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Abstract

TNF-«, as a pro-inflammatory cytokine, regulates some physiological and pathological courses. TNF-« level increases in some
important diseases such as cancer, arthritis, and diabetes. In addition, it displays an important function in Alzheimer’s and
cardiovascular diseases. Herein, a novel, sensitive, and selective voltammetric TNF-« immunosensor was prepared by using
gold nanoparticles involved in thiol-functionalized multi-walled carbon nanotubes (AuNPs/S-MWCNTs) as sensor platform and
bimetallic Ni/Cu-MOFs as sensor amplification. Firstly, the sensor platform was developed on glassy carbon electrode (GCE)
surface by using mixture of thiol-functionalized MWCNTSs (S-MWCNTs) and AuNPs. Then, capture TNF-o antibodies were
conjugated to sensor platform by amino-gold affinity. After capture TNF-oc antibodies’ immobilization, a new-type voltammetric
TNF-o¢ immunosensor was developed by immune reaction between AuNPs/S-MWCNTs immobilized with primer TNF-«
antibodies and bimetallic Ni/Cu-MOFs conjugated with seconder TNF-« antibodies. The prepared TNF-o« immunosensor was
characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), x-ray diffraction (XRD)
method, x-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), thermogravimetric analysis, Fourier trans-
form infrared spectroscopy (FTIR), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). A linearity
range of 0.01-1.0 pg mL™" and a low detection limit of 2.00 fg mL ™" were also obtained for analytical applications.
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Introduction

Cytokines having low molecular weight are significant bio-
markers and they are produced by distinct cells relating to im-
mune system [1, 2]. Several cytokines can be utilized as imaging
biomarker for the immune system description and illnesses pre-
diction. Cytokines are investigated as two groups: (i) pro-
inflammatory (TNF-«, IL-1, IL-2, IL-6, IL-8) and anti-
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inflammatory (IL-4, IL-10, IL-13). Pro-inflammatory cytokines,
which are formed by macrophages, corresponded to inflamma-
tory immune reactions and pathological pain operations [3].
TNF-« as pro-inflammatory cytokine can affect various aspects
of the immune reaction. TNF- amount is initially low.
Nonetheless, due to many diseases such as rheumatoid arthritis,
cancer, and diabetes, its concentration increases [4-9]. Hence, the
sensitive and selective recognition methods’ preparation for im-
portant biomarkers is currently significant in terms of clinical
diagnosis [10]. Conventional methods such as ELISA [11],
enzyme-linked immunosorbent [12], and antibody [13] assays
were presented for cytokines’ determination. In addition, some
immunosensors such as fluorescence [14], surface plasmon res-
onance [15], and silicon photonic resonator [16] were reported
for target cytokine analysis. A non-labeled localized SPR cyto-
kine biosensor was also fabricated for TNF-« detection in plasma
samples [17]. Nonetheless, these techniques have some problems
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such as high costly equipment, slowness, and the need of expe-
rienced staff. Up to now, the general detection method for cyto-
kine determination has been electrochemical immunosensors.
New-type electrochemical immunosensors/sensors have impor-
tant advantages such as high sensitivity, selectivity, shorter anal-
ysis time, and lower costs [18-24]. Generally, the electrochemi-
cal immunosensors for cytokine detection are investigated in two
groups: (i) sandwich type with label and (ii) label-free.
Especially, sandwich-type immunosensors are widely utilized
due to highly sensitivity and stable sensor signals [25]. In this
sandwich-type immunosensors, the capture antibody is conjugat-
ed to sensor platform such as glassy carbon electrode and the
analyte (target) antigen sandwiched between the capture and sec-
onder antibodies. In addition, any nanomaterial/composite is an
important factor to improve the sensitivity and the detection limit
[26]. For instance, CdTe QDs and polymer-functionalized silica
hybrid nanostructure as a label-based electrochemical
immunosensor were prepared for TNF-o« quantification. The
electropolymerization was carried out on gold electrode surface
and a linearity range of 0.01-100.0 ng mL ™" and a low detection
limit of 3.00 pg mL™" were obtained [27]. In other example, a
sandwich-type electrochemical immunosensor was developed
for interleukin-1{3 and TNF-o detections by using functionalized
double-walled carbon nanotubes (DWCNTs) and poly-HRP-
streptavidin conjugates. A linearity range of 1.0—
200.0 ng mL " and a low detection limit of 0.85 pg mL " were
calculated [28].

Carbon nanotubes as sensor platform have good con-
ductivity and perfect chemical stability [29]. Especially,
due to their acceleration ability of electron transfer on
electrochemical electrode surface and large surface area
[30], carbon nanotubes are used in construction of fast
electrochemical sensors [31]. In addition, the composites
of carbon nanotubes and gold nanoparticles can be uti-
lized as catalyst because of stability and the enhanced
conductivity.

