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1. Introduction

Biocompatible metal—organic frameworks as
promising platforms to eradicate HIV reservoirs
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The HIV attacks the immune system provoking an infection that is considered a global health challenge.
Despite antiretroviral treatments being effective in reducing the plasma viral load in the blood to
undetectable levels in people living with HIV (PLWH), the disease is not cured and has become chronic.
This happens because of the existence of anatomical and cellular viral reservoirs, mainly located in the lymph
nodes and gastrointestinal tract, which are composed of infected CD4+ T cells with a resting memory
phenotype and inaccessible to antiretroviral therapy. Herein, a new therapeutic strategy based on
nanotechnology is presented. Different combinations of antiretroviral drugs (bictegravir/tenofovir/emtricitabine
and nevirapine/tenofovir/emtricitabine) and toll-like receptor agonists were encapsulated into metal—organic
frameworks (MOFs) PCN-224 and ZIF-8. The encapsulation efficiencies of all the drugs, as well as their release
rate from the carriers, were measured. In vitro studies about the cell viability, the hemocompatibility, and the
platelet aggregation of the MOFs were carried out. Epifluorescence microscopy assays confirmed the ability of
ZIF-8 to target a carboxyfluorescein probe inside Hela cell lines and PBMCs. These results pave the way for
the use of these structures to eliminate latent HIV reservoirs from anatomical compartments through the
activation of innate immune cells, and a higher efficacy of the triplet combinations of antiretroviral drugs.

preferentially infects CD4+ T-cells, rapidly destroying massive
numbers of these cells in the gastrointestinal tract and causing

The human immunodeficiency virus (HIV) is a lentivirus
whose infection triggers profound immune deficits. The virus
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a state of immunodeficiency."” This leads to the development
of acquired immune deficiency syndrome (AIDS) and ultimately
death. The introduction of combined antiretroviral therapy
(cART) has been one of the most significant advances in
medicine to date. In most people living with HIV (PLWH), its
use has been observed to effectively reduce the plasma viral
load in the blood by suppressing HIV replication, increasing
circulating CD4+ T-cell counts and reducing hypergammaglo-
bulinaemia.®> This has led to a significant decrease in AIDS-
related morbidity and mortality, transforming a terminal illness
into a chronic disease and leading to increased survival and life
quality of PLWH.>® Recently, cART has demonstrated effective
virological control and a reduction in the risk of transmission. It
is generally tolerated well, and its short-term side effects are
acceptable.

Although HIV infection has become a chronic disease in
treated patients,””” and despite long-term persistent viral sup-
pression, prolonged highly active cART is not curative and does

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0002-6938-3690
https://orcid.org/0000-0001-6583-6974
https://orcid.org/0000-0002-6030-0449
https://orcid.org/0000-0001-9060-9554
https://orcid.org/0000-0002-2736-9348
https://orcid.org/0000-0003-4698-0641
https://orcid.org/0000-0002-9000-3787
https://orcid.org/0000-0002-0297-6053
https://orcid.org/0000-0002-0065-3998
https://orcid.org/0000-0001-6747-7813
https://orcid.org/0000-0001-8750-6220
https://orcid.org/0000-0001-7405-9476
https://orcid.org/0000-0002-5825-9483
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tb00272e&domain=pdf&date_stamp=2024-05-01
https://doi.org/10.1039/d4tb00272e
https://doi.org/10.1039/d4tb00272e
https://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb00272e
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB012021

Open Access Article. Published on 17 April 2024. Downloaded on 7/19/2025 7:24:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

not fully restore the immune function.®**'° The HIV persists
in lymph nodes and other tissues of infected patients,'" as well
as other remote sites such as the brain, reproductive tract and
bone marrow.'? The major barrier to sterilizing and curing HIV
is the early establishment of latency after infection, defined as
the persistence integration of the replication competent intact
viral DNA into the host genome in the absence of virion
production.**™*3

The use of drug delivery nanosystems for HIV treatment
seems to be a promising strategy that improves the therapy
efficacy of these patients. It is well-known that nanocarriers can
usually increase the solubility of the drugs in water, protect the
encapsulated compounds against degradation, and provide a
controlled drug release. With regard to HIV treatment, the use
of nanocarriers can enhance the pharmacological properties of
the antiretroviral agents, decrease their toxic effects, increase
their biodistribution, reduce treatment fatigue, and others."®
Polymeric, solid lipid, inorganic and magnetic nanoparticles
and liposomes, niosomes or ethosomes have been developed as
platforms for enhancing the biodistribution of HIV/AIDS drugs
in the organism.’” ' In this regard, lipid nanoparticles con-
taining 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
N-(carbonylmethoxypolyethyleneglycol-2000)-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine were prepared to incorporate
lopinavir and ritonavir, virus protease inhibitors with more
than 90% of encapsulation efficiency, simultaneously into the
hydrophilic reverse transcriptase inhibitor tenofovir. This for-
mulation demonstrated an enhancement of intracellular drug
concentrations in the blood and lymph nodes in primates.****
Vavia et al. have prepared lipid nanoparticles containing anti-
retroviral drugs and nanoselenium to act more efficiently
against HIV infection.”*>” These nanoparticles showed a wide
range of sizes and polydisperse nature, which allows them to
simultaneously target multiple HIV reservoirs. The formulation
was found to exhibit high cellular uptake and efficacy against
HIV, further enhancing its potential in multi-reservoir
targeting.

Liposomes are long-circulating nanosystems. A decrease in
the size of the liposomes and the inclusion of cholesterol into
these nanostructures are factors that can provoke an increase
in the survival time in the systemic circulation long enough to
reach and bind to their targets.”® Several liposomal formula-
tions, varying in size and cholesterol content, carrying the
synthetic polymeric peptide SPC3, were prepared. The antiviral
efficacy of the SPC3-liposomes measured in vitro improved that
produced by free SPC3.>° Similar results were observed for
other drugs such as the viral protease inhibitor L-689 502.%°

Metal-organic frameworks (MOFs) are tridimensional mate-
rials formed by the coordination of metal ions with different
organic ligands.*" This interaction generates crystalline solids
with different internal channels that give rise to specific proper-
ties such as high porosity, diverse functionality, and tunable
structure. The size and the morphology of the MOFs also depend
on the synthesis method and the working conditions.>” Solvent,
temperature, reagent concentrations and duration of the synth-
esis can be modified in the preparation process. The nature of
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the metal also influences the cytotoxic properties of these
supramolecular architectures.*® Significant efforts are focused
on the preparation of biocompatible MOFs.

These new findings may have potential applications for the
early treatment of HIV infection, as well as other viral infec-
tions. In this regard, nanosized mesoporous iron carboxylate
metal-organic frameworks were used as drug delivery nanosys-
tems of azidothymidine triphosphate, an inhibitor of both
HIV-1 reverse transcriptase and DNA polymerase gamma.
Strong interactions between the accessible Lewis acid unsatu-
rated iron sites of these platforms and the phosphate groups of
the drug resulted in an encapsulation efficiency close to
100%.>* The anti-HIV activity was also explored in vitro in this
work using human activated peripheral blood mononuclear
cells (PBMCs). These loaded nanoparticles were able to pene-
trate inside HIV-infected cells and deliver the drug into them.
More recently, nanoparticles of iron(m) polycarboxylate metal-
organic frameworks were synthesized to improve anti-HIV
therapies.>® The results demonstrated the capacity of these
nanocarriers to store the drugs up to two months with their
physicochemical properties intact after freeze-drying. Besides,
they developed their antiretroviral activity in vitro in primary
cultures of human monocyte-derived macrophages. However,
MIL-100 shows a slow degradation for 8 days in PBS, losing
their constituent trimesate linkers, transforming into inorganic
buildings, and become amorphous.*®?”

