericin loaded into the particles proved to
be a promising agent for silencing ACE2r. In addition, hypericin was
able to inactivate cells and bacteria by PDT, which could be crucial for
reducing secondary infections in patients with viral infections.

4. Conclusion

The SARS-CoV-2 pandemic has raised serious concerns about the
scientific community’s preparedness to combat infectious diseases
effectively. It is not only the inactivation of the virus that remains a
problem, but also the long-lasting consequences of the disease. There-
fore, we have proposed the use of a new combination of hypericin-MOF
that could be bioactive at a multimodal level. The interaction of
hypericin with the main component of SARS-CoV-2, a spike protein
responsible for viral entry into cells, was investigated at the molecular
and cellular level. The influence of hypericin and MIL-101(Al)-NHj3 on
the endocytosis of the spike protein in ACE2r-expressing cells was
demonstrated. The photodynamic activity of the construct was demon-
strated in cells and bacteria, which adds value to the application of
MOFs in this field. The results obtained are promising, but a detailed
antiviral activity of the proposed construct should be investigated in
further studies.
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