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Mechano-Bactericidal Surfaces Achieved by Epitaxial
Growth of Metal-Organic Frameworks

Zhejian Cao,* Santosh Pandit, Francoise M. Amombo Noa, Jian Zhang, Wengeng Gao,
Shadi Rahimi, Lars Ohrstrém,* and Ivan Mijakovic*

Mechano-bactericidal (MB) surfaces have been proposed as an emerging
strategy for preventing biofilm formation. Unlike antibiotics and metal ions
that chemically interfere with cellular processes, MB nanostructures cause
physical damage to the bacteria. The antibacterial performance of artificial MB
surfaces relies on rational control of surface features, which is difficult to
achieve for large surfaces in real-life applications. Herein, a facile and scalable
method is reported for fabricating MB surfaces based on metal-organic
frameworks (MOFs) using epitaxial MOF-on-MOF hybrids as building blocks
with nanopillars of less than 5 nm tip diameter, 200 nm base diameter, and
300 nm length. Two methods of MOF surface assembly, in situ growth and ex
situ dropcasting, result in surfaces with nanopillars in different orientations,
both presenting MB actions (bactericidal efficiency of 83% for E. coli). Distinct
MB mechanisms, including stretching, impaling, and mechanical injury, are
discussed with the observed bacterial morphology on the obtained MOF

surfaces.

1. Introduction

Bacterial biofilms are the linchpin of persistent infections and
biofouling.l? In particular, medical indwelling devices, dental
devices, and prostheses provide accessible surfaces conducive
to biofilm development, contributing to ~80% of chronic and
nosocomial infections.’] Mitigation strategies based on chemi-
cal interference with cellular processes have only limited success

as biofilm cells possess much higher re-
sistance to antibiotics and the human im-
mune system compared to their planktonic
counterparts[3]. Furthermore, misuse of an-
tibiotics has accelerated the spread of an-
timicrobial resistance (AMR), which is cur-
rently considered one of the largest threats
to global health.[*] Biofilm formation starts
with bacterial attachment on surfaces, af-
ter which bacteria proliferate and adhere
to each other within a self-produced extra-
cellular polymeric matrix.[°! Therefore, pre-
venting the initial attachment of bacteria to
a surface could be an effective mitigation
strategy to slow down or even preclude the
formation of mature biofilms.[67]
Mechano-bactericidal (MB) surfaces have
emerged as a material-centric solution
for preventing biofilm formation.®l Un-
like antibiotics or metal ions that attack
bacteria chemically, MB actions involve
nanostructures inducing rupture and death of bacterial cells
through physicomechanical interactions.[’l MB actions can be
found in natural and artificial nanostructured surfaces (Section
S1, Supporting Information), such as the cicada wings,!'% gecko
skin,!l black silicon,!™?] and vertical graphene.['*] In addition
to their intrinsic bactericidal efficacy, nanostructured surfaces
are reported to promote the effectiveness of antibiotics, which
can potentially reduce antibiotic dosage.l'*] Nevertheless, real-life
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applications of artificial MB surfaces are limited by complex fab-
rication processes, as nanostructures are required to provide MB
efficacy.>1% For instance, we have previously demonstrated that
optimal bacterial killing was achieved with graphene nanosheets
aligned perpendicular to the surface, not thicker than 10 atom lay-
ers, and spaced so that bacterial cells cannot fit between adjacent
spikes.['”] However, the fabrication of such surfaces is typically
expensive, laborious, and requires sophisticated equipment.['8]
These critical challenges impede the scalability and integration
of MB surfaces into practical applications. We propose that
metal-organic frameworks (MOFs), with their access to vari-
ous morphologies, including sharp-point shape crystal growth,
could be used to create MB surfaces using a facile and econom-
ical fabrication process with the scalability required for real-life
applications.