MOFs have also been prepared with other purposes related
to HIV/AIDS. Wang et al. prepared a Ti;C,T, modified ZIF-8 as
an electrochemical luminescence biosensor to detect the HIV-1
Tat protein.*® In addition, derivative NiCO-MOFs were synthe-
tized as platforms for the detection of cell-associated HIV-
DNA.*

In the present work, the MOFs ZIF-8 (zeolitic imidazolate
framework-8) and PCN-224 (porphyrin Zr metal-organic frame-
work), in the form of nano- and micro-crystals, respectively,
were prepared to be used as carriers for the prevention and
treatment of HIV-infection. To understand the outstanding
features of MOFs used with different sizes and, therefore,
distinct administration routes to the patient, physicochemical
and in vitro biological characterization was carried out. The
cytotoxicity of these MOFs was evaluated in different non-
primary cell lines related to the immune system as well as in
PBMCs isolated from healthy donors. To gain further information
about their biocompatibility, an in vitro hemolytic effect and platelet
aggregation assays were performed. The triplet combinations of
antiretroviral drugs (cARTSs), bictegravir (BIC)/tenofovir (TFV)/emtri-
citabine (FTC) or nevirapine (NVP)/tenofovir (TFV)/emtricitabine
(FTC), and toll-like receptor (TLR) agonists TLR-7 (GS-9620) and -9
(CpG-(ODN 2216) class A), Scheme 1, were encapsulated into these
MOFs. The percentage of encapsulation efficiency (% EE) for each
drug was estimated and a new method for the determination of the
% EE of TLR agonists was developed. The influence of the carrier
size on the encapsulation process was studied. The release of the
antiretroviral drugs was also determined.

Results showed a high encapsulation efficiency of the drugs
and a slow controlled release, which could increase the
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Scheme 1 Molecular structures of ARTs and TLR agonists.

therapeutic effect in PLWH. A high biocompatibility of the
systems in all in vitro experiments was observed.

The use of MOFs containing cARTs and TLR agonists in the
same framework, or the combination of solutions containing
cART-loaded and TLR-loaded MOFs, can synergistically improve
the therapeutic activity of the drugs by decreasing the plasma
viral load in PLWH. This can result in a new procedure to
enhance the innate immune response, providing a further
effective strategy to decrease HIV reservoirs in CD4+ T cells
from PLWH.

2. Results and discussion

2.1. Characterization of MOFs

ZIF-8. The TEM bright-field images (Fig. 1) of ZIF-8 crystals
reveal that the particles consist of iso-metrical nanoparticles
with a narrow size distribution. An evaluation of 100 particles
resulted in an average diameter of 56 + 8 nm. This particle size
is consistent with that reported by Cravillon et al.*

s

Fig.1 HR-TEM bright-field images (a) and (b) and SEM images (c) and (d)
of ZIF-8 nanoparticles with different magnifications. (e) and (f) Scanning
electron microscopy images of PCN-224 powder.
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The nano-MOF material was isolated as a white crystalline
powder and was also characterized by powder X-ray diffraction
(PXRD) (Fig. 2(A)). ZIF-8 was obtained as a unique pure phase,
as the experimental diffraction pattern does not differ from the
simulated one. The crystallite size was obtained from such XRD
patterns by Scherrer’s equation, being smaller (20.9 nm) than
the particle size, revealing the polycrystalline nature of the
particles.

The coordination between the Zn centers and the nitrogen
atoms of the ligands (2-methylimidazole) was further confirmed
by FT-IR (Fig. 2(C)). As can be seen, both 2Me-Him and ZIF-8
exhibit the characteristic C=N stretching (1592 cm™ '), whereas
bands between 1300-1500, 1250-900 and 800-600 cm ™' can be
assigned to the imidazolate ring stretching, in-plane bending
and out-of-plane bending, respectively.*"*> The narrow band at
425 cm ™, attributed to the Zn-N stretching, and the absence of
the typical N-H stretching (3150 cm™ ") in the FT-IR spectrum of
ZIF-8 indicate the correct coordination between the metal and
the ligand.*"*> Additionally, the absence of some bands in the
spectrum of ZIF-8 compared to that of the free ligand could be
explained by the restriction of some vibration modes in the MOF
due to the new coordination environment.

PCN-224. The scanning electron microscopy (SEM) images
of PCN-224 (Fig. 1(e) and (f)) show that the particles have a
regular truncated icosahedron shape with a narrow distribution
size of 175 £ 32 pm.

The micro-sized material was isolated as dark purple powder
and was characterized by X-ray diffraction (XRD), as shown in
Fig. 2(B). The pristine material exhibits virtually the same
diffraction pattern as the simulated one. It is worth noting that
the peak at 5.6° is absent in the experimental diffractogram.
This fact has been previously reported in the literature**** and
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Fig. 2 (A) Experimental (red line) and simulated (black line) PXRD diffrac-
tograms of ZIF-8. (B) X-ray diffraction patterns of the as-synthesized PCN-
224 and simulated from the PCN-224 crystal structure data. (C) FT-IR
spectra of ZIF-8 (grey line) and 2-methylimidazole (black line). (D) Trans-
mittance FT-IR spectra of the H4TCPP ligand (black line) and PCN-224
MOF (grey line).
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is possibly caused by the highly defined geometrical shape of
the particles, leading them to exhibit preferred orientations,*’
which can eventually obscure the corresponding plane (211).
The coordination between the Zr(iv) centers and the carboxylate
groups of the porphyrins was confirmed by Fourier-transform
infrared spectroscopy (FT-IR), as shown in Fig. 2(D). The
H2TCPP FT-IR spectrum was included for comparison pur-
poses, and as can be seen, the ligand exhibits two intense
bands at 1685 cm ' and 1270 cm™ ' that correspond to the
C=0O0 stretching and C-O stretching modes, respectively, of the
carboxylic acid groups. Upon the coordination of TCPP-4 with
the metal nodes, these bands disappear entirely in the FT-IR
spectrum of the PCN-224. Moreover, the absence of the carbo-
nyl bands in the PCN-224 structure indicates that no solvent
molecules (DMF) are occluded into the MOF cavities.

2.2. In vitro viability assays

The biocompatibility of MOFs, as well as of any drug carrier,
turns out to be one of the main concerns for their clinical use.
In this regard, estimation of their cytotoxicity is required as a
useful initial step for biocompatibility assessment. Cytotoxicity
measurements of ZIF-8 and PCN-224 were obtained in this work
using a CyQUANT™ lactate dehydrogenase (LDH) assay to
measure the release of an intracellular stable enzyme, LDH,
from cells with damaged plasma membranes to the cell culture
medium as a marker of cytotoxicity/cell death. Several non-
primary human cell lines and primary human cells were
selected based on the organs or cells of interest in the clinical
assay, and the cytotoxicity assay must include cells that repre-
sent the exposure route and organs targeted by nanoparticles.
The results showed a non-significant or low cytotoxicity effect of
ZIF-8 and PCN-224 within the concentration range studied in
both primary and most non-primary human cells at 6 h and
36 h of incubation, respectively, compared to the negative
control, as can be seen in Fig. 3 and Fig. S1 (ESIt). The cell
viability decreases significantly at higher concentrations of ZIF-
8 as shown in Fig. 3(A), compared to the negative control, for
Jurkat (0 vs. 250 or 500 pg mL_l, P = 0.002 or 0.0003, respec-
tively) and U937 cell lines (0 vs. 125, 250 or 500 pg mL~', P =
0.04, 0.02 or 0.03, respectively). PCN-224 shows a significant
decrease in the cell viability of only U937 cell lines as shown in
Fig. 3(B) compared to the negative control (0 vs. 3.9, 7.8, 15.6,
31.3, 62.5, 125, 250 or 500 g mL™*, P=0.01, 0.006, 0.002, 0.002
0.0008, 0.0008, 0.0008, or 0.006, respectively). However, the
observed decrease in the cell viability is minimal and the
maximum decrease is 16.7% or 12.6% for ZIF-8 in Jurkat or
U937 cell lines and 24.3% for PCN-224 in U937 cell lines. Our
data suggest that the MOFs ZIF-8 and PCN-224 have no or
minimal cytotoxicity effect and do not affect cell growth in all
cell lines studied and in human PBMCs (Fig. S1, ESIt).

