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IFN-𝜸 and IL-10 Immunosensor with Vertically Aligned
Carbon Nanotube Interdigitated Electrodes toward Pen-Side
Cattle Paratuberculosis Monitoring

Shaowei Ding, Benjamin J. Brownlee, Kshama Parate, Cicero C. Pola, Bolin Chen,
Jesse M. Hostetter, Douglas Jones, John Jackman, Brian D. Iverson,
and Jonathan C. Claussen*

Highly sensitive vertically aligned carbon nanotube arrays (VANTAs)
interdigitated electrode (IDE) arrays are developed for electrochemical
biosensing of two cytokines (i.e., interleukin-10 (IL-10) and interferon-gamma
(IFN-𝜸)) that are useful for early detection Johne’s disease (Bovine
Paratuberculosis) in cattle. The high aspect ratio VANTA-IDEs (50–60 μm in
height) are grown through a chemical vapor deposition process from an iron
(Fe) catalyst that is lithographically patterned on a silicon wafer with equal
finger width and inter-finger spacing of 25 μm. After functionalization with
distinct antibodies the VANTA-IDEs are capable of selective detection of both
IL-10 and IFN-𝜸 within an actual biological matrix (i.e., diluted bovine implant
supernatant) over concentration ranges of 0.1 to 30 pg mL−1 (limit of
detection – LOD: 0.0911 pg mL−1) and 50–500 pg mL−1 (LOD: 24.17
pg mL−1), respectively with a response time of <35 min. Results demonstrate
important initial steps for rapid, pen-side identification of cattle with stage-I
Mycobacterium avium subspecies paratuberculosis infection before physical
symptoms of Johne’s disease are present. Such a rapid pen-side diagnostic
test can be used on cattle at an auction or before they are introduced to a herd
to ensure the larger population does not become infected with Johne’s
disease.

1. Introduction

There is a critical need for the development of an accurate diag-
nostic test for the identification of animals in the early infection
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stages (stage-I) of Mycobacterium avium
subspecies paratuberculosis (MAP).[1]

This pathogen is the causative agent of
Johne’s disease in cattle. Early (Stage-I)
detection of MAP is challenging as cattle
do not yet exhibit serological markers, are
not shedding the pathogen in feces, or
exhibit detectable clinical signs such as
diarrhea, weight loss, and debilitation.[2]

Detection of stage-I-infected cattle is
advantageous because this is typically
before they are shedding large numbers
of bacteria into the environment. How-
ever, in later stages, infected cattle are
highly contagious as they serve as the
source of bacteria that can be spread to
non-infected calves through ingestion
of infected manure or colostrum/milk.
Current diagnostic assays for MAP
detection are generally based on three
distinct strategies: 1) identification of the
bacterium directly, 2) identification of cir-
culating immune-response antibodies,
or 3) monitoring cell-mediated immu-
nity. Monitoring bacteria in fecal matter

or the monitoring of circulating antibodies in blood/serum sam-
ples are associated with late-stage MAP infection where the an-
imals that have contracted the disease are already a source of
infection to non-infected calves.[2] As cell-mediated immune re-
sponses are the first to develop during early MAP infection, MAP
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detection by monitoring cell-mediated immunity is suited for
the identification of stage-I-infected cattle.[2] Current detection
strategies for stage-I MAP include measuring skin swelling in
response to intradermally injected mycobacterial antigens (puri-
fied protein derivatives or PPD) or by detecting cytokines from
ex vivo stimulated peripheral blood cells.[3,4] However, these de-
tection strategies lack specificity to MAP and are prone to false
positives from closely related environmental species of mycobac-
teria and vaccinated animals.[5] Moreover, ex vivo assays require
the use of blood samples that must be drawn from the cattle and
then shipped to a lab where leukocytes are stimulated ex vivo and
cytokines are measured. The lag time associated with shipping
samples and the effect of artificial culture conditions on isolated
bovine cells also increases the error and variability of the assay.
Hence the use of a cell-mediated immune response for MAP di-
agnostics in cattle has not been widely implemented. As a result,
an in-field, rapid, and cost-effective assay that can detect MAP at
stage I is greatly needed to reduce the spread of MAP throughout
cattle herds. For example, such a pen-side diagnostic test could be
implemented at cattle auctions to ensure that animals are MAP-
free prior to purchase.

