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Metal-Organic Frameworks for Biological Applications (BioMOFs) are materials that incorporate thera-
peutically active ligands into the framework that offer an alternative strategy which combines the struc-
tural advantages of MOFs with enhanced functionality for pharmacological properties. The tunable inter-
actions between metal nodes and organic linkers in MOFs favor gradual degradation and/or release of
bioactive species. In this work we present the synthesis and detailed characterization of a composite
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incorporating a Nickel(n) thiosemicarbazone complex and MOF-808. The composite releases Ni(i)
species in a controlled manner over 24 h, as demonstrated by UV and NMR. This phenomenon has been
applied to inhibit bacterial growth. This research will encourage further exploration into the rational
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Introduction

Metal-organic frameworks (MOFs) are hybrid materials that
have garnered significant interest in biomedical applications
due to their high porosity, ability to adsorb and host biologi-
cally active compounds. MOFs offer several strategies for drug
incorporation: active compounds can be introduced into the
internal and/or external surfaces of a preformed MOF structure
via covalent and/or noncovalent (adsorption) bonding, or they
can become constitutive parts of the material structure using
therapeutically active cations and/or ligands, forming
BioMOFs." Many well-known drugs are hindered by poor water
solubility, instability, rapid metabolism, and non-selective bio-
distribution, leading to lower efficacy under such conditions.
The need to effectively manage these issues has therefore
driven the development of alternative therapeutic strategies,
including design of custom materials as advanced drug deliv-
ery systems.
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design of new thiosemicarbazones/MOFs materials.

In this context, MOFs have shown particular promise in bio-
logical applications™ related to microbial treatment including
prevention of bacterial attachment, inhibition of bacterial
growth and killing bacteria.>* From a biological standpoint,
MOFs can interact with microbial cells at multiple levels via
several of their inherent features. Through their intrinsic
porous architecture, they enable effective encapsulation of
antibacterial agents, as well as bacterial metabolites and cell
wall components.” The vast potential for chemical tuning or
functionalizations in MOFs has also led to materials with
improved biocompatibility and biodegradability.®”® MOF-based
materials incorporating bioactive metal centers (such as Zn>",
Cu”', Ni**, or Ag") can disrupt bacterial membranes, generate
reactive oxygen species and interfere with essential enzymatic
processes, ultimately leading to cell death.”

While effective, the above strategies can still present limit-
ations in loading capacity or release kinetics.'® In response,
MOF composites that incorporate additional bioactive mole-
cules offer an alternative and promising solution, combining
the structural advantages of MOFs with enhanced functionality
for antimicrobial properties."™"** This strategy can allow us to
achieve high loading capacities and sustained release of the
encapsulated bioactive species, while incorporating other
desirable functions (e.g. targeted delivery to specific cells, con-
trolled release depending on pH, temperature, enzymatic
activity)."?

With the above in mind, we set out on developing stable
MOF-based composites with potentially enhanced perform-
ance in antibacterial applications. For this purpose, we have

This journal is © The Royal Society of Chemistry 2026
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synthesized hybrid materials that combine the well-known zir-
conium framework MOF-808 with metalloligands based on
thiosemicarbazone (TSC) molecules. The main structure of
MOF-808 is highly porous (hexagonal pores of 1.8 nm dia-
meter) and water-stable, consisting of unsaturated ZrsOg clus-
ters and benzene-1,3,5-tricarboxylate (BTC) linkers (Fig. 1A).
These features provide an ideal platform for incorporation of
additional species via multiple interactions (e.g. coordinative
or H-bonding, =---n stacking), easily accommodating further
chemical modification or composite design towards targeted
functionalities.'* At the same time, TSCs are Schiff bases with
a variety of donor atoms for metal coordination and significant
electronic delocalization, enabling binding modes for possible
functionalization and sites for metal ions."® These compounds
have garnered interest within the scientific community due to
their wide range of biological properties.'®'” Their coordi-
nation to metal ions (Fig. 1B) enhances their biological
activity, often rendering potential metallodrugs more effica-
cious than the free ligands.'® The scarcity of examples of
sulfur donor ligands contained in MOFs and their pharmaco-
logical properties underscores their potential as candidates for
the development of novel therapeutic agents."’

In this work, we report the synthesis of two new Ni-TSC
complexes and their incorporation into the MOF-808 frame-
work to develop functional materials with enhanced anti-
microbial activity. Thorough characterization of the resulting
composites has been performed to reveal a controlled release
of Ni(u) species depending on the initial material composition,
which eventually facilitates inhibition of bacterial growth. Our
study represents the first attempt to incorporate thiosemicar-
bazone moieties within a MOF material, and the results high-
light the potential promise of these molecules in biological
research and antibacterial evaluation.

Results and discussion
Synthesis and characterization of Nil1 and Ni2 complexes

The two Ni(u) complexes used in this work were synthesized
in high yields. It was carried out by direct reaction of two
equivalents of the respective ligand with one equivalent of

MOF-808

TSC metalloligand
Fig. 1 Structural representation of the MOF-808 (A) and metallo-TSC

(B) components used to develop the composite materials of this work.
Color code: Zrg polyhedra (green), C (black), O (red).