The following cytotoxicity technique is based on the reaction
of free amines in the cytoplasm of the dead cell with the dye
used that moves into damaged cells resulting in very bright
fluorescence. According to the results, no significant cytotoxi-
city was also seen either when evaluating the cell death by flow
cytometry in human PBMCs treated with ZIF-8 or PCN-224 and

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Cell viability values by the LDH assay in the presence of different
MOF concentrations for 36 h in various cell lines: (A) ZIF-8 and (B) PCN-
224. Each MOF concentration was measured in triplicates and the experi-
ments were repeated thrice independently. Error bars represent standard
deviation values. The two-way ANOVA Dunnett multiple comparison test
was applied for comparing different concentrations of MOFs with the
negative control (cells treated with PBS, 0). *P < 0.05, **P < 0.01 and ***
P < 0.001. In panel A, * represents the comparison in the U937 cell line,
and ** and *** represent the comparison in the Jurkat cell line.

stained with the live/dead fixable aqua dye. The results
showed cell viability rates higher than 90.6% and 73.6% (0 vs.
500 pg mL ™", P = 0.07) for ZIF-8 and 96.8% and 92.5% for PCN-
224 (0 vs. 500 pug mL~ ", P = 0.9) at both 6 h and overnight
incubation, respectively (Fig. S2B-E, ESIT). However, the treat-
ment with DMSO at 6 h (Fig. S2A, ESIt) or overnight (data not
shown) was very cytotoxic and showed 82% or 98% of dead
cells, respectively (Fig. S2A, ESIT).

Several studies have been found in the bibliography in
relation to the toxicity of the MOFs studied in this work. Thus,
F. Hao et al’® showed that the cytotoxicity of PCN-224
decreases when their concentration increases in J774A.1 cell
lines, as a model of macrophages. Nevertheless, Y. Zhang
et al.”” demonstrated that its cytotoxicity has a lower effect in
in vitro measurements using the HT-29 human colon adenocar-
cinoma cell line. M. Hoop et al.*® studied the biocompatibility of
the MOF ZIF-8 in different cell lines, spanning kidneys, skin,
breast, blood, bones, and connective tissue cells. ZIF-8 showed
no significant cytotoxicity up to a value of 30 ug mL™", but the
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cell viability decreased to 10% for both 75 and 100 ug mL™" due
to the influence of released Zn>" ions on the mitochondrial ROS
production. M. Zheng et al.*° also reported that the cell viability
in the presence of ZIF-8 was over 70% in HeLa cells for 48 h up to
a value of 50 ug mL™". L. R. de Moura Ferraz et al.>® confirmed
that ZIF-8 exhibited a low cell death in PBMCs up to a concen-
tration value of 100 ug mL ™" for 24 and 48 h.

Given the concerns that the LDH release assay only provides
information about the early event in necrosis and late event in
apoptosis, a more comprehensive and complementary assay
was performed using flow cytometry. Thus, a fluorescent reac-
tive dye has been used to provide information distinguishing
live cells from dead cells based on cell membrane integrity.>*
Using this experimental approach, information about different
cellular apoptosis stages and necrosis at the moment of treat-
ment with ZIF-8 and PCN-224 has been obtained in human
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PBMCs at 6 h and overnight incubation, compared to the
negative control (Fig. 4). A more exhaustive study on the
possible toxicity caused by ZIF-8 and PCN-224 has been carried
out. Thus, apoptosis and/or necrosis induced by ZIF-8 were
investigated after 6 h and overnight incubation. The results
showed that around 2-3% of PBMCs treated with increasing
concentrations of ZIF-8 for 6 h were in early process of
apoptosis and about 2-4% were late apoptotic cells. Necrosis
rates varied between 9 and 13% in the whole range of ZIF-8
concentrations used. No differences were seen when comparing
cell viability between ZIF-8-treated cells and untreated cells,
and the latter was used as a negative control group (Fig. 4(B)
upper panel and Fig. 4(C)). Early and late apoptosis rates were
slightly higher after overnight incubation with ZIF-8 nano-
particles (Fig. 4(B) lower panels and Fig. 4(D)). Around 4-5%
cells were early apoptotic cells, 3-5% cells were late apoptotic

6 H
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Fig. 4 Apoptosis and necrosis induced by ZIF-8. (A) and (B) Pseudocolor dot plots showing the gating strategy used for the identification of apoptotic
cells (PBMCs) in a representative sample. (A) Mononuclear cells were selected according to their size (FSC-A) and complexity (SSC-A). (B) The cells using
annexin V/7-AAD staining are represented as live cells, annexin V~/7-AAD™ staining (lower-left, Q4), early apoptotic cells, annexin V*/7-AAD™ staining
(upper-left, Q1), necrotic or dead cells, annexin V*/7-AAD™ staining (upper-right, Q2), and late apoptotic cells, annexin V~/7-AAD* staining (lower-right,
Q3) at 6 h and overnight incubation with DMSO (used as the positive control, C*), ZIF-8 (62,5 ng mL™) and 1x PBS (used as the negative control, C7).
(C) and (D) Bar graphs show the percentage of viable cells (blue), early apoptotic cells (orange), necrotic or dead cells (red) and late apoptotic cells (green)
at 6 h (C), and overnight (D) incubation with different concentrations of ZIF-8.
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cells and 9-13% cells were necrotic cells, showing a minimum
apoptotic and necrotic effects of the MOF after overnight
treatments. As was expected, the treatment with DMSO at 6 h
or overnight showed strong apoptotic effects: the early apopto-
tic cells were less than 1.5%, the late apoptotic cells were 47—
66%, and the necrotic cells were 3-6% (Fig. 4). Our results agree
to those shown by S. Jin et al.,> H. Yang et al.>® and X. Chen
et al.>* in different types of cell lines, which showed maximum
total apoptosis rates of 8.09%, 7.29% and 16.3%, respectively.
These results demonstrate that ZIF-8 nanoparticles present a
low apoptosis and/or necrosis in human primary immune cells
and can be considered safe carriers of drugs after in vitro
evaluation.

The apoptotic/necrotic effect of PCN-224 could not be ana-
lysed by flow cytometry due to its fluorescence properties, as it
overlaps with the emission spectra of 7-aminoactinomycin D
(7-AAD) and most fluorochromes used in a FACS Canto or
LSRFortessa cytometer.

Altogether, the in vitro viability results obtained demon-
strated that PCN-224 and ZIF-8 MOFs could be potential
biocompatible candidates as carriers of antiretroviral drugs
for preventing and treating any microbial infection and HIV
infection in humans.

2.3. In vitro hemolysis assays

Some metal complexes may cause a hemolytic effect due to the
interactions with the phospholipid bilayer located in the ery-
throcyte membrane, which induce membrane destabilization
and cause a hemolytic anaemia condition.>® To gain further
information about the safety of the materials investigated here,
hemolysis experiments were performed to explore the in vitro
hemocompatibility of MOFs in human red blood cells (RBCs).
The hemolytic effect was determined as a function of intracel-
lular hemoglobin release.’® Fig. 5(A) shows the results obtained
for each of the systems. ZIF-8 does not show any significant
hemolytic activity within the concentration range investigated
compared to the negative control (0 vs. 3.9, 7.8, 15.6, 31.3, 62.5,
125, 250 or 500 ug mL™", P > 0.99), while PCN-224 shows no
significant hemolytic activity at concentrations lower than
500 pg mL ™', where the hemolysis percentages remain below
4%.%” However, the treatment with ACK lysing buffer was
very hemolytic and showed a significant difference compared
to different MOF concentrations (P < 0.0001). According to
the ASTM E2524-08 standard, hemolysis <5% is not consid-
ered significant. Similar results agree to those found by other
authors in the literature.”®

2.4. Platelet aggregation

The main function of platelets is to control the hemostasis at
sites of injury or inflammation in our vascular system. Never-
theless, excessive activation of platelets, leading to platelet
aggregation, is considered an important factor in thrombotic
diseases such as heart attacks or strokes. Platelet aggregation is
a risk factor when percentages remain above 60%.%"

As can be seen in Fig. 5(B), the platelet aggregation process
has been evaluated in the systems investigated. ZIF-8 induces

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) % Hemolysis induced by PCN-224 and ZIF-8 for 4 h at 37 °C in 5%
CO,. Each MOF concentration was measured in duplicate, and the tests were
repeated by triplicate independently. ACK lysing buffer (C*) and 1x PBS
(0 ug mL™Y were used as the positive and negative controls, respectively. (B)
% Platelet aggregation induced by PCN-224 and ZIF-8 for 5 min at 37 °C in
5% CO,. Each MOF concentration was measured in duplicate, and all data are
representative of three or more experiments. Thrombin (C*) and 1x PBS
(0 pg mL™% were used as the positive and negative controls, respectively. The
dashed line indicates the limit of the hemolytic effect or platelet aggregation.
Error bars represent standard deviation values. The two-way ANOVA Dunnett
multiple comparisons test was applied for comparing different MOF con-
centrations with the negative and positive controls (ACK lysing buffer or
thrombin). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

very low platelet aggregation within the concentration range
studied over 5% platelet aggregation percentages and remains
below the limit of platelet aggregation risk, 60%, even showing a
significant difference by comparing different MOF concentrations
to the negative control (0 vs. 3.9, 7.8, 15.6, 31.3, 62.5, 125, 250 or
500 pg mL™*, P = 0.0008, 0.004, 0.03, 0.08, 0.59, 0.01, 0.23, or 0.03,
respectively). Meanwhile, PCN-224 did not show aggregating
ability within the concentration range studied (P > 0.99). How-
ever, the thrombin has a high aggregation capacity of more than
60% and showed a significant difference compared to different
MOF concentrations (P < 0.0001). The results obtained for ZIF-8
are in accordance with results in the literature.®® In contrast, no
comparison could be made with the results obtained for PCN-224
because no data were found in the bibliography.

