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ABSTRACT

In this study, a simple and competent metal-organic framework (MOF) based nickel foam (NF)
supported 3D immunosensor (Ab-NH,-MIL-88B(Fe,Co)-MOF/NF) was constructed and utilized
for the specific recognition of the biomarker cardiac troponin (I). In the present work, the biosensor
fabrication was progressed through the modification of the NF substrate with MOF material (NH,-
MIL-88B(Fe,Co)-MOF) to enable amine functionalized electrode. This amine functionalized NF
electrodes (NH,-MIL-88B(Fe,Co)-MOF/NF) were then bio-interfaced with anti-cTnl antibodies
and ended up as Ab-NH,-MIL-88B(Fe,Co)-MOF/NF electrodes. Analytical executions of the
constructed bio-electrode were investigated for the quantitative analysis of cTnl in both buffered
and serum solutions. Then, the electrochemical studies were carried out using the electrochemical
impedance spectroscopy (EIS) method by monitoring changes concerning the charge transfer
resistance (R.) characteristics. The limit of detection (LOD) of Ab-NH,-MIL-88B(Fe,Co)-
MOF/NF immunosensor was achieved to be 13 fg/ml with great specificity. This kind of
immunosensor imparts a new platform for the construction and application of MOF-hybrid 3D

electrode materials with enhanced electrochemical behavior in cTnl sensing for the first time.
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INTRODUCTION

Cardiovascular diseases (CVDs) including cerebrovascular disease, congenital heart
disease, coronary heart disease, rheumatic heart disease, acute myocardial infarction, and
peripheral arterial disease are contemplated as a major risk to global health.! This focus to design
new reliable, accurate, and rapid point-of-care (POC) devices to detect CVD. The AMI diagnosis
is carried out by examining various parameters including chest pain, diagnosing the changes in the
electrocardiogram, and measuring the elevation of a crucial cardiac biomarker in the blood
samples.? Cardiac troponins (cTn), myoglobin, creatine kinase isoforms, and -creatine
phosphokinase are the potential cardiac biomarkers that are available for the AMI diagnosis.?
Among these biomarkers, cTnl behaves as a benchmark in AMI evaluation because of its high
degree of specificity and sensitivity.* During the cardiac damage, the ¢Tnl is discharged into the
bloodstream within 12 h and the level reached between 0.7-1.4 ng/ml starting from the normal
level of <0.4 ng/ml and stays upraised till 5-9 days.®> Since early AMI diagnosis is a crucial need,
the levels of ¢Tnl should be tested immediately within few hours after suspecting the onset of
AMI. Various limitations are filed against the existing conventional methods such as field-effect
transistor-based analysis,® electrochemiluminescence,” fluorescence,! and enzyme linked
immunosorbent assay,’ etc. The limitations are low sensitivity, high-cost instrumentations, and
time taking experimental processes. Therefore, a highly sensitive detection technique is required

to achieve an early diagnosis of AMI.

Electrochemical sensors are powerful and contribute to real time detection. Sensors
developed using this methodology are very easy to handle since it acts like a miniaturized POC
devices. Potentiometric, impedimetric, and conductance-based sensors operate under the

electrochemical principle. Out of these methodologies, the outcome of immunosensor based on
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EIS detection can provide an accurate, rapid, direct and selective method for biological samples.!*-
15 Impedimetric sensors record the impedance changes of the newly fabricated impedimetric
sensors that were recorded by supplying the potential to the electrode. With the availability of an
electrolyte, polarization occurs and the charges migrate towards the electrode surface and build an
electric double layer. The pocket charges undergo modulations during the protein-antibody

interactions on the electrode surface.

MOFs are a class of well-ordered crystalline coordination polymers possessing many
attractive characteristics and potential applications in various fields including materials, biological,
energy, and environmental areas.!®?! MOFs have a huge amount of metallic ions, yielding high
electrochemical signals while undergoing electrochemical detection. MOFs and MOFs-derived
hybrid materials are well known for their electrochemical applications*?->* owing to its permanent
porous structure, presence of uniform conductive carbon scaffold, and ultra-small active materials.
This type of construction further enables MOFs to serve as a potential candidate for self-supported
electrodes.” In recent days, MOFs are being used as electrode materials which are important in
biochemistry for developing high sensitive electrochemical methods for potential detection of trace
amount of biological compounds. The superior properties of MOFs including incredible high
surface area various pore sizes, availability of active sites, and controlled surface properties enable