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Synthesis pathway to complexes Nil and Ni2.

Ni(NO3),-6H,0 in MeOH and base-catalyzed to shift the tauto-
meric equilibrium to the thiolate form of the ligand. The reac-
tion also proceeds in water (pH below 8 to prevent NiO for-
mation). In both cases the base ensures quantitative complex
formation, yielding Ni1, Ni2 from 87 to 90%. (Scheme 1) The
full characterization was performed by elemental analysis,
ESI+ mass spectrometry, IR, NMR and single crystal X-ray diffr-
action techniques (see experimental and SI sections for
details).

The analytical data are consistent with 1:2 metal:ligand
stoichiometry. The 'H-NMR spectra show a single set of
signals typical of the AA'BB’ system of para-disubstituted aro-
matic rings, which suggests that the ligands have coordinated
in trans configuration to the metal. Besides, the signal most
affected by the coordination is that of the proton from iminic
group which is the closest to the metal ion and has been corro-
borated by the ['H, "*C] HSQC NMR experiment (Fig. 2 for Ni1
and Fig. S2 for Ni2). The changes in the IR spectra of the com-
plexes suggest that all ligands behave as NS bidentate.

The proposed molecular weight and structure were con-
firmed by ESI and SC-XRD analysis for the two Ni(i1) complexes
(Fig. 3). Based on the observed bond angles, the nickel centers
adopt a slightly distorted square planar geometry and the Ni-N
and Ni-S bond lengths (Table 1) are aligned with those reported
for Ni(m)-thiosemicarbazone complexes.”® The C-S bond dis-
tances (~1.73-1.74 A) fall within the expected range for a single
bond, indicating the coordination of the ligand in its deproto-
nate thiolate form.>' Additionally, the C-N and N-N bond
lengths are intermediate between single and double bonds,
suggesting charge delocalization along the TSC skeleton.*®
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Fig. 2 Aromatic area of the 2D ['H, **C] NMR. (A) HSQC and (B) HMBC
spectra of Nil.
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Fig. 3 SC-XRD of the complexes (A) [Ni1] and (B) [Ni2].

Table 1 Selected bond distances (A) and angles (°) for complex Nil and
Ni2

Ni1

Bond lengths (A) Bond angles (°)

C1-N2 1.303(3) N1#-Ni1-N1 180.00(10)
s1-C1 1.737(2) N3-Ni1-S1 84.96(5)
Ni1-S1 2.1666(6) N1-Ni1-S1# 94.16(6)
Ni1-N1 1.9187(19) N1#-Ni1-S1 94.16(6)
N1-N2 1.401(3) N1#-Nil-S1# 85.84(7)
Ni1-S1# 2.1666(6) S1-Ni1-S1# 180.00
#Symmetry operations: —x, =y + 1, —z + 1

Ni2

Bond lengths (A) Bond angles (°)

C1-N2 1.303(3) N3#-Ni1l-N3 180.00(13)
S1-C1 1.737(2) N3-Ni1-S1 84.93(5)
Ni1-S1 2.1666(6) N3-Ni1-S1# 95.04(5)
Ni1l-N3 1.9128(17) N3#-Ni1-S1 95.04(5)
N2-N3 1.406(6) N3#-Ni1-S1# 84.96(5)
Ni1-S1# 2.1666(6) S1-Ni1-S1# 180.00

#iSymmetry operations: —x, —y +2, -z + 1

Interestingly, the substituents on the thiosemicarbazone
skeleton as well as the presence of crystallization solvent mole-
cules have a great effect on their supramolecular association.
In the case of Nil, with an interplane separation between
planar molecules of approximately 4.7 A, the strongest inter-
molecular forces arise from hydrogen bonds involving amino
and hydroxy groups. However, in Ni2 the distance between
adjacent p-nitrophenyl aromatic rings of 3.360 A is optimal for
n-n interactions and the hydroxyl groups establish inter-
molecular hydrogen bonds with dimethylformamide solvent
molecules (Fig. S3).

Stability studies of Ni1 and Ni2 in aqueous solutions

The stability assays were conducted in a 1% (v/v) DMSO/Tris
5 mM aqueous solution by monitoring their UV-Vis spectra
over 24 h at 37 °C. At a concentration of 20 uM (Fig. 4), the
absorbance of Nil remains unchanged while that of Ni2
rapidly decreases over time, after 5 h only half of the fresh
sample absorbance is left. Ni2 complex was then deemed
unsuitable for further functionalization due to this absorbance
trend and its susceptibility to hydrolysis in aqueous solutions.
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Fig. 4 UV-Vis spectra of Nil(A) and Ni2(B) over time. 1% DMSO/Tris
5 mM buffer, 37 °C, Ccompound = 20 pM.