MOFs are emerging porous materials with crystalline struc-
tures, designable geometry, tailorable chemical composition, and
mild synthesis conditions.['*?° Despite being relatively novel
materials, the ton-scale production of many MOFs has been
reported,?1-2)) and size and morphology control is routine in in-
dustrial crystallization.[?*! Furthermore, MOFs are currently de-
veloped, academically and in start-up companies, for various bio-
applications, such as drug delivery, enzyme immobilization, and
biosensors.[22¢] Therefore, MOFs could be a promising candi-
date as building blocks for scalable MB surfaces. In this study, we
control the orientation of MOFs based on biocompatible metal
ions to create spike-like surfaces with MB properties. This is a
different approach from many MOFs that have been reported
as potential antibacterial agents due to their ability to release
toxic metal ions (Section S2, Supporting Information), includ-
ing silver (Ag), copper (Cu), zinc (Zn), and cobalt (Co) ions.[?:28]
Here we report a facile process to fabricate MOF MB surfaces
through epitaxial growth of MOF-on-MOF hybrids with sharp-
tip features, using two biocompatible MOFs, MIL-88B(Fe) and
UiO-66(Zr).12731 These MOF particles presented a caltrop-like
3D structure and were assembled on surfaces through in situ
growth and ex situ dropcasting methods. The obtained MOF sur-
faces presented MB effects toward both Gram-positive and Gram-
negative bacteria. Our approach and results cast light on the ob-
stacles of achieving MB surfaces with rational-controlled geomet-
ric features in a facile manner and open a novel sight to apply
MOFs for antibacterial applications.

2. Rational Control of Geometric Features in
MOF-on-MOF Surfaces

The size, orientation, and density of nanopatterns are critical for
the performance of natural and artificial MB surfaces.®32] MIL-
88B(Fe) was selected as the nanopillar due to its nanoscale size,
spike-like geometry, and low cytotoxicity.[?”) However, arranging
MIL-88B nanopillars perpendicularly to be accessible to bacte-
ria is challenging. Furthermore, MIL-88B as nanopillars would
have to be precisely spaced to avoid the bed-of-nails effect!*}] and
intercalation of bacteria in between adjacent pillars.>***] Based
on these criteria, we applied a core-satellite MOF-on-MOF strat-
egy, where UiO-66 was used as the core and MIL-88B as the
satellite.?*3”] The caltrop-like MIL-88B-on-UiO-66 (denoted as
MoU) hybrids were assembled with two approaches, i.e., in situ
growth and ex situ dropcasting, to achieve MOF MB surfaces
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shown in Figure 1. The in situ growth approach (Figure 1a) re-
sulted in a one-pin up orientation (Figure 1b; Video S1, Sup-
porting Information), where a UiO-66 layer first in situ grew on
the substrate, followed by the epitaxial growth of the MIL-88B
onto the UiO-66 crystals. The length of the MIL-88B nanopillars
was ~300 nm, and the base and tip diameters of the nanopillars
were ~200 nm and less than 5 nm, respectively, as shown in the
transmission electron microscopy (TEM) image (Figure 1e). The
pitch distance between the tips of vertical MIL-88B nanopillars
was ~500 nm, which was controlled by the distance between the
centers of UiO-66 cores (Section S3, Supporting Information),
as demonstrated in the scanning electron microscopy (SEM) im-
ages (Figure 1c,d). This position correlation between the nanopil-
lars and the core MOF opens the possibility to rationally adjust
the surface features in the MOF MB surfaces, as the distance be-
tween adjacent UiO-66 particles and the length of the MIL-88B
can be modified (Section S4, Supporting Information).[3** The
other method we used was dropcasting, which has been reported
as one of the simplest ex situ methods for the fabrication of MOF
thin films.*?] In this approach, MoU hybrids were synthesized
and then dropcast to substrates as illustrated in Figure 1f. When
dropcast, due to the unique eight-pin 3D structure of the MoU
hybrid, the MoU tended to land with four nanopillars on the sur-
face to achieve mechanical equilibrium, resulting in a four-pin
up orientation (Figure 1g; Video S2, Supporting Information), as
demonstrated in the TEM image (Figure 1k). Notably, to achieve
a fully covered surface, some areas of the dropcast MOF coating
consisted of multilayered MoU, which could lead to a random
orientation and distance of the MIL-88B nanopillars (Figure 1j).
Dropcast UiO-66 (Figure 1h) and MiL-88B (Figure 1i) surfaces
lacked the critical geometric features of MB surfaces compared
with MoU surfaces, including sharp nanostructures and vertical
orientation. Both UiO-661*3*4 and MIL-88B!* are reported to be
suitable for large-scale production and are commercially avail-
able on the market.[*~*8] Since MoU synthesis is a combination
of UiO-66 and MIL-88B production, the resulting material can be
considered both scalable and economical. Furthermore, our MoU
surface assembly methods required no sophisticated equipment
and involved low fabrication temperatures, i.e., 120 °C for the
MOF synthesis by in situ growth and room temperature (220 °C)
Dby ex situ dropcasting. This allows for large-scale MOF MB sur-
faces with a wide range of feasible substrates, especially materi-
als that cannot stand high temperatures (Section S5, Supporting
Information).

