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a b s t r a c t
Measurement of interleukin-10 (IL-10) has subsequently become a crucial tool to identify end-stage heart
failure (ESHF) patients prone to adverse outcomes during the early phase of left ventricular assisted device
(LVAD) implantation. In this context, label-free detection using a novel substrate based on hafnium oxide
(HfO2 ) grown by atomic layer deposition (ALD) on silicon was applied. Here, we studied the interaction between recombinant human (rh) IL-10 with the corresponding monoclonal antibody (mAb) for
early cytokine detection of an anti-inﬂammatory response due to LVAD implantation. For this purpose,
HfO2 has been functionalized using an aldehyde–silane ((11-(triethoxysilyl) undecanal (TESUD)) selfassembled monolayer (SAMs), to directly immobilize the anti-human IL-10 mAb by covalent bonding.
The interaction between the antibody–antigen (Ab–Ag) was characterized by ﬂuorescence patterning
and electrochemical impedance spectroscopy (EIS). Conﬁrmation for the bio-recognition of the protein
was achieved by ﬂuorescence patterning, while Nyquist plots have shown a stepwise variation due to
the polarization resistance (Rp ) between the Ab activated surfaces with the detection of the protein.
For early expression monitoring, commercial proteins of rh IL-10 were analyzed between 0.1 pg/mL and
50 ng/mL. Protein concentrations within the linear range of 0.1–20 pg/mL were detected, and these values
formulated a sensitivity of 0.49 (ng/mL)−1 . These preliminary results demonstrated that the developed
biosensor was sensitive to the detection of rh IL-10, and the measured limit of 0.1 pg/mL in phosphate
buffered saline (PBS) was clearly detectable, which displays the high sensitivity of EIS. On analysis of an
interference attributable to non-speciﬁc binding of other cytokine biomarkers; tumor necrosis factor-␣
(TNF-␣) and IL-1␤ were analyzed without causing an interference to the IL-10 mAb. This established that
selective sensitivity was responsive only to rh IL-10. To our knowledge, this is the ﬁrst biosensor that
has been based on HfO2 for Ag detection by EIS. In time, the HfO2 insulator will be incorporated into the
gate of silicon-based ion-sensitive ﬁeld-effect transistors (ISFETs) and developed as a portable real time
detection system for the IL family of biomarkers in human serum.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Heart failure (HF) has become a huge problem in the western
world. Every year, approximately 1 million new patients are diagnosed with this illness, which makes it one of the fastest growing
cardiovascular diseases (CVDs). Various commonly available methods for the detection of biomarkers related with CVDs have been
developed, such as immunoafﬁnity column assay, ﬂuorometric,
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and enzyme-linked immunosorbent assay (ELISA) [1–5]. However,
these laboratory techniques are based on sophisticated instrumentation that requires qualiﬁed personnel, while sample preparation
and analysis are also time consuming. Therefore, there is an urgent
need for easier use of diagnostic tools with high sensitivity and
selectivity, which enable identiﬁcation of the severity of the inﬂammatory state in the early stages and thus permit early therapeutic
intervention. Such tools would be of great help to treat HF before
the patients quality of life is compromised and hence, aid in the
development of new pharmacotherapeutic options.
Biosensors based on electrical measurement are devices that
employ biochemical molecular recognition for desired selectivity
with a speciﬁc biomarker of interest. Such biosensors present a
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system that is sensitive, label-free, rapid, reproducible, portable,
and at low production costs can eliminate applications that utilize
time-consuming laboratory equipment [6–10]. Recently, it has
been used for the detection of IL-6 and IL-8 with very low concentrations measured [11,12].
In general, biosensor fabrication is based upon the semiconducting properties of silicon with thermally grown silicon dioxide (SiO2 )
and silicon nitride (Si3 N4 ) being most favored over the past decades,
when applied as transistor gates within ﬁeld effect transistors
(FETs) [13–17]. With the thickness reduction of SiO2 complementary metal oxide semi-conductor (CMOS) devices, high gate oxide
leakage becomes apparent as the reliability of the SiO2 layer is jeopardized. Capacitance can be improved by increasing the dielectric
constant (K) without having to reduce the dielectric thickness to
leaky dimensions. Many other materials have been considered as
potential alternatives for high-K gate materials instead of SiO2 as
they present the necessary capacitance due to physical thickness
and a reduction of the gate leakage current [18]. These include:
aluminum oxide (Al2 O3 ), tantalum pentoxide (Ta2 O5 ), titanium
dioxide (TiO2 ), zirconium dioxide (ZrO2 ) and hafnium oxide (HfO2 )
[19–25]. One of these extensively researched materials is HfO2 .
When compared to the aforementioned high-K dielectrics, HfO2 has
increased thermal stability on silicon by using atomic layer deposition (ALD) as deposition method (Al2 O3 has also improved stability
on Si, but a lower K of 9 does not render it beneﬁcial for capacitor
applications in the continued CMOS advancements), and a higher
K for reduced leakage and enhanced gate capacitance when compared with SiO2 [23]. Therefore, HfO2 can be considered a promising
high-K gate material. On application to a biosensor, these properties
can be addressed when considering the charge effect of a material.
For instance, improved thermal stability creates a good interface
for electrical performance, since consistent capacitance switching
behavior of the semiconducting channel correlates to the gate oxide
layer that is deposited on the channel [25], while, relative activation requirements upon functionalization of a surface can also be
improved by application of a high-K material that obtains a highly
polar surface (e.g. low K materials require aggressive activation
to improve chemical bonding of the required silane, e.g. piranha
solution).
Recently, Chen et al. have applied HfO2 as a highly sensitive bio-ﬁeld-effect transistor (bioFET) for biotin functionalization
using capacitance–voltage measurements [25]. Streptavidin binding was reproducible by application of a linker molecule;
(3-aminopropy)triethoxysilane (APTES). The authors have demonstrated that HfO2 can be applied for functionalization with
biomolecules and, therefore, we propose the ﬁrst novel HfO2
biosensor that has been functionalized for antibody (Ab) deposition with detection of a human antigen (Ag) by electrochemical
impedance spectroscopy (EIS).
IL-10 is an anti-inﬂammatory cytokine with an important role in
modulating the inﬂammatory processes in several diseases related
with inﬂammation. An exacerbated increase of IL-10, in addition to
uncontrolled release of pro-inﬂammatory mediators, was proposed
as a peculiar pattern of adverse inﬂammatory response related to
the magnitude of multi-organ dysfunction in end-stage heart failure (ESHF) patients supported by left ventricular assisted device
(LVAD) [2]. In the early phase of LVAD support, patients are more
susceptible to adverse events and are at a higher risk of multiple
organ failure syndrome (MOFS). The impact of MOFS, ultimately
leads to mortality of the patient and it is inﬂuenced by the degree
of immuno-inﬂammation [2]. As a cause, this factor is independent of infection, and the inﬂammatory response is most dangerous
during the ﬁrst month, especially, within the ﬁrst few hours after
implantation. Early expression of IL-10 within the pg/mL range can
discriminate patients of high risk, and since EIS is rapid, early therapeutic intervention can be provided by the clinicians to assist