Currently, a stage-I MAP biosensor does not exist. However, ac-
cording to our previous work, minimally invasive monitoring of
cytokine (interferon-gamma (IFN-𝛾)) using a collagen-based im-
plant would be a feasible approach to pen-side detection of stage-
I MAP detection.[6]The detection of IFN-𝛾 from ex vivo stimu-
lated blood leukocytes is a validated diagnostic assay for the de-
tection of tuberculosis in humans and cattle.[7,8] Moreover, our
group has identified both IFN-𝛾 and IL-10 as key cytokines that
are expressed in cattle tissues and blood during the early stages
of MAP infection.[9] Based on this work, we propose that measur-
ing multiple cytokines in a MAP diagnostic platform will increase
the accuracy of the test. Interest in using multiplexed cytokine
detection approaches for the diagnosis of mycobacterial diseases
has increased.[10,7] Recent research has shown that the evaluation
of multiple cytokines rather than a single cytokine enhances the
accuracy of these assays and provides important biomarkers of
disease progression.[11] Specifically, the ratio of IFN-𝛾 and IL-10
has been successfully used for the diagnosis and prediction of
disease outcomes in humans with tuberculosis[12] and is indica-
tive of cytokine components during the early immune response
to MAP in cattle.[13] Using a novel testing platform, which em-
ploys a removable subcutaneous collagen implant, we have de-
tected high levels of both IFN-𝛾 and IL-10 levels within tissues of
MAP-infected and vaccinated cattle.[14]

A variety of biosensing techniques exist for IL-10 and IFN-
𝛾 monitoring in biological fluids. Conventional laboratory tech-
niques include sandwich enzyme-linked immunosorbent assay
(ELISA), enzyme-linked immunospot assay (ELISPOT), reverse
transcriptase polymerase chain reaction (RT-PCR), flow cytome-
try, and surface plasmon resonance.[13,15–20] Although these tech-
niques can detect IFN-𝛾 and IL-10 in low, biologically relevant
concentrations (e.g., 1–25 pg mL−1), a number of common draw-
backs (e.g., long detection times, extensive sample handling,
manipulation of the cytokine, and requirement of expensive
and/or bulky equipment) have restricted their use to the lab-
oratory/clinical setting.[21] Hence, several researchers have fo-
cused on the development of potential alternatives for IFN-𝛾 and
IL-10 detection, including field effect transistor biosensors (Bio-

FETs),[22,23] Förster resonance energy transfer (FRET) aptamer
beacons,[24–28] and localized surface plasmon resonance (SPR)-
based microfluidic optical devices[27] and electrochemical biosen-
sors. These biosensing techniques exhibit promise toward sen-
sitive and rapid IFN-𝛾 and IL-10 sensing, with detection limits
extending down to the nano- and pico-molar regimes.

Among the electrochemical strategies for cytokine detection,
impedance-based biosensors offer simple functionalization pro-
cedures, label-free operation, and rapid response (<35 min), ef-
fective cost, and potential for in-field applications.[26,29,30] More-
over, the use of interdigitated electrodes (IDEs) as a platform for
this type of biosensors offers advantageous mass transport and
reaction kinetics (nonplanar or radial diffusion to each individ-
ual microband or IDE finger), higher current densities (electri-
cal field lines concentrated around tightly packed microbands),
and favorable Faradaic-to-capacitive current ratios. These bene-
fits, associated with effective antibody-antigen binding events,
lead to improved signal-to-noise, higher sensitivity, and lower
LOD.[16,31–33] The application of electrochemical biosensors for
cytokines detection has been demonstrated in the literature, with
sensing ranges of 1–15[31,32] and 0.1-20 pg mL−1[20] for IL-10 and
1–5 ng mL−1[16] and 0.0001–0.1 ng mL−1[34] for IFN-𝛾 . However,
these reports primarily focus on monitoring one cytokine type in
humans and often require labeling steps for signal amplification,
a challenging strategy for a pen-side sensing paradigm.

Herein, we report the first 3D vertically aligned nanotube ar-
ray (VANTA)41[35] impedimetric immunosensor for label-free de-
tection of bovine IL-10 and IFN-𝛾 cytokines. The VANTA IDEs,
comprised of 20 interdigitated finger pairs of 25 μm width, were
functionalized with Abs specific to bovine IL-10 and IFN-𝛾 , and
tested in PBS buffer as well as diluted bovine implant serum
specifically acquired from cattle. The VANTA IDEs were capable
of monitoring both IL-10 and IFN-𝛾 concentrations within the
bovine implant serum over a range of 0.1 to 30 pg mL−1 (LOD:
0.077 pg mL−1) and 50–1000 pg mL−1 (LOD: 95.87 pg mL−1), re-
spectively with a response time of <35 min. Results demonstrate
a significant first step in creating a biosensor capable of in-field
MAP detection for potential pen-side bovine paratuberculosis di-
agnostics.