them ideal biosensor for electrochemical reactions.26-27

The NF is a 3D mesoporous substrate acting as a support for conducting electrocatalytic
studies. It is known for its promising characteristics such as high electrical conductance, flexibility,
high mechanical strength, and comparatively high surface areas as compared with other available
supports.?8-2° The MOFs have been hard being studied as electroactive materials since it possesses

low electrical conductivities. The presence of macroporous channels (pore size of several hundred
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micrometers) in NF can provide increased mass transfer associated with electrochemical
processes.’® In particular, in situ growth of nanosized MOFs over NF backbones efficiently
improves the charge carrier transport and greatly enhances overall charge transfer of the electrode.
The poor water stability of electro-active MOFs restricts their practice in the field of
electrochemical detection since most of the reactions are performed in aqueous solutions.3! Hence,
in this study, an electro-conducting bimetallic in situ grown MOF on NF was constructed with a
formula of Fe,Co-MOF/NF to work in the aqueous conditions. This study utilizing the in situ
grown MOF on NF is the first report to demonstrate the use of such material directly as an

electrochemical immunosensor for the recognition of ¢Tnl biomarkers.

In the current study, the design and hydrothermal synthesis of a new class of in situ grown
bimetallic MOF supported on NF (NH,-MIL-88B(Fe,Co)-MOF/NF) materials were reported for
the immunosensing of cTnl. The NH,-MIL-88B(Fe,Co)-MOF was derived from the Fe,Co cluster
([Fe,CoO(CH3C0O0)6(H,0);5]-:3H,0) and 2-amino terephthalic acid (H,BDC-NH;) using
hydrothermal synthesis. The as-prepared NH,-MIL-88B(Fe,Co)-MOF/NF serves as a working
electrode to carry out electrochemical performances. The surface morphologies and the
electrochemical characteristics were studied before and after surface modification with antibodies.
The fabricated electrode is now suitable to detect the various concentrations of target analytes,
cTnl. The different processes associated with the immunosensor fabrication, surface modification
of immunosensor with antibody, and antigen detection were mainly studied using electrochemical
techniques such as EIS and cyclic voltammetry (CV). This type of immunosensor provided a new
floor for the fabrication and practical use of 3D MOF-hybrid electrode materials with enhanced

electrochemical behavior in cTnl sensing for the first time.

EXPERIMENTAL SECTION
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Materials

Ferric nitrate nonahydrate Fe(NOj3);. 9H,0 and cobaltous nitrate Co(NOs),.6H,0, sodium
acetate trihydrate (CH3;COONa-3H,0), 2-aminoterephthalic acid (H,BDC-NH,), acetic acid, and
dimethylformamide (DMF) were purchased from Alfa Aesar. Human c¢Tnl (98%), human cardiac
troponin T, ¢cTnT (98%), avidin, follicle stimulating hormone (FSH), 1-ethyl-3-(3-dimethyl amino
propyl) carbodiimide (EDC), N-hydroxy succinimide (NHS), potassium ferrocyanide
(K4[Fe(CN)y), potassium ferricyanide (K;[Fe(CN)g] were purchased from Sigma Aldrich company
(MO, USA). The nickel foams were commercially purchased from Changsha Liyuan Port
(Changsha China). All other reagents and solutions used in this study were of high analytical grade

and used without any further changes unless it is mentioned.

Methods

The electrochemical analyses EIS and CV were measured using an electrochemical
analyzer, CH16275D with three electrodes set up. The morphology of the synthesized MOFs was
recorded using Hitachi S-4800 Scanning Electron Microscopy (SEM), Japan. The Transmission
Electron Microscopy (TEM) data were recorded using JEOL, JEM-2010 Instruments, Japan. The
analysis of the composition of MOFs was done with the help of Oxford 6587 Energy Dispersive
X-ray Spectroscopy (EDX), Oxford Instruments. Analysis of high phase purity and crystalline
nature of the synthesized materials were determined using Shimadzu XRD-6000 Powder X-ray
Diffractometer (PXRD), Japan. The measurements of X-ray Photoelectron Spectroscopic (XPS)
details were performed to identify the elemental compositions of the synthesized materials in the
presence of an excitation source, monochromatized Al Ka X-ray using Thermo ESCALAB 250X1,
USA. The Brunauer-Emmett-Teller (BET) model depends on N, adsorption and desorption

isotherm curves were determined for the synthesized NH,-MIL-88B(Fe,Co)-MOF materials to
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find out their specific surface area using Micromeritics ASAP 2010 instruments. With the aid of
Non-Local Density Functional Theory (NL-DFT), the pore size distribution of the materials was
calculated. Fourier-Transform Infrared (FT-IR) spectroscopic data were obtained from the
instrument JASCO FTIR-460 spectrophotometer in a frequency range of 400-4000 cm-'. The

samples were pelleted as potassium bromide (KBr) powders.