in preventing MOFS from developing to a critical stage. Stumpf
et al. reported CHF IL-10 plasma cytokine levels for 50 patients at
2.3 ± 1.9 pg/mL, while controls were measured at 5.2 ± 2.3 pg/mL
(P < 0.01) [26]. Finally, Bolger et al. studied plasma IL-10 cytokine
levels where CHF patients were recorded at 3.7 ± 1.1 pg/mL and
control patients at 4.9 ± 1.5 pg/mL (P = 0.50) [27]. These results
demonstrated plasma samples from CHF patients that had not
undergone LVAD implantation though were classiﬁed with this
condition. Here, the severity of CHF levels was classiﬁed as New
York Heart Association (NYHA) class II to IV [26], though on both
accounts, the control patients recorded an increase in IL-10 plasma
levels.
In a study of patients who underwent surgery for LVAD implantation, Caruso et al. have reported detectable human IL-10 plasma
levels for 23 LVAD implanted patients between a range of 0 and
1558 pg/mL in the ﬁrst 30 days of LVAD support using ELISA [2].
Interestingly, the authors analyzed samples within certain time
frames to quantify exactly when patients were susceptible to
higher levels of inﬂammation after surgery. Before LVAD implantation, patients obtained minimal IL-10 inﬂammation (pre-implant)
due to the circulating cytokine (1-month survivors, 1.8 pg/mL and
non-survivors, 5.6 pg/mL). Following LVAD implantation, plasma
samples were taken after 4 h. At this critical stage, early expression
of human IL-10 peaked in comparison with other plasma samples
analyzed within the 30 day period for survivors and non-survivors.
Levels for IL-10 non-survivors (177.8 pg/mL) were also higher than
that of the survivors (56.2 pg/mL). Therefore, the authors have
established that the elevated IL-10 levels in parallel with other
cytokines can play an important role in the development of adverse
events early after LVAD implantation [2,3].
Here, we present a novel substrate of HfO2 where the surface has
been functionalized with 11-(triethoxysilyl) undecanal (TESUD) by
chemical vapor deposition in a saturated medium [28,29]. Surface
activation has enabled direct monoclonal antibody (mAb) bonding, where no other reagents were required that could in essence
denature the primary capture Ab [28]. Surface treatment was analyzed by contact angle measurements (CAM) that were based upon
cleaned, UV/Ozone activated and TESUD surfaces. The Ab–Ag–Ab
bio-recognition on HfO2 TESUD activated substrates was characterized by ﬂuorescence microscopy, while application of EIS aided
in the evaluation of this novel biosensor for early stage detection
of human IL-10 inﬂammation for LVAD recipients.