Currently, metal-organic frameworks (MOFs) can be used
frequently owing to pore structure and specific surface area
[32]. These characteristic properties make MOFs important
sensor amplifications in the field of electrochemical applica-
tions and energy storage [33, 34]. In this case, MOF-based
electrode materials have also been applied for detection cancer
cell and biomolecule [35, 36]. Especially, MOFs are utilized
for the determination of important substances [37] due to their
high reactivity [38]. In addition, due to perfect structural prop-
erties, bimetallic MOFs can start to take great interest.
Especially, bimetallic MOFs’ higher reactivity in comparison
with monometallic MOFs owing to distinct metal ions’ com-
bination and the synergistic effect provides bimetallic MOFs
more applicable on sensor technology [39]. Bimetallic MOFs’
rich metal active sites can also facilitate the electron transfer
on electrode surface [40]. Hence, bimetallic MOFs have im-
portant potential on clinical applications.
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Herein, a new sandwich-type voltammetric immunosensor
based on gold nanoparticles involved in thiol-functionalized
multi-walled carbon nanotubes and bimetallic Ni/Cu-MOFs
for TNF- detection was developed. The developed
immunosensor demonstrated a detection limit of
2.00 fg mL™" and perfect selective responses in the presence
of other substances. Finally, a new opportunity can be created
for a clinical application by using this sandwich-type
voltammetric immunosensor.

Materials and methods
Materials

Antigen TNF-o; capture antibodyl-TNF-« (primer, anti-
TNF-a-Ab,); detection antibody2-TNF-o (seconder, anti-
TNF-x-Ab,); interleukin-1 (IL-1), IL-2, IL-4, IL-6, IL-10;
bovine serum albumin (BSA); MWCNTs (25-30 nm in diam-
eter and 1.0-5.0 um in length); 4-aminothiophenol (4-ATP);
gold (III) chloride trihydrate (HAuCl4-3H,0);
Na;C¢Hs07,2H,0, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC); N-hydroxysuccinimide (NHS);
2,3,6,7,10,11-hexaaminohexatyl hydrogen hexachloride
(HATP-6HCI); NiCl,.6H,0; and CuSO,45H,O were pur-
chased from Sigma-Aldrich. Phosphate buffer solution
(PBS, 0.1 M, pH 7.0) as supporting electrolyte and dilution
buffer was also utilized.

Instrumentation

SEM and XRD images were obtained by using ZEISS EVO
50 SEM analytical microscopy and Rigaku X-ray diffractom-
eter, respectively. JEOL 2100 TEM was used for TEM mea-
surement. XPS analysis was carried out by using PHI 5000
Versa Probe. Gamry Reference 600 workstation (Gamry,
USA) was utilized for differential pulse voltammetry (DPV),
CV, and EIS measurements. FTIR measurements were obtain-
ed by Bruker Tensor 27 FT-IR with DTGS detector.

MWCNT functionalization

MWCNT (50.0 mg) was added into HNO; + H,SO,4 (3:1)
(v/v) solution under strong stirring for 12 h. The dispersion
was filtered and washed with pure water up to pH 6.5-7.0 to
open MWCNTS’ ends. The carboxylated MWCNT was dried
at 100 °C for 12 h. Hence, the carboxylated MWCNT was
used for AuNP/S-MWCNT composite preparation [41].

Preparation of AuNPs and AuNP/S-MWCNT composite

AuNPs having the mean diameters of 20-22 nm were pre-
pared by using Naz;CsHs0;2H,0 as reducing agent and
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HAuCly-3H,0 as precursor agent in harmony with literature
[42].

After preparation of carboxylated MWCNT solution
(0.1 mg mLﬁl) in ethanol, the solution was interacted with
the mixture of NHS (50.0 mM, 10.0 mL) and EDC
(50.0 mM, 10.0 mL) to activate carboxylic groups of
MWCNTs for 12 h. Then, the activated MWCNTSs was added
into 4-ATP solution (1.0 mM) at (1:1) (v/v) and self-assembly
esterification reaction was followed during 2 h for thiol-
functionalized MWCNT (S-MWCNT) synthesis. After that,
the mixture of SSMWCNTSs (0.2 mg mL™') and AuNPs
(20.0 mg mL ") was interacted with each other at (1:1) (v/v)
via sulfur-gold affinity for 20 min and the obtained AuNP/S-
MWCNT was kept at 25 °C.