2. Experimental Section

2.1. Chemicals and Reagents

Potassium ferrocyanide, potassium ferricyanide, N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC), N-hydroxy
succinimide (NHS), ethanolamine, and FITC-tagged anti-mouse
secondary Antibodies (Abs) were obtained from Millipore Sigma
(Saint Louis, MO, USA). Mouse anti-Bovine IL-10 and IFN-𝛾 Abs
and Bovine Antigens (Ags) were obtained from Bio-rad (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Phosphate buffered
saline (PBS), potassium chloride (KCl), and 2-(N-morpholino)
ethanesulfonic acid (MES buffer, 0.5 M, pH 6.0) were purchased
from Fisher Scientific (Hampton, NH, USA).

2.2. VANTA IDE Fabrication

The fabrication of high-aspect-ratio VANTA IDEs was performed
by a chemical vapor deposition (CVD) process similar to previous
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Figure 1. a) Stainless steel bovine implant with 4 cm × 0.5 cm sample body, 3 cm × 0.3 mm window, and 2 cm long pin (red arrow) for removal. b)
Implant nylon mesh with a pore size of 30 μm surrounding a core of bovine purified collagen (PureCol, Advanced Biomatrix, Iowa City IA) placed in the
stainless-steel implant and exposed to cattle tissue through the window. c,d) The bovine implant is placed in the subcutis and removed after incubation.
Implant material is removed from the housing, minced, and centrifuged to acquire supernatant. Schematic of functionalized e) IL-10 and f) IFN-𝛾 VANTA
IDE sensors tested in diluted supernatant.

reports.[35,36] Briefly, a 50 nm Al2O3 film was deposited onto an
oxidized silicon wafer (1 μm oxide) using a Denton e-beam evap-
orator. Photoresist (AZ 3330) was spun onto the wafer and devel-
oped to form the pattern of 40 IDE electrode fingers (20 pairs)
of 25 μm spacing and width, each with a length of 1.95 mm. A
7-nm Fe layer was thermally evaporated onto the wafer as a cat-
alyst for carbon nanotube growth within a CVD furnace. The Fe
was patterned for subsequent VANTA growth using a photoresist
lift-off procedure by stripping the photoresist with N-Methyl-2-
pyrrolidone for 10 min. VANTAs were CVD-grown from the Fe
catalyst by placing the metalized wafer (diced) in a Lindberg/Blue
M tube furnace at 750 °C for 30 s while hydrogen and ethy-
lene gas were pumped into the furnace at flow rates of 311 and
338 sccm, respectively. The resulting VANTA-IDEs were approx-
imately 50–60 μm in height. The VANTA structure was strength-
ened, to prevent collapse during electrochemical sensing, by coat-
ing the CNTs with amorphous carbon during infiltration by flow-
ing hydrogen and ethylene (311 and 193 sccm, respectively) into
the tube furnace at 900 °C for 3 min.[37] This carbon infiltration
conformally covers the VANTAs and Al2O3 coated wafer between
the IDE fingers. This electrically conductive carbon floor is re-
moved to prevent shorting across the IDE contacts using an oxy-
gen plasma etch (Technics Planar Etch II) for 45 s at 250 W and
300 mTorr.

2.3. Bovine Implant Serum

The bovine supernatant was obtained by an implant that was
placed in the subcuits of the cattle (Figure 1). The implant
consists of a 4 cm × 0.5 cm stainless steel housing that has a
single 3 cm × 0.3 mm window (Figure 1a). A 2-cm solid pin
was attached to one end of the implant to assist in removing the
implant from the subcutis (Figure 1a, red arrow) The housing

immediately surrounds a nylon mesh which was exposed to the
exterior along the window in the housing (Figure 1b). The nylon
mesh, with a pore size of 30 μm, surrounded a core of bovine-
purified collagen (PureCol, Advanced Biomatrix, Iowa City, IA).
The implant with the nylon mesh and collagen was loaded into
the neck of cattle by puncturing the skin (over the lidocaine bleb)
such that it extended into the underlying subcutis. The trigger
of the implant injection device was depressed, and the implant
was delivered from the injection device into the subcutis. In
this state, the nylon mesh allowed infiltration of immune cells
and protein from the animal into the collagen but retained the
collagen within the implant housing. After approximately 48 h
the implant was removed and the bovine collagen within the
nylon mesh was extracted for testing. This bovine collagen was
processed by mincing and centrifuging within a polymer tube
at a speed of 1000 RPM for 10 min. The supernatant from the
tube was then removed and used for biosensing experiments
conducted herein. It should also be noted that in this study the
bovine collagen was acquired from a commercial source (Ad-
vanced Biomatrix, Iowa City, IA.) that uses pathogen-free healthy
cattle, and no measurable levels of the cytokines IL-10 and IFN-𝛾
were detected in this collagen alone before implantation in
the cattle. Figure 1e,f present a schematic view of the biofunc-
tionalization and binding activity of IL-10 and IFN-𝛾 Ab and
Ag pairs.