2. Materials and methods
2.1. Process for substrate fabrication
In the ALD technique, very thin layers can be deposited by
sequential self-terminating gas–solid reactions. The cyclic nature
of this deposition process results in a layer-by-layer deposition,
which exhibits a very important advantage in terms of both thickness and composition control. Typically, a deposition cycle in that
sequence, consists on the introduction of the ﬁrst appropriate precursor gas into the reaction chamber in the form of a very short
time pulse, producing the chemisorption of the precursor onto the
surface of the substrate, followed by a purge step with an inert gas
to remove the precursor excess and the reaction by-products; next,
the second precursor gas is pulsed and introduced into the chamber
and reacts with the ﬁrst precursor present on the substrate; and,
ﬁnally, another purge step is done with the same purpose of the
ﬁrst one. This constitutes one cycle of the process and a monolayer
growth by cycle is obtained due to the self-limiting nature of the
reactions.
The samples structures were made on 100 mm-diameter ptype silicon wafers (1 0 0), oriented with a resistivity of 4–40  cm.
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Fig. 1. Surface activation on HfO2 by UV/Ozone followed by vapor deposition in a saturated medium of TESUD.

After standard cleaning, the high-K dielectric was deposited by
the ALD as described before. We have used the Savannah-200
ALD system set up at IMB-CNM, which consists of a thermal ALD
system at a controlled temperature and under vacuum. The system uses deionized H2 O as the oxygen precursor, together with
tetrakis(dimethylamido)-hafnium for HfO2 deposition and N2 as
the carrier/purging gas. Deposition of the HfO2 layer was carried
out at a temperature of 225 ◦ C and at a base pressure of 300 mTorr
using 100 ALD cycles. A ﬁrst estimation of the deposited HfO2
layer thickness was carried out by means of ellipsometry, obtaining a thickness of 10.7 nm having ﬁxed the refractive index to 2.07.
Finally, a 500 nm-thick aluminum layer was deposited on the back
of the wafers for electrically contacting the silicon substrate. For
more information concerning the effects of processing conditions
and electrical characteristics, see [19,20].

2.2. Fluorescent imaging of functionalized TESUD substrates with
Ab–Ag–Ab bio-recognition
Bare HfO2 substrates were cleaned by sonication in acetone for
10 min, followed by thorough rinsing in ultrapure water (Millipore
Milli-Q). Surface activation of the HfO2 substrates was performed
using an UV/Ozone ProcleanerTM (BioForce, Germany) for 20 min.
Afterwards, the substrates were thoroughly rinsed and sonicated in
Milli-Q water for 10 min. The HfO2 substrates were functionalized
by a SAMs of TESUD (Gelest, USA) using vapor-phase method for
1 h (Fig. 1). This activation technique has been recently reported by
Caballero et al. [28,29] where Si3 N4 surfaces have been aldehydefunctionalized for the detection of human serum albumin (HSA).
Finally, the substrates were placed into an oven at 100 ◦ C for 1 h,
and after baking, the substrates were rinsed in absolute ethanol and
dried with nitrogen.
A positive 10 m structured polydimethylsiloxane (PDMS)
stamp was cleaned by sonication in absolute ethanol for 10 min.
A solution of anti-human IL-10 mAb (10 g/mL) (R&D Systems,
France) was physisorbed onto the PDMS stamp for 20 min and
then dried with nitrogen. The stamp was positioned onto the HfO2
TESUD substrates and microcontact printing (CP) was maintained
for 10 min (Fig. 2a) using an automated microcontact printer (CP
3.0 GeSiMs, Germany). The substrates were rinsed in phosphate
buffered saline (PBS) (pH 7.4) (Sigma–Aldrich, France) and dried
with nitrogen.
After the deposition of the mAb, the non-functionalized regions
were blocked using a 1 mM triethylamine (Sigma–Aldrich, France)
solution of alpha-methoxy-omega-amino poly(ethylene glycol)
(MeO-PEG-NH2 ) (Iris Biotech GmbH, Germany) for 30 min (Fig. 2b).
After this time, the samples were rinsed in PBS and dried with
nitrogen.