Synthesis

Synthesis of Fe,Co mixed-metal cluster [Fe,CoO(CH3;COQO)¢(H,0);]-3H,0 (Fe,Co cluster)
The Fe,Co cluster was prepared using a similar method in the reported literature.3>34 A 20
ml solution of CH3COONa.3H,0 (0.088 mol, 12 g) was added to a 20 ml filtered solution
containing Fe(NO;);.9H,0 (0.0056 mol, 2.284 g) and Co(NO3),.6H,0 (0.028 mol, 8.308 g) and
allowed for stirring about 24 h. After 24, the brown precipitate formed was filtered and then
washed with a small quantity of water and ethanol alternatively three times. Finally, the product

was dried in air.

Synthesis of NH,-MIL-88B(Fe,Co)-MOF/NF

The NH,-MIL-88B(Fe,Co)-MOF/NF was grown on NF support in one step by adapting
the reported procedure with slight modifications.? Typically, a reaction mixture containing Fe,Co-
Cluster (400 mg), H,BDC-NH,; (350 mg), DMF (30 ml), acetic acid (1.5 ml), and one NF piece
with a size of 2.5 cm x 2.5 cm was locked in a Teflon hydrothermal bomb. Then the stuffed Teflon
bomb was kept inside an over for about 15 h maintaining at 150 °C to obtain the insitu formation
of NH,-MIL-88B(Fe,Co)-MOF over NF. After the reaction, an obvious color change was noticed
for the MOF stacked NF. The NFs were collected and subjected for DMF and ethanol wash and

finally dried at 70 °C and stored for later use.
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Immunosensor design and fabrication

An illustration of the design and fabrication of 3D impedimetric immunosensor is shown
in Scheme 1. Before use, NFs were cut into pieces having a specific size of 2.5 X 2.5 cm and the
sliced NFs were ultrasonicated with 3M hydrochloric acid for about 30 min to remove the
deposited oxide layer present on their surfaces. Then the NFs washed alternatively with water and
ethanol for three times and dried at 60 °C in an oven. The Fe,Co cluster was synthesized according
to the reported method and was assembled on the surface of the cleaned NFs to produce Fe,Co-
MOEF/NF based on the reported procedure with slight modifications. The as-produced NH,-MIL-
88B(Fe,Co)-MOF/NF after biointerfacing with the cTnl antibody serves as a working electrode to
execute the electrochemical processes. The antibody, antigen, and serum solutions freshly

prepared using phosphate buffered solution (PBS), pH 7.4.

Biointerfacing of NH,-MIL-88B(Fe,Co0)-MOF/NF electrode with cTnl antibody

To bioconjugate, the working area of the NH,-MIL-88B(Fe,Co)-MOF/NF electrodes with
cTnl antibodies, freshly prepared solutions of EDC (200 mM, 50 ul) and NHS (50 mM, 50 ul) (1:1
v/v) were first incubated with ¢cTnl antibody (0.1 mg/ml, 100 ul) solution for about 1 h at room
temperature. The solutions were drop casted over the working areas of the constructed NH,-MIL-
88B(Fe,Co)-MOF/NF electrode followed by incubation for another 1 h at 4 °C. The cTnl antibody
immobilization on the NH,-MIL-88B(Fe,Co)-MOF/NF electrode has occurred via amide bond
formation. The resulted antibody (Ab) coated NH,-MIL-88B(Fe,Co)-MOF/NF (Ab-NH,-MIL-
88B(Fe,Co)-MOF/NF electrode was rinsed with Tween 20 (0.01 %, pH 7.4) solution to remove
any unbound biomolecules. To block the non-specific binding during target analysis, the Ab-NH,-

MIL-88B(Fe,Co)-MOF/NF electrodes were incubated subsequently with bovine serum albumin (BSA)
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(0.25 pg/ml, 50 pl) in PBS for 1 h. The biofunctionalized Ab-NH,-MIL-88B(Fe,Co)-MOF/NF

electrodes were refrigerated at 4 °C for later use.