AuNP/S-MWCNT composite as electrochemical sensor
platform with anti-TNF-a-Ab, and antigen TNF-a
immobilizations

Firstly, AuNP/S-MWCNT composite-modified glassy carbon
electrode (AuNP/S-MWCNT/GCE) was developed. For this
aim, AuNP/S-MWCNT composite dispersion (20.0 nL) was
dropped on the clean GCE surfaces and drying process was
performed under IR lamp. Then, the first immobilization of
anti-TNF-a-Ab; on AuNPs/S-MWCNTs/GCE was carried
out by anti-TNF-x-Ab, dispersion (20.0 pL, 10.0 pg mL ™)
dropping on electrode surface via amino-gold affinity at
37.0 °C for 45 min [43, 44]. After that, the blockage treatment
of anti-TNF-o-Ab;/AuNPs/S-MWCNTs/GCE was carried
out by BSA (2.0% w/v) at 37.0 °C for 45 min to remove
non-specific interactions. After washing with pH 7.0, 0.1 M
PBS, various antigen TNF-« amounts were immobilized on
anti-TNF-o-Ab;/AuNPs/S-MWCNTSs/GCE for 45 min at
37 °C and TNF-o/anti-TNF-o-Ab;/AuNP/S-MWCNT/GCE
was created. Lastly, the developed TNF-o/anti-TNF-o-Ab;/
AuNP/S-MWCNT/GCE was washed with 0.1 M PBS
(pH 7.0) to eliminate unbounded TNF-« proteins.

Synthesis of Ni-MOFs, Cu-MOFs, Ni/Cu-MOFs, and
Ni/Cu-MOFs as signal amplification with anti-TNF-a-
Ab, conjugation

NiCl,.6H,0 aqueous solution (0.01 mmol), NH5-H,O
(0.5 mL), and HATP-6HCI aqueous solution (0.01 mmol)
were mixed at 25.0 °C under strong stirring for 30 min.
After that, the prepared solution was transferred into Teflon
autoclave at 100 °C during 5 h. After cooling treatment at
25.0 °C, the centrifugation treatment provided a green precip-
itation (Ni-MOFs). Ni-MOF was washed with ethanol and
dried at 50.0 °C for 6 h. For Cu-MOF preparation, the same
protocol was applied to use the starting chemicals such as
CuS04'5H,0 aqueous solution (0.01 mmol), NH5-H,O
(0.5 mL), and HATP-6HCI aqueous solution (0.01 mmol).

After the preparation of Ni-MOF (10.0 mg) dispersion in
ethanol under strong stirring for 20 min at 25.0 °C, CuSOy
5H,0 (2.5 mg) was dissolved in ethanol during 10 min and
slowly added into Ni-MOF dispersion under stirring for
30 min. Then, the prepared mixture was transferred into
Teflon autoclave at 100 °C during 5 h and cooled down to
25.0 °C. After centrifugation treatment, the obtained product
was tagged as Ni/Cu-MOFs (4:1). After preparation of anti-
TNF-a-Ab, (20.0 uL, 10.0 ug mL "), the detection antibody
could be conjugated to Ni/Cu-MOFs (4:1) via electrostatic
and 7-7t stacking interactions between anti-TNF-x-Ab, and
Ni/Cu-MOF (4:1) dispersions [45]. Then, the centrifugation
treatment was performed at 10000 rpm, and Ni/Cu-MOF (4:1)
conjugated to anti-TNF-x-Ab, (Ni/Cu-MOF/anti-TNF-o-
Ab,) was stored in pH 7.0, 0.1 M PBS.

Electrochemical measurements

In this study, the antibody-antigen interactions between Ni/
Cu-MOFs/anti-TNF-«-Ab, and TNF-o/anti-TNF-a-Ab,/
AuNPs/S-MWCNTs/GCE develop a novel voltammetric
TNF-& immunosensor. After the incubation of Ni/Cu-
MOFs/anti-TNF-o-Ab, solution (20.0 pL, 10.0 mg mL )
on TNF-o/anti-TNF--Ab;/AuNPs/S-MWCNTs/GCE dur-
ing the immune reaction of 30 min, the prepared voltammetric
immunosensor (Ni/Cu-MOFs/anti-TNF-o-Ab,/TNF-o/anti-
TNF-x-Ab;/AuNPs/S-MWCNTs/GCE) was stored in
pH 7.0, 0.1 M PBS. Supporting electrolyte including pH 7.0,
0.1 M PBS (2.0 mL) containing 1.0 mM H,0O, solution was
prepared for voltammetric measurements at + 0.40 V. H,O, as
a redox probe was selected owing to its usage in biomole-
cules’ medical diagnosis [25, 46]. Before the voltammetric
measurements, argon gas (99.999%) was passed to remove
dissolved oxygen for 10 min. In addition, the voltammograms
were recorded without pressure fluctuations at 25 °C in an
enclosed cabinet to prevent from external environmental
influences.

Sample preparation

TNF-a-free plasma samples were supplied from Hacettepe
University, Blood Bank, in Turkey. Sample preparation pro-
tocol was explained in detail in Supplementary Information
(ESM) [47].