To verify their crystal structure and chemical composition, the
obtained surfaces were characterized by powder X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS). The obtained
UiO-66 and MIL-88B matched the characteristic peaks of the sim-
ulated XRD patterns (Figure 2a; Section S6, Supporting Informa-
tion), revealing successful MOF synthesis and good crystallinity.
Furthermore, in situ and dropcast MoU contained characteris-
tic peaks of UiO-66 and MIL-88B, indicating a successful epitax-
ial MOF-on-MOF growth. The XPS survey spectra in Figure 3b
show that C, O, Fe, and Zr elements were found on the MoU
surfaces, where Fe is from the MIL-88B nanopillars and Zr from
UiO-66 cores. High-resolution XPS spectra for Fe 2p and Zr 3d
confirm the existence of Fe** and Zr** in the obtained MoU (Sec-
tion S7, Supporting Information). SEM/TEM images (Figure 1),
XRD and XPS results (Figure 2a,b) jointly confirm the success of
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Figure 1. MOF mechano-bactericidal (MB) surfaces. Caltrop-like MIL-88B-on-UiO-66 (MoU) hybrids are used as the building blocks for MB surfaces
through two assembly methods. a) Schematic showing MoU surfaces through in situ growth: 1. substrate, 2. in situ growth of UiO-66 on the substrate,
3. epitaxial growth of MIL-88B-on-UiO-66 (MoU); b) Schematic illustration of the one-pin up orientation in in situ MoU surfaces; SEM images of ¢) in
situ UiO-66 surface and d) in situ MoU surface after epitaxial growth of MIL-88B; €) TEM image of MoU hybrid with one-pin up orientation; f) Schematic
showing MoU surfaces through ex situ dropcasting, 1. MoU hybrids through epitaxial growth, 2. Dropcasting MoU to the substrate; g) Schematic
illustration of the four-pin up orientation in dropcast MoU surfaces; SEM images of dropcast h) UiO-66, i) MIL-88B, and j) MoU, zoomed-in SEM image
false-colored with UiO-66 in blue and MIL-88B in pink; k) TEM image of MoU hybrid with a four-pin up orientation. Scale bar: 200 nm.

MOF-on-MOF synthesis in obtaining MoU surfaces, where the
nanopillar structures are MIL-88B(Fe) and the core structures are
Ui0-66(Z1).

Surface wettability may influence the attachment propensity
of bacteria.[**3% Our in situ MoU surface had the water contact
angle (CA) of 127°, compared to the 55° of the intact Si substrates
(Figure 2c), indicating increased hydrophobicity. The other MOF
surfaces we fabricated were also hydrophobic (Section S8, Sup-
porting Information). The enhancement of the hydrophobicity
can likely be attributed to the hydrophobicity of MOFs[>!l and the
nanostructure-induced surface roughness.*?)

Atomic force microscopy (AFM) was utilized for mapping
the topography of the MOF surfaces. The AFM mapping
(Figure 2d—f) confirmed that MOFs as building blocks created
spaced nanopatterns. Considering that most parts of the caltrop-
like MOF-on-MOF structures are not perpendicular to the sub-
strates, topographical parameters obtained by AFM scanning,
such as surface roughness, may not reveal the actual surface fea-
tures, which are crucial for MB properties of the obtained MOF
surfaces. Therefore, we mainly used AFM in this work to under-
stand the orientation differences in the in situ and ex situ MoU
surfaces by investigating the zoomed-in cross-section profiles for
individual MOF structures. As demonstrated in Figure 2d, the in
situ grown UiO-66 provided a near-horizontal plane for the MIL-
88B to vertically grow epitaxially. Therefore, the MIL-88B nanopil-
lars in the in situ MoU surface presented a perpendicular orien-
tation to the substrate (Figure 2e), resulting in one-pin up ori-
entation. By contrast, the MIL-88B nanopillars issued from the
dropcast coating tended to be at ~35° to the substrate, leading
to a four-pin up orientation. Moreover, due to multilayer stack-
ing, nanopillars in dropcast MoU presented a random orientation
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(Figure 2f). These findings confirmed that the orientation of the
MOF nanopillars can be arranged at different angles by in situ
and ex situ methods.