Subsequently, the substrates were incubated with human IL-10
protein (R&D Systems, France) (0.25 g/mL) for 1 h. This allowed
the Ab–Ag interaction to formulate (Fig. 2c). After that, the samples
were rinsed in PBS and dried with nitrogen.
Finally, the substrates were incubated with anti-human IL-10Fluorescein mAb (R&D Systems, France) (2.5 g/mL) for 1 h (Fig. 2d),
to complete the ﬁnal afﬁnity. The samples were rinsed in PBS, then
dried with nitrogen, and observed using a ﬂuorescence microscope
(Zeiss Axio Scope.A1, France).
2.3. Detection of varying rh IL-10 concentrations by EIS
2.3.1. Preparation of working electrodes
Bare HfO2 substrates were cleaned and activated with TESUD
(see Section 2.2). As HfO2 is an insulating material, the substrate
functions on a charge effect as FETs. This differs in comparison
to gold based biosensors where a charge transfer is obtained due
to conductance of electron transfer using, for example, Fe(II/III)
complex. Immobilization of the mAb was made in a conventional
three-electrode glass cell for 2 h at 4 ◦ C, followed by rinsing with
PBS. The measurement window for the HfO2 working electrode
was calculated with an effective surface of ∼0.50 cm2 . Therefore,
immobilization of the mAb and Ag were made with volumes of
50 L. This ensured that all dilutions were maintained directly on
the HfO2 . Measurements were made with a platinum plate counter
electrode, and a silver/silver chloride (Ag/AgCl) reference electrode
(Radiometer Analytical, France). All measurements were made with
freshly prepared PBS solution that required 10 mL to ﬁll the cell,

Fig. 2. Scheme for the activation of HfO2 for Ab–Ag–Ab bio-recognition of human
IL-10 for ﬂuorescence detection.
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Table 1
Contact angles of cleaned substrates, UV/Ozone activation, followed by TESUD formation on HfO2 .

77 ± 1◦
Cleaned HfO2

11 ± 2◦
UV/Ozone activation

74 ± 1◦
TESUD vapor phase

while the analysis was performed inside a Faraday cage. First,
the IL-10 capture mAb were measured at a ﬁxed potential that
formulated a classical Nyquist curve using a VMP3 Bio-Logic
Science Instrument, France. The preliminary plot established
the required potential on the HfO2 substrate. Starting from
the lowest, varying human IL-10 concentrations were added
after each analysis (30 min incubation at 4 ◦ C). Finally, the frequency range was made from 200 mHz to 200 kHz, and an
amplitude of 200 mV with a polarization potential of −2 V.
The scan time was 35 s/scan. EC-Lab V10.18 modeling software (Bio-Logic Science Instrument, France) was applied to
analyze the impedance data. For the Z-ﬁt, the Nyquist plots
were observed with Randomize + Simplex method, with randomize stopped on 100,000 iterations and the ﬁt stopped on
5000 iterations.
3. Results and discussion
3.1. Surface characterization of TESUD functionalization
By exposing HfO2 to TESUD, SAMs of silane spontaneously
absorb to the surface that leaves active aldehyde groups from the
hydrocarbon chain positioned for reactivity toward the anti-human
IL-10 mAb.
Contact angles were measured by analyzing a cleaned substrate,
UV/Ozone activated, followed by TESUD functionalization. Measurements were made using a GBX Scientiﬁc Instruments (France)
with Milli-Q water. Six values were recorded on each substrate,
with 1 L of ultrapure water deposited at 24 ± 2 ◦ C.
The results in Table 1, demonstrate a slightly hydrophilic nature
on HfO2 at 77 ± 1◦ . Upon surface activation with UV/Ozone, HfO2
became highly hydrophilic at 11 ± 2◦ . The K value of HfO2 is 25 [21]
and thus highly polar. As shown in accordance with the K value
of HfO2 , upon activation this surface increased in polarity. Therefore, with an improved K, this enabled increased saturation of the
substrate to formulate well-organized SAMs of aldehyde–silane.
By vapor-phase with TESUD, the angle on HfO2 increased in
hydrophobicity, due to the formation of available aldehyde groups
and hydrocarbon chains. This suggests that SAMs of TESUD have
formulated due to a recorded value of 74 ± 1◦ . Finally, the functionalization of TESUD was assumed homogenous due to a small
standard deviation (Fig. 3).