Results and discussion

Detection principle of voltammetric TNF-a
immunosensor

Scheme 1 shows preparation procedure of voltammetric
TNF- immunosensor in this study. The voltammetric
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Scheme 1 Preparation procedure of voltammetric TNF-o« immunosensor

immunosensor for antigen TNF-« recognition was developed
based on gold nanoparticles involved in thiol-functionalized
multi-walled carbon nanotubes as sensor platform and bime-
tallic Ni/Cu-MOF as signal amplification. Firstly, the prepared
electrochemical sensor platform has two purposes as the for-
mation of binding sites for capture antibody1-TNF-« and con-
ductivity enhancement on electrode surface. Secondly, owing
to porosity and large internal surface of bimetallic MOFs [48,
49], seconder antibody2-TNF-« easily conjugated to bimetal-
lic Ni/Cu-MOFs via 7-7t and electrostatic interactions, and
thus, the electrochemical performance can be improved.

Characterizations of AuUNPs/S-MWCNs as sensor
platform

Firstly, FTIR spectra (Fig. 1 A) were recorded to confirm the
formations of carboxylated MWCNTs and thiol-
functionalized MWCNTs. Spectrum a demonstrated the
stretching vibrations of -C=0 at 1721 ¢cm ' and —OH at
3418 cm . In addition, the covalently attached 4-ATP to car-
boxylated MWCNTs was verified on spectrum b. The ob-
served stretching vibrations of —C=0 at 1721 cm™" on spec-
trum a were observed at 1735 cm ' on spectrum b. This shift
confirmed 4-ATP’s covalent attachment. Absorption bands at

@ Springer

1619 cm ™', 1359 ¢cm™!, 2575 cm™', and 3648 cm™ ! also
corresponded to aromatic -C=C- stretching, C-H bending, —
S—H stretching, and -N-H stretching, respectively. Figure 1B
and C demonstrated TEM images of carboxylated MWCNTs
and AuNP/S-MWCNT composite, respectively. According to
Fig. 1B, the typical nanotube morphology was obtained.
However, after the formation of AuNP/S-MWCNT compos-
ite, the homogeneous distributions of AuNPs as spherical
shapes with a mean diameter of 20-22 nm on S-MWCNTSs’
outside were observed on Fig. 1C.

The confirmation of AuNP/S-MWCNT composite forma-
tion was also provided by XPS (ESM Fig. S1A) and XRD
(ESM Fig. S1B) characterizations. According to the
deconvolution spectra of Cg, the peaks at 287.2, 285.1, and
284.2 eV were attributed to -CONH, C-O or C-N, and C-H,
respectively [50]. In addition, the peaks at 398.1 eV and
401.2 eV on Nj narrow region spectra corresponded to the
formed amide’s N—H groups via esterification and N-H
groups in unreacted 4-ATP, respectively. The observed peaks
at 164.1 and 163.5 eV confirmed the sulfur presence on
AuNP/S-MWCNT composite, indicating Au-S bond [51].
Finally, the Au presence was confirmed to observe Au 4f;,
peak at 83.8 eV and the presence of unreacted AuNPs was
verified at 88.1 eV. Thus, AuNP/S-MWCNT composite was
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Fig. 1 (A) FTIR spectra of (a) carboxylated MWCNTs and (b) thiol-functionalized MWCNTs, TEM images of (B) carboxylated MWCNTs, and (C)

AuNP/S-MWCNT composite

successfully prepared as electrochemical immunosensor plat-
form. According to XRD spectra, (002) and (101) planes cor-
responding to 20 =25.9° and 43.95° confirmed the presence
of MWCNTs [52], and (111), (200), and (220) planes attrib-
uting to 20 = 38.3°,45.1°, and 63.9° verified AuNP formation
on composite [50].

Characterizations of Ni-MOFs, Cu-MOFs, and Ni/Cu-
MOFs

According to Fig. 2A, XRD peak locations of bimetallic Ni/
Cu-MOFs coherent to that of Ni-MOFs and Cu-MOFs were
observed at 20 =4.5°, 9.3°, 12.3°, 16.5°, and 27.3° [53], indi-
cating Ni/Cu-MOFs, Ni-MOFs, and Cu-MOFs having similar

crystal structures. XRD peaks at 4.5°, 9.3°, and 27.3° also
corresponded to (100), (200), and (001) plane of MOFs, re-
spectively. Secondly, FTIR spectra (Fig. 2B) demonstrated
Ni-MOFs, Cu-MOFs, and Ni/Cu-MOFs’ similar chemical
structures. The absorption bands at 3421 cm ™' were attributed
to benzene ring’s amino groups (-NH,), and the peaks at
2921 cm!, 2852 cm™', and 1402 cm ™' corresponded to hy-
drocarbon (—CH) bonds’ out-of-plane and in-plane bending on
benzene. The vibrations of benzene ring’s —-C=C— groups and
carbon-nitrogen bonds between amino groups and benzene
ring’s —CN groups were observed at 1625 ¢cm™' and
1115 cm ™', respectively [54]. According to XPS spectra
(Fig. 2C), the binding energies attributing to Ols, Nls, and
Cl1s were observed at 533.12 eV, 398.92 eV, and 285.03 eV,