2.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images of the VANTA IDEs
were obtained using a FEI Quanta 250 field emission microscope
(FEI Technologies, Hillsboro, OR, USA) at an accelerating poten-
tial of 5 kV.
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2.5. Electrochemical Characterization

Electrochemical characterization was first performed in a 3-
electrode set-up, including Ag/AgCl as the reference electrode, Pt
wire as the counter electrode, and one of the two IDE finger arrays
as the working electrode using a CHI6116E potentiostat worksta-
tion (CH Instruments, Austin, TX). A ferri-/ferrocyanide (5 mM
Fe(CN)6

3-/4−) redox probe with 0.1 M KCl was used for cyclic
voltammetry (CV) measurements. Next, the impedance response
was measured via non-faradaic Electrochemical Impedance Spec-
troscopy (EIS) in the frequency range from 0.1 Hz to 1 MHz in
a 2-electrode set-up. In this set-up, increasing concentrations of
KCl (10−6, 10−5, 10−4, 10−3, 10−2, 10−1, and 1 m) were added to
1X PBS while the impedance response of the VANTA IDEs was
monitored.

2.6. Biofunctionalization Chemistry for Electrochemical Sensing

The activity of the Ag and Ab pair was tested prior to IDE func-
tionalization using immunoblotting. VANTA IDEs were washed
in 0.1 M MES buffer for 10 min, followed by an hour of incuba-
tion in a solution of 0.4 m EDC and 0.1 m NHS prepared in 0.1 M
MES buffer. Devices were then washed in PBS, gently dried with
nitrogen gas to remove excess liquid, and incubated overnight
with 20 μg mL−1 of IL-10 and IFN-𝛾 Abs. The reaction was termi-
nated with 1.0 m ethanolamine for 20 min to quench unbound
carboxyl groups. IDEs sensing surfaces were blocked in 2% BSA
for 1 hour to reduce non-specific binding of the Ags to bare ar-
eas of the electrode or substrate during electrochemical sensing.
Finally, the functionalized electrodes were washed in PBS and
dried with nitrogen gas before biosensing.

2.7. Biofunctionalization Chemistry for Fluorescence Microscopy

Two VANTA IDEs were prepared for fluorescence spectroscopy
measurements as follows. A positive control electrode was bio-
functionalized using the same Ab functionalization protocol as
explained above. A second negative control electrode was pre-
pared in a similar manner but without the use of primary Ab.
Both positive and negative control IDEs were then incubated with
2% BSA for 1 h, to again help minimize non-specific binding dur-
ing experiments by blocking bare areas of the electrode or sub-
strate during fluorescence imaging. Next, 10 μL of 10 μg mL−1

of anti-mouse IgG-FITC Ab was placed on the positive and neg-
ative control IDEs and allowed to incubate on the electrodes for
approximately 1 h. Fluorescence is only visible when the FITC-
labeled secondary Ab binds to the primary Ab immobilized on
the positive control electrode. The negative control, which does
not contain primary Ab, was used to demonstrate that negligible
FITC-labeled secondary Ab was capable of non-specifically bind-
ing to the VANTA IDEs.

2.8. IFN-𝜸 and IL-10 Biosensing

After this initial electrochemical characterization, the VANTA
IDEs were functionalized with anit-IL-10 or anti-IFN-𝛾 Abs.

Figure 2. Scanning electron micrographs of the VANTA IDEs displaying a)
the 3D structure of the IDE fingers (at 1,000x) and b) the vertically aligned
carbon nanotube arrays (at 35,000x).

These Ab functionalized sensors were then allowed to incubate
with their target Ags in PBS or the actual complex biological ma-
trix (i.e., bovine implant supernatant acquired as previously de-
scribed), then rinsed with PBS, and then operated in a 2-electrode
set-up for EIS measurements while being submerged in 5 mM
Fe(CN)6

3-/4- PBS solution. This IDE sensing arrangement could
be operated without a reference electrode and provided a sim-
ple means for obtaining a steady state current response and was
more amenable to large-scale fabrication, especially compared to
configurations of three and four electrodes.[38] Calibration curves
were acquired by adding 10 μL of sequentially higher concentra-
tions of Ags (0.1–10000 pg mL−1), incubating for 30 min, rins-
ing with PBS, and then performing EIS measurements over a
frequency range of 0.1 Hz to 1 MHz with an AC amplitude of
5 mV. IL-10 and IFN-𝛾 sensing tests were performed separately
within 10 μL of PBS or within 10 μL of diluted cattle implant su-
pernatant (1:1000). The stability and selectivity of the VANTA IDE
biosensors were tested using different concentrations of similar
cytokines (IL-10, IFN-𝛾 , IL-6) and BSA, as well as different incu-
bation times.