Fig. 3. Chemical mechanism for the formation of PEG-NH2 blocking layer followed
by the Ab–Ag–Ab bio-recognition of human IL-10.

anti-human capture mAb with a SAMs of aldehyde for direct
patterning.
3.3. EIS characterization with varying human IL-10
concentrations
EIS is an effective and efﬁcient technique for investigating interfacial properties on surface modiﬁed working electrodes. Previous
EIS results have indicated a distinction between the SAMs formation of the aldehyde when compared to bare HfO2 . By covalent
bonding of the Ab onto the surface, we followed the detection of
the protein by Nyquist plots (Fig. 5). With incubation of the protein to form an Ab–Ag complex, the substrate shows a stepwise

3.2. Human IL-10 detection by direct patterning
Fluorescent imaging is a rapid tool for analyzing bio-layers,
which ensures detection can be made by formulating biorecognition processes due to the high afﬁnity an Ab has for its
corresponding Ag. The soft-lithographical technique, CP, facilitates the printing of the required pattern by applying a structured
PDMS stamp. The functionality of the immobilized receptor by
the ﬂuorescent pattern visible in Fig. 4, shows the formation of
the Ab–Ag–Ab bio-recognition for human IL-10. The labeled ﬂuorescent tags formulate positive structures, where non-printed
regions have been blocked with PEG-NH2 . Well-proportioned
10 m2 positive patterns are shown with perfectly immobilized IL-10 mAb, and this veriﬁed the covalent bonding of the

Fig. 4. Fluorescent image of IL-10 Ab–Ag–Ab recognition on HfO2 using a positive 10 m PDMS stamp using an automated CP machine. After formation of the
aldehyde layer, IL-10 mAb was CP onto the surface, blocked with PEG-NH2 , then
incubated with human IL-10, followed by the IL-10 Ab tagged with ﬂuorescein. The
objective was taken at 50×.
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Fig. 5. Nyquist plot demonstrating detection of varying rh IL-10 concentrations in
comparison with the IL-10 Ab. EIS measurements were carried out in PBS using the
conditions: frequency range from 200 mHz to 200 kHz, an amplitude of 200 mV with
a potential of −2 V. (×) IL-10 Ab (10 g/mL) with human IL-10 at: () 0.1 pg/mL; ()
1 pg/mL; (䊉) 5 pg/mL; () 20 ng/mL; (ж ) 1 ng/mL; () 50 ng/mL. Inset: equivalent
circuit applied for normalization.

