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Metal-organic frameworks (MOFs) are an emerging class of nanomaterials with immense biomedical potential for
their unique interactions with biological and organic materials. In this work, we select two candidate two-
dimensional (2D) MOF systems based on Fe>™ and Ni?>* metal centers and 2-aminoterephthalate acid ligand

g;giﬁg;gﬁity (Fe-MOF and Ni-MOF) and evaluate their performance as an active interface for study of cell-interactions. 2D Fe-
Electrical cell-substrate impedance spectros- MOF and N1—MQF were synthesized onto hydroxyl-modified gold and glass .substrates using a layer-by-layer
copy liquid-phase-epitaxy (LbL-LPE) growth at room temperature and used as active substrates (Fe-MOF/glass, Fe-

MOF/Au, Ni-MOF/glass and Ni-MOF/Au, respectively) for MTT cell-proliferation and reactive oxygen species
tests using the PC-12 cell-line in order to investigate the biocompatibility. Immunostaining and morphological
analyses of PC-12 cells on MOF interfaces suggested a stronger cell-substrate interaction in comparison to glass
and were further characterized using the Electrical Cell-substrate Impedance Sensing (ECIS) technique, here for
the first time, employed to study cell attachment, spreading and proliferation on 2D Fe-MOF. The 2D Fe-MOF
showed superior long-term stability in cell culture medium by recording impedance over 24 h, crucial to
monitor cell-dynamics at a solid-liquid interface. A significant increase of interfacial impedance was observed in
ECIS, due to PC-12 cells adhering onto 2D Fe-MOF, which was also confirmed by the focused ion beam etching
followed by scanning electron microscopy. Our novel findings, therefore, suggest 2D MOFs as highly suitable
platform for the study of cell-related interactions using electrical techniques and potentially pave the way for
future use of MOFs for bioelectronics and biosensor applications.

Cell-culture assay

of the development of various cell-based assays. In addition,
cell-substrate interactions are also in the focus of research for future

1. Introduction

Living-systems, such as cells, actively interact with their surround-
ings, which strongly influence their sustenance and growth (Miller
1973). The growth substrates or templates are one of the critical external
factors that have a decisive influence on the cell growth and sustenance
and overall behaviour. Cell-substrate interactions therefore attract an
immense interest in the field of cell-biology and have been at the center
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applications in bioelectronics, biological implants and tissue regenera-
tion (Ermis et al., 2018; Vandrovcova and Bacakova 2011; Wang et al.,
2008). For example, the study of interactions between cells and sub-
strates can provide valuable insights on how to design novel materials or
substrates that promote cell adhesion, growth and differentiation (Ermis
et al., 2018; Rajendran et al., 2023; Sniadecki et al., 2006; Vandrovcova
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and Bacakova 2011). The design of optimal cell-substrate interfaces,
therefore, are not only critical to study the fundamental of cellular-life,
but also to develop or improve technique for their studies. One of the
well-established techniques for examining cell-substrate interactions is
Electrical Cell-Substrate Impedance Sensing (ECIS), with advantages of
being noninvasive, real-time and offering long-term monitoring of cell
dynamics (Hedayatipour et al., 2019; Hempel et al., 2021; Hong et al.,
2011; Liu et al., 2014; Szulcek et al., 2014; Wegener et al., 2000; Xu
et al., 2016). Over past few decades, ECIS has seen significant advances
together with the development in microfabrication of dedicated device
platforms using metal or semiconductor materials as active substrates
(Hempel et al., 2021; Wegener et al., 2000). Other than the development
of planar metal-electrodes and advanced microelectrode-arrays with
sophisticated materials and geometries, the use of standard silicon
technology towards realization of dedicated semiconductor chips for
cell-based bioassays, stimulations and recordings can be considered as
significant milestones in ECIS (Ghafar-Zadeh et al., 2010; Lin et al.,
2006; Vinzons et al., 2022). Thereby, physical properties of an active
substrate and related transduction mechanism come into consideration,
in the design of advanced cell-substrate interfaces and remain an area of
active exploration.

Conductive organic materials based on poly (3,4-ethyl-
enedioxythiophene)polystyrene sulfonate (PEDOT:PSS), have become a
standard for realization of biological interfaces with lower interfacial
impedance (Hempel et al., 2021; Kavand et al., 2022; Pitsalidis et al.,
2022; Rossetti et al., 2021). ECIS platforms based on conductive organic
polymers such as PEDOT:PSS, while offering inherent advantages of
superior electrical characteristics, also suffer a few critical drawbacks.
Interfacial instabilities and electrochemical drifts related to
water-soluble materials and interfaces based on PEDOT:PSS pose a sig-
nificant challenge for designing bioelectronics platforms for sustained
operation (Chen et al., 2020; Li et al., 2022; Marks et al., 2022; Nawaz
et al., 2021). Countering such disadvantages by chemically substituted
and physically modified materials and interfaces so far provides only
incremental gains and remains far from realization of reliable interfaces.
Therefore, it is of critical importance to investigate alternative material
systems in order to address the drawbacks related to material instability
in biological media in order to design versatile, long-term stable in-
terfaces with excellent electrical characteristics.