Electrochemical Measurements

For the electrochemical measurements, cTnl antibody tagged Ab-NH,-MIL-88B(Fe,Co)-
MOF/NF electrodes were used as a working electrode while Ag/AgCl electrodes were used as a
reference electrode and a platinum wire as the auxiliary electrodes. An equimolar (10 mM) mixture
containing K4[Fe(CN)s] and K;3[Fe(CN)s] were employed as the redox probe to conduct all the EIS
experiments. The electrochemical changes were recorded using [Fe(CN)g]>7* as the redox couple. The
EIS measurements were performed during different electrode construction stages including
immunosensor fabrication, electrode biointerfacing with ¢Tnl antibody, and ¢Tnl antigen detection. The
results were presented as Nyquist plots recorded in a frequency range (0.1 Hz — 0.1 MHz) at 0.5 mV
sinusoidal voltage potential. The charge transfer resistance (R) values were obtained from the EIS data
upon fitting it in an equivalent circuit model. The CV studies were performed using K4[Fe(CN)s] (10
mM) solution as an electrolyte maintaining a scan rate of 100 mV/s within a potential range of -1V -

+1V.

Quantification of ¢Tnl antigens

The analysis of cTnl detection was investigated in a concentration range of 1 ng/ml to 1
fg/ml. An aliquot of 10 pl of various cTnl antigen concentrations was exposed to antibody tagged
Ab-NH,-MIL-88B(Fe,Co)-MOF/NF electrode working areas. It was then incubated for 10 min to
assure the interactions between cTnl antibody-cTnl antigen. The electrodes were then washed with
PBS and dried under nitrogen atmosphere before keeping it in an electrolytic solution for the

electrochemical assessment. The applied potential for this study is in the range of -1 to +1 V.
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Baselines were corrected by performing the blank analysis. The LOD of the designed
immunosensor was calculated with the help of following equation:3® LOD = 3.3 x S.D/s, where
“S.D” is the standard deviation of the blank sample and “s” is the slope obtained from the
calibration curve. The specificity of the functionalized immunosensor was analyzed by
investigating the electrochemical response of Ab-NH,-MIL-88B(Fe,Co)-MOF/NF electrodes

against a non-specific protein, FSH, avidin, and cTnT.

RESULTS AND DISCUSSION

The schematic of the label-free bimetallic in situ grown 3D NF supported NH,-MIL-
88B(Fe,Co)-MOF based impedimetric immunosensor for cTnl antigen detection is presented in
Scheme 1. As written in the experimental section, The NH,-MIL-88B(Fe,Co)-MOF/NF was
synthesized in one step hydrothermal methods from the Fe,Co cluster, H,BDC-NH,, and NF as
starting materials (Scheme 1). The formation of NH,-MIL-88B(Fe,Co)-MOF on NF support is
entirely uniform as one can observe from the color change of the material. This yielded high-
quality NH,-MIL-88B(Fe,Co)-MOF/NF materials were judged from several characterization
techniques. The structural and morphological behavior were investigated by the combination of various
techniques including SEM, TEM, XPS, BET-Langmuir, DFT, PXRD, and FT-IR. To test the formation
of nanostructure of the NH,-MIL-88B(Fe,Co)-MOF material coated on NF, some amount of NH,-MIL-

88B(Fe,Co)-MOF was scratched off from NH,-MIL-88B-(Fe,Co)-MOF-NF and studied.
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|(FezCo)0( BDC-NH :}3( H 20)y

18 Scheme 1. An illustration of the in situ hydrothermal syntheses of NH,-MIL-88B(Fe,Co)-MOF
nanospheres on NF derived from Fe,Co-cluster, H,BDC-NH, ligand, and NF piece at 150 °C for
2 15 h resulting uniformly grown NH,-MIL-88B(Fe,Co)-MOF over the surface of NF.

The image obtained from SEM analysis showed that the NH,-MIL-88B(Fe,Co)-MOF
25 particles grown on NF possesses nanosphere structures having an average particle size of 200 nm
27 (Figure 1a-g). The EDX analysis of the NH,-MIL-88B(Fe,Co)-MOF revealed that the presence
of main constituent elements such as carbon (C), oxygen (O), nitrogen (N), iron (Fe), and cobalt

32 (Co) (Figure S1).
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Figure 1. (a-g) SEM images of NH,-MIL-88B(Fe,Co) grown on NF. (h) TEM image of NH,-
MIL-88B(Fe,Co) grown on NF.