Fig. 2 (A) XRD spectra, (B) b
FTIR spectra, (C) XPS spectra of & Ni/Cu-MOFs
Ni-MOFs, Cu-MOFs, and Ni/Cu- =N Cu-MOF
MOFs (4:1), and (D) high- 3 ° ymoss
resolution XPS spectra of Ni2p in 2 7] .
Ni-MOFs and NUCu-MOFs (1) =, s
and Cu2p in Cu-MOFs and N/ = b o
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respectively. In addition, the peaks at 856.02 eV and
872.11 eV relating to Ni2p and the peaks at 935.13 eV relating
to Cu2p were obtained. These peaks confirmed the participa-
tion of Ni ions and Cu ions into coordination for Ni/Cu-MOF
formation. Finally, the high-resolution XPS spectra (Fig. 2D)
of Ni2p and Cu2p confirmed the successful synthesis of bi-
metallic Ni/Cu-MOFs. Ni2p’s binding energy increased by
0.33 eV in comparison with that of Ni-MOFs and Cu2p’s
binding energy decreased by 1.34 eV in comparison with that
of Cu-MOFs. The results showed that the electron transfer
between Ni and Cu ions occurred on aromatic ring of
HATP, indicating coupling effect of Ni-Cu. Due to ionic state
interaction, the charge transfer between Ni and Cu ions in-
creased, showing the electrical conductivity improvement of
bimetallic Ni/Cu-MOFs. The better electron acceptable ability
of Cu ions in comparison with Ni ions causing the easy ten-
dency of electron cloud towards Cu ions provided a decrease
in Cu2p’s binding energy and an increase in Ni2p’s binding
energy.

SEM image (Fig. 3A) of Ni/Cu-MOFs demonstrated that
dense, tiny contact sites and large surface area having sheet-
like fold structure were obtained in comparison with Ni-
MOFs (Fig. 3B) and Cu-MOFs (Fig. 3C). This situation con-
firmed the important improvement on specific surface area of
Ni/Cu-MOFs and easy modification of surfaces. In addition,
the cross-sectional morphologies of Ni/Cu-MOFs (Fig. 3D)
and Ni-MOFs (Fig. 3E) were obtained. According to the
cross-sectional morphologies, Ni/Cu-MOFs’ film thickness
was about 496 nm, which was almost the same order in com-
parison with Ni-MOFs (507 nm). In conclusion, the rougher
and more tiny protrusions were observed on Ni/Cu-MOFs’

structure. AFM was utilized to show the roughness changes
of Ni/Cu-MOFs and Ni-MOFs (ESM Fig. S2A and ESM Fig.
S2B). Thus, we can say that Ni/Cu-MOFs had greater surface
roughness than that of Ni-MOFs. In addition, the contact an-
gle method (ESM Fig. S2C, D, and E) confirmed the
hydrophilicity’s improvement of Ni/Cu-MOFs. The contact
angle value (126.47°) of Ni-MOFs was bigger than that of
Ni/Cu-MOFs (103.37°), indicating an increase on the hydro-
philicity property of Ni/Cu-MOFs. Nonetheless, Ni/Cu-
MOFs/anti-TNF-o-Ab,’s contact angle value significantly de-
creased to about 46.71° owing to anti-TNF-x-Ab,’s conjuga-
tion providing the improvement of hydrophilic property.

In addition, the uniform distribution of Ni and Cu elements
in Ni/Cu-MOFs was shown in Fig. S3 (see ESM). Hence, the
successful preparation of Ni/Cu-MOFs was presented in this
study. Figure S4 (see ESM) also showed thermogravimetric
analysis for thermal stability of Ni/Cu-MOFs (4:1). The de-
composition temperature (266 °C) of Ni/Cu-MOFs (4:1) was
lower than that of Ni-MOFs (306 °C). Nonetheless, it was
higher than that of Cu-MOFs (229 °C). This difference was
owing to the higher chemical activity resulted from synergistic
effect in bimetallic Ni/Cu-MOFs [55]. The surface morphol-
ogies of Ni/Cu-MOFs with various molar ratios were investi-
gated on Fig. S5 (see ESM). The surface morphologies of Ni/
Cu-MOFs (1:4) (ESM Fig. S5A) and Ni/Cu-MOFs (1:1)
(ESM Fig. S5B) were similar to Cu-MOFs. Especially, due
to precipitation between Cu ions and HATP, the formation of
dense MOF films becomes harder. Nonetheless, the dense
MOF formation as stacked structure was observed on Ni/Cu-
MOFs (4:1) (ESM Fig. S5C) and Ni/Cu-MOFs (8:1) (ESM
Fig. S5D). Hence, Ni/Cu-MOFs (4:1) as signal amplification