Metal-organic frameworks (MOFs), which are also known as porous
coordination polymers (PCPs), constitute ordered crystalline lattices
through coordination of metal clusters with organic ligands (Diring
et al., 2017; Furukawa et al., 2013; Long and Yaghi 2009; Zhou and
Kitagawa 2014). Such metal-organic coordination, due to virtually un-
limited combinations to construct porous crystalline solids in di-
mensions ranging from nano-to micron-scale, together with adjustable
electrical and optical characteristics exhibit tremendous potential in
numerous areas including gas separation/storage, catalysis, energy
storage/conversion and sensor applications (Cui et al., 2016; Kreno
et al., 2012; Kuppler et al., 2009; Liao et al., 2018). The development of
MOFs so far, was mostly driven by exploiting and optimizing their
unique characteristics for chemistry-related applications where high
surface-areas/porosity, customized topography and highly accessible
functional groups are of key-interest. Interestingly, MOFs also found
their use in cell-biology applications as promising material system for
drug-delivery, bio-imaging and similar biomedical studies (Gao et al.,
2020; Horcajada et al., 2012; McKinlay et al., 2010; Vodyashkin et al.,
2023). Recently, researchers deposited 2D Al-based MIL-53 (MIL =
Material Institute Lavoisier) onto polymeric substrates to use it as scaf-
folds for the growth of C2C12 cell-line (an immortalized mouse
myoblast cell line), which exhibited greater serum protein adsorption,
retention, and replenishment capabilities than conventional cell-culture
scaffolds (Katayama et al., 2022). Particularly, C2C12 cells cultured on
MIL-53 (Al) films loaded with serum proteins demonstrated exceptional
adhesion, morphology, and proliferation, even in the absence of serum
protein in the medium. ZIF-8 (ZIF = Zeolitic imidazolate framework)
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modified polypropylene membranes have been applied as a biomimetic
cell-culture platform to improve guided bone regeneration (Ejeian et al.,
2020). Therefore MOFs are emerging as potential material-systems for
advanced cell-related studies which requires careful examinations such
as varying stability of MOFs in complex extracellular matrix media and
thorough analyses of biocompatibility towards different cell lines
(Hanke et al., 2012).

This work, reports on cell-substrate interactions by utilizing different
2D MOFs, as active interfaces by utilizing the well-established ECIS
technique to electrochemically test the cell-substrate adhesion com-
plemented by cell-biology experiments to ascertain the biocompati-
bility. In brief, we selected two 2-aminoterephthalate acid (BDC-NHjy)-
based MOFs (namely Fe-MOF and Ni-MOF) constructed of Fe3* or NiZ*
via coordination reactions, as active 2D interfaces for investigating the
interactions with the PC-12 neuroblastoma cell line. As shown in Fig. 1,
~20 nm Fe-MOF was deposited on 11-MUD (11-Mercapto-1-undecanol)
functionalized gold (Au) electrodes through a layer-by-layer liquid
phase epitaxy (LbL-LPE) method (Semrau et al., 2021). These Fe-MOF
coated Au electrodes were wire-bonded and encapsulated on printed
circuit boards (PCB). Then, PC-12 cells were seeded onto the 2D Fe-MOF
substrates and monitored by electrochemical impedance spectroscopy
(EIS) inside an incubator for up to 24 h. The 2D Fe-MOF exhibited
excellent long-term electrochemical stability in a cell-culture medium. A
superior biocompatibility to PC-12 cells was confirmed by conducting
3-(4,5-dimethylthazolk-2-yl)-2,5-diphenyl tetrazolium bromide-based
cell proliferation assays and analyzing the reactive ion species. While
the biocompatibility of the 2D Fe-MOF is attributed to the non-toxic
constituents and abundant surface functional groups, the PC-12 cell
culture showed distinct cell-attachments, spreading and proliferation
over 24 h. Long-term EIS characterizations of PC-12 cells with 2D
Fe-MOF modified Au electrodes showed a distinct change in the
impedance related to cell attachment, spreading and proliferation
stages, suggesting immense potential of MOF-based interfaces for con-
ducting cell-related studies and applications.

2. Materials and methods

All reagents, chemicals and solvents used in this study were used
without further purification except the chemicals and solvents used for
cell culture, which were further processed by filtration and sterilization.