formation in Rp , with detectable concentrations ranging from
0.1 pg/mL to 50 ng/mL.
The EIS of HfO2 modiﬁed with IL-10 mAb, followed by increasing human IL-10 protein concentrations were analyzed. A variation
increase of the Rp can be seen from the initial IL-10 mAb (Fig. 5,
plot ×) at 556 k to human IL-10 (0.1 pg/mL, ) at 898 k. The
change in resistance demonstrates the bio-recognition of the Ag
to the ﬁxed mAb on the HfO2 substrate. The Rp for human IL-10
increased with 1 pg/mL at 1.2 × 106 k (); 5 pg/mL at 1.3 × 106 k
(䊉); 20 pg/mL at 1.5 × 106 k (); 1 ng/mL at 1.7 × 106 k (ж); and
50 ng/mL at 1.8 × 106 k (). The stepwise formation due to resistance, demonstrated that functionalization on HfO2 was achievable
as this permitted the immobilization of the IL-10 mAb onto the
HfO2 surface. The ∼342 k variations between the IL-10 mAb and
the human IL-10 at 0.1 pg/mL, demonstrates that the biosensor was
sensitive to this minute concentration. Detection from 0.1 pg/mL to
50 ng/mL increased within Rp , forming a clear distinction between
each observable concentration analyzed. Here, we have established
that detection was possible on this novel substrate with saturation
occurring between 1 and 50 ng/mL.
Due to the thin layer of HfO2 at 10.7 nm, rejuvenation of the
substrate was not possible due to the silanized layer. Repeated
UV/Ozone can diminish the HfO2 layer, while Piranha will only
remove the metal oxide and aluminum conducting layer. Also, since
EIS is a highly sensitive technique reproducibility on the same HfO2
substrate was not desirable. However, to validate the biosensors
response the experiment was repeated several times on different
HfO2 substrates by applying the same conditions. The overall relative standard deviation percentage (%RSD) was 7.33% which proves
the reproducibility of the biosensor.
From the impedance spectra, calculation of the ﬁtting parameters applying an equivalent circuit can quantify the biosensor based
on HfO2 (Table 2). This applies the variation of the Rp vs. rh IL-10
based in PBS. The equivalent electrical circuit (R1 + Q2 /R2 + Q3 /R3 )
applied for the simulation that formulated the best ﬁt for the data is
shown as the inset in Fig. 5. Here, the components can be explained
as follows: R1 expresses the electrolyte solution (Rs ). Q2 is the constant phase element (CPE) (Qsigma2 and Qalpha2 ) that is parallel
with R2 which is the Rp for the ﬁrst Nyquist semi-circle. Finally,
Q3 is another CPE (Qsigma3 and Qalpha3 ) which is parallel with
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Fig. 6. Normalized curve by EIS detection of the logarithm of (black) rh IL-10 and
selectivity of (red) rh TNF-␣ and (blue) rh IL-␤ with concentrations ranging from
0.1 pg/mL to 50 ng/mL against the variation of the Rp calculated by R/R. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of the article.)

R3 which is the Rp for the second Nyquist semi-circle. Therefore,
the calculations of R/R were made with R3 (due to the formation
of two compressed semi-circles in the Nyquist plot, the imperfect
capacitors of CPE functioned with improved ﬁtting values when
compared to pure capacitive components (C2 and C3)). In Fig. 6
(black), the Rp and the logarithm of the rh IL-10 concentration
(C) plot produced a linear relationship ranging from 0.1 pg/mL to
20 pg/mL at R2 = 0.9928 with a sensitivity of 0.49 (ng/mL)−1 . Values for NYHA classify HF patients rh IL-10 values between ∼0 and
10 pg/mL for NYHA class I/II and III/IV. However, from literature
we have previously seen that these values are dependent upon
pre- and post-implantation of LVAD, since an increase of IL-10
was observed after surgery. At present, with our detectable concentration, the novel biosensor was capable of measuring at this
concentration requirement (e.g. non-survivors between 0 and 4 h
recorded values of 5.6–177.8 pg/mL of IL-10 [2]). From 0.1 pg/mL
to 1 ng/mL, the biosensor began to saturate as the linearity was
reduced to R2 = 0.9889 with a sensitivity of 0.42 (ng/mL)−1 , while,
from 1 ng/mL to 50 ng/mL, the biosensor was saturated with human
IL-10.
The level of interference attributable to non-speciﬁc binding of
inactive proteins were analyzed with the cytokines; TNF-␣, and
IL-1␤ which are other prevalent biomarkers relevant to LVAD recipients. Here, the same conditions and concentrations were applied
as rh IL-10. Applying a HfO2 substrate with a monolayer of antihuman IL-10 mAb, we analyzed the interference of rh TNF-␣ and rh
IL-1␤. On calculation of the ﬁtting parameters, we see in Fig. 6, preliminary results for the selectivity of the biosensor. The detection of
rh IL-10 demonstrates linearity upon increasing the concentration
until the point of saturation. Reduced R/R values signiﬁcant to rh
TNF-␣ (red) (R2 = 0.0766 with a sensitivity of 0.002 (ng/mL)−1 ) and
rh IL-1␤ (blue) (R2 = 0.2381 with a sensitivity of 0.009 (ng/mL)−1 ),
demonstrates the sensitivity was considerably lower in comparison
to human IL-10. For instance, in comparison toward rh TNF-␣, the
biosensor was 245 times more selective with rh IL-10, and 54 times
more selective with rh IL-10 when compared to rh IL-1␤. Here, we
have established by EIS that selectivity was sensitive to only human
IL-10.
Undoubtedly, the gold standard for the quantiﬁcation of
cytokines is by ELISA technique, however, immobilization, bioconjugation, wash steps, and quantiﬁcation requires increased time
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Table 2
Fitting parameters obtained from the equivalent circuit of the human IL-10 based HfO2 biosensor.
Ag conc.