Fig. 3 SEM images of (A) Ni/Cu-MOFs (4:1), (B) Ni-MOFs, and (C) Cu-MOFs. Cross-section images of (D) Ni/Cu-MOFs (4:1) and (E) Ni-MOFs
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was utilized for electrochemical immunosensor development.
Figure S5E (see ESM) demonstrated some cloudy clusters on
Ni/Cu-MOFs (4:1), confirming conjugation of anti-TNF-o-
Ab, on Ni/Cu-MOFs (4:1). Lastly, SEM image of Ni/Cu-
MOF/anti-TNF-o-Ab,/TNF-a/anti-TNF-a-Ab;/AuNP/S-
MWCNT was presented (ESM Fig. S5F). According to Fig.
S5F, owing to more antibody-antigen interactions between Ni/
Cu-MOFs/anti-TNF-o-Ab, and TNF-o/anti-TNF-x-Ab,/
AuNPs/S-MWCNTs, a bigger spherical size and more ag-
glomeration in comparison with Ni/Cu-MOFs/anti-TNF-«-
Ab, were observed, confirming a successful immune reaction.

Electrochemical characterizations of proposed
voltammetric immunosensor

Electrochemical characterizations of prepared sensor platform
(TNF-o/anti-TNF-ot-Ab;/AuNPs/S-MWCNTs/GCE) was
progressively investigated in 1.0 mM [Fe(CN)¢]>~ containing
0.1 M KCl by CV and EIS. The certain anodic and cathodic
peaks were observed by using bare GCE (curve a of Fig. 4A).
These anodic and cathodic peaks appeared to be more pro-
nounced and severe by using carboxylated MWCNTs/GCE
owing to the electrical conductivity and facilitation of electron
transfer [42] (curve b of Fig. 4A). Even the enhanced anodic
and cathodic peak intensities were obtained at AuNPs/S-
MWCNTSs/GCE (curve ¢ of Fig. 4A) due to the synergistic
effect between MWCNTs and AuNPs [56] and good electro-
catalytic activity and active surface area of AuNPs [57]. After
that, the immobilization of capture anti-TNF-x-Ab; was ver-
ified by seeing a significant decrease in peak intensities and
electron transfer prevention on anti-TNF-x-Ab;/AuNPs/S-
MWCNTSs/GCE (curve d of Fig. 4A). In addition, the peak
signals further decreased on curve e of Fig. 4A, indicating
BSA’s blocking effect on electron transfer. Finally, the immo-
bilization of antigen TNF-« on sensor platform (curve f of
Fig. 4A) was more obstructive to electron transfer in compar-
ison with curve e of Fig. 4A. Thus, we can say that CV results
showed that proteins of capture, antigen, seconder, and BSA
could readily bond to carbon electrode surface modified with
AuNP/S-MWCNT composite.

Secondly, EIS measurements were progressively per-
formed for electrochemical investigation of proposed
voltammetric immunosensor in 1.0 mM [Fe(CN)¢]>~ contain-
ing 0.1 M KCI. EIS graph of bare GCE was demonstrated on
curve a of Fig. 4B. Then, the values of resistance were grad-
ually reduced by using carboxylated MWCNTs/GCE (curve b
of Fig. 4B) and AuNPs/S-MWCNTs/GCE (curve ¢ of Fig.
4B). Due to capture anti-TNF-o-Ab; immobilization, the elec-
trochemical conductivity on electrode surface decreased, indi-
cating the resistance increase on electrode (curve d of Fig.
4B). Lastly, the values of electrochemical conductivity grad-
ually decreased by BSA’s blocking effect (curve ¢ of Fig. 4B)
and obstructive effect of antigen TNF-oc on electron transfer
(curve f of Fig. 4B). Thus, according to CV and EIS measure-
ments, the successful construction of electrochemical sensor
platform was performed for novel TNF-o recognition.