The elemental analysis pattern of EDX analysis concluded that NH,-MIL-88B(Fe,Co)-MOF
shares the same elemental composition. The comparison of atomic % values obtained from EDX
analysis is in good agreement with the theoretically calculated values of NH,-MIL-88B(Fe,Co)-
MOF. The image of area EDX elemental mapping for NH,-MIL-88B(Fe,Co)-MOF are shown in
Figure S2. The TEM-EDX (Figure 1 h) of NH,-MIL-88B(Fe,Co)-MOF and its corresponding
elemental mapping data (Figure S3) confirms the presence of all the constituent elements C, N,

O, Fe, and Co, and the uniform distributions of these elements over the compound.
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The crystalline structure of NH,-MIL-88B(Fe,Co) grown on NF was characterized with
PXRD and the structure is identical with the simulated PXRD diffraction pattern of NH,-MIL-
88B(Fes3) (Figure 2a). To investigate the electronic structure of the synthesized MOF, the XPS
measurements were recorded for the scratched off NH,-MIL-88B(Fe,Co) from NF. The analysis
of the XPS spectrum of the NH,-MIL-88B(Fe,Co) shows the presence of major constituent

elements such as C, N, O, Fe, and Co (Figure 2b).

Furthermore, the HR-XPS spectrum of Fe2p (Figure 2¢) can be de-convoluted to display
binding energy peaks for Fe2ps,, and Fe2p,,, at 711.6 and 724.8 eV, respectively. The associated
satellite peak was found at 717.6 eV. Also, the position of the peaks and the binding energy
difference of 13.2 eV confirms the iron metal is present in the +3 oxidation sate in the MOF?37
whereas, the HR-XPS spectra of Co2p (Figure 2d) exhibits two major peaks for Co2ps;, and
Co2py; at 780.5 and 795.5 eV, respectively. The corresponding two satellite peaks were observed
at 785.2 and 803.2 eV, indicating the existence of cobalt metal in +2 oxidation state in the MOF.38
The atomic ratio of Fe:Co obtained from the XPS results is close to 2:1 which is well agreed with

the theoretically calculated values depending on the composition of MOF (Figure 2e).3?
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Figure 2. (a) Images of (i) powder XRD patterns of NH,-MIL-88B(Fe,Co) and (i1) simulated
pattern. (b) The XPS spectrum of scratched doff NH,-MIL-88B(Fe,Co) from NF showing the
presence of major elements including C, N, O, Fe, and Co. (c, d) The high resolution XPS (HR-
XPS) spectrum of Fe2p (de-convoluted spectra) and Co2p. (e) The elemental composition
(atomic%) of the scratched off MOF, NH,-MIL-88B(Fe,Co) obtained from XPS results.

The porous characteristics of the scratched off MOF, NH,-MIL-88B(Fe,Co) was evaluated
with N, gas sorption measurements recorded at 77 K. The N, gas sorption isotherms exhibit Type-I
characteristics isotherm for microporous material, the rapid sorption pickup at low pressure
indicates the microporous nature (Figure 3a). The calculated specific surface areas are 405 and
523 m?g ! based on the BET model and Langmuir model, respectively. The pore size distribution

results of NH,-MIL-88B(Fe,Co) derived using the DFT method are shown in Figure 3b, indicated
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the pore sizes of 1.1 and 1.4 nm, which further confirms its microscopic nature. It is noteworthy
to mention that the experiments were conducted using dry powders of NH,-MIL-88B(Fe,Co)
material to identify the porous characteristics. An increase in the surface area and pore size of NH,-
MIL-88B(Fe,Co)-MOF was noted when immersed the material in solvents like water which may
be due to the breathing nature of MIL-88B type MOF materials 3° and this nature would be useful

in biosensor applications.

In the FT-IR spectra (Figure S4), the Fe,Co clusters show their characteristics peaks
around 1400-1500 cm™! which represents the stretching vibrations (symmetric and asymmetric) of
the carboxylate group. The peak found at 3000 cm! indicates the presence of N-H stretching
vibrations. The characteristic peak at ~600 cm! confirms the formation of the Fe,Co(ps-O)
cluster.*’ In the IR spectra of NH,-MIL-88B(Fe,Co), the characteristic peak at ~600 cm™ which is
responsible for the Fe,Co(u3-O) core was disappeared along with the formation of two new bands
(~600-700 cm™). This is because of the reduction of the site geometry from Dsj, to C,, during the
substitution of metal ions which further lifts the asymmetric stretching vibration degeneracy for

(metal-p3-O) core.3> 41
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Figure 3. The N, gas adsorption/desorption isotherm curves of NH,-MIL-88B(Fe,Co) grown on
NF. (b) The DFT pore size distribution curve for NH,-MIL-88B(Fe,Co) grown on NF.