2.9. Data Analysis

A completely randomized design was used in this study with at
least three replicates, and the results were reported as mean ±
standard deviation. Regression analysis was performed to deter-
mine the linear sensing range and the functional correspondence
between the concentration of the target analyte and the change
in charge transfer resistance with a confidence level of 95% (𝛼 =
0.05). JMP Pro v.17 statistical software (SAS Institute, Cary, NC,
USA) was used for the statistical analysis. The limit of detection
was calculated using the 3-sigma method.[39]

3. Results and Discussion

The VANTA IDEs were fabricated to a height of 50–60 μm us-
ing a chemical vapor deposition method similar to previous re-
ports (see Experimental Section).[36,37] The IDE sensor was com-
prised of 2 finger combs containing 20 fingers each that mea-
sured 1.95 mm in length with 25 μm width and spacing, result-
ing in a geometric area of approximately 9.9 × 10−3 cm2. The
VANTA IDE’s highly porous and defect-rich 3D structure is dis-
played in Figure 2. The magnified image of the VANTA sidewall
revealed the compacted matrix of vertically aligned carbon nan-
otubes (Figure 2b). The VANTAs were infiltrated with amorphous
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Figure 3. Electrochemical characterization of VANTA IDEs. a) CV measurements at different scan rates (5, 10, 25, 50, and 100 mV s−1). b) Current
density versus the square root of the scan rate. (c-d) EIS measurements acquired with various KCl concentrations (10−6, 10−5, 10−4, 10−3, 10−2, 10−1,
and 1 m). e) Phase change plot at 100 kHz and Rs plot at distinct concentrations of KCl. f) The equivalent circuit for the non-faradaic EIS of the VANTA
IDEs.

carbon for stability, resulting in a mechanically stable hydrophilic
structure with a water contact angle of 69° and superficial car-
boxylic groups amenable to biofunctionalization.[35] The carboxyl
groups on the VANTA IDE were functionalized with a 20 μg mL−1

amine terminated Abs through EDC/NHS chemistry while the
remaining unbound functional groups were blocked with a 2%
bovine serum albumin (BSA) solution.

Functionalized VANTA IDEs were first electrochemically
tested in 10 μL of PBS as a negative control and then 10 μL
of diluted cattle implant supernatant (with a known concentra-
tion of cytokines) as described in the Experimental Section and
Figure 1. CV and EIS measurements were acquired in KCl to
measure the electrochemical reactivity of the VANTA-IDEs. Well-
defined anodic and cathodic peak currents (Ip) were obtained
across a range of scan rates (5, 10, 25, 50, and 100 mV s−1) due
to the ferricyanide, Fe3+/Fe2+ redox couple (Figure 3a). The lin-
ear relationship between peak currents and the square root of the
voltage scan rate demonstrated from the Randles-Sevcik plot in
Figure 3b is indicative of a reaction that was controlled by the dif-
fusion of species in solution. Moreover, the peak-to-peak separa-
tion (ΔEp) values range from 0.12 V to 0.32 V, which is indicative
of limitations in electron transfer, suggesting a quasi-reversible
system. Such ΔEp values are significantly lower than those ob-
tained during ferricyanide electrochemistry with electrodes com-
prised of basal planes of highly oriented pyrolytic graphite (ΔEp
0.63 V).[40] The ΔEp values of the VANTA IDEs also compare fa-
vorably with similar CNT-based electrodes where aligned MWC-
NTs electrodes achieved ΔEp values of 0.23 V.[40] The effective
electroactive surface area (A = 8.9 × 10−5 cm2, geometric area
≈ 9.9 × 10−3 cm2) of the VANTAs was also calculated by incor-

porating the recorded Ip values into the Randles–Sevcik equation
(Equation 1),

Ip =
(
2.69 × 105) n

3
2 v

1
2 D

1
2 CA (1)

where n is the number of electrons transferred by the Fe3+/Fe2+

redox couple (n = 1), v is the scan rate, D is the diffusion coeffi-
cient (D= 7.20× 10−6 cm2 s−1), and C is the analyte concentration
(C = 5 mm). The surface area where heterogeneous charge trans-
port occurs can be reported as a percent of active sites (the ratio
between electroactive surface area and geometric area). The cal-
culated electroactive surface area results in approximately 0.9%
active sites for the VANTA IDEs in a Fe3+/Fe2+ redox couple. Such
values are greater than previous reports of 0.4% active sites for
single-walled carbon nanotube networks immobilized in a planar
fashion on electrodes.[41] Thus, the porous and vertically-aligned
nature of the VANTA IDEs considerably raises the electroactive
surface area above conventional solid or planar IDE sensors[42]

and provides more carbon-carbon defects or active sites than con-
ventional CNT electrodes.[43,44]

To further electrochemically characterize the VANTA IDEs,
non-faradic EIS measurements were conducted with increasing
concentrations of KCl (from 1.0 μm to 1.0 m KCl) (Figure 3c–e).