These results confirm that ZIF-8 and PCN-224 could be
potential candidates for being used as therapeutic platforms
in HIV/AIDS treatment.
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2.5. Encapsulation of cARTs and TLR agonists into ZIF-8 and
PCN-224

Different combinations of antiretroviral agents are being used
to achieve virological suppression in PLWH.**®* Integrase
strand transfer inhibitors, nonnucleoside reverse transcriptase
inhibitors, nucleos(t)ide reverse transcriptase inhibitors or
pharmacologically boosted protease inhibitors are some of
the agents combined in these treatments. Here, the two
CARTs bictegravir/tenofovir/emtricitabine (BIC/TFV/FTC) and
nevirapine/tenofovir/emtricitabine (NVP/TFV/FTC) have been
studied.®*®® Emtricitabine and tenofovir are pyrimidinic and
purine bases, respectively, of the group of nucleos(t)ide reverse
transcriptase inhibitors; bictegravir is an integrase enzyme
inhibitor that prevents the integration of DNA into CD4+ T
cells; and nevirapine is a nonnucleoside inhibitor whose use
was declined due to the availability of a more tolerable therapy,
but it is still useful in cases of treatment failure and intolerance
to other therapies.

Their encapsulation into MOFs could reduce the adverse
effects such as skin rashes, diarrhoea, headaches, nephrotoxi-
city, kidney stone formation, diabetes, etc.®® Administration of
small concentrations of cARTs to the patients, due to a con-
trolled release of the drugs into the organism as well as their
transport to target cells in anatomical compartments, may
diminish the side effects of the drugs and reduce HIV reservoir
more efficiently.

On the other hand, TLRs are responsible for recognizing
different pathogens and trigger responses aimed at eliminating
them. The new strategy of encapsulating TLR agonists in the
same nanovehicles containing cARTs, or even the use of
solution mixtures containing antiretroviral-loaded MOFs and
TLR agonist-loaded MOFs, may not only reduce the HIV viral
load, but also reduce or eliminate the HIV reservoirs that are
the real cause of the failure to clear the virus in the tissues
of PLWH.

The encapsulation efficiency values, % EE, obtained from
the encapsulation of the mentioned cARTs and TLR-7 and -9
agonists into ZIF-8 and PCN-224 are collected in Table 1.

High % EEs were obtained for all the drugs in the MOFs.
There is no difference in the % EE value of the TLR-7 agonist in
the MOFs, but the encapsulation of the TLR-9 agonist results to
be higher in the ZIF-8 (nanometric framework) than in the PCN-
224 (micrometric framework). With respect to the antiretrovirals,

Table 1 % EE values of cARTs and TLR agonists in MOFs
cARTSs TLR agonists
MOFs TFV FTC NVP BIC TLR-7 TLR-9
ZIF-8 CART-1 98+3 89+2 96+5 — 100 £3 90+ 4
CART-2 76 £5 99 +2 — 88 +7
PCN-224 cART-1 68+2 76 +3 71+4 — 100 £2 60 £ 3
CART-2 88+2 76 £3 — 87 +6

Values in this table are given as mean value + standard deviation. The
experiments were repeated thrice independently. cART-1 and cART-2
represent the combined antiretroviral therapy TFV + FTC + NVP and
TFV + FTC + BIC, respectively.
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% EE values are slightly larger in the nano-MOF ZIF-8 than those
in the micrometric PCN-224 for most drugs except for BIC were
obtained. Therefore, encapsulation of the cARTs and TLR ago-
nists investigated in this work seems to be slightly dependent on
the size of the framework or the pore size of the MOF, being
higher for the nano-MOF than for the PCN-224 microstructure.

Combinations of antiretroviral agents were previously
encapsulated into PLGA, PLGA-PEG, lipid, or glucose-coated
gold nanoparticles.®”””* The % EE values obtained in all cases
agreed with those obtained here with the ZIF-8 and PCN-224
MOFs investigated. There are only a few works in the literature
about the encapsulation of cARTs into MOFs. Two active
triphosphorylated antiretroviral agents, azidothymidine tripho-
sphate and lamivudine triphosphate, were encapsulated into
the nano-MOF MIL-100 (Fe). The % EE value obtained was
about 80%,*® which also agrees with our results. Horcajada
et al”’? studied the encapsulation of the antiretrovirals azi-
dothymidine triphosphate and cidofovir into different iron(ur)
carboxylate nano-MOFs with distinct porous sizes. The results
demonstrated that, for the same type of MOFs, an increase of
the size of the porous increases the % EE values. This behaviour
is opposite to those found here. This demonstrates the impor-
tance of the different interactions between the antiretrovirals
and the carriers in the encapsulation process.

The presence of the antiretroviral drugs NVP or BIC has also
not been found to have much influence on the encapsulation
values of TFV or FCT. This demonstrates that there is no
interaction between the antiretrovirals into the MOF structure,
probably because the location of each antiretroviral into the
carriers is different.

2.6. In vitro drug (cART) release from ZIF-8 and PCN-224

The release of the cART encapsulated into the MOFs PCN-224
and ZIF-8 was measured at three different pHs, simulating the
potential administration route that could be used in vivo for
each framework (see Tables S1, S2, ESIt and Fig. 6). The release
of the antiretroviral efavirenz from the zeolitic framework ZIF-8
was previously measured by Tabosa et al. at different pH
values.”® The results were higher at an acid medium, increasing
from 75% at pH = 6.8 to 90% at pH = 4.5.

This clear pH sensitivity has not been observed in the in vitro
measurements in the present work for the antiretroviral agents
investigated. The results in PCN-224 showed a low percentage
of the release of all the antiretroviral agents, without any
dependence on neither the cART nor the pH. Some differences
were only found for the nanoparticle ZIF-8. Although the
release does not depend on the pH in the nano-MOF, a higher
release was found for TFV (>90%) for both cARTs. Also, the
percentage of NVP released from ZIF-8 is higher (>98-99%)
than that for BIC (1-2%). Therefore, the release of some
antiretroviral agents (TFV and NVP) is favoured in the nano-
MOF ZIF-8 in comparison with the micro-sized structure PCN-
224. In contrast, the release of BIC and FTC does change upon
varying neither the framework nor the medium pH.

Similar results were found for the TLRs-7 and -9 agonists.
Their release was influenced neither by the MOF nature nor by

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (A)—(l) Release profiles of antiretrovirals and TLR agonists from ZIF-8 and PCN-224 at different cARTs and pHs. The lines correspond to the best fit

using eqgn (6). (J)—(K) Rate constants corresponding to the delivery of antiretrovirals at different pHs and cARTs. The experiments were repeated thrice

independently.

the acidity of the medium, for pH = 2.2 and 5.5. The release of
the TLR-9 agonist is much higher than that of TLR-7; that is, the
interaction of the TLR-7 agonist with both frameworks seems to
be stronger than that of the TLR-9 agonist. A different beha-
viour was found for the TLR agonists at pH = 7.4 in PCN-224.
There is no release of the Toll agents at physiological pH.