2.1. Realization of 2D MOF at gold electrodes

FeCl3-6H30, NiCly-6H,0 and 2-aminoterephthalic acid (BDC-NHy),
purchased from Sigma-Aldrich Chemie GmbH (Germany), were used for
the synthesis of 2D Fe-MOF and Ni-MOF, respectively. FeCl3-6H20 was
dissolved in deionized (DI) water with a concentration of 1 mM, while
the BDC-NH; solution with the same concentration was prepared by
dissolving it in an aqueous 10 mM KOH solution. In contrast, the 1 mM
NiCly-6H20 and 1 mM BDC-NHj, solutions were prepared in ethanol for
the synthesis of Ni-MOF. Prior to the deposition of Fe-MOF or Ni-MOF on
Au substrates, 10 nm Ti and 100 nm Au were deposited on 4’ glass wafers
through thermal evaporation and diced into chips with sizes 1.5 x 1.0
cm?. Then, these Au chips were cleaned by acetone and isopropanol in
an ultrasonication bath, which was followed by surface functionaliza-
tion using 1 mM 11-Mercapto-1-undecanol (11-MUD, Sigma-Aldrich
Chemie GmbH) ethanolic solution for 24 h (Dhanapala et al., 2023).
Then, the epitaxial growth of 2D Fe-MOF on Au substrates was per-
formed using the LbL-LPE technique (Semrau et al., 2021). To avoid too
many manual steps in the LbL-LPE protocol and to improve reproduc-
ibility, we developed an automated dip coater (Fig. S1, supporting in-
formation file, SI), which was then deployed for programmable
synthesis of 2D MOFs. In the LbL-LPE process, typically, 11-MUD func-
tionalized Au substrates were submersed into the FeCls solution for 10
min, followed by a rinsing step to wash away unreacted precursors.
Afterwards, these substrates were dipped into the BDC-NH;, solution for
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Fig. 1. Schematic illustration representing the integration of 2D Fe-MOF thin films for performing ECIS with PC-12 cells. (a) Ti/Au coated glass chips were diced
from a 4 inch wafer and cleaned. (b) The chips were functionalized with 11-MUD molecules to provide chemical anchors for the epitaxy growth of MOFs in a layer-
by-layer (LbL) epitaxy approach, where chips are dipped into metal clusters (Fe** or Ni2+), rinsing solution (H;0) and organic ligand solution (BDC-NH,) repeatedly,
(c) After LbL-LPE, the 2D MOF thin films with desired thickness were grown on the chips. (d) The 2D MOF coated chips were placed onto a chip-carrier followed by
wire-bonding and an encapsulation procedure to create a mL volume reservoir for the cell-culture. (e, f). Start of the seeding procedure of PC-12 cells on the

encapsulated chip and long-term EIS monitoring.

another 10 min. Similarly, the second washing step was performed to
remove organic precursor residues. This procedure was repeated mul-
tiple times resulting in longer protocols which were steadily performed
by our dip coater. After twenty deposition cycles, the final 2D Fe-MOF
substrates were dried at 85°C and stored in an N3 chamber for further
characterizations and experiments. For Fe-MOF and Ni-MOF thin film
deposition on glass substrates, oxygen plasma treatment was employed
instead of MUD functionalization, while the growth parameters
remained same as for the Au substrates. For the patterning of Fe-MOF
thin films on Au substrates please refer to Fig. S2 in SI.

2.2. PC-12 cell culture on 2D MOF

PC-12 Adh cells (ATCC, CRL1721.1, US) were used for biocompati-
bility and ECIS experiments. Gibco RPMI-1640 Medium was used for PC-
12 culture, supplemented with 2 mM L-Glutamine (25,030,024, Ther-
moFisher Scientific, US), 10 v/v% Horse inactivated serum (Horse
Serum, Donor Herd, USA origin, Heat inactivated, H1138), 5 v/v%, Fetal
bovine serum (FBS, Gibco Qualified, 10,270-106, US) and 1 v/v%
Penicillin—Streptomycin  (PS, Life Technologies, 15,140-122,
Germany).

For the PC-12 cell culture on the 2D MOFs, all samples underwent 1 h
UV sterilization or were rinsed with 70% ethanol for sterilization and
thereafter poly-L-lysine coating (PLL, Sigma-Aldrich, Germany) or
collagen IV from human placenta (Sigma-Aldrich, Germany) coating on
the MOFs to improve cell adhesion. Typically, 0.1 mg/mL PLL or 1 mg/
mL collagen aqueous solution were utilized to functionalize the MOF
surfaces at room temperature for 1 h. Then, they were washed thor-
oughly with sterile distilled water. Finally, PC-12 cells were plated on
Fe-MOF thin film substrates and incubated at 37 °C for 24 h (5% CO, and
95% humidity).

2.3. Immunostaining experiments

All samples for immunostaining were coated with collagen IV. The
immunostaining was carried out after 24-h of cell culture. To fix the
cells, culture medium was first removed and samples were rinsed three
times with PBS (pH7.4, ThermoFischer Scientific, US). Then, 4 w/v%
paraformaldehyde (PFA, ThermoFischer Scientific, US) was added to
cover samples surfaces for 15min at room temperature, followed by a

PBS washing (x3) to remove excessive PFA. The cell membrane was then
permeabilized with 0.1 w/v% Triton x-100 for 15 min at room tem-
perature. After another PBS wash (x3), unspecific protein binding sites
were saturated with blocking buffer (5 wt% bovine serum albumin in
PBS, Gibco, New Zealand) for 1 h.

In order to stain the focal adhesion areas, samples were incubated
with paxillin (Y113, rabbit, Ab32084, Abcam, UK) for 1 h, and then
washed with blocking buffer. Subsequently, samples were further
incubated with anti-rabbit-Alexa Fluor 488 (Goat, A11034, Thermo-
Fisher Scientific, US) for 1 h. Actin filaments were located with
phalloidin-iFluor 647 Reagent (ab176759, Abcam, UK) for 40 min, and
then rinsed with PBS (x3). Nuclei were visualized with Hoechst 33,342
(H3570, ThermoFisher Scientific, US) for 10 min, and then rinsed with
PBS (x3). The staining procedure was carried out at room temperature,
immunostained samples were finally mounted with fluorescence
mounting medium (Dako Agilent, Germany) and stored at 2-8 °C for
microscopy.