Assembly of Ni1 within MOF-808

Characterization and stability studies. Ni1@MOF-808 com-
posites were successfully prepared via mechanochemical syn-
thesis, yielding two materials with 5:1 and 1:1 stoichi-
ometries. After a washing process, the composites were charac-
terized using FT-IR, ICP-MS, "H-NMR, N, isotherms and PXRD
techniques. P-XRD diffractograms (Fig. 5A) show the presence
of peaks corresponding to both MOF-808 and Ni1 phases, con-
firming that the symmetry and porosity of the MOF framework
are retained while the Nil complex remains intact within the
composite. The infrared spectrum (Fig. 5B and Fig. S4) of as-
made MOF-808 shows main signals related to the organic
linker at approximately 1615 (C=C stretching), 1560 (asym-
metric COO- stretching), 1440 and 1375 cm™' (COO- sym-
metric stretching), in full agreement with previous studies.*® A
strong broad peak appears at ~655 cm™ ", characteristic of col-
lective vibrations from Zr-O bonds. The corresponding spectra
for both Ni@MOF-808 materials retain all these signals,
further verifying that the structural integrity of the framework
does not alter after composite formation. Additional peaks
associated to the Nil complex are observed. Bands corres-
ponding to the v(OH) and v(NH) stretching modes are weaker
and less-well resolved compared to Nil and HL1, suggesting
interactions at the interface that stabilize the incorporation of
Ni1l within the MOF structure. It is important to note that
these bands are not strongly affected by the binding of HL1 to
nickel, which involves the deprotonation of NH group.
Furthermore, in both Ni1@MOF-808 materials the contri-
bution in intensity and signal overlap deriving from each com-
ponent (MOF-808 and Ni1) is fully consistent with the initial
synthetic ratio. N, adsorption isotherms for these materials
(Fig. S5 and Table S1) revealed large decreases in uptake, pore
volume and surface area compared to the pristine MOF. As
expected, the lowest values for these parameters were observed
in the 5:1 analogue. Importantly, both Ni1@MOF materials

(A) (B)
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Fig. 5 (A): P-XRD diffractograms and (B) infrared spectra of MOF-808,
Nil, Ni1l@MOF 5:1 and Nil@MOF 1:1.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt03008k

Open Access Article. Published on 18 February 2026. Downloaded on 4/12/2026 10:19:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

exhibited distinct pore size distribution results, with differing
contribution of micropores in each case (Fig. S6). These results
are in agreement with the presence of composites rather than
physical mixtures of two separate components.>* Overall, the
above data confirm successful composite formation in good
reproducibility.

To fully evaluate the presence of the Ni-TSCN fragment
within the MOF structure, a sample of the composite digested
in HF and the proportions of the residual components were
analyzed: [L]:(BTC, COO™), indicating 1.05 and 4.41 respect-
ively (see Table 2). In addition, quantitative assays of the same
solid were performed by elemental analysis and ICP-MS which
corroborated the ratio expected in the samples via stoichio-
metry, indicating that no complex leaches after washing.

The stability of Ni1@MOF-808 (5:1) and Ni1@MOF-808
(1:1) composites in aqueous media was first evaluated
through comparison of their PXRD patterns before and after
exposure to pure water and aqueous buffered solutions (Tris
5 mM, RPMI medium and phosphate buffer 20 mM) as shown
in Fig. 6 and Fig. S7.

The characteristic diffraction peaks of the two phases
(MOF-808 and Nil1) are preserved for both materials in all
tests. A notable decrease in intensity is observed for the main
signals contributed by MOF-808 in the low angle region, in
agreement with pore filling by solvent molecules. Upon treat-
ment with phosphate buffer, the materials exhibit increased
diffuse scattering at 20 = ~25°, indicating reduced long-range
order in comparison to the as-made analogues. The absence of
a similar feature in the other aqueous buffers indicates that
this effect is unlikely to arise solely from solvent-induced dis-
order and instead points to a degree of structural amorphiza-
tion under phosphate treatment conditions. The slight
decrease in the intensity of some peaks associated with Nil
suggests minor complex leaching, and this behavior is consist-
ent with the colloidal stability results obtained from the DLS
studies. As it is shown in Table 3, MOF-808 as well as
Ni1@MOF-808 5:1 and 1:1 maintain a constant particle size
over the first 24 hours.?® To further investigate the stability of
the new Ni1l@MOF-808 composite materials, a series of pH-
dependent experiments were conducted. D,O suspensions of
Ni1@MOF samples were monitored over time using "H-NMR,
measuring the initial and final pHs. At time zero, a set of
signals corresponding to a Ni(i)-thiosemicarbazone species
was observed for both Nil@MOF-808 composites, obtaining
for 5:1 (Fig. 7) the spectra with better resolution than 1:1
(data not shown). These signals did not correspond to the orig-
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[Ni(L"),J@MOF 5:1 in RPMI (4 h)|

[N(L"),J@MOF 5:1 in Tris-HCI (24 h)
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Fig. 6 Stability determined by PXRD of Nil@MOF 5:1 and Nil@MOF
1:1in different media.