In general, the release of the different drugs depends on their
interactions (with hydrophobic and n-n interactions being the
strongest) with the MOFs as well as on their location in the pores
of the carriers. Although the sizes of such pores are larger in PCN-
224 than those in ZIF-8 (~2 nm and ~ 1.2 nm, respectively),”"”> a

This journal is © The Royal Society of Chemistry 2024

higher quantity of the antiretrovirals TFV and NVP is released
from ZIF-8 than that from PCN-224, for all the pH values studied.
A larger size of the framework pores does not facilitate the release
of the cART. The same relationship was found between the % EE
and the pore size. According to these results, not only the interac-
tions of antiretrovirals (or TLR agents) with the MOFs play a main
role in the release (or encapsulation) of the drugs, but also their
location in the MOFs seems to be important in the release process.

Fig. 6(A)-(I) shows the release profiles obtained for the
systems studied. In both, PCN-224 and ZIF-8, the release
profiles correspond to first order kinetic processes. The release
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rate constants were calculated at all the working conditions by
using eqn (1):

% Drugyeieased = @(1 — exp(—kt))
Drug = antiretroviral or TLR agonist (1)

where k is the first order rate constant corresponding to the
release of the drug and « is an adjustable parameter.

Fig. 6(J) and (K) and Table S2 (ESI{) show the rate constant
values obtained.

Different results were observed for the antiretrovirals and
the TLR agents. With respect to the cARTs, changes in the
medium pH, as well as variations in the combination of the
antiretrovirals, provoke variations in the release way of the drug
from both frameworks.

A different behaviour was observed for the antiretrovirals in
the nanostructure ZIF-8. So, for example, a rapid release of TFV
and NVP in cART-2 occurs from this nano-framework, and
faster at pH = 5.5 than at pH = 7.4. This is an excellent result
considering that the HIV reservoirs are mainly located in the
intestines at a pH range of 5-6. No difference was observed for
the other antiretroviral combination (cART-1) with the pH.

In general, a slower release rate in PCN-224 is observed for
the antiretroviral agents at the different pHs in comparison
with ZIF-8. This could be related to a different location of the
drug in the carrier structure, as well as the different interac-
tions between the drug and the carrier. In any case, a progres-
sive release of the drug is an advantage in the therapeutic effect.

With respect to the TLR agonists, the rate constant of the
TLR-7 agonist release is about 10 times higher in ZIF-8 than that in
PCN-224. No dependence on the pH value is found for either the
PCN-224 or the ZIF-8 structure. The TLR-9 agonist is released faster
than the TLR-7 agonist in both MOFs for all the different pH values.

In the case of the PCN-224 microstructure, the release of BIC
and FTC in cART-1 occurs at a higher rate constant at pH = 2.2
than at pHs 5.5 and 7.4, ie. this antiretrovirals would be
released mainly in the stomach. No differences are observed
for the other cART and pH in PCN-224.

It is worth noting that the release rate constant of TLR-7 and
-9 agonists is higher at pH = 5.5 than at pH = 2.2 in PCN-224
and higher for pH = 7.4 than for pH = 5.5 in ZIF-8. The rate
constant corresponding to the release of the TLR agonists
increases upon augmenting the pH value for the MOFs studied.

2.7. Internalization into cells

The main purpose of this study is to test if the encapsulated TLR
ligands and antiretroviral drugs into MOFs could be potentially
targeted lymph nodes to induce a powerful early immune
response and bring forth an effective strategy to eradicate of
the HIV reservoirs in CD4+ T cells of infected patients. For this,
we need to know if the MOF assemblies can be internalized by
themselves into PBMCs, which are the main source of CD4+ T
cells. The intake and internalization of the loaded and unloaded
ZIF-8 in PBMCs as a cellular model of human HIV reservoirs
and HeLa cell lines have been analysed by using epifluo-
rescence microscopy. The probe 5(6)-carboxyfluorescein (CF),
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encapsulated into ZIF-8, was used as the dye. Fluorescent dyes
are used to study the internalization of loaded forms as well as
the intracellular delivery and release thanks to the lower leakage
rate and excellent pH sensitivity of the probes.”® Weinstein et al.,
reported that CF loaded into liposomes shows endocytic uptake
by lysosomal pathway, and the subsequent diffusion of the
protonated dye from the acidic endosomal lumen to the cyto-
plasm, resulting in a self-quenching phenomenon.”®

Our data show that the cellular internalization of carboxyflu-
orescein-loaded ZIF-8 was successful in HeLa cell lines (Fig. 7(A)
and (B)) and human PBMCs (Fig. 8(A) and (B)) at a physiological
temperature (37 °C) for 1 h and 6 h, and 2 h time point treatment,
respectively. For PBMCs, the fluorescence of the probe appears to
be uniformly dispersed through the cell suggesting a homogenous
cytoplasmic pattern covering the cytoplasm including the nucleus
at 37 °C for 2 h time point treatment (Fig. 8(A)).

As expected, negligible cellular fluorescence was found after
incubation of PBMCs with free ZIF-8 nanoparticles or the probe
alone at 37 °C for all time points. Insignificant cellular fluores-
cence was observed at this temperature after 2 h incubation
(Fig. 8(B)). A punctate diffuse pattern of fluorescence through-
out the cytoplasmic cell was observed in HeLa cell lines from
approximately 1 h of the incubation and maintained until 6 h
time points at 37 °C, and a negligible cellular fluorescence after
incubation of HeLa cell lines with free ZIF-8 nanoparticles or
the probe alone at 37 °C for all time points (Fig. 7(A) and (B)).
Data showed that uptake and internalization efficiencies of the
probe are considerably higher when the HeLa cell lines were
treated with the nano-sized structure ZIF-8 loaded probe for 1 h
incubation and maintained for approximately 6 h at 37 °C. In
addition, the intake and the internalization efficiency of the loaded
ZIF-8 in PBMCs and HelLa cell lines were demonstrated to be very
low at 4 °C, due to a low cell activity, for different time points of
incubation using epifluorescence microscopy (Fig. 8(A) and (B)).
Altogether, data suggest that the cellular uptake and internaliza-
tion of CF-loaded ZIF-8 were time- and temperature-dependent in
both cell types and agree with previous behaviours observed in
which nanostructures showed high cellular uptake and likely
results in the endosomal release of the organelle-specific drugs
to the cells.”” Thereby, data provide the basis for developing an
efficient nanoplatform using ZIF-8 as the long acting and stable
drug delivery vehicle of antiretroviral drugs in combination with
latency reversing agents, such as TLR-7 and -9 agonists, to improve
the treatment and prevention of HIV infection.>**

It is worth noting that PCN-224 is a micrometre-sized MOF.
Therefore, the internalization process could only be studied
with ZIF-8.

3. Materials and methods

3.1. Materials

Zinc(u) nitrate hexahydrate (Zn(NO3),-6H,O >99%), 2-methyli-
midazole (2-Me-Him) and zirconium(wv) chloride (ZrCl, >99%)
were from Sigma-Aldrich (St. Louis, MO, USA). Meso-tetra(4-
carboxyphenyl) porphyrin (H4TCPP) was obtained from

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Internalization of the ZIF-8 nanostructure in cells. Quantification of the mean fluorescence intensity (MFI) of fluorescence images of fixed Hela cell lines (A)

and (B) in the absence of treatment (cells) or after treatment with ZIF-8 nanoparticle free (ZIF-8), probe alone (5-(6)-carboxyfluorescein dye, CF) and CF-loaded-ZIF-
8 at 4 °C and 37 °C for 30 min, 1 h and 6 h time points of incubation. HeLa cells in panels A (1 h of incubation at 37 °C) and B were processed for epifluorescence
microscopy at 30 min, 1 h and 6 h. The scale bar in all panels of Hela cell lines is 50 um. For each image of different treatment conditions (B), the fluorescence
intensity was quantified and subtracted the background signal of the cells alone. MFI (A.U.) was calculated as the mean of three different fields in the glass slides.

Frontier Scientific (Newark, DE, USA). The antiretrovirals teno-
fovir and nevirapine agents were from Sigma Aldrich (St. Louis,
MO, USA), bictegravir was from CSN pharm (Arlington Heights,
IL, USA) and emtricitabine was from Abcam (Cambridge, UK).
TLR-7 and -9 agonists were purchased from Cayman Chemical
Company (Ann Arbor, MI, USA) and InvivoGen (San Diego, CA,
USA). Other reagents and solvents were purchased as reagent-
grade and used without further purification.