3. Mechano-Bactericidal Actions of MOF Surfaces

MB efficacy of the obtained MOF surfaces was examined by plate
counting of colony forming unit (CFU) and live/dead fluores-
cent staining, using Escherichia coli (E. coli) and Staphylococcus epi-
dermidis (S. epidermidis) as model organisms for Gram-negative
and Gram-positive bacteria, respectively. Additionally, multidrug-
resistant (MDR) Staphylococcus aureus (S. aureus) was tested
as a top priority pathogen. Ruling out chemical cytotoxicity of
the MOFs is crucial to the quantitative study of the mechano-
bactericidal performance. Therefore, the zone of inhibition test
was carried out for all obtained MOF surfaces. No inhibition
zone was found in the MOF surfaces, indicating low chemical
cytotoxicity of the MOFs (Section S9, Supporting Information).
However, during the tests with liquid culture medium, we ob-
served that MIL-88B (Fe) presented bactericidal effects toward the
Gram-positive bacteria (both S. epidermidis and S. aureus). This
is most likely caused by Fenton-like reactions from the iron (Fe)
ions released from the MIL-88B, of which Gram-positive bacte-
ria are known to be sensitive.>3] This intrinsic bactericidal effect
of MIL-88B toward Gram-positive bacteria impeded the quanti-
tative study of the MB performance of the MOF surfaces. Cu-
mulative effects of chemical toxicity and MB effects on Gram-
positive bacteria are shown in Section S10 (Supporting Infor-
mation). This left us with E. coli as the model for investigating
MOF MB effects. Both the in situ MoU and dropcasting MoU
surfaces demonstrated MB performance according to the CFU
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Figure 2. Material characterization of MOF MB surfaces. a) XRD patterns of in situ and dropcast MoU surfaces, UiO-66, MIL-88B, and their simulated
patterns. The characteristic peaks of UiO-66 (blue-octahedron) and MIL-88B (pink-rod) are marked at corresponding positions; b) XPS survey spectra
of the obtained MOF surfaces with C, O, Fe, and Zr characteristic peaks marked; c) The water contact angle of the silicon substrate and the in situ MoU
surfaces showing the enhancement of hydrophobicity after MOF coating. The AFM scanning and cross-section profile of d) in situ UiO-66, providing
a horizontal plane for MIL-88B epitaxial growth e) in situ MoU, showing one-pin up orientation with a near perpendicular MIL-88B nanopillar, and f)
dropcast MoU surfaces, showing four-pin up orientation with random angles of the MIL-88B nanopillars, scale bar: 200 nm.

bar chart of attached E. coli after 24h growth (Figure 3a; Sec-
tion S11, Supporting Information). Notably, individual UiO-66,
MIL-88B, and physical mixture of UiO-66 + MIL-88B (denoted
as U+M) did not show significant bactericidal efficiency accord-
ing to their CFU results, which confirmed no/negligible chem-
ical killing effect was involved for E. coli. For the in situ MoU
surfaces, the bactericidal efficiency was relatively low, at ~32%.
While the bactericidal efficiency of the dropcast MoU surfaces
reached ~83%, landing in the upper tier (over 80%) of the re-
ported solely MB active surfaces (Section S1, Supporting Infor-
mation). This can probably be explained by the fact that there
were fewer uncovered areas on the dropcast MoU surfaces (15%)
than on the in situ MoU surfaces (35%), as analyzed by our pre-
viously reported image analysis methods (Figure 3¢; Section S12,
Supporting Information).l**>* The uncovered areas are not effec-
tively protected, as bacteria could attach and survive. This could
also be revealed by the live/dead staining images in Figure 3b,
where green signals indicate live bacteria and red are dead bac-
teria. E. coli formed a dense biofilm on the control surface, while
several isolated bacterial clusters were observed to attach on the
in situ MoU surface. For the dropcast MoU surface, separated
individual bacteria were observed in the live/dead staining im-

Adv. Sci. 2025, 12, €05976 €05976 (4 of 8)

ages (Figure 3b), corresponding to a much smaller unprotected
area in dropcast surfaces seen in Figure 3c2. The bactericidal ef-
ficiency of the dropcast MoU surface dropped from 83% for 24h
growth to 51% for 72h growth (Section S13, Supporting Informa-
tion), which could result from the coverage of the nanostructures
by the debris, such as the killed bacteria.l>>*% Therefore, an effi-
cient surface cleaning strategy to remove debris could be essen-
tial for the long-term protection and reusability of the MOF MB
surfaces.>78