Table 3 Particle size and ¢-potential (surface charge) for MOF-808, of
Nil@MOF 5:1 and Nil@MOF 1:1 in water after suspension and 24 h
incubation time

MOF-808
Time (h) 0 24
Size (nm) 690 + 7 685+ 3
C-potential (mV) +35+2 +31+1
Nil@MOF 5:1
Time (h) 0 0
Size (nm) 1490 + 50 1490 + 50
C-potential (mV) —-49+1 —-49+1
Nil@MOF 1:1
Time (h) 0 0
Size (nm) 1115 + 62 1115 + 62
C-potential (mV) -37+6 -37+6
(A) Ni1l@MOF 5:1 (B)
w=ah Ni1@MOF 5:1
- A ; '
SRS NENE] VTS (SN
t=6h
L 1 1 N Ni1@MOF 5:1 + NaOD
t=0
| R A
85 80 75 70 65 85 80 75 70 65
6 (ppm) & (ppm)

Fig. 7 H-NMR stability of (A) Ni1@MOF 5 : 1 over the time. (B) *H-NMR
of Ni1l@MOF 5:1in D,O (pH 5.6) and after addition of NaOD (pH 10.1).

Table 2 Elemental analysis, ICP-MS, *H-NMR results. *H-NMR sample digested in HF

Elemental analysis

Sample %C %H %N %S Ratio 1H-NMR ICP-MS

Nil@MOF 1:1 32.98 3.40 11.22 8.32 1.04 1.05 1.03
Zr60,4(OH)10(CoH306)(H20)5(C16H16sN6NiO,S5)

Nil@MOF 5:1 23.42 3.18 4.76 3.31 4.62 4.41 4.55

Zr504(OH)10(CoH304)5(H20)1(C16H16N6NiO,S5)5

This journal is © The Royal Society of Chemistry 2026
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inal Ni1 complex and did not increase in intensity over time
(Fig. 7(A)). Upon addition of 0.1 M NaOD in D,0, the intensity
of these signals increased, and the solution turned light green,
indicating the release of water-soluble Ni(u) species (Fig. 7(B)).

In parallel, a titration of the Ni1@MOF 5 : 1 was carried out
using an automatic burette (Titrando®) to evaluate Ni(u) leach-
ing from suspensions of the composites in water. The pH of
the suspension was first decreased to 2 using HCI 0.1 M and
then titrated with 0.1 M NaOH to pH 12.5. The solution
remained colorless down to pH 2. A color change from color-
less to light green was observed at pH 6.54, suggesting the
start of Ni(u) species release. At pH values above 8.9, the solu-
tion turned dark brown, indicative of partial oxidation or
degradation of the MOF structure. As shown in Fig. 8 the
equivalence point of the titration occurred at pH 6.54, correlat-
ing with the appearance of Ni(u) species, in the "H-NMR
results (Fig. 7(B)).

Study of the lixiviation with biological buffers

Once the pH was identified as a key factor influencing the
leaching of Ni(u) species from Nil@MOF composites, a
similar study was conducted in Milli-Q water and various bio-
logical buffers using UV-Vis spectroscopy. The initial pH
values of the media were 6.8 for Milli-Q water, 7.4 for Tris
buffer (5 mM), and 6.2 for phosphate buffer (20 mM). The
solutions were initially colorless and upon dispersion of the
Nil@MOF composites, a faint green color developed in each
case, being stronger and easier to follow in the Ni1@MOF 5: 1
composite. By the end of the experiment, the samples exhibi-
ted similar coloration. Fig. 9 shows the UV-Vis spectra of both
Ni1@MOF 5:1 samples, where we can observe an increase in
absorbance at 317 nm attributed to the release of a new Ni(u)
species. Consistently, Ni1@MOF 5 :1 showed greater leaching
than Ni1@MOF 1:1 (Fig. S7) across all media, because of its

14 08
12+ (A) 07 + (B)
10 + e
el 308
T04
Q 6 + IO
503
ar 02
2 F 01
0 | 0 -
0 1 2 3 4 0 1 2 3 4
Viaon (ML) Viaon (ML)

Fig. 8 pH Titration (A) of Ni1l@MOF (5: 1) with NaOH and the d(pH)/dV
vs. volume (B).

Phosphate 24n
pH=6.2

Absorbance

420220 270 320 370 420
Wavelength (nm)

220 270 320 370
Wavelength (nm)

420220 270 320 370
Wavelength (nm)

Fig. 9 UV-Visible spectra of Nil@MOF 5:1 in Tris-HCl (orange), water
(blue) and phosphate buffer (green).
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higher Ni1 loading. In phosphate buffer (20 mM), the release
of Ni(u) species seems to be lower for both composites com-
pared to Tris buffer (5 mM) in which the absorbance at
317 nm reached the saturation limit of the detector, confirm-
ing substantial leaching for Ni1@MOF 5 : 1.

These results confirm the lixiviation of new Ni(u) species
that can be modulated by the concentration of the composite,
the pH, and the nature of the medium. More importantly the
leached compound differed from the original Nil complex,
which is not soluble in water and requires DMSO for detection.
The newly released species was found to be soluble in water,
indicating the formation of a distinct Ni(u)-based species.

To further investigate the nature of the released species, the
lixiviation assay performed in water was scaled up and dried
(see experimental part). From this point onward, the experi-
ments were conducted exclusively with the 5:1 composite, as
the residue from 1:1 sample was insufficient for either ana-
lysis or biological testing. The lixiviation result from 5:1 was
analysed by NMR in DMSO (Fig. 10), and in spite of the low
resolution, the spectra is showing signals of HL1 and another
set of signals that does not fully correspond to Nil with new
doublets arising nearby.