The buffer solutions used in the study were prepared with
HCl/NaCl at pH = 2.2 and NaH,P0O,/Na,HPO, at pHs = 5.5 and
7.4. The pH was adjusted using a pH-meter basic 20+ from
Crison (Barcelona, Spain).

All solutions were prepared with deionized water (from a
Millipore Milli-Q system, Burlington, U.S.A.) with a conductivity
<10°Sm .

3.2. Synthesis methods for MOFs

ZIF-8. The ZIF-8 synthesis proposed by J. Cravillon et al.*°
was followed with some modifications. Briefly, 448.95 mg

This journal is © The Royal Society of Chemistry 2024

(1 eq.) of Zn(NO;),-6H,0 was dissolved in 30 cm® (350 eq.)
of methanol, and 973.35 mg (8 eq.) of 2-methylimidazole
was dissolved in another 30 mL of methanol. Then, the 2-
methylimidazole solution was rapidly poured into the zinc(u)
solution under magnetic stirring. After 1 hour, the reaction
was stopped, and the white precipitate formed was separated
by centrifugation at 6500 rpm and washed three times with
fresh methanol. The crystals were dried in air at room
temperature.

PCN-224. PCN-224 was synthesized following the method
proposed by Feng et al.’® with some considerations. First,
60 mg of ZrCl, and 800 mg of benzoic acid were ultrasonically
dissolved in 2 mL of DMF in a Pyrex vial. Then, a solution of
20 mg of H2TCPP in DMF was poured into the previous
solution. Finally, the mixture was placed in an oven for 24 hours
at 120 °C. The product was collected in the form of a dark
purple powder by centrifugation at 6000 rpm and washed three
times with fresh DMF and once with methanol. Finally, the
crystals were dried in air at room temperature.
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Internalization of the ZIF-8 nanostructure into cells. Quantification of the mean fluorescence intensity (MFI) of fluorescence images of PBMCs (A)

and (B) in the absence of treatment (cells) or after treatment with ZIF-8 nanoparticle free (ZIF-8), probe alone (5-(6)-carboxyfluorescein dye, CF) and CF-
loaded-ZIF-8 at 4 °C and 37 °C for 30 min, 1 h, 2 h and 6 h time points of incubation. PBMCs in panels A (2 h of incubation at 37 °C) and B were processed
for epifluorescence microscopy at 30 min, 1 h, 2 h and 6 h. The scale bar in all panels of PBMCs is 200 um. For each image of different treatment
conditions (B), the fluorescence intensity was quantified and subtracted the background signal of the cells alone. MFI (A.U.) was calculated as the mean of

three different fields in the glass slides.

3.3. Methods of characterization

Powder X-ray diffraction (PXRD) analysis was performed on
approximately 10-15 mg of each sample at room temperature
using a Bruker D8 Discover diffractometer at 50 kv and
1000 mA for Cu ko (/ = 1.5418 A), in the range 5°-50° 20 with
a step of 0.02° per 0.5 s.

The shape and size of the MOF particles were examined
by scanning electron microscopy (SEM), using a FEI Teneo
instrument and, specifically for ZIF-8, it was worked in trans-
mission mode (STEM). For this purpose, a droplet of an
aqueous suspension of particles was deposited onto a copper
grid coated with a thin carbon layer and dried in air. The
particle size distributions obtained from the SEM/STEM images
were analysed with the Image] software.

Fourier transformation infrared spectra (FT-IR) were
recorded using an IFS-66a (Bruker). The data were collected
from 450 em™" to 3500 cm™"' in transmittance mode. The
samples were prepared by depositing a MOF suspension
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drop on top of the Si substrate and dried in an oven
at 50 °C.

3.4. Invitro cytotoxicity assays

The cytotoxicity of MOFs was in vitro estimated using the
CyQUANT™ LDH cytotoxicity assay.”® Several cell lines from
commercial supplier (ATCC®, Manassas, VA, USA) were used,
including HeLa (human cervical carcinoma epithelial cells),
U937 (human leukaemia monocytic cells), THP-1 (human leu-
kaemia monocytic cells), and Jurkat (human T leukaemia cells)
cell lines. The cytotoxicity of these systems was also evaluated
in human PBMCs. PBMCs were isolated from the whole blood
of three healthy donors, using the Ficoll-Hypaque density
gradient centrifugation method®® from Sigma Aldrich (St.
Louis, MO, USA). Each cell line was seeded at 10 x 10" cells
per well (or at 20 x 10 cells per well for PBMCs) in Nunc flat-
bottomed 96-well plates (ThermoFisher Scientific, Waltham,
MA, USA) using complete the D-10 or R-10 medium [Dulbecco’s
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modified Eagle medium (DMEM) or Roswell Park Memorial
Institute (RPMI) supplemented with 10% of fetal bovine serum
(FBS), and penicillin, streptomycin, and r-glutamine], incu-
bated at 37 °C in 5% CO,, and used the same day for PMBCs
and the following day (75 to 90% confluence) for all cell lines.
FBS used in all experiments was heat inactivated (56 °C, 30 min)
prior to use to eliminate complement activity. MOF solutions at
different concentrations, two-fold dilutions (500 to 3.9 pg mL ™!,
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dilution live/dead fixable aqua dead cell stain for 5 minutes in
the dark and incubated with 100 puL of binding buffer for 25
more minutes. Cells were analysed using a FACS Canto flow
cytometer (BD, Franklin Lakes, NJ, USA) using the FACS Diva
software (BD, Franklin Lakes, NJ, USA). 20 x 10" events were
acquired per sample. Data were analysed using the FlowJo
software v10 (Treestar, Ashland, OR, USA). The cell viability
was estimated as described below, eqn (3):

% Cell viability = 100 — ( {

final concentration), were added to each well and the plates were
incubated for 6 h for PBMCs, or 36 all cell lines, at 37 °C in 5%
CO,. The D-10 or R-10 medium alone was used as the negative
control. 10 pL of 10x lysis buffer and 10 pL of sterile ultrapure
water were added to each set of wells in triplicates and used as
the maximum LDH activity and spontaneous LDH activity,
respectively. Later, the medium from each well was collected
by centrifugation of the plate and used to test the cytotoxicity of
the MOF solutions using the CyQUANT™ LDH Cytotoxicity Assay
Kit according to manufacturer’s suggestion (Invitrogen™ from
Thermo Fisher Scientific, Waltham, MA, USA). Cytotoxicity was
measured by fluorescence using a CLARIOstar® analyzer (BMG
LABTECH, Allmendgriin, Ortenberg, Germany). Each MOF
concentration was measured in triplicate and the tests were
repeated thrice independently. The cell viability was calculated
by using eqn (2):

Compound — treated cell death — PBS — treated cell death < 100 3)
DMSO — treated cell death — PBS — treated cell death

For the assessment of the apoptotic and/or necrotic effect on
PBMCs, 10 x 10° cells were treated with increasing concentra-
tions (3.9-500 pg mL ™) of MOFs for 6 h and overnight at 37 °C
with 5% CO,. 1x PBS and DMSO were used as the negative and
positive controls, respectively. PBMCs were washed twice with
cold 1x PBS, resuspended in 100 pL of 1x binding buffer and
incubated with 2.5 pL of PE-annexin V and 10 pL of 7-AAD (BD,
Franklin Lakes, NJ, USA) for 15 min at room temperature in the
dark. Annexin V/7-AAD staining allows discrimination of early
apoptosis from late apoptosis and necrosis. Annexin V binds to
phosphatidylserine (PS), which is expressed on the outer layer
of the plasma membrane of early apoptotic cells.®® 7-AAD is a
vital dye that can only access the DNA cells in late apoptotic
cells and necrotic cells, where the membrane integrity is lost.*
Cells were analysed using a FACS Canto cytometer and the
FACS Diva Software (BD, Franklin Lakes, NJ, USA). The gating

% Cell viability = 100 — ( {

The cell viability values were also checked by the trypan blue
(Sigma Aldrich, MO, USA) method®' and no significant differ-
ences were observed.