2.4. Laser scanning confocal microscopy and morphological analysis

After immunostaining, samples were visualized with a laser scanning
confocal microscope (LSM880, Zeiss, Germany). Fluorescence excitation
was carried out with lasers at 405 nm (for nucleus), 488 nm (for paxillin)
and 633 nm (for F-actin) and images were taken at room temperature
using a 40x objective with oil immersion.

The cellular morphology was analysed with the Fiji software
(ImageJ). The finalized data were plotted and presented by analyzing
cell area, circularity, roundness, perimeter and aspect ratio. A circularity
value of 1.0 indicates a perfect circle while a decreasing value indicates
an increasingly elongated polygon. The roundness gives a value directly
relative to the aspect ratio. Circularity and roundness were calculated
using the following equations:

47 « Area
Circularity =——— 1
ireutarity Perimeter? M
A
Roundness = & (2)

7 x Major Axis?
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2.5. Biocompatibility assay

An MTT cell proliferation assay kit (Ab211091, Abcam, UK) was used
to evaluate cell viability at the 2D MOF interfaces. To define the cell
culture areas, MOFs substrates were attached to a customized, bottom-
less 48-well plate (Greiner 677,980, Austria) with 1.0 cm?/well growth
area. Then, PC12 cells were detached from the petri dishes and seeded to
the PLL-coated MOF samples with a density of 71.5 k/cm? The cell
number was counted by a Countess 3 Cell Counter set-up from Ther-
moFisher Scientific (US). After 24-h of cell culture, the medium was
replaced by adding 150 pL of serum-free media and 150 pL. MTT reagent
into each sample well. As background control, 150 pL of serum-free
media and 150 pL MTT reagent were added into a blank well. Plates
were incubated at 37 °C in a 5% CO; incubator for 3 h. After incubation,
450 pL MTT solvent was added into each well (including the control
well), followed with another incubation at 37 °C for 15 min in dark.
Then MTT contained sample medium was transferred to a new 96-well
plate for absorbance reading. Ending absorbance at OD = 590 nm was
recorded by microplate reader (Molecular Device, SpectraMax® iD5).
The acquired data was normalized to either bare glass (for MOFs on
glass) or bare gold (for MOFs on Au) substrates separately and presented
in percent (%).

2.6. Cellular reactive oxygen species (ROS) evaluation

The DCFDA/H2DCFDA - Cellular ROS Assay kit (ab 113,851, Abcam,
UK) was used to assess the amount of reactive oxygen species in live PC-
12 cells. Briefly, small vials from the assay kit were centrifuged at low
speed prior to opening. To prepare a 1x buffer ready for usage, the 10x
buffer from the kit was diluted with DI water. The 1x buffer was kept
inside fridge and equilibrated to 37 °C before usage. To prepare a
working DCFDA solution, 20 mM DCFDA was freshly diluted to a 20 pM
final concentration with the 1x buffer.

To define the cell culture areas, MOFs substrates were attached to
customized bottom-less 48-well plates (Greiner 677,980, Austria) with a
final 1.0 cm?/well growth area. Cells were seeded into each well with a
final density at 71.5 k/cm?. The medium was removed after 24-h cell
incubation and rinsed with the 1x buffer (300 pL/well). Then cells were
stained with 300 pL/well of the DCFDA working solution. Thereafter,
the cells were incubated with DCFDA working solution for 1 h at 37 °C.
Then the DCFDA solution was replaced in a 1x buffer (300 pL/well). The
plates were measured immediately using a microplate reader (Molecular
Device, SpectraMax® iD5) at Ex/Em = 485/535 nm in the end point
mode in presence of cells and medium. The acquired data was normal-
ized to either bare glass (for MOFs on glass) or bare gold (for MOFs on
Au) control substrates separately and the data is presented in percentage
(%) values.