In order to demonstrate high electrocatalytic activity of Ni/
Cu-MOFs (4:1) as signal amplification for H,O, detection,
three immunosensors such as anti-TNF-o-Ab,/TNF-o/anti-
TNF-a-Ab;/AuNPs/S-MWCNTs/GCE, Ni-MOFs/anti-
TNF-o-Ab,/TNF-o/anti-TNF-a-Ab;/AuNPs/S-MWCNTSs/
GCE, and Ni/Cu-MOFs/anti-TNF-x-Ab,/TNF-o/anti-
TNF-o-Ab/AuNPs/S-MWCNTs/GCE were prepared for
1.0 mM H,0, in pH 7.0, 0.1 M PBS (ESM Fig. S6). Firstly,
the prepared sensor platforms (anti-TNF-x-Ab;/AuNPs/S-
MWCNTs/GCE) were incubated with antigen TNF-«
(0.20 pg mL™") for 45 min at 37 °C. Then, the prepared
TNF-o/anti-TNF--Ab;/AuNPs/S-MWCNTs/GCE was put
on an immune reaction in the presence of anti-TNF-x-Ab,,
Ni-MOFs/anti-TNF-x-Ab,, and Ni/Cu-MOFs/anti-TNF-oc-
Ab,, respectively. The whole immunosensors were tested in
1.0 mM H,O, in pH 7.0, 0.1 M PBS (curve b), and in absence
of H,O, (curve a). According to curve b of Fig. S6A (see
ESM), seconder anti-TNF-«-Ab, incubated to sensor plat-
form demonstrated a small signal for 1.0 mM H,O, at about
+0.40 V. In addition, the obtained peak signal on Ni-MOFs/
anti-TNF-x-Ab, incubated to sensor platform (ESM Fig.
S6B) was smaller than that of Ni/Cu-MOFs/anti-TNF-x-Ab,
incubated to sensor platform (ESM Fig. S6C) in the presence
of 1.0 mM H,O, in pH 7.0, 0.1 M PBS. Owing to the better

Fig. 4 (A) Cyclic 60
voltammograms and (B) EIS re-
sponses at (a) bare GCE, (b) car-
boxylated MWCNTSs/GCE, (c)
AuNPs/S-MWCNTs/GCE, (d)
anti-TNF-o-Ab;/AuNPs/S-
MWCNTSs/GCE, (e) BSA/anti-
TNF--Ab,/AuNPs/S- 20
MWCNTSs/GCE, (f) TNF-o/anti-
TNF-x-Ab/AuNPs/S- -40
MWCNTSs/GCE (scan rate of
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electrical conductivity, large surface area and rich
electroactive sites of Ni/Cu-MOFs in comparison with Ni-
MOFs, the more efficient adsorption and reaction surface for
target proteins can be provided. Finally, the synergistic effect
between Ni and Cu ions makes the developed immunosensor
feasible for real-time tumor necrosis factor-alpha detection
with high selectivity and sensitivity [39]. According to the
obtained results, the significant improvements on
immunosensor sensitivity were observed by using Ni/Cu-
MOFs (4:1) as signal amplification.

Optimization for voltammetric measurements

The effects of pH, immune reaction time, H,O,, and Ni/Cu-
MOFs/anti-TNF-x-Ab, solution concentrations were evaluat-
ed in detail on Fig. S7 (see ESM).

Linearity range

By using the developed voltammetric TNF- immunosensor,
the obtained voltammograms (Fig. 5) and linearity relation
between immunosensor signals and TNF-x concentrations
was found to be y (tA) = 54.602x (pg mL ") — 0.0398 (inset
of Fig. 5). The quantification limit (LOQ) and detection limit
(LOD) were calculated as 0.01 pg mL™" and 2.00 fg mL™",
respectively, by equations below:

LOQ = 10.0 S/m (1)
LOD =3.3S/m (2)

where S is standard deviation of intercept and m is slope of
calibration equation. According to Table 1, favorable sensitiv-
ity and selectivity were observed towards TNF-o by devel-
oped voltammetric TNF-o immunosensor in comparison with
previous studies. Due to the improved conductivity resulted
from synergistic effect between Ni and Cu ions and rich
electroactive sites of bimetallic MOFs, the conjugation of sec-
onder antibody2-TNF-« to bimetallic Ni/Cu-MOFs was easi-
ly provided. In addition, the preparation procedure including
AuNP/S-MWCNT composite and bimetallic Ni/Cu-MOFs
was low in cost and waste generation was minimal, presenting
an environmentally friendly immunosensor. Furthermore, the
analysis time was shorter in comparison with the other
methods. In conclusion, the presented voltammetric TNF-o
immunosensor can be used for more complex clinical
applications.

Recovery

The calculated recovery values, relating to the prepared anti-
gen plasma samples in the section “Sample preparation” of
Supplementary Data, were close to 100.00% (ESM
Table S1). According to Table S1, a novel TNF-«
immunosensor having high selectivity was presented in this
study. Moreover, to demonstrate the immunosensor’s high
selectivity, standard addition method was applied to plasma
samples. Calibration equation belonging to standard addition
method was found as y (LA) = 54.686x (pg mL™) — 0.472.
The close slope values between direct calibration and standard

Fig. 5 Concentration effect (from
0.01 to 1.0 pg mL ™' TNF-«) on
immunosensor signals. Inset:
Calibration curve for
voltammetric TNF-o
immunosensor
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Table 1 Comparison of

Linear Range LOD Ref.