To investigate the inactivation mechanisms of the obtained
MOF surfaces, the morphology of the bacteria exposed to MOFs
was characterized with SEM. As seen in Figure 4a,b, E. coli and
S. epidermidis grew dense biofilms on the control glass surfaces.
On the contrary, neither of the bacteria was able to develop a
continuous biofilm, and both presented ruptured structures on
in situ and dropcast MoU surfaces. Different types of bacterial
deformation were observed on the two different MoU surfaces.
For instance, cell rupture by stretching was found in E. coli on in
situ MoU surfaces (Figure 4a5), where the E. coli cell was pinned
by several MOF nanopillars and the bacterial envelope deformed
by stretching and tearing.l”! Cell rupture by direct impaling was
found in E. coli on dropcast MoU surfaces (Figure 4a6), where
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Figure 3. Antibacterial performance of MOF MB surfaces. a) CFU counting results of attached E. coli with 24h growth on in situ MoU surfaces and
dropcasting surfaces, including MoU, UiO-66, MIL-88B, and UiO-66 + MIL-88B (U+M). Data represent the mean + standard deviation of three biological
replicates (““p < 0.007). b) The live/dead fluorescent staining images of attached E. coli with 24h growth on in situ and dropcasting MoU surfaces,
green indicating live bacteria and red indicating dead bacteria, scale bar: 10 um. c) SEM images of 1) in situ MoU and 2) dropcast MoU surfaces with
uncovered areas marked in red, scale bar: 200 nm. 3) The bar chart of the uncovered area percentage of in situ and dropcast MoU surfaces based on
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Figure 4. Mechanism study of the MOF MB surfaces. SEM images of attached bacteria on control, in situ MoU, and dropcast MoU surfaces with 24h
growth: a) E. coli; b) S. epidermidis. Stress contour of bacteria on in situ MoU surfaces: c) E. coli; d) S. aureus. €) Illustration of bacterial rupture by MoU
surfaces. f) SEM images of MoU impaling E. coli and S. epidermidis, false-colored with bacteria in yellow, UiO-66 in blue, and MIL-88B in pink. Scale bar:
200 nm.

Adb. Sci. 2025, 12, e05976 €05976 (5 of 8) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

85U801 7 SUOLUWIOD BA 181D 3|l (dde ay) Aq pausenob ae Sapile O ‘8sn JO S9INJ 10} AeIq 1T 8UIUO /8|1 UO (SUOTHIPUOD-PUR-SLLIBI WD A8 |1 AReq Ul [Uo//StIY) SUORIPUOD pUe SWie 1 8y} 88S *[5z02/2T/c2] Uo Aiqiauluo A8 ‘Bulupsseg sustels Ad 96506202 SAPR/Z00T OT/I0p/L00" A3 1M Alelq1jpul U0 peoLADe//SdY WO j papeo|umod ‘oY ‘GZ0Z ‘Vi8E86TE


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

MOF nanopillars directly penetrated the bacterial membrane,
resulting in deflated morphology and cytoplasm leakage.*! Di-
rect impaling was also observed in S. epidermidis, illustrated by
triangle-like holes found on cells exposed to in situ MoU surfaces
(Figure 4b5). Apart from stretching and impaling, some bacte-
ria suffered non-piercing mechanical injury, e.g., S. epidermidis
on the dropcast MoU surfaces presented a squeezed morphol-
ogy (Figure 4b6). Even though the MOF nanopillars did not lead
to direct penetration, the non-piercing mechanical injury alone
has been reported to induce oxidative stress, ultimately leading
to apoptosis-like death.[®*¢!] Tilted SEM images were acquired
to provide close-up views of the interactions between bacterial
cells and MOF structures, where the interfaces of the nanopillars
impaling bacterial envelopes were revealed (Section S14, Sup-
porting Information). Similar rupture phenomena were found
in MDR S. aureus (Section S14 and S15, Supporting Informa-
tion). Notably, both in situ and ex situ MoU surfaces presented
intact structures and surface coverage after antibacterial evalua-
tion, suggesting good structural stability (Section S16, Support-
ing Information). Understanding the stress distribution on the
bacterial cell is essential for understanding the killing mecha-
nism of MB surfaces. Therefore, we conducted a simulation of
stress analysis for E. coli and S. aureus on in situ MoU surfaces
(Section S17, Supporting Information). As shown in the stress
contour in Figure 4¢,d, the maximum stress on the bacterial enve-
lope is 114 mPa for E. coli and 54 mPa for S. aureus. These maxima
exceed the critical elastic stress of the bacteria.[%?] Since the max-
imum stress occurs at the areas contacting tips of the nanopil-
lars, the simulation results support the feasibility of the MOF
nanopillars puncturing the bacterial membrane, as illustrated in
Figure 4e (Video S3, Supporting Information). Two SEM images
of MoU directly impaling E. coli and S. epidermidis with the tip
of the nanopillar puncturing the bacterial envelope are shown in
Figure 4f.