2.7. Sample preparation for electron microscopy and focused ion beam
milling

The samples were prepared following the ultra-thin plasticization
procedure (Santoro et al., 2017; Wrobel et al., 2008). The biological
samples were initially treated with 4% v/v paraformaldehyde dissolved
in Milli-Q water, for chemical fixation. This was followed by an over-
night incubation at 4 °C in 2.5% v/v glutaraldehyde (Electron Micro-
scopy Science) diluted in 0.1 M cacodylate buffer. Subsequently,
samples were rinsed with a 0.1 M cacodylate solution while being kept
on ice throughout these procedures. Next, the buffer solution was
substituted with a 20 mM glycine solution, prepared with 0.1 M sodium
cacodylate, and the samples were allowed to incubate for 20 min.
Following this, the specimens were placed in a solution containing 4%
v/v aqueous osmium tetroxide (Electron Microscopy Science) and 2%
potassium ferrocyanide (Electron Microscopy Science) for a duration of
1 h at 4 °C, while being shielded from direct light. Subsequently, the
samples were subjected to three washes with a 0.1 M cacodylate buffer
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solution. To conclude, a final incubation was carried out using a 2% v/v
aqueous osmium tetroxide solution (Electron Microscopy Science) at
room temperature for 30 min. The specimens were meticulously rinsed
with DI water at room temperature and then immersed in a 1% filtered
thiocarbohydrazide (TCH), (Electron Microscopy Science, USA solution
in DI water for 20 min at room temperature. Afterwards, the samples
underwent three rounds of rinsing with DI water. Subsequently, they
were immersed overnight at 4 °C in an En bloc staining solution con-
sisting of 4% v/v uranyl acetate. After this, the samples were subjected
to additional three rinses of DI water and then placed in a 0.15% v/v
tannic acid solution (by Sigma Aldrich) for a brief 3-min incubation at
4 °C. Dehydration was carried out through a sequence of ethanol di-
lutions (30% v/v, 50% v/v, 75% v/v, 2 x 95% v/v, and 100% v/v
ethanol in water), each step lasting for 10 min at 4 °C. Additionally,
100% ethanol was replaced twice at room temperature. Finally, the
samples were gradually embedded in resin (comprising 25 mL of NSA, 8
mL D.E.R. 736, 10 mL of ERL 4221, and 301 pL of DMAE, obtained from
Electron Microscopy Science) using varying ethanol-to-resin ratios. The
initial embedding involved a mixture of ethanol and resin with a 1:3
ratio, and the sample remained embedded for 2 h. Subsequently, the
second ratio used was 1:2, and this embedding step also lasted for 2 h.
Finally, the last embedding was carried out using pure resin and was left
in place overnight and throughout the day. Afterwards, the specimens
were positioned vertically for 2 h and then polymerized at 70 °C for 24 h.
To prepare the samples for electron microscopy imaging, they were
affixed to aluminium stubs with a diameter of 3.2 mm using silver
conductive paste (RS Pro, country) and coated with a 15 nm thick layer
of gold before imaging.

2.8. Focused ion beam - scanning electron microscopy (SEM-FIB)

The specimens were loaded inside the dual-beam vacuum chamber
(Thermo Fischer, Helios NanoLab 600i and 650). Firstly, the region of
interest (ROI) was detected and then the stage was tilted at 52°. After-
wards, one deposition layer was performed by ion beam deposition (0.3
pm thickness of platinum, with a beam current of 0.43 nA and 30 kV
acceleration voltage). Cross sections were performed by first trenching
out the material via an ion beam (cutting thickness: 5 ym; current: 0.79
nA; acceleration voltage: 30 kV). The ion beam was then used to polish
the interface (current: 0.23-0.43 nA; acceleration voltage: 30 kV).
Scanning electron micrographs were acquired in back scattering mode at
high resolution with a dwell time of 20 ps and an electron beam with
acceleration voltage of 3 kV and a beam current of 0.17 nA.

2.9. Structural and morphological characterizations

Optical images of the Au substrate and the 2D Fe-MOF thin films on
Au substrate were captured by a Confocal Laser Microscope (Keyence,
VK-X200). Grazing incidence X-ray diffraction (GIXRD) was conducted
on an X’Pert pro (PANalytical, CuKa A = 1.5406 ;\) from 3° to 50° with a
step of 0.1° to evaluate the crystallinity and eventual impurities in the
2D Fe-MOF on Au substrates. The thickness and topographic evaluations
of the 2D Fe-MOF were carried out by Atomic Force Microscopy (AFM,
NX20, Park systems) and Scanning Electron Microscopy (SEM, Zeiss)
and energy dispersive X-ray spectroscopy (EDAX) techniques. Water
contact angles were characterized using a dynamic contact angle mea-
surement set-up (DataPhysics OCA15EC).

2.10. Electrochemical impedance spectroscopy

EIS characterizations (two-electrode configuration using Platinum
wire as a counter electrode) of 2D Fe-MOF modified electrodes (0.3 x
0.2 mm? x 12 = 0.72 mm?) were done using a potentiostat (Pico Emstat
from Palmsens) and the spectra were recorded in the frequency ranges
from 5 Hz to 200 kHz, while a small AC potential of 50 mV was applied.
Initially, long-term EIS spectra were recorded every 5 min for 24 h to
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evaluate the electrochemical stability of the 2D Fe-MOF in cell culture
medium without PC-12 cells. Then, the PC-12 cells were seeded with a
density of 200 k cells/cm?, and immediately, long-term EIS spectra were
collected with the same parameters for 24 h.