An equivalent circuit model, based on the work developed by
Zou et al.,[33] was used to help elucidate the non-faradic EIS
data acquired from the VANTA IDEs (Figure 3f). At lower fre-
quencies and higher concentrations of KCl, the impedance re-
sponse is predominantly dominated by the double-layer capac-
itance (Cdl), which is formed on the interface of the neighbor-
ing fingers and the electrolyte. Within the intermediate frequency
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Figure 4. Fluorescent micrographs of the VANTA IDEs after anti-mouse
IgG-FITC Ab was immobilized on VANTA IDEs and incubated for 1 hr. Re-
sultant micrographs display binding of IgG-FITC Ab onto VANTA IDEs that
have been previously functionalized a) with anti- bovine IFN-𝛾 Ab (fluores-
cence observed on VANTA structures is shown in green) and b) without
(no fluorescence observed on VANTA structures as they remain black).

range, the impedance is governed by Rs, which arises from the
changes in ionic concentration in the solution. Finally, at higher
frequencies, the system impedance is influenced by the solution
dielectric capacitance (Cde), which has its effect reduced as the
concentration of KCl increases, approaching a shortened stage at
the higher levels of KCl.[42] Similar impedance behavior at differ-
ent concentrations of KCl was observed previously by Hardeman
et al.[45] and Zou et al.,[33] validated that the conductivity of the
solution is a determinant factor in constraining the signal of the
sensor in the intermediate frequency range.[45] As evidenced in
Figure 3d, changes in the solution resistance (Rs) are correlated
with KCl concentrations between 1 and 100 μm, while the phase
change was sensitive to KCl concentration changes varying be-
tween 100 μm and 1 m. Hence, the response to surface-related
processes can be maximized at specific concentrations of elec-
trolyte and frequency ranges.[46]

Fluorescence microscopy was next performed to verify the ef-
fectiveness of the VANTA IDE antibody biofunctionalization pro-
tocol using FITC fluorescence tagged secondary Abs that bind to
primary Ab-Ag pairs covalently bound to the VANTA surface (see
Experimental Section). Figure 4a shows a positive fluorescence
emission originating from the VANTA IDE fingers as the sec-
ondary FITC labeled Abs effectively bound the primary Abs on
the VANTA surfaces. However, in the example of the negative
control (Figure 4b), where no primary Ab has been conjugated
onto the VANTA IDEs, the fluorescence emission areas were re-
versed and the VANTA IDEs did not fluoresce after incubation
with the FITC labeled secondary Abs.

The VANTA IDE electrodes functionalized with either IL-10
or IFN-𝛾 Abs were first calibrated through incubations in PBS
buffer and next in diluted cattle implant (Figure 1 and Experi-
mental Section). The Abs concentration used to functionalize the
VANTA IDEs was diluted to 20 μg mL−1 as this concentration
improved the sensing range of the VANTA IDEs over lower Abs
concentrations, according to preliminary tests. This selected Ab
concentration was covalently immobilized onto the VANTA IDEs
using EDC/NHS chemistry with approximately a 35 min incuba-
tion time. Then, faradaic EIS measurements were performed in
Fe3+/Fe2+ redox probe with 0.1 m KCl, and the Randles equiv-
alent circuit was used to extract information about the changes
in charge transfer resistance (Rct). As IFN-𝛾 and IL-10 interact