We attempted to force the dissolution of Nil for reaching a
control solution to compare with the released species.
However, 1 mg of Nil did not dissolve in 150 mL of water.
After evaporating the remaining solution to dryness, the small
resulting residue was insoluble and could not be characterized
spectroscopically. Consequently, we concluded that the nature
of our lixiviation species was different.

Antibacterial evaluation

The antibacterial activity of Ni1@MOF 5 :1 was then evaluated
in 96-well plates of a DH5x bacterial suspension with an initial
absorbance of 0.1. The compounds were added to LB medium,
and cisplatin was included as a positive control due to its
known antiproliferative effects.”® As shown in Fig. 11(A),
Ni1@MOF 5 : 1 delayed bacterial growth within the first 5 hours,
exhibiting almost the same antibacterial activity as cisplatin at
100 pM. This effect was dose-dependent, being non-significant
at lower concentrations of 25 and 50 uM (Fig. S8).

Furthermore, a significant reduction in proliferation was
detected at 7 hours and sustained through 24 hours with cis-
platin, and both Ni1@MOF composites (Fig. 11(B)). No differ-
ences were observed after Nil and MOF-808 treatments con-
firming that the antibacterial activity is caused by the released

(A) ‘ (B)

|
I
Ni1@MOF808 5:1 \ |/‘ | ‘
i Y ) L P T

Ni1@MOF808 5:1 |
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pm) B @pm)

Fig. 10 (A) 'H-NMR from the water supernatant of Nil@MOF 5:1 com-
posite compared to Nil complex and HL1. (B) Aromatic area detail.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt03008k

Open Access Article. Published on 18 February 2026. Downloaded on 4/12/2026 10:19:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

—e— Control
Cisplatin

—o— Ni1
MOF-808

—e— Ni1@MOF 5:1

I Control

ns

- ns Cisplatin

S - Nit

a e MOF-808

-
O 1 " M Ni1@MOF 5:1
-
e
04
7 24

Time (h)

Fig. 11 (A) ODggo evolution of DH5a treated with cisplatin, MOF-808,
Nil, and Nil@MOF 5:1 at 100 pM and (B) the statistical analysis after 7
and 24 h in the presence of the compounds.

product. To the best of our knowledge, this is the first report
of a thiosemicarbazone functionalized MOF with antimicrobial
activity, paving the way to continue exploring this type of for-
mulation in biological research.

Conclusions

In this work, two new Ni(n) complexes (Nil and Ni2) based on
thiosemicarbazone ligands have been synthesized and structu-
rally elucidated in detail. Ni1 has been also successfully inte-
grated within the robust zirconium-based MOF-808 framework
to form a new BioMOF composite with controlled release of Ni
(u)-based species in water and biological buffers, as determined
by thorough studies of its behaviour in solution. Consecutive
antimicrobial assays revealed that the composite can effectively
inhibit bacterial growth, with its performance arising from the
regulated release of these Ni(u)-based species. Overall, this study
introduces MOF-thiosemicarbazone composites as potential
delivery systems for efficient metal-based antibacterial activity.
Our findings show that these materials combine several promis-
ing features of biomedical context, including easy syntheses,
tuneable loadings, structural stability and controlled delivery of
desired species in solution. Future efforts will therefore attempt
to further understand and exploit these systems to fully optimize
structural behaviour and biological response.

Experimental
Materials and methods

The chemicals and solvents were purchased with “For syn-
thesis” quality from Johnson Matthey, Sigma-Aldrich, and
VWR and used without additional purification.
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NMR spectra were recorded at room temperature, using a
two-channel 300 MHz Bruker Avance III-HD Nanobay spectro-
meter equipped with a 5 mm BBO 1H/X probe and Z gradients.
DMSO-d¢ and D,O were used a solvents (containing 0.05%
(v/v) tetramethylsilane (TMS) as a reference). Chemical shift
values are given in parts per million (ppm) relative to the
residual TMS signals. The following abbreviations were used: s
(singlet), bs (broad singlet), d (doublet), and m (multiplet).
ICP-MS and elemental analysis were performed on a Nexion
300%, and LECO CHNS-932. Mass spectra were recorded using
MALDI (matrix-assisted laser desorption/ionization) with a
Bruker Ultraflex III (MALDI-TOF/TOF) mass spectrometry unit
and electrospray ionization (ESI) with a Qstar Pulsar I mass
spectrometry unit. These instruments are located at the
Interdepartmental Investigation Service of UAM (SIdI-UAM).
PXRD patterns were collected using a Bruker D8 diffractometer
equipped with a Mo source operating at 1600 W. The samples
were ground and placed onto a borosilicate sample holder,
and the surface was levelled with a clean microscope slide. The
diffraction patterns were collected in continuous mode over a
26 range of 3° to 45°, with a step size of 0.02° and an exposure
time of 0.5 s per step. Infrared (IR) spectra were recorded
using a PerkinElmer Model 283 spectrometer with an attenu-
ated total reflectance (ATR) MIRacle Single Reflection
Horizontal accessory. Low pressure N2 sorption measurements
were recorded at 77 K using a Micromeritics 3Flex Surface and
Catalyst Characterization Analyzer system. Prior to analysis,
the samples were activated under dynamic vacuum at 150 °C
for 15 hours to remove all solvent molecules from the pores.
UV-visible spectra were recorded using a Thermo Evolution
260 spectrophotometer equipped with temperature control
within 0.1 °C. Particle size and (-potential determinations
were performed using a Malvern Nano-ZS, Zetasizer Nano
series. The pH of the solutions was measured in a Crison
Instruments GLP21 pH meter. The adjustment of the pH and
the titrations were done with Metrohm instrument, Titrando
905 connected to a Dosino, adjusting the parameters dosing
rate, maximum volume, agitation rate and waiting time for the
measurements.