3.5. Flow cytometry

The cell death in PBMCs treated with ZIF-8 and PCN-224 was
assessed by flow cytometry using a live/dead fixable aqua dead
cell stain (Life Technologies, Carlsbad, CA, USA). Dead cells
with damaged membranes are permeable to the live/dead
fixable aqua dead cell stain, due to a reaction with free amines
in the cytoplasm, producing an intense fluorescent staining. In
contrast, this dye cannot pass through cell membranes in
viable cells because their membranes are intact.®> For cell
death evaluation, 10 x 10° PBMCs were exposed to increasing
concentrations, two-fold dilutions (500 to 3.9 pg mL™", final
concentration), of ZIF-8 and PCN-224, respectively, for 6 h and
overnight at 37 °C with 5% CO,. 1x PBS (Gibco™ from Thermo
Fisher Scientific, Waltham, MA, USA) and dimethyl sulfoxide,
10% DMSO (PanReac AppliChem, Barcelona, Spain) were used
as the negative and positive controls, respectively. Then, cells
were washed twice with 1x PBS, stained with 5 L of the 1:20

This journal is © The Royal Society of Chemistry 2024

Compound — treated LDH activity — Spontaneous LDH activity 100 )
Maximum LDH activity — Spontaneous LDH activity

strategy is shown in Fig. 4(A) and (B). Cell death was evaluated
on annexin V vs. 7-AAD dot plots using the FlowJo software v10
(Treestar, Ashland, OR, USA). Acquired data results were shown
in a dot-plot format with a quadrant marker, as was recom-
mended by the manufacturer and four different populations
were taken into account: annexin V /7-AAD™ cells were con-
sidered live cells; annexin V'/7-AAD~ cells were considered
early apoptotic cells; annexin V'/7-AAD" cells were considered
necrotic or dead cells; and annexin V /7-AAD" cells were
considered late apoptotic cells.®

3.6. In vitro hemolysis assays

The hemocompatibility of MOFs was determined in human red
blood cells (RBCs). Blood samples were extracted from three
healthy human donors in vacutainer tubes containing EDTA
(BD, Franklin Lakes, NJ, USA). RBCs were isolated by centrifu-
gation at 1800 rpm for 5 min. The supernatant was discarded,
and RBCs were washed twice with PBS 1x. Subsequently, 1 mL
of the washed RBCs was suspended in 9 mL of 1x PBS and
carefully homogenized. The MOF solutions were evaluated at
the same concentration values used for in vitro viability assays.

J. Mater. Chem. B, 2024, 12, 5220-5237 | 5231
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ACK (ammonium-chloride-potassium) lysing buffer (Gibco™
from Thermo Fisher Scientific, Waltham, MA, USA) and 1 x PBS
(Gibco™ from Thermo Fisher Scientific, Waltham, MA, USA)
were used as the positive and negative controls, respectively. To
evaluate the hemolysis effect, 180 pL of the RBC stock solution
was seeded with 20 pL of the different systems into Nunc flat-
bottomed 96-well plates (Thermo Fisher Scientific, Waltham,
MA, USA), and were incubated at 37 °C in 5% CO, for 4 h. Then,
96-well plates were centrifuged, and the supernatants were
transferred to another flat-bottomed 96-well plates. Each MOF
concentration was measured in duplicate and the tests were
repeated thrice independently. Finally, the absorbance was
read at 540 nm, and the hemolysis percentage was calculated
by following eqn (4):
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A Xevo G2S-Q-TOF-MS (Waters, Micromass, Manchester, UK)
coupled to an acquity H-class ultra-performance liquid chro-
matography (UPLC) instrument (Waters, Milford, MA, USA)
with an orthogonal Z-spray lock spray and electrospray inter-
face (ESI) was used. The chromatographic separation was
achieved on an Cortecs™ C18 analytical column (100 mm x
2.1 mm i.d., 1.6 um particle size) (Waters, Milford, MA, USA). A
gradient elution was carried out with a mobile phase that
consisted of aqueous formic acid solution (0,1% v/v) (A) and
acetonitrile (B) at 0.3 mL min " for 10 minutes. The gradient
started at 99% A for 1 min, then the A composition was
decreased linearly from 99% to 80% A in 1 min to subsequently
decreasing A until 60% in 3 min more, maintaining a final
isocratic step at 60% A and 40% B for 2.5 min more returning

% Hemolysis = ( [

3.7. Platelet aggregation

The effect of PCN-224 and ZIF-8 on platelet aggregation was
examined in platelet-rich plasma (PRP). Blood samples were
isolated from three healthy human donors in vacutainer tubes
containing sodium citrate (BD, Franklin Lakes, NJ, USA). PRP
was isolated by centrifugation at 1000 rpm for 15 min. Ery-
throcytes were discarded, and the supernatant containing PRP
was used. 0.2 U.S. of thrombin (MP Biomedicals™, Santa Ana,
CA, USA) and 1x PBS (Gibco™ from Thermo Fisher Scientific,
Waltham, MA, USA) were used as the positive (C*) and negative
(C7) controls, respectively. To evaluate the platelet aggregation,
50 pL of PRP was exposed to 50 pL of the different systems into
Nunc flat-bottomed 96-well plates (Thermo Fisher Scientific,
Waltham, MA, USA), and were incubated at 37 °C in 5% CO, for
5 min. Each MOF concentration was measured in duplicate,
and the tests were repeated thrice independently. Finally, the
absorbance was read at 620 nm, and the platelet aggregation
percentage was calculated by using eqn (5):

PRP compound — treated — C~ o

100
Ct—-C-

()

% Platelet aggregation =

3.8. Encapsulation of cARTs and TLR agonists

An amount of the triplet combination of antiretroviral agents,
bictegravir/tenofovir/emtricitabine (cART-1) or nevirapine/teno-
fovir/emtricitabine (cART-2), was dissolved in 2 mL of aqueous
solution and added to 1.0 mg of the MOFs under study. The
concentrations of each drug in the mixtures were 30 ppm
(ARTs), 25 ppm (TLR-7 agonist) and 6.4 ppm (TLR-9 agonist).
The mixture was stirred for 24 h in a vortex at 500 rpm and
centrifuged for 15 min at 12 500 rpm. After this time, the solid
(cART/TLR agonists/MOFs) was separated by ultracentrifuga-
tion at 12 500 rpm for 15 min and dried under vacuum by using
an Eppendorf Concentrator plus for 40 min. The quantity of
antiretroviral drugs remaining in the supernatant was quanti-
fied by liquid chromatography measurements.
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then to initial conditions in 1.5 min before a new injection. The
injection volume was 10 pL. The column and autosampler tray
were maintained at 30 °C and 5 °C, respectively.

The samples were eluted into the mass spectrometer
through the turbo ion spray, operating in a positive mode to
detect the analytes using full mass acquisition mode, according
to the experimental parameters depicted in Table S3 (ESIT). The
detection of the analyte ions was confirmed by monitoring the
corresponding [M + H]" ions detailed in Table S3 (ESIY).

The MassLynx V4.1 software was used as the data process
platform while quantitation data were processed by the Targe-
tLynx™ V4.1 accurate mass of [M + H]" analytes obtained in full
scan mode with a target retention time tolerance of 0.200 min
and a mass tolerance of 5 ppm.

Under these conditions, analytical figures of merit were
evaluated in terms of linearity, repeatability, intermediate pre-
cision and limits of detection and quantification (LOQ) (see
Fig. S4, ESIt). The linearity response was studied using stan-
dard solutions of the target compounds within the range 1-
1000 pg L', in triplicate. Calibration curves were constructed
using a least-square linear regression analysis obtaining a correla-
tion coefficient of >0.996 for all the compounds in the range
1-500 pg L' for TFV, FTC and NVP and in the range of 10-
1000 pg L~ for BIC. Method LODs and LOQs were calculated as
the minimum concentration of analyte giving peaks whose signal
to noise ratios are 3 and 10, respectively; therefore, LOQs were 1.0,
2.1, 0.9 and 9.6 pg L™ for TFV, FTC, NVP and BIC, respectively,
and LODs were 0.5, 0.63, 0.55 and 4.6 pg L~ for TFV, FTC, NVP and
BIC, respectively. Repeatability (intraday) and intermediate precision,
expressed as the relative standard deviation, were evaluated at three
different concentration levels of each compound 5 (15 for BIC), 50 and
250 pg L7, in one single day for repeatability (in quintuplicate) and
one day per week among two months for intermediate precision (in
triplicate). Repeatability showed relative standard deviations lower than
4.3, 3.8, 5.6 and 2.1% for TNF, EMT, NVP and BIC, respectively, and
intermediate precision results were lower than 6.3, 5.5, 7.1 and 4.2%
for TFV, FTC, NVP and BIC, respectively.