voltammetric TNF-« Material/method
immunosensor with other
techniques Ceo@f-MWCNTs@RTIL/DPV

Fe;0,@AuNPs-DNA @MagGCE/SWV
Py@Py-COOH @MagNPs @SP-AuE/AMP

CMA @AuE/AMP
HOOC-Phe-DWCNTSs/SPCE
SERS

QCM

SERS

AuNPs@PDDA @Fc-PNW @GCE/SWV

4-ABA@SPCE/DPV
Ni/Cu-MOFs

0.005-0.075 ng mL ™"
0.01-100.0 ng mL™"
0.001-0.015 ng mL"™"
0.001-0.03 ng mL™
0.001-0.20 ng mL™"

0.17 pg mL™" - 0.20 ug mL™
0.0-100.0 pg mL™"

1.00 pg mL " - 10.0 ng mL™'
0.005-10.0 ng mL™"
3.25-50.0 ng mL ™!

0.01-1.0 pg mL™"

0.002 ng mL™'  [58]
001 ngmL™"  [59]
0.3 pg mL™! [60]
0.001 ngmL™"  [61]
085pgmL™"  [28]
0.17 pgmL™"  [62]
1.62pgmL™"  [63]
1.00 pgmL™"  [64]
0.002 ng mL™'  [65]
410ngmL™"  [66]
2.0 fgmL™’ This study

addition methods showed the high selectivity without interfer-
ence effect from the other proteins.

Selectivity, stability, reproducibility, and reusability

For the selectivity test of immunosensor, seven different pro-
tein solutions including TNF-c, IL-1, IL-2, IL-4, IL-6, IL-10,
and BSA were prepared and voltammetric TNF-«
immunosensors were separately developed by using these 7
antigen protein solutions. Then, voltammetric TNF-«x
immunosensor was applied to 1.0 mM H,0O, solution includ-
ing in pH 7.0, 0.1 M PBS (2.0 mL). According to Fig. 6A,
0.53% of relative standard deviation (RSD) showed high se-
lectivity of voltammetric TNF-oc immunosensor.

During 7 weeks, the voltammetric TNF-& immunosensors
were stored at 4 °C and applied to 1.0 mM H,O, solution
including in pH 7.0, 0.1 M PBS (2.0 mL). The signals were
about 97.83% of first current signal during 7 weeks (Fig. 6B).
Hence, a novel voltammetric TNF-a immunosensor with high
stability was presented for clinical applications.

For reproducibility test, 30 voltammetric TNF-«
immunosensors with 0.100 pg mL ™" antigen TNF-« were
prepared and applied to 1.0 mM H,O, solution including in
pH 7.0,0.1 M PBS (2.0 mL). 0.42% of RSD demonstrated the
high reliability of the immunosensor production procedure.
Lastly, the reusability of voltammetric TNF-& immunosensor
including 0.100 pg mL™" antigen TNF-oc was investigated.
We constantly recorded the voltammograms’ signals during
50 usage of one voltammetric TNF-a immunosensor and
RSD value was calculated as 0.61%. Hence, a high degree
of reusability can be mentioned for voltammetric TNF-o
immunosensor in this study.

Conclusions

In this study, the selective, sensitive, stable, and reproducible
new-type voltammetric immunosensor based on gold nano-
particles involved in thiol-functionalized multi-walled carbon
nanotubes and bimetallic Ni/Cu-MOFs was prepared and
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Fig. 6 (A) Immunosensor responses against the prepared solutions (n =
6): (i) 0.100 pg mL™" TNF-q, (ii) 0.100 pg mL ™" TNF- + 1.00 pg mL™"
IL-1, (iii) 0.100 pg mL " TNF-ox + 1.00 pgmL " IL-2, (iv) 0.100 pg mL "
TNF-at+ 1.00 pg mL™" IL-4, (v) 0.100 pg mL™" TNF-a + 1.00 pg mL ™'
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IL-6, (vi) 0.100 pg mL™" TNF-a+1.00 pg mL ™" IL-10, (vii)
0.100 pg mL™" TNF-a+ 1.00 pg mL™' BSA. (B) Stability test of
voltammetric TNF-or immunosensors including 0.100 pg mL ™" antigen
TNF-« (n=6)
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applied to tumor necrosis factor-alpha detection in plasma
samples. In comparison with the other detection methods,
the prepared immunosensor had more satisfactory sensitivity
and showed a detection limit of 2.0 fg mL™". Moreover, owing
to the easy, low-cost, and efficient preparation procedure for
AuNP/S-MWCNT composite and bimetallic Ni/Cu-MOFs,
an environmentally friendly immunosensor was presented in
biosensor technology. Finally, a novel voltammetric tumor
necrosis factor-alpha immunosensor is developed as alterna-
tive biosensor for clinical diagnosis.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03203-z.
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