Synthesis of the compounds

Ligand synthesis. The ligands are prepared by condensation
of the 4-hydroybenzaldehyde and the corresponding thiosemi-
carbazide, as reported in the literature.”” Briefly 0.03 mol of
thiosemicarbazide is dissolved in 6% aqueous AcOH. This
process requires time and 40 °C temperature until complete
dissolution. Subsequently, a solution of the aldehyde
(0.03 mol) in ethanol is added and kept at reflux for 5 hours.
The resulting solid is filtered, washed with 6% aqueous AcOH
and ethyl ether and dried under vacuum. Synthesis of HL2
required p-nitrophenylthiosemicarbazide as starting material,
which is not commercially available, and was prepared follow-
ing similar protocol to the already published.?®

HL1: Off-white solid. Yield: 62%.'H-NMR [DMSO-d],
5(ppm): 6.77 (d, 2H, Juu = 8.9 Hz, H,); 7.60 (d, 2H, Juu = 8.9
Hz, Hs); 7.79 (s, 1H, N*H,)*; 7.95 (s, 1H, H;); 8.02 (s, 1H, N°H,)
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*;9.83 (s, 1H, N°H)*; 11.22 (s, 1H, OH)*.">C-NMR [DMSO-dg],
8(ppm): 115.5 (C,), 125.1 (Cy), 129.0 (C;), 142.7 (Cs), 159.2 (Cy),
177.4 (Cg). IR (cm™): v (NH,): 3470; vs(NH,): 3358; v(OH)
3188; ¥(C=N): 1579; v(C=S): 843. ESI-MS (m/z): 196.05 [M+H]".
Elemental analysis for CgHgN;OS (%): experimental: C: 48.85,
H: 4.79, N: 21.41, theoretical: C: 49.21, H: 4.65, N: 21.25.
*Interchanges with D,O.

HL2: Yellow solid. Yield: 69%."H-NMR [DMSO-d,], (ppm):
6.87 (d, 2H, Juu = 8.8 Hz, H,); 7.75 (s, 1H, Hs); 7.83 (d, 2H, Juu
= 9.3 Hz, Hg); 8.06 (d, 2H, Ju = 9.3 Hz, Hy); 8.19 (d, 2H, Ji =
9.3 Hz, Hy); 10.00 (s,1H, N°H)*; 10.37 (s,1H, N°H)*; 12.73
(s,1H, OH)*. >C-NMR [DMSO-d¢], §(ppm): 115.6 (C,), 123.7
(Co), 124.1 (Cg), 124.6 (C,), 129.7 (C3), 143.3 (Cyp), 144.6 (C5),
145.5 (Cs), 159.8 (C4), 174.6 (Cq). ESI-MS (m/z): [M+H]': 316.
IR (cm™): vo4(NH,): 3391; v4(NH,): 3358; V(OH): 3208; 1,4(NO,):
1479; v(C=N): 1524; v4(NO,): 1300; v(C=S): 854. Elemental
analysis for C;4H;,N,035-0.9H,0 (%): experimental: C: 50.57,
H: 4.42, N: 16.86, calculated: C: 50.29, H: 4.22, N: 16.70.
*Interchanges with D,O. A single crystal was resolved by X-Ray
diffraction (not yet reported) and the figure and structural data
is collected in Fig. S1 and Table S2.

Ni(u) complexes syntheses

A general method is followed for the syntheses of the com-
plexes. In a round bottom flask, the corresponding ligand
(HL1 or HL2) (2 mmol) is dissolved in methanol and a metha-
nolic solution of Ni(NO;),-6H,0 (2 mmol) is added dropwise.
Subsequently, the solution is brought to pH 7.5 using 0.5 M
NaOH and a precipitate is immediately observed. The reaction
mixture is kept at reflux for 2 h, the solid is filtered, washed
with distilled water, methanol and ethyl ether, and dried
under vacuum. The reaction is also carried out using water
instead of methanol as a solvent and the complexes and the
yield are still maintained.