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Preparation of samples to determine the quantity of encapsulated TLR agonists into MOFs.

The percentage of encapsulated TLR agonists was deter-
mined as shown in Scheme 2. A quantity of TLR-7 (or -9)
agonist was added to an aqueous solution containing the
MOFs. After 24 h of stirring, the solution was centrifuged
at 13500 rpm for 15 min and the loaded MOF was decanted.
The amounts of TLR-7 and -9 agonists remaining in the
supernatant were determined from emission intensity mea-
surements by using RedSafe as the dye. The concentration
of RedSafe was 200x in all the assays and the excitation
and emission wavelengths were 419 nm and 537 nm, respec-
tively. These measurements were carried out using a Hitachi
F-2500 spectrofluorimeter interfaced to a PC for the recording
and handling of the spectra and connected to a flow Lauda
thermostat to maintain the temperature at 298.0 £ 0.1 K.
A standard fluorescence quartz cell of 10 mm path length
was used.

Calibration curves were constructed for the determination
of TLR agonists in different media. The concentration of
the TLR-9 agonist remaining in the supernatant was deter-
mined directly from the calibration curve, constructed at a fixed
RedSafe concentration of 200x and different TLR-9 agonist
concentrations. The determination of the TLR-7 agonist was
performed in a different manner. The dye RedSafe shows
a modification in the emission intensity at different TLR-9
agonist concentrations, but no modification is observed
when the concentration of the TLR-7 agonist is changed.
Therefore, the calibration curve for the determination of
the TLR-7 agonist was constructed in the presence of the fixed
TLR-9 agonist and RedSafe concentrations (1 pg mL™'
and 200x, respectively) and different concentrations of the
TLR-7 agonist.

This journal is © The Royal Society of Chemistry 2024

The encapsulation efficiency (% EE) of each of the drugs in
the MOFs was determined from eqn (6).

DRUG]; ats
_[ ]supcmdmm) % 100

0 _
FEE = (1 [DRUG}total (6)

The experimental values are the average of three replicates.

3.9. Release of cARTSs

The release of each antiretroviral agent was determined adding
a quantity of 1.5 mg of each loaded MOF to 2 mL of a buffer
solution with the desired pH value. The mixture was stirred by
magnetic agitation at 300 rpm at 310 K. At determined time
intervals, the mixture was centrifuged at 12 500 rpm for 15 min.
An aliquot of the supernatant was removed and replaced with
an equal quantity of the same buffer. The concentration of the
drug was measured by UPLC measurements as was previously
mentioned. The experimental values were the average of three
replicates, the precision being within 5%.

The release was determined at different pHs, depending on
the MOF. So, this was measured at pH values of 2.0, 5.5 and 7.4
for the micrometric structure PCN-224 and 5.5 and 7.4 for the
nanoparticle ZIF-8. The pH values mimic the pH of the stomach
(2.0), the small intestine and the oesophagus (5.5) and the
blood stream (7.4), respectively. Given the size of the two MOFs
studied, PCN-224 may be orally administered, whereas the
route of administration for the nano-MOF ZIF-8 will be intra-
venous. This explains why the release for the nanocarrier ZIF-8
was not measured at a pH = 2.2.
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3.10. Epifluorescence microscopy

The ZIF-8 cellular uptake was assessed by epifluorescence
microscopy®® in HeLa cell lines and human PBMCs. 1 x 10°
HelLa cells were seeded in a 24-well tissue culture plate contain-
ing sterile coverslips using complete D-10 medium and used
after 4-hour incubation to allow adherence of the cells.
Then, the cells were treated with free ZIF-8 nanostructures
(62 pg mL™'), loaded the probe (5-(6)-carboxyfluorescein,
2 mM), ZIF-8 alone, or probe alone (the latter at the same
concentration as that loaded in the ZIF-8 MOF) at 4 °C and
37 °C with 5% CO, for 30 minutes, 1 h, and 6 h incubation.
Cells alone were used as a control to eliminate their back-
ground fluorescence. Cells were washed twice with 1x PBS and
fixed in 4% p-formaldehyde (PFA) for 30 min. The fluorescent
probe was previously encapsulated into the MOF ZIF-8 with
50% efficiency of encapsulation and dialyzed against distilled
deionized water to remove the excess of the probe before use.

PBMCs were seeded at 1 x 10° cells per well into 24-well
plates using the complete R-10 medium and treated as
described above for HeLa cell lines at 4 °C and 37 °C with 5%
CO, for 30 min, 1 h, 2 h, and 6 h incubation. Then, cells were
washed twice with 1x PBS and fixed in 4% PFA for 30 min. Cell
were washed twice with 1x PBS, resuspended using the com-
plete R-10 medium and seeded on poly-L-lysine-coated glass
coverslips in 24-well tissue culture plates to allow cell attach-
ment. Poly-i-lysine (100 ug mL™") was incubated previously for
1 h at room temperature to allow adherence to coverslips in 24-
well plates. Finally, coverslips of both cell types were mounted
with ProLong Diamond Antifade Mounting with DAPI (Thermo
Fisher Scientific, Waltham, MA, USA) to stain the cell nucleus
onto glass slides and ZIF-8 uptake was evaluated using an
Olympus microscope using 40x/0.75 magnification lens. Mean
fluorescence intensity (MFI) was quantified using the Fiji
Image] software (W. Rasband, National Institutes of Health,
NIH). In each treatment condition, the fluorescence intensity
was quantified and subtracted the background signal of the
cells alone. Mean fluorescence intensity (MFI, A. U.) was
calculated as the mean of three different fields in each
preparation.

4. Statistical analysis

Tests were performed using the Prism 7.0 software program
(GraphPad, San Diego, CA). Statistics were determined using
the two-way ANOVA Dunnett multiple comparisons test com-
paring different MOF concentrations with the negative and
positive controls with 95% confidence bounds. Unless other-
wise indicated, data represent the mean + standard deviation
(SD), with p < 0.05 considered statistically significant.

5. Conclusions

Two MOFs of different sizes (PCN-224 and ZIF-8) were synthe-
sized and characterized by X-ray diffraction, FT-IR spectro-
scopy, and SEM imaging. In vitro studies of the cell viability,
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hemocompatibility and platelet aggregation of MOFs were also
performed. The results demonstrated the efficacy of these
particles as carriers for different therapeutic agents. The routes
of administration are different because of their sizes: ZIF-8 is a
nanoparticle that can be administered orally or intravenously,
while PCN-224 is a microparticle that can only be administered
orally.

Combinations of antiretrovirals and TLR agents were encap-
sulated into the MOFs, each with a different function: the
former eliminate the circulating virus, while the latter activate
the latent virus in the reservoirs so that the antiretrovirals can
continue to work. The presence of antiretrovirals and TLR
agonists in the same structure is a new way to fight against
HIV by eliminating all these reservoirs that are difficult to
access.

The high % EE values obtained for all the therapeutic agents
were slightly more favorable for the nanostructured ZIF-8 than
those for the micro-framework PCN-224. The release rate con-
stants also depended on the working conditions (combination
of antiretrovirals, nature of the MOF and pH). According to the
results, a decrease in the pore size of the metal-organic frame-
works favors both the encapsulation and the release of the
drugs. The hydrophobic and the n-m interactions of the drugs
with the MOF structures, as well as the location of the drugs
into the framework of the carriers, also play an important role.

Epifluorescence microscopy assays have confirmed the abil-
ity of the nanostructured ZIF-8 to target drugs inside HeLa cell
lines and PBMCs.

These findings will contribute towards improving the effi-
cacy of antiretrovirals and TLR agonists using nanotechnology.
The encapsulation of therapeutic agents diminishes their toxi-
city, increases their bioavailability by enhancing their efficacy,
prolongs the half-life in the human organism and promotes the
presence of high drug concentrations at the site of infection.
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