Electrochemical measurements

In this study, the electrochemical studies were used to confirm the desired fabrication and

functionalization of immunosensor. The electrochemical analyses using EIS and CV techniques
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provide useful results to support the successful assembly of anti-cTnl tagged NH,-MIL-

88B(Fe,Co)/NF electrodes and ¢Tnl detection.

Electrochemical impedance spectroscopy

The EIS is a sensitive technique to identify the surface modifications in the field of
biosensors that is especially used to detect the biomolecular interactions occurring at the interface
between an electrode surface and electrolyte. The semicircle/straight line formations at high/low
frequencies in the EIS typically represents the electron transfer/diffusion processes, respectively.*?
The results of EIS studies are presented as Nyquist plots obtained by plotting the imaginary (Z”,
out-of-phase) against the real (Z’, in-phase) impedance components at various frequencies. The
R is measured from the EIS studies which indicate the real component of impedance. The
impedance sensors are categorized into two types such as capacitive and faradaic based on the
assessed signal nature. The capacitive current was measured in the absence of an electrolytic redox
probe with a small sinusoidal voltage. Generally, the faradaic impedimetric sensors display
enhanced sensitivity to the antibody-antigen binding. The electrode surface is covered with
antibodies that can catalyze the redox probe to generate R ; values. Moreover, the R, values tend
to increase concerning antibody-antigen binding since the faradaic reaction gets increasingly
hindered. The semicircle diameter obtained from the plot is used to compute the R; values. The
low R values directly indicate the fast electron transfer rate between electrodes used and
electrolytes. 44> The R, values obtained from the impedance studies were extracted by fitting the

data using Randle’s equivalent circuit model.

The EIS measurements were recorded at different steps to confirm the bioconjugation of
anti-cTnl-with the NH,-MIL-88B(Fe,Co)/NF electrode and subsequent antigen detection. The

anti-cTnl- NH,-MIL-88B(Fe,Co)/NF electrode is shown exhibit low R since the electrode surface
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is readily accessible to the redox probe. The association of antigens to the electrode surface
introduces an electrical contacting barrier for a redox label dissolved in a corresponding
electrolytic solution which makes the electrode to receive high R, at the conducting support. The
exposure of Ab-NH,-MIL-88B(Fe,Co)/NF immunosensor towards the targeted protein cTnl
resulted in a further increase in R, thus determining the potential affinity of the fabricated sensor
towards cTnl. The enhancement in R, is due to the increased steric hindrance in the presence of

antigens in addition to the electrolytic interactions between the electrolyte and analytes.

3D immunosensor fabrication

The fabrication and stepwise modification processes of the NF modified NH,-MIL-
88B(Fe,Co)-MOF electrode was successfully measured using the impedance spectra based on the
redox process of [Fe(CN)g]** electrolyte and conventional Randle’s circuit (Figure S5) and
cyclic voltammetry. In this circuit, the ohmic resistance of an electrolytic solution is denoted as
R; the charge transfer resistance is represented as R¢.. Once the NF was modified with NH,-MIL-
88B(Fe,Co)-MOF, the R, is significantly reduced since NH,-MIL-88B(Fe,Co)-MOF catalyze the
charge transfer process of the redox probe (Figure S6). Further increase in the R, can be observed
on the subsequent addition of antibody on the NH,-MIL-88B(Fe,Co)-MOF modified NF electrode.
The functionalized electrodes were washed with Tween and treated with BSA. The increased R
values indicated that BSA was successively combined on the electrode surface to obstruct the
processing electron process of the redox probe. The current form of the electrode is suitable to
target cTnl. The electrode functionalization was also checked using cyclic voltammetry. The
results shown in Figure S7 are evident for the changes in the peak current further indicated the

functionalization of the electrode with the antibody.