Nitl: [Ni(L"),]: Dark green solid. Yield: 87%. 'H-NMR
[DMSO-dg), 8(ppm): 6.75 (d, 2H, Ju = 8.9 Hz, H3); 6.89 (s, 1H,
NH2)*; 7.14 (s, 1H, H5); 8.02 (d, 2H, Jy = 8.9 Hz, H2); 10.18
(s, 1H, OH)*. "*C-NMR [DMSO-d6], §(ppm): 115.2 (C,), 124.3
(Cs), 134.7(C3), 153.4 (Cs), 159.8 (C;). MALDI-MS (m/z): 447.1
[M+H]". IR (cm™): v,4(NH,): 3673; v5(NH,): 3452; v(OH): 3120;
Y(C=N): 1570; v(C-S): 812-799. Elemental analysis for
C16H16NgNiO,S,-0.5H,0 (%): experimental: C: 42.41, H: 4.02,
N: 18.49, calculated: C: 42.13, H: 3.76, N: 18.42. *Interchanges
with D,0O.

Ni2: [Ni(L*),]: Russet solid. Yield: 88%."H-NMR [DMSO-d,],
&(ppm): 6.85 (d, 2H, Juy = 8.1 Hz, H,), 7.75 (s, 1H, Hs), 7.84 (d,
2H, Jyu = 9.4 Hz, Hg), 8.07 (d, 2H, Juu = 8.1 Hz, H3), 8.20 (d,
2H, Jun = 9.4 Hz, Hy), 10.36 (s, 1H, OH)*. "*C-NMR [DMSO-d,],
5(ppm): 115.0 (C,), 124.7 (Cs), 117.9 (Cg), 123.6(C,), 134.1 (C5),
141.1(Cyo), 146.7 (C;), 158.1(Cs), 161.1 (C;). ESI-MS (m/z)
689.05 [M+H]". IR (cm™): v,4(NH,): 3392; vs(NH,): 3357; 1(OH)
3208; Vys(NO,): 1482; Y(C=N): 1562; v4(NO,): 1297; 1(C-S)
843-800. Elemental analysis for C,sH,,NgNiOgS,-2H,0 (%)
experimental: C: 45.97, H: 3.45, N: 15.75, calculated: C: 46.13,
H: 3.65, N: 15.37. *Interchanges with D,0.
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Synthesis of MOF-808 and Ni1@MOF-808 composites

Pristine MOF-808 was synthesized and activated using pre-
viously established protocols.*® The functionalized MOF-808
were obtained through a mechanochemical synthetic
approach: the activated MOF-808 (1 equivalent) and the Ni(u)
complex [5 equivalents for Ni1@MOF-808 (5:1), 1 equivalent
for Ni1@MOF-808 (1:1)] were added into a mortar. Using a
pestle, the mixture was ground for 30 min in the absence of
any solvent to form a homogeneous solid material. The solids
were washed with water twice and dried at 60 °C overnight.

Ni1l@MOF-808 (1:1). Light green powder. Elemental ana-
lysis for ZrgO4(OH)s(CoH306)2(H,0)5(C16H16NNiO,S,),: experi-
mental: C: 32.98, H: 3.4, N: 11.22, S: 8.32 calculated: C: 32.93,
H: 3.36, N: 11.56, S: 8.43. 'H-NMR (HF, D,0 and DMSO-d,)
(procedure described in section 5.6.1): 8.63 (s, 6H, 2x BTCs);
8.11 (s, 2.57H, 2.55 x HCOO"); 7.58 (d, 4.28H, 1.05 x [Ni(L"),]);
6.78 (d, 4.60 H, 1.15 x [Ni(L'),]). ICP-MS: [Zr] (ppm) = 81.32
and [Ni] (ppm) = 9.01; Ni per Zrg cluster = 1.03. Selected IR
peaks (cm™): 3388 (w), 3303 (W), 1612 (m), 1584 (m), 1551 (m),
1507 (w), 1443 (m), 1380 (s), 1274 (w), 1252 (w), 1204 (w), 1175
(W), 1144 (w), 829 (m), 759 (W), 654 (s).

Ni1l@MOF-808 (5:1). Dark green powder. Elemental ana-
lysis for Zrg0,(OH)e(CoH;04),(H20)1(C16H1sNNiO,S,)s (%):
experimental: C: 23.42, H: 3.18, N: 4.76, S: 3.31 calculated: C:
23.38, H: 3.21, N: 4.20, S: 3.07. 'H-NMR (HF, D,0 and DMSO-
de): 8.63 (s, 6H, 2x BTCs); 8.11 (s, 0.9H, 0.7 x HCOO™); 7.58 (d,
15.61H, 4.2 x [Ni(L'),]); 6.78 (d, 18.69H, 4.2 x [Ni(L"),]).
ICP-MS: [Zr] (ppm) = 36.82 and [Ni] (ppm) = 18.31; Ni per Zr,
cluster = 4.6. Selected IR peaks (cm™"): 3388 (w), 3303 (W),
1610 (w), 1585 (m), 1550 (m), 1509 (w), 1442 (m), 1380 (m),
1273 (m), 1250 (m), 1204 (w), 1175 (m), 1144 (w), 829 (m), 764
(W), 676 (W).

The samples to collect PXRD patterns were ground and
placed onto a borosilicate sample holder, and the surface was
levelled with a clean microscope slide. The diffraction patterns
were collected in continuous mode over a 26 range of 3° to
45°, with a step size of 0.02° and an exposure time of 0.5 s per
step.