with the antibodies on the VANTA IDE, an insulating layer is
formed on the electrode surface, resulting in Rct values.[47] Then,
a calibration plot correlating the measured Rct with the concen-
tration of the cytokine tested is obtained. Subsequent IFN-𝛾 cali-
bration tests in PBS displayed a linear sensing range from 0.1 to
50 pg mL−1 (pmodel = 0.0064) with a LOD of 0.048 pg mL−1 (y =
28.401x + 46.507) while in diluted cattle serum yielded a linear
sensing region of 50–500 pg mL−1 (pmodel = 0.0002) with a detec-
tion limit of 24.17 pg mL−1 (y = 11.359x – 15.594) (Figure 5a,b).
Calibration plots of IL-10 in PBS buffer (Figure 4c) yielded a lin-
ear sensing range from 0.1 −100 pg mL−1 (pmodel = 0.0001) with
a LOD of 0.0793 pg mL−1 (y = 33.133x + 56.285) while IFN-𝛾
sensing in diluted cattle implant (Figure 5d) resulted in a sens-
ing range of 0.1 to 30 pg mL−1 (pmodel = 0.0001) and a detection
limit of 0.09112 (y = 8.9729x + 13.4853). Compared to the sens-
ing result in PBS, sensing in cattle serum had a higher detec-
tion limit but a wider sensing range. This decrease in biosen-
sor sensitivity within the cattle serum is most likely due to a de-
crease in Ab-Ag binding which could have been hindered due to
the complexity of the sample matrix with potential interferents
found endogenously within this biological solution. All sensing
curves presented a signal drop at higher concentrations of the
target analyte. This behavior is an indication of biosensor satura-
tion, which results from the imbalance between the recognition
agent attached to the surface of the electrode and the high con-
centration of target analytes present in the sample. Then, the Ab-
Ag complex formed on the electrode surface disassociates and
is released in the solution, resulting in a decrease in response
signal.[48,49]

The performance of the VANTA IDE immunosensors is
relevant for the detection of IFN-𝛾 at the early stages of paratu-
berculosis, considering that levels between 1 and 10 ng mL−1 are
reported in serum samples.[50] Also, the sensor developed here
could be successfully applied for the detection of average levels
of IL-10 (8 ng mL−1) in cattle with paratuberculosis.[51] Further-
more, we observed an improvement in cytokine sensing perfor-
mance for the VANTA IDEs when compared to a previously re-
ported work on printed graphene IDEs. Parate et al.[52] developed
an aerosol jet printed (AJP) IDE from graphene-nitrocellulose
ink for the impedimetric detection of both IFN-𝛾 and IL-10 in
serum. Besides obtaining similar LOD results for IFN-𝛾 (AJP =
25 pg mL−1 and VANTA IDE = 24.17 pg mL−1), the VANTA IDEs
(0.09112 pg mL−1) presented and LOD more the two orders of
magnitude lower than the AJP IDE (46 pg mL−1). The VANTA
IDE immunosensor results were also competitive with other con-
siderably more complex sensing devices. For example, an inter-
esting approach was presented by Januarie et al.[53] while devel-
oping a sensor for IFN-𝛾 . These authors fabricated an aptasensor
using metal dichalcogenide-tin telluride selenide combined with
quantum dots. This device presented an LOD of 0.151 pg mL−1

in buffered saline solution, which is considerably higher than
the LOD obtained for the VANTA IDEs in the buffer. In another
work, Saputra et al.[54] applied conducting polymer composited
with MWCNT and gold nanoparticles (AuNP) to develop a glassy
carbon (GCE)-based electrochemical aptasensor for IFN-𝛾 . Even
though a commercial GCE was used together with MWCNT and
AuNP, this device presented an LOD of 7.68 fg mL−1, a limited
improvement compared to the VANTA IDE immunosensor.
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Figure 5. IFN-𝛾 sensing in a) PBS buffer with linear sensing range from 0.1 to 50 pg mL−1 (pmodel = 0.0064; pLOF = 0.984; R2 = 0.9965) and LOD of
0.0480 pg mL−1 and b) 1000x diluted cattle implant supernatant with linear sensing range from 50 to 500 pg mL−1 (pmodel = 0.0002; pLOF = 0.772; R2

= 0.998) and LOD of 24.17 pg mL−1). IL-10 sensing in c) PBS buffer with linear sensing range from 0.1 to 100 pg mL−1 (pmodel = 0.0001; pLOF = 0.352;
R2 = 0.8943) and LOD of 0.0793 pg mL−1 and d) 1000x diluted cattle implant supernatant with linear sensing range from 0.1 to 30 pg mL−1 (pmodel =
0.0001; pLOF = 0.597; R2 = 0.9571) and LOD of 0.0848). Data represents mean ± standard deviation Error bars represent one standard deviation from
the mean forfrom three distinct experiments with biosensors (n = 3).

Similarly, Nanda et al. developed an immunosensor for IL-10 us-
ing commercial glassy carbon electrodes decorated with AuNP.
Frias et al.[55] reported on a microfluidic device for impedimetric
detection of IL-10 using commercial screen-printed electrodes
modified with graphene foam. Besides the low LOD value
observed (7.89 fg mL−1), this device presented limitations in the
linear sensing range (10–100 fg mL−1). Notably, the VANTA IDEs
immunosensors developed here presented competitive perfor-
mance with similar electrochemical biosensors reported in the
literature and could be easily tuned to target different cytokines
by a simple change in the antibody used as a recognition agent.