3. Results and discussion

Asillustrated in Fig. 1 and described in Section 2.1, 2D Fe-MOF were
synthesized on Au substrates functionalized with hydroxyl groups by
carrying out twenty LbL-LPE cycles using the automated dip coater.
These samples are denoted as Fe-MOF-20c. Initially, the successful
growth of homogeneous Fe-MOF thin films was observed by confocal
laser microscopy. As shown in Fig. 2a, regions of Au substrate and Fe-
MOF are clearly visible. In order to characterize the thickness of the
LPE grown MOFs, a photolithography process was developed to pattern
the MOFs on arbitrary substrates. The developed protocol to micro-
pattern 2D Fe-MOF is described in Fig. S2 in the SI. Once micro-
patterned, the thickness of Fe-MOF-20c was characterized by AFM. As
can be seen in Fig. 2b, the thickness was about 20 nm, forming an ultra-
thin functional 2D interface on Au substrates, which can also be used as
an electrode for the EIS measurements. A low surface roughness value of
R, = 3.9 nm demonstrates the smoothness of 2D Fe-MOF surface
(Fig. 2¢). As expected for the LPE grown 2D MOFs, the resulting surface
roughness after growth is much higher in comparison to the Au electrode
with an average roughness value R; = ~1.0 nm and a MUD function-
alized Au electrode measured at R; = ~1.0 nm (shown in Figs. S3 and
S4). The corresponding amplitude image shows a consistent tip-
deflection and suggests a high homogeneity of the 2D Fe-MOF coating
on the Au electrodes (Fig. 2d). Additionally, the successful growth of the
2D Fe-MOF on Au is identified by comparative analysis of water contact
angle measurements on bare Au substrates, MUD functionalized Au
substrates, and Fe-MOF-20c on Au (Fig. 2e-g). The significant decrease
of the contact angle from 84.8° to 55.4° indicates a successful intro-
duction of hydroxyl groups on Au substrates. Then, the obvious increase
of the contact angle from 55.4° to 61.5° implies the growth of Fe-MOF on
the functionalized Au substrate. Furthermore, the contact angle (61.5°)
for Fe-MOF-20c suggests a hydrophilic character of these novel 2D in-
terfaces with wettability behaviour favourable for live cells to attach and
spread due to the potential interactions between Fe-MOF and membrane

F; .
F Fe-MOF
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proteins (Cui et al., 2020).

The crystallographic structure of the grown 2D Fe-MOF was evalu-
ated using GIXRD measurements, as shown in Fig. 2h two sharp peaks at
38.6° and 44.8° are observable, which can be ascribed to the Au sub-
strate. The two weaker angel peaks are at 8.94° and 10.02° and a broad
peak seen at ~12.5° is contributed by the Fe-MOF, indicating a rela-
tively low crystallinity characteristic of the developed 2D films (Huang
et al., 2022). From the GIXRD measurements, no elemental impurities
were observed either foreign or from the precursors used in the growth
process. The SEM scan image shown in Fig. 2i again demonstrates the
homogeneous growth of a typical 2D Fe-MOF layer on the Au substrates.
Herein, from an EDAX spectrum as shown in the image inset, C, O, N,
and Fe elements were recognized, confirming the formation of coordi-
nation frameworks between Fe>* jons and BDC-NH;, linkers but with a
short-range order.

After confirming the stable and reliable growth of MOF thin films, we
characterized the biocompatibility of 2D MOF layers. For this, samples
of two 2D MOF thin films (Fe-MOF and Ni-MOF) were prepared on glass
and gold substrates and were evaluated with PC-12 cells after 24-h in-
cubation as shown in Fig. 3. The viability assessed from the MTT assays
of PC-12 was normalized to bare glass (for MOFs on glass) and bare gold
(for MOFs on Au) individually to compare the influence of the MOFs on
the different substrates. An average increase in PC-12 viability after 24 h
was observed for both Fe-MOF/glass (108.3 + 42.8 %) and Ni-MOF/
glass (123.1 + 42.9 %) substrates, as compared to that for the bare
glass (95.4 + 24.2 %) substrates. This metabolic viability result proved
the biocompatibility of 2D MOF interfaces realized on glass substrates.
For Fe-MOF/Au (69.9 + 18.9 %) substrates, however, a lower viability
was noticed in comparison to that of the bare Au substrate (100.0 £+ 15.0
%) and for Ni-MOF/Au (107.7 + 28.3 %) with significant statistical
difference, as illustrated in Fig. 3a. The varying viability results on Au
substrates suggested the potential surface interaction between Fe-MOF
and Au, and potentially provide opportunities to regulate the bio-
activities at such 2D MOF layers.

To further understand the potential of Fe- and Ni-based MOFs in
regulating cellular activity, ROS generation of PC-12 was measured after
24 h incubation to evaluate the cellular oxidative stress. The corre-
sponding data-sets are presented in percent (%) after normalization to
bare glass (for MOFs on glass) and bare gold (for MOFs on Au) as shown
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Fig. 2. Surface and material characterization of a typical 2D MOF sample. (a) A zoomed in optical image of 2D Fe-MOF on an Au chip shows the clear borders of the
LbL-LPE growth edges. (b) AFM topographic scan of a 2D Fe-MOF layer through a nanoscale trench revealing the height profile of the growth. (c, d) Scans rep-
resenting height and amplitude signal from the AFM for a typical MOF region. (e—f) Images showing water contact angle at bare Au, MUD-functionalized Au, and 2D
Fe-MOF interfaces (h) Grazing incidence XRD pattern of Fe-MOF on an Au substrate indicates a crystal lattice typical of such MOF based porous crystalline 2D
material systems. (i) SEM image of the 2D Fe-MOF show a consistent topography and the corresponding EDAX spectrum indicates the presence of C, N, O, and Fe as