R1 ()

0 pg/mL
0.1 pg/mL
1 pg/mL
5 pg/mL
20 pg/mL
1 ng/mL
50 ng/mL

362.2
389.5
361.7
366.9
358.9
383.2
376.9

Q2 (nF ·s (a − 1) )
±
±
±
±
±
±
±

0.3
0.3
0.3
0.3
0.3
0.3
0.3

13.230
10.090
10.020
10.450
10.400
9.874
11.760

±
±
±
±
±
±
±

0.001
0.001
0.001
0.001
0.001
0.001
0.001

Q3 (nF ·s (a − 1) )

R2 (k)
413.51
296.35
216.391
218.099
197.575
249.532
231.840

and input from qualiﬁed personnel. The ELISA kits are designed
for accuracy at a sensitivity of ∼3 pg/mL with the detectable
assay range made at higher concentrations e.g. 15.4–600 pg/mL
[30–32]. However, lower concentrations can be detected with high
sensitivity though at a reduced dynamic range. The drawback
of ELISA kits is that they have short usability time due to the
lyophilized components, and if applied immediately following
sample collection to data acquisition, ELISA kits can take over half
a day to have a deﬁnitive reading. Depending upon the cost and
resources of a clinical laboratory, samples may be collected and
frozen until a sufﬁcient amount has been obtained from multiple
patients. Therefore, the time of analysis is ultimately delayed, and
speciﬁc knowledge affordable to protein concentration during the
ﬁrst few hours after implantation cannot be deduced hastily. In due
course, this will prevent adequate therapeutic intervention when
the patients’ clinical status requires it the most. As a consequence,
this demonstrates the possible alternative application of biosensors for real-time detection of inﬂammatory status during the early
phase of LVAD implantation. A biosensor can be manufactured at
reduced costs, preparation time (where no label or multiple wash
steps are required), and reduced analysis time.

4. Conclusions
In this study, we have achieved surface functionalization of
HfO2 by formulating SAMs of TESUD by vapor-phase in a saturated medium. Surface modiﬁcation on HfO2 has enabled covalent
bonding with the Ab and demonstrated the effectiveness, since
aldehyde formation permitted direct patterning of anti-human IL10 mAb onto HfO2 by CP. The patterned mAb had afﬁnity to the
human protein and was observed by a secondary ﬂuorescent Ab.
EIS has shown that detection could be made with varying human
IL-10 concentrations within the pico- to nano-gram range. Here,
for increased sensitivity the detectable limit was analyzed from
0.1 pg/mL. The increment of the dynamic range to larger concentrations can express the high risk of MOFS as a direct cause to
implantation. To our knowledge, this is the ﬁrst novel biosensor
that has been based on HfO2 for protein detection by means of
EIS.
IL-10 is one of many cytokines that can discriminate patients
at a high risk of MOFS development, and biosensors in the form
of point-of-care devices may present a valuable tool for evaluation of inﬂammatory status after LVAD implantation. Quantiﬁcation
is rapid and this can enhance the therapeutic intervention in an
intensive care unit, thus increasing the survival rate of patients
by means of early detection of an altered inﬂammatory process,
as evidenced by excessive release of circulating anti-inﬂammatory
cytokines.
Work is on-going to optimize all conditions for this novel
substrate, while future applications will concentrate on the development of biosensors based on FETs using HfO2 as a gate. Analysis
of biological samples (e.g. plasma) will then determine the limit
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of detection, linearity, response time, and sensitivity of this novel
HfO2 biosensor.
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