Finally, to evaluate the selectivity and stability of the proposed
sensing platform, the functionalized electrodes with anti- IL-10
Abs and anti- IFN-𝛾 Abs were used to monitor the change in sig-
nal from sequentially monitoring similar cytokines (IL-10 for the
IFN-𝛾 biosensors and IL-6 for the IL-10 biosensor at concentra-
tions of 1, 10, and 100 pg mL−1), distinct concentrations of BSA
(0.5%, 1%, and 2%) and as well as increased incubation time of
the 1000 times diluted cattle implant (5, 30, and 60 min). The
results plotted in Figure 6 indicate that the percent change in
charge transfer was minimal for all interferent species tested as
compared to the signals obtained from the target analyte concen-
trations IL-10 and IFN-𝛾 , respectively. Hence, these results indi-
cate there was minimal non-specific binding and the probability

of false positive biosensor results, even within a complex biolog-
ical solution, is expected to be low.

4. Conclusion

In conclusion, the presented sensing platform is the first use
of VANTA IDEs for electrochemical biosensing of bovine IL-10
and IFN-𝛾 . This work demonstrates the ability to detect cy-
tokines, which can be used to indicate MAP disease status, and
builds on previous work demonstrating a similar approach with
oncoproteins.[35] VANTA fabrication techniques were coupled
with carbon infiltration to achieve highly ordered and vertically
aligned carbon nanotube forests with significantly increased sur-
face area in an IDE arrangement.[37] Oxygen plasma etching was
used to render the electrode surface hydrophilic and populated
with carboxylic groups, making the VANTA IDE well-suited for
covalent Ab biofunctionalization via EDC/NHS chemistry.[36]

Functionalized IDEs were tested in PBS buffer and diluted cattle
implant supernatant. IFN-𝛾 sensing with functionalized VANTA
IDEs achieved a linear sensing range of 50–500 pg mL−1 with
a detection limit of 24.17 pg mL−1, while for IL-10, a linear
sensing range of 0.1–30 pg mL−1 and a detection limit of 0.0848
pg mL−1 was achieved in diluted cattle implant supernatant. The
detection of both cytokines was demonstrated in actual biological
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Figure 6. Interferent testing with IL-6 (1, 10, and 100 pg mL−1), BSA (0.5%, 1%, and 2%), and increased incubation time (5, 30, and 60 min) when the
VANTA IDE was functionalized with a) anti- IL-10 Abs and b) anti- IFN-𝛾 Abs. Representative data detecting IL-10 (at 1, 10, and 100 pg mL−1) and IFN-𝛾
(at 50, 500, and 1000 pg mL−1) are also displayed for comparison. Inset (b) also indicates the response to IL-10 (1, 10, and 100 pg mL−1) for a sensor
functionalized with IFN-𝛾 Abs.

matrix, viz., diluted cattle implant supernatant, as opposed to
previous works performed in PBS buffer and animal solutions
not acquired from cattle. In future work, a full trail of diseased
and healthy cattle will be examined with this bovine collagen
implant – biosensor technology. During such an extensive study,
it is expected that this sensor could help elucidate the immune
response of cattle in different stages of MAP infection and fully
characterize the cytokine profile of stage I animals. We envision
an initial use of this novel diagnostic tool in screening cattle
before they are introduced into a new herd. This would be a vital
diagnostic tool for preventing the introduction of asymptomatic
MAP-infected cattle in herds that will inevitably be a source of
MAP infection for the herd. The cost and time of such a full trial
is out of the scope of this manuscript.

The developed VANTA IDE biosensor achieved label-free
detection of target analyte with minimal interference from
similar cytokines (IL-6, IL-10 in the case of IFN-𝛾 sensing; IL-6
in the case of IL-10 sensing) and BSA. Additionally, a rapid
detection time (<35 min) was achieved, promising for pen-side
or point-of-service sensing applications. The electrochemical
sensing method utilized in this work, performed without sample
enrichment or skilled personnel, is an appealing alternative
to conventional lab techniques, which are time-consuming,
expensive, and labor-intensive. Moreover, the resultant VANTA
sensing platform can overcome the challenges related with
fluorescence/optical based sensors that require complex equip-
ment/processes (e.g., fluorescence microscopes, pre-labeling
steps), and does not suffer from problems related to stability and
photobleaching of fluorophores. Consequently, it enables the
possibility of functioning in turbid, optically dense, or autoflu-
orescent biological samples—conditions that are typically found
with field samples.[56] Moreover, the fabrication protocol and
material characterization results for 3D VANTA IDEs developed
herein could be applied to emerging fields that have incorporated
CNTs into numerous electrochemical applications including
sensors, fuel cells, actuators, and energy harvesters.[57–59]
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