4. Conclusion

In this work, we designed mechano-bactericidal (MB) surfaces
using the epitaxial MOF-on-MOF hybrids. The caltrop-like MIL-
88B-on-Ui0-66 (MoU) hybrids were assembled on the surfaces
using two approaches: in situ growth and ex situ dropcasting,
resulting in one-pin and four-pin up orientations of the MoU,
respectively. We demonstrated that the features of the MoU sur-
faces can be rationally controlled to fulfill the key criteria for MB
actions: sharp nanostructures with vertical orientation and ade-
quate inter-spacing. Three types of MB actions were observed,
including stretching, impaling, and mechanical injury. Due to
low fabrication temperature, a wide range of feasible substrates,
the waiver of sophisticated equipment, and the scalability of our
MOF-on-MOF MB surfaces, we believe that they could make a
substantial contribution to the mitigation of the initial attach-
ment of bacteria and slowing down biofilm formation in various
applications, such as food packaging, and protection of surfaces
on medical implants and devices.

5. Experimental Section

Fabrication of the MOF MB Surfaces: MOFs, including UiO-66, MIL-
88B, and MoU, were obtained using solvothermal synthesis by modifying
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reported processes.[3¢373%] The in situ UiO-66 surfaces were obtained by
loading the Si chips (6 mm X 6 mm) into the autoclave during UiO-66 syn-
thesis. In situ MoU surfaces were obtained by loading the in situ UiO-66
surfaces into the Pyrex tube during MoU synthesis. Dropcast MOF sur-
faces were obtained by dropcasting 50 uL MOF solution (5 mg mL™" in
ethanol) on the round glass slide (diameter 10 mm). All the samples were
dried in a static vacuum oven at 60 °C overnight before tests. More de-
tails on the MOF synthesis and fabrication of the MOF MB surfaces are
described in Section S18 (Supporting Information).

Scanning Electron Microscopy (SEM): The microstructure of the sam-
ples was characterized by SEM (Zeiss Supra 55VP) with 5 kV accelerating
voltage. The samples containing bacteria were fixed with 3% glutaralde-
hyde for 2 h and then dehydrated by a series of ethanol concentrations
(40%, 50%, 60%, 70%, 80%, and 90%) for 10 min each, and with absolute
ethanol for 15 min. All samples were dried in a static vacuum oven for 3 h
at 60 °C and coated with a 15 nm gold layer to avoid charging.

Transmission Electron Microscopy (TEM): The TEM images were ac-
quired from an FEI Tecnai T20 microscope, equipped with a LaB6 filament
and operating at 200 kV accelerating voltage. The MOF solution (1 mg
mL~" in ethanol) was dropcast on carbon-film supported copper grids
(Sigma—Aldrich) and dried in a static vacuum oven for 3 h at 60 °C be-
fore tests.

X-Ray Diffraction (XRD): The powder X-ray diffraction (PXRD) was
characterized by using a Bruker XRD D8 Advance with Cu Ka X-ray source
(4 = 1.54 A) at room temperature, with a scanning range 26 from 5° to
40°. Simulated PXRD patterns were calculated with Mercury software with
crystal data from the Cambridge Structure Database (CSD).

X-Ray Photoelectron Spectroscopy (XPS): The surface chemistry of the
obtained MOF samples was studied with a PHI VersaProbe Il X-ray pho-
toelectron spectroscopy (XPS) instrument with an Al Ka X-ray source. The
data analysis was performed with CasaXPS software.