elemental components.
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Fig. 3. Biocompatibility characterizations of LbL-LPE grown 2D MOFs with the PC-12 cell line. (a) Fluorescence absorbance recorded from the PC-12 cell cultures
when performing MTT cell proliferation assays on 2D MOFs grown on glass and gold chips, together with controls. Higher normalized intensities indicate better cell
viability. (b) Evaluation of cellular reactive oxygen species (ROS) after 24 h of PC-12 cell culture on the different 2D MOF samples with relevant control samples.
Higher normalized intensity values indicate a high oxidative stress. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

in Fig. 3b, where higher values indicate higher ROS levels. Here, similar
ROS generation was recorded in bare glass (100.0 & 25.9 %) and Fe-
MOF/glass (96.2 + 44.5 %), while lower ROS was observed in Ni-
MOF/glass (72.2 + 19.2 %). Comparably, Fe-MOF/Au (103.1 + 41.7
%) yielded similar ROS level of PC-12 with bare Au (100.0 + 25.4 %),
while a ROS reduction appeared in Ni-MOF/Au (83.8 + 30.5 %). These
measurement results indicated the ROS reduction ability of Ni-MOFs, on
glass as well as on Au substrates, in agreement with the biocompatibility
evaluation. Considering the redox behaviour of Fe and Ni as transition
metals, these results supported the ability of Fe- and Ni-chelated MOFs
in regulating oxidative stress and therefore improving cell viability,
giving opportunity towards redox active biosensors (Boschker et al.,

2021; Gao et al., 2020).

Morphological analyses were carried out after immunostaining F-
actin (red), paxillin (green) and nuclei (blue), as shown in Fig. 4a—e.
When comparing MOF layers to those of standard glass substrates, PC-
12 cells demonstrated smaller aspect ratios (AR) on both Fe- and Ni-
MOFs and a bigger cell coverage area on Ni-MOF/Au. The smaller AR
can also be clearly seen from the roundness parameter also, which is
related to AR, as presented in Fig. S5. After further comparison between
Fe-MOF and Ni-MOF, no difference was found in AR and roundness.
Overall, the cells were more elongated on Ni-MOF/Au with lower
circularity value compared to Fe-MOF/glass surfaces. In terms of the
coverage area comparison for both 2D MOFs, Ni-MOF/Au interfaces

Fig. 4. Morphological analyses of PC-12 cells on LbL-LPE grown 2D MOF samples. Exemplary fluorescence microscopy images of PC-12 cells after immunostaining
on (a) cover glass, (b) Ni-MOF/glass, (c) Fe-MOF/glass, (d) Ni-MOF/Au, (e) Fe-MOF/Au. Scale bar: 50 pm. Morphology was analysed and statistical data are pre-
sented in Fig. S5 of the SI. Actin cytoskeleton (red), focal adhesion (green), nuclei (blue). SEM-FIB analysis of PC-12 cell adhesion on different surfaces: (f~h) Ni-MOF/
Au substrate, (i-k) Fe-MOF/Au substrate. The black line indicates the original electrode surfaces and arrows point towards the focal adhesion sites. Scale bar is 500
nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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yielded a higher cell coverage area and perimeter in comparison to Fe-
MOF/Au and other substrates (Fig. S5). This is further evidence that
Fe-MOF and Ni-MOF are beneficial in regulating the cytoskeleton
structures compared to non-functionalized bare substrates, which could
also be a result of the lower ROS concentrations at these cell-chip
interface.

The contact area between PC-12 cells and the imposed topography
was visualized by means of SEM and in situ cross-section imaging by
focused ion beam milling. On both Ni-MOF/Au and Fe-MOF/Au, the
plasma membrane follows the metal profiles (Fig. 4f-k). Micrographs
displaying the interaction between PC-12 cells and Ni-MOF/Au
(Fig. 4f-h) suggested that the cells are actively interacting with the
imposed magnetic metal topography (red arrows). In turn, in Fig. 4i-k
showing PC-12 cells on Fe-MOF/Au the high magnetic property of Fe
leads to the formation of the white halo and detaching phases (blue
arrows). FIB-SEM micrographs also show that as cells explore the sub-
strate underneath, importantly the cross sections reveal the presence of
the membrane invagination (red arrows). The porous nature of the MOF
lattice and the topography is expected to allow an altered but favourable
interaction for cell membrane influencing the cell adhesion, prolifera-
tion, and differentiation resulting in higher cell viability. Such favour-
able interactions make MOFs as desirable active substrates for
stimulation and recordings from biological systems. Here, ECIS serves as
an ideal non-invasive technique for the study of cell-substrate in-
teractions, cell-behaviour against new materials and to optimize elec-
trochemical parameters that are fundamental to the development of
future bioelectronics platforms.

Prior to the study of cell-substrate interaction by the ECIS technique,
the long-term electrochemical stability of Fe-MOF thin film in cell cul-
ture medium was evaluated by conducting EIS measurements with a
small AC potential of 50 mV from 5 Hz to 200 kHz. As shown in Fig. S6,
significant decrease in impedance amplitude was observed after 24 h
incubation, most probably due to ion intercalation into the porous Fe-
MOF matrix. Besides, the change in phase also indicates the influence
of the culture medium within the Fe-MOF matrix. Furthermore, the
impedance amplitude of the Fe-MOF/Au substrate was monitored and
analysed at a fixed frequency of 200 kHz for 24 h, as shown in Fig. S7.