c¢Tnl detection using 3D immunosensor
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The Ab-NH,-MIL-88B(Fe,Co)-MOF/NF electrode was used to carry out the impedimetric
analysis of cTnl in a concentration range of 1 ng/ml to 1 fg/ml in both assay buffer and 10 % serum
conditions. The results were generated as Nyquist plots for the EIS measurements of different cTnl
concentrations and are shown in Figure 4. Gradual enhancement in the semicircular diameter of
the plot has been noticed with an enhanced cTnl concentration. The interactions between antibody
and antigens at the electroactive surface altered the dielectric layer properties and block the charge
transport over the electrode surface and redox probe. Since the Faradaic reaction was restricted,
the R values increased linearly to the cTnl concentration and confirm the binding affinity of
antibody-antigens. The LOD of the anti-cTnl tagged NH,-MIL-88B(Fe,Co)/NF immunosensor
was calculated as 13 fg/ml which is lower than the reported normal range (0.1-0.4 ng/ml)* and the

value obtained is better than those of previous EIS reports (Table 1).

The practical application of anti-cTnl tagged NH,-MIL-88B(Fe,Co)/NF immunosensor
was tested by conducting the analyses in 10% serum solutions. In this analysis, serum samples
were spiked with known cTnl antigens and subjected to EIS analyses to record their corresponding
R, values. The result of this analysis is shown in Figures 4c¢ and 4d. The acceptable recoveries
(98-107%)3¢- 47 of the spiked up antigens were obtained, thus demonstrating that the fabricated
sensor could be used for the potential analysis of cTnl even in real samples. The LOD was also
achieved quite similar to that obtained for pure antigens. It can be concluded from this
experimental result that anti-cTnl tagged NH,-MIL-88B(Fe,Co)/NF immunosensor can be used as

an effective tool for the detection of ¢Tnl.

19

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

Page 20 of 29

(a) (b)
18 1 Pearson's r Mtu 99649 *
. 16 Jisee camizoome
]
" 14
]
= o124
0 =
a « ® * ° & 104
o . &0 3
F N A a s ]
T a ¥
] A.&
i S 6 <
2 &‘"v'vvv"'Vvv
4
0 T T T T T T T T T T
0 2 4 6 8 10 107 10 10 100 10° 10
Z'(kQ) Concentration (fg/ml)
(c) (d)
= 10ng y=a+b x
129« o1ng [ e — &
A 1 pg Fnh’eﬂ)eplq 1.72246 + 0.21892
10 - v 0.1pg . 16 = Siope 0.24884 £ 0.00762
1fg
4 01fg L 14 4
8 4 .
~ [ ] ~12 4
g . g
= 6 n
M = . * e o '5] 104
L] ® . A A ,
4 - " ® A® o = . 8 4
n 8
uys’ ]
24 ﬁv’"""""
A 44
0 P L) . x 1 T L] T T T T
0 2 4 6 8 10 101 10 102 103 105 107
Z'(kQY) Concentration (fg/ml)

Figure 4. Nyquist plots obtained from EIS measurements during the analysis of various ¢Tnl
concentrations (0.1 fg/ml — 10 ng/ml) using an equimolar mixture of [Fe(CN)4]>/* as a redox
probe. (a) Concentration dependent study in buffer solution. (b) The plot of concentration versus
R recorded for (a). (c) Concentration dependent study in serum solution. (d) The plot of
concentration versus R recorded for (c).
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Table 1. Recent studies on the analytical performance of the electrode for cTnl detection based on EIS.

Platform Linear range LOD/LOQ (ml') References
(ml")

10 Ab-cTnl-AgMPA-APTES-ITO 20 ng-1 pg 5.5ng 48

3 Mn;0,-RGO 0.008-20ng 8.0 pg 4

oNOYTULT D WN =

Graphene oxide-gold nanoparticles 1-1400 ng 0.67 ng >0
15 GQDs-Antibody 0.01-100 ng 0.01 ng >
17 Cd ion nanocrystal-MOF 0.1-20 ng 0.1 ng 32
Porous graphene oxide 0.1-10 ng 0.07 ng >3
20 ZnO based electrode - 1 pg ok
2 Ab-NH,-MIL-88B(Fe,Co)-MOF/NF 10 ng-0.1 fe 13 fe Present