Contact Angle (CA) Measurements:  The wettability of the obtained sur-
faces was characterized by measuring the water contact angle in the air us-
ing an optical tensiometer (Attension, Biolin Scientific). The images were
taken within 5 s of the droplets being dispensed on the surfaces. Statistical
averaging of 3 replicates was performed on each sample.

Atomic Force Microscopy (AFM):  The surface topography was studied
using atomic force microscopy using Dimension ICON (Bruker) with tap-
ping mode with Bruker RTESP-300 AFM probes. All samples were coated
with a 15 nm gold layer to reduce the risk of picking MOF particles during
AFM measurement.

Computational Stress Analysis:  To study the stress of the bacterial en-
velope on the MOF surfaces, commercial software (ANSYS 2024 R1) was
used as a finite element analysis environment. The shape of E. coli and
S. aureus bacteria was modeled as a spherocylinder and sphere, respec-
tively. The geometry parameters of the bacterial size and MOF size were
obtained from the SEM and TEM images. Other parameters, including
Young's modulus of the bacterial envelope and the adhesion forces be-
tween bacteria and substrates, were collected from reported literature. All
parameters used for the simulation were summarized in Section S17 (Sup-
porting Information).

Evaluation of Bacterial Viability: The antibacterial performance was
evaluated through plate counting of colony-forming unit (CFU) method
as reported in our previous studies.['73%] The bacterial strains Escherichia
coli (UTI89), Staphylococcus epidermidis (ATCC 35984), and Staphylococ-
cus aureus (CCUG 35571) were obtained from Gothenburg University Cul-
ture Collection (CCUG) and used for antibacterial evaluation on the ob-
tained surfaces. Single colonies of each bacterial strain were grown in a
liquid medium (5mL), Luria-Bertani (LB) broth for E. coli and tryptic soy
broth (TSB) for S. epidermidis and S. aureus, at 37°C overnight. Then, 25
uL overnight bacterial culture was added to 5 mL fresh medium to obtain
an inoculum containing 2-5 x 106 CFU mL™" bacteria, where the bacterial
cell density was verified by plate counting. The inoculum was then loaded
onto the tested surfaces, at 40 and 100 uL to the silicon substrated (square,
6 mm x 6 mm) samples and glass slide substrated (round, diameter 10
mm) samples, respectively, to make sure the MOF surfaces fully covered
while not contaminating the uncoated surfaces. Notably, to avoid the evap-
oration of the culture media on the sample surfaces, the tested samples
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were placed in the middle part of a 24-well plate, while the surrounding
empty wells at the edges, as well as the gaps of the plate, were filled with
sterilized distilled water. After 24 h bacterial growth at 37 °C, the media
culture was removed from the surface, and irreversibly attached bacteria
were detached from surfaces by sonication (Digital Sonifier, Branson, 10%
amplitude, 30 s) and collected in saline solution (5 mL of 0.89% NacCl).
Thereafter, the collected bacteria were diluted (x10) serially and plated in
agar plates. The plates were incubated at 37 °C for 24h. The number of
colonies on the collected plates was counted, and the number of viable
bacteria (CFU sample™!) was then estimated by the number of colonies
counted in plates and their corresponding dilution factors. The bacterici-
dal efficiency was obtained by normalizing the CFU counts of each surface
corresponding to that of the control surface. The experiments were con-
ducted with three biological replicates, and the mean values + standard
deviation were reported. The statistical significance between the MoU sur-
face and control surface was examined using an independent t-test at p <
0.05.

Fluorescence Microscopy: The live/dead assay was done with fluores-
cence microscopy. The attached bacteria on the surface were stained
with LIVE/DEAD BacLight bacteria viability stains kit L7012 (Invitrogen,
Molecular Probes, Inc. Eugene, OR, USA). The kit consists of the green-
fluorescent nucleic acid stain SYTO 9 and the red-fluorescent nucleic acid
stain propidium iodide (Pl). The green-fluorescent dye (SYTO 9) crosses
all bacterial membranes and binds to the DNA of bacterial cells. The red-
fluorescent Pl only crosses damaged bacterial membranes (dead bacte-
ria). Fluorescence microscopy imaging of the attached bacteria was ac-
quired using a fluorescence microscope (LeicaDMi8) with a Z-stack func-
tion, after staining the samples with a mixture of SYTO 9 and PI for 20
min. Experiments were performed in three biological replicates, and rep-
resentative images were presented.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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