Biosensors and Bioelectronics: X 19 (2024) 100487

The impedance amplitude deceased dramatically and rose then steadily
after 4 h. After 16 h a quasi-equilibrium state was reached at the Fe-MOF
interface over 20 h. This stable response is crucial for the ECIS mea-
surements with cells to exclude the contribution to the change of
impedance from the Fe-MOF itself.

The EIS characterizations of the cell cultures involved seeding of PC-
12 cells onto the 2D Fe-MOF samples realized on Au electrodes, where a
significant increase in impedance was observed at the frequencies
around 10 kHz after 24 h, while no apparent change at lower frequencies
(<1 kHz) can be seen (Fig. 5a). Besides, the change of phase in the
frequency range for 24 h is shown in Fig. 5b, implying the successful
attachments of cells. To find the optimal frequency to monitor the
behaviour of the cells (e., g. Attachment, spearing, and proliferation) on
Fe-MOF interface, the impedance was normalized according to:
Zoy) cells/ Zwo celis (W/= with, w/o = without). As shown in Fig. 5Sc, the
impedance amplitude shows the maximum change at a frequency of
12.6 kHz. Then, the PC-12 cell growth and spreading were monitored
and studied at this fixed frequency for 24 h. A quick increase in
impedance amplitude was observed after cell seeding within 4 h, shown
in Fig. 5d. A slight decrease of the impedance amplitude was observed
from 4 to 8 h, which is known as response to cell spreading on the Fe-
MOF interface. Subsequently, PC-12 cells started to grow and prolifer-
ate in the next 10 h, which resulted in the continue increase in imped-
ance due to the rising coverage onto the Fe-MOF/Au electrode with cells
(Szulcek et al., 2014). As indicated in Fig. 5d-a confluent cell layer was
formed after 20 h due to the saturation of impedance from 20 to 24 h,
which was also confirmed by an optical microscopy image captured after
24 h (Fig. S8). Finally, to understand how attached cells influence the
Fe-MOF layer, electrically equivalent circuits were simulated as shown
in Fig. 5e and f before and after cell attachment. Herein, there are three
components to model the contribution of the PC-12 cells, Rjunction, Rcell>
and Cyemprane, due to the formation of a confluent layer. The fitted curves
and parameters before and after cell attachment are shown in Fig. S9,
Fig. S10 and Table 1, respectively. These experimental and modelling
results are in a good agreement, thus validating the electrical model.
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Fig. 5. Long-term EIS characterization of the PC-12 cell culture on Fe-MOF modified gold electrodes. (a) Impedance spectrum of a typical Fe-MOF modified gold
electrode w/o cell (black curve) compared with impedance spectrum (red curve) after 24 h of cell-culture. (b) Characteristic phase change recorded w/o (black curve)
and w/the cells (blue curve) after 24 h of cell culture. (c) Normalized impedance spectral response w/o0 and w/cells. (d) Real-time EIS response of the 2D Fe-MOF
modified electrode over 24 h after the seeding of PC-12 cells recorded at 12.6 kHz inside an incubator. (e, f) Illustrations show the equivalent electrical circuits for the
EIS measurement set-up with and w/o cells (Chen et al., 2011). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Table 1

Summary of the electrical parameters derived from the EIS measurements using
the equivalent circuit as shown in Fig. 5. Corresponding fits to the data are
shown in the SI in Fig. S9 and Fig. S10.

w/o cells w/ cells

Riedium/€Q 252.6 192.4
Relectrode/ 2 88.87 232.9
Chlectrode/NF 23.68 9.847
CPE Q/puT 0.141 0.137

n 0.913 0.936
Rjunction/ NA 209.7
Reen/Q NA 310.4
Cwmembrane/NF NA 129.4

4. Conclusions

Two-dimensional layers based on Fe-MOF and Ni-MOF were suc-
cessfully realized onto glass and Au substrates. In order to characterize
their biocompatibility, a metabolic and a ROS assay were done with the
PC-12 neuroblastoma cell line, which confirmed that cells survive and
proliferate, rendering MOFs as a new class of porous, crystalline and
electrically tunable 2D materials. They present novel opportunties to
develop bioelectronic and biosensor applications. The cell-attachment,
spreading and proliferation steps were studied via employing the ECIS
technique using Fe-MOF/Au samples, which in turn could monitor
different stages of cell spreading and proliferation in realtime. To the
best of our knowledge, this is the first demonstration of utilizing 2D MOF
interfaces to study the cell-substrate interactions using the ECIS tech-
nique. Development of such surface coatings based on MOFs could aid to
study the dynamics of living systems in detail to support the emerging
usage of MOFs such as biological scaffolds and implants (Shen et al.,
2022; Wu et al., 2022). Further, routine integration of novel 2D MOFs as
demostrated in this work, opens up the opportunity to carry out
fundamental studies of underlying effects that regulate the biological
activity and are expected to be advantageous in designing future solu-
tions for stimulation and recording of biological signals.
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