24 work

Cyclic voltammetry

31 The I-V characteristics of the Ab-NH,-MIL-88B(Fe,Co)-MOF electrode towards c¢Tnl
34 detection were measured using cyclic voltammetry. The Ab-NH,-MIL-88B(Fe,Co) electrode was
36 used for the immunoassay of various concentrations of cTnl (0.1 fg/ml — 100 ng/ml). An aliquot
38 of 10 pl of cTnl was dropped on the Ab-NH,-MIL-88B(Fe,Co)-MOF electrode surface and the
recorded each measurement after 10 min. Before each measurement, the electrodes were cleaned
43 with PBS and water to remove any unbound proteins. The interaction between antigen and
45 antibody results in net electrical charge of Ab-NH,-MIL-88B(Fe,Co) electrode which further led
to a change in overall conductance of the fabricated immunosensor. The results of I-V data for
50 different ¢cTnl concentrations (0.1 fg/ml -100 ng/ml) are given in Figure S8. It is found that the

52 conductance of the Ab-NH,-MIL-88B(Fe,Co)-MOF electrode was found to decrease when
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exposed to high protein concentrations. The surface modification results in the reduction of peak

current intensity as the biomolecules obstruct the charge transfer process redox probe.

Selectivity and reproducibility

The specificity of 3D immunosensor, Ab-NH,-MIL-88B(Fe,Co)-MOF/NF in the presence
of non-specific BSA (1 mg/ml) was evaluated as a control experiment (Figure S9). Then the
selectivity of the Ab-NH,-MIL-88B(Fe,Co)/NF electrode was checked by conducting the EIS

experiments with avidin, FSH, and cTnT (Figure Sa).
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Figure 5. (a) Selectivity of Ab-NH,-MIL-88B(Fe,Co)/NF towards avidin (10 pg/ml), FSH (10
pg/ml), cTnT (10 pg/ml), and ¢cTnl (10 pg/ml). (b) The EIS response of a two sensor chips obtained
from three different batches to detect three different cTnl concentrations (5 ng/ml and 10 ng/ml).

The specificity results obtained indicate that the charge transfer resistance of the 3D immunosensor
towards cTnl detection showed an insignificant difference in the presence of non-specific proteins
demonstrating its high specificity. The reproducibility of the 3D immunosensor is an essential
parameter for practical studies. Hence, the devices fabricated from the three different batches were
tested in detecting two different cTnl concentrations (5 ng/ml and 10 ng/ml) and the corresponding
charge transfer resistance values were measured (Figure Sb). All the electrodes were made using
different batch NH,-MIL-88B(Fe,Co) material and the R values were measured under identical
experimental conditions. These results indicated that R, values obtained from different batch
electrodes displayed a closely similar response, successively showing the good reproducibility of

the devices for ¢Tnl detection.

Conclusions

In this study, a label-free, bimetallic in situ grown 3D nickel foam supported impedimetric
immunosensor Ab-NH,-MIL-88B(Fe,Co)-MOF was fabricated. Selective and rapid detection of
cTnl was achieved based on impedimetric monitoring of the antigen with covalently immobilized
antibodies on the NF substrate both in buffer and serum solutions with LOD of 13 fg/ml. The
immunosensor displayed greater specificity and this technique could be a potential alternative for

monitoring ¢Tnl when compared to traditional methods.
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Supporting Information

Some of the additional data including SEM images, TEM image, FT-IR, equivalent circuit
model, EIS measurements, CV measurements are provided in supporting information. SEM image
and SEM-EDX of NH,-MIL 88B(Fe,Co)-MOF/NF (Figure S1); SEM image and the area SEM-
EDX elemental mapping of NH,-MIL-88B(Fe,Co)-MOF/NF (Figure S2); TEM image and TEM-
EDX elemental mapping of NH,-MIL-88B(Fe,Co)-MOF/NF (Figure S3); FT-IR spectra of
Fe,Co(pu;3-O)(CH3CO0)6(H,0);5Fe,CoO cluster and NH,-MIL-88B(Fe,Co)-MOF/NF (Figure S4);
Equivalent circuit model (Figure SS5); Electrochemical measurements for nickel foam (NF)
modified MOF electrode (Figure S6); Cyclic voltammograms obtained during surface
functionalization of the electrode (Figure S7); Cyclic voltammograms obtained during the cyclic
voltammetry analysis of varying concentrations of cTnl (Figure S8); Specificity of the MOF

electrode in the presence of non-specific BSA (Figure S9).
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20 Step 2: Immobilization of antibody on amine functionalized 3D nickel foam supported NH,-MIL-88B(Fe,Co0)-MOF electrode
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21 Step 4: Inmunosensing of cTnl using electrochemical techniques
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