Sample preparation and aqueous buffer stability via PXRD

Initially, 5 mg of the targeted composite material was
immersed in 3 ml of the corresponding aqueous buffer solu-
tion for a predetermined amount of time (4-24 h). The solid
was isolated via centrifugation, washed copiously with water
and acetone, then dried at 60 °C for 1 hour before PXRD data
collection. All stability tests were conducted on separate por-
tions from the same initial batch of material.

Sample preparation and stability measured by DLS

The particle size and {-potential of MOF-808, Ni1@MOF-808
1:1 and Ni1l@MOF-808 5:1 were monitored over a 24 h
period following the procedure already published.'® For these
measurements, 1 mg of the respective MOF was suspended in
5 mL of Milli-Q water. The equipment used is a Malvern
Zetasizer Nano Z8S, sited in IMDEA Nanociencia. The cuvettes
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used for the measurements of Potential-{ were Malvern
Zetasizer Cuvettes Disposable. The samples were kept under
constant agitation and at 37 °C in a ThermoMixer C
Eppendorf.

Lixiviation experiments by UV-Vis and NMR

The preparation of the stock solutions for the lixiviation
studies was made dispersing 0.5 mg of Ni1@MOF-808 (5:1 or
1:1) in 0.250 mL of water solution, this stock is prepared
using a Vortex more than 3 minutes to achieve a homogeneous
dispersion for reliable data. The samples are then prepared by
dilution of the stock until 20 mM (2 mL) in Milli-Q water, Tris-
HCI 5 mM (pH 7.4) or phosphate buffer 20 mM (this solution
is prepared following the procedure described in the bibli-
ography).”® Subsequently, the pH was measured for each
sample and then the UV-Vis spectra are monitored from 220 to
700 nm, every hour for 24 hours, maintaining the samples
with constant stirring and 37 °C.

A pure sample of the functionalized Ni1@MOF-808 5:1
(1 mg) was dispersed in 0.5 mL of D,0 and the 'H-NMR
spectra was recorded at 0, 6 and 24 hours. After monitoring
the sample, one drop of NaOD 10 mM was added (pH
changed from 8.80 to 10.1) and then the "H-NMR spectra were
recorded again. The suspension from the lixiviation studies in
water after 24 h was centrifuged. The liquid was dried to
residue in an Eppendorf concentrator plus at 45 degrees in
4 h.

Single-crystal X-ray diffraction (SC-XRD)

Molecular structures were determined in SIdI-UAM, using a
Bruker X8 Kappa Apex II CCD diffractometer equipped with an
Apex-1I CCD area detector and a graphite monochromator. For
all compounds, the software package SHELTX was used for
space group determination, structure solution, and refinement
(SHELTXTL-NTversion 6.12, Structure Determination Package,
Bruker-Nonius XS, Madison, Wisconsin USA, 1997-2001). The
structures were solved by direct methods, completed with
difference Fourier syntheses, and refined with anisotropic dis-
placement parameters. Hydrogen atom positions were calcu-
lated geometrically and refined using the riding model. Crystal
data are collected in Table 4. The respective CCDC IDs contain
SI crystallographic data for the compounds.

Bacterial culture

The DH5a wild type strain (ThermoFischer) was grown on LB
medium (Sigma-Aldrich) at 37 °C for 24 h. For the determi-
nation of antimicrobial activity in liquid culture, DH5a cells
were seeded in 96-well plates with an initial absorbance of 0.1.
To measure bacterial growth, absorption at an optical density
at 600 nm was detected on a SPECTROstar Nano plate reader
(BMG Labtech, located at IIBM-CSIC-UAM). Data acquisition
and data analysis were performed by using MARS software and
Microsoft Excel 365. Statistical analyses were performed using
GraphPad prism 8.0 one-way ANOVA with Dunnett post-test.
Values of *p < 0.05 were considered significant.
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Table 4 Crystal data and structure refinement results for Ni2 and Nil

Compound/CCDC Ni2/2476950 Ni1/2476949
Chemical formula C4oH50N15NiO1S, CyoH,NgNiS,
Formula weight (g mol™) 981.75 501.30
Temperature (K) 150(2) 296(2)

Crystal system Triclinic Monoclinic
Wavelength (A) 0.71073 0.71073
Space group P1 P121/n1

Crystal size (mm)
Crystal habit

Cell unit dimensions

0.009 x 0.066 x 0.165
Bright orange-brown
ribbon

0.030 x 0.040 x 0.100
Dark brown needle

a (A) 10.4885(5) 7.1806(6)

b (A) 7.4108(3) 11.4484(9)
c(d) 15.3744(6) 13.8901(10)
a () 90 76.331(2)
/1@ 107.141(2) 86.624(3)

7 () 90 83.694(3)
Volume (A%) 1102.16(15) 1141.94(8)
zZ 1 2

Density, calculated (g em™) 1.479 1.458
Absorption coefficient (mm™")  0.607 1.057
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(SHELTXTL-NTversion 6.12, Structure Determination Package,

Bruker-Nonius XS, Madison, Wisconsin USA, 1997-2001).
CCDC 2476950, 2476949 and 2477479 contain the sup-

plementary crystallographic data for this paper.>*>*
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