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nterleukin-10

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  interac-
tion  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))  self-
assembled  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.
. Introduction

Heart failure (HF) has become a huge problem in the western
orld. Every year, approximately 1 million new patients are diag-
osed with this illness, which makes it one of the fastest growing

ardiovascular diseases (CVDs). Various commonly available meth-
ds for the detection of biomarkers related with CVDs have been
eveloped, such as immunoaffinity column assay, fluorometric,

∗ Corresponding author. Tel.: +33 4 72 43 14 44; fax: +33 4 72 44 84 79.
E-mail addresses: michael.lee@etu.univ-lyon1.fr (M.  Lee),

bdelhamid.errachid@univ-lyon1.fr (A. Errachid).

925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2012.04.090
and enzyme-linked immunosorbent assay (ELISA) [1–5]. However,
these laboratory techniques are based on sophisticated instrumen-
tation 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 inflam-
matory 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

dx.doi.org/10.1016/j.snb.2012.04.090
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:michael.lee@etu.univ-lyon1.fr
mailto:abdelhamid.errachid@univ-lyon1.fr
dx.doi.org/10.1016/j.snb.2012.04.090
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ystem that is sensitive, label-free, rapid, reproducible, portable,
nd at low production costs can eliminate applications that utilize
ime-consuming laboratory equipment [6–10]. Recently, it has
een used for the detection of IL-6 and IL-8 with very low con-
entrations measured [11,12].

In general, biosensor fabrication is based upon the semiconduct-
ng properties of silicon with thermally grown silicon dioxide (SiO2)
nd silicon nitride (Si3N4) being most favored over the past decades,
hen applied as transistor gates within field effect transistors

FETs) [13–17].  With the thickness reduction of SiO2 complemen-
ary metal oxide semi-conductor (CMOS) devices, high gate oxide
eakage becomes apparent as the reliability of the SiO2 layer is jeop-
rdized. Capacitance can be improved by increasing the dielectric
onstant (K) without having to reduce the dielectric thickness to
eaky dimensions. Many other materials have been considered as
otential alternatives for high-K gate materials instead of SiO2 as
hey present the necessary capacitance due to physical thickness
nd a reduction of the gate leakage current [18]. These include:
luminum oxide (Al2O3), tantalum pentoxide (Ta2O5), titanium
ioxide (TiO2), zirconium dioxide (ZrO2) and hafnium oxide (HfO2)
19–25].  One of these extensively researched materials is HfO2.

hen compared to the aforementioned high-K dielectrics, HfO2 has
ncreased thermal stability on silicon by using atomic layer deposi-
ion (ALD) as deposition method (Al2O3 has also improved stability
n Si, but a lower K of 9 does not render it beneficial for capacitor
pplications in the continued CMOS advancements), and a higher

 for reduced leakage and enhanced gate capacitance when com-
ared with SiO2 [23]. Therefore, HfO2 can be considered a promising
igh-K gate material. On application to a biosensor, these properties
an be addressed when considering the charge effect of a material.
or instance, improved thermal stability creates a good interface
or electrical performance, since consistent capacitance switching
ehavior of the semiconducting channel correlates to the gate oxide

ayer that is deposited on the channel [25], while, relative activa-
ion requirements upon functionalization of a surface can also be
mproved by application of a high-K material that obtains a highly
olar surface (e.g. low K materials require aggressive activation
o improve chemical bonding of the required silane, e.g. piranha
olution).

Recently, Chen et al. have applied HfO2 as a highly sensi-
ive bio-field-effect transistor (bioFET) for biotin functionalization
sing capacitance–voltage measurements [25]. Streptavidin bind-

ng was reproducible by application of a linker molecule;
3-aminopropy)triethoxysilane (APTES). The authors have demon-
trated that HfO2 can be applied for functionalization with
iomolecules and, therefore, we propose the first novel HfO2
iosensor that has been functionalized for antibody (Ab) deposi-
ion with detection of a human antigen (Ag) by electrochemical
mpedance spectroscopy (EIS).

IL-10 is an anti-inflammatory cytokine with an important role in
odulating the inflammatory processes in several diseases related
ith inflammation. An exacerbated increase of IL-10, in addition to
ncontrolled release of pro-inflammatory mediators, was proposed
s a peculiar pattern of adverse inflammatory response related to
he magnitude of multi-organ dysfunction in end-stage heart fail-
re (ESHF) patients supported by left ventricular assisted device
LVAD) [2]. In the early phase of LVAD support, patients are more
usceptible to adverse events and are at a higher risk of multiple
rgan failure syndrome (MOFS). The impact of MOFS, ultimately
eads to mortality of the patient and it is influenced by the degree
f immuno-inflammation [2].  As a cause, this factor is indepen-
ent of infection, and the inflammatory response is most dangerous

uring the first month, especially, within the first few hours after

mplantation. Early expression of IL-10 within the pg/mL range can
iscriminate patients of high risk, and since EIS is rapid, early ther-
peutic intervention can be provided by the clinicians to assist
ors B 175 (2012) 201– 207

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 implan-
tation, 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 implanta-
tion, 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) bond-
ing, where no other reagents were required that could in essence
denature the primary capture Ab [28]. Surface treatment was  ana-
lyzed 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 charac-
terized 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 thick-
ness and composition control. Typically, a deposition cycle in that
sequence, consists on the introduction of the first appropriate pre-
cursor 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 p-
type silicon wafers (1 0 0), oriented with a resistivity of 4–40 � cm.
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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. 1. Surface activation on HfO2 by UV/Ozone follo

fter standard cleaning, the high-K dielectric was  deposited by
he ALD as described before. We  have used the Savannah-200
LD system set up at IMB-CNM, which consists of a thermal ALD
ystem at a controlled temperature and under vacuum. The sys-
em uses deionized H2O as the oxygen precursor, together with
etrakis(dimethylamido)-hafnium for HfO2 deposition and N2 as
he carrier/purging gas. Deposition of the HfO2 layer was  carried
ut at a temperature of 225 ◦C and at a base pressure of 300 mTorr
sing 100 ALD cycles. A first estimation of the deposited HfO2

ayer thickness was carried out by means of ellipsometry, obtain-
ng a thickness of 10.7 nm having fixed the refractive index to 2.07.
inally, a 500 nm-thick aluminum layer was deposited on the back
f the wafers for electrically contacting the silicon substrate. For
ore information concerning the effects of processing conditions

nd electrical characteristics, see [19,20].

.2. Fluorescent imaging of functionalized TESUD substrates with
b–Ag–Ab bio-recognition

Bare HfO2 substrates were cleaned by sonication in acetone for
0 min, followed by thorough rinsing in ultrapure water (Millipore
illi-Q). Surface activation of the HfO2 substrates was performed

sing an UV/Ozone ProcleanerTM (BioForce, Germany) for 20 min.
fterwards, the substrates were thoroughly rinsed and sonicated in
illi-Q water for 10 min. The HfO2 substrates were functionalized

y a SAMs of TESUD (Gelest, USA) using vapor-phase method for
 h (Fig. 1). This activation technique has been recently reported by
aballero et al. [28,29] where Si3N4 surfaces have been aldehyde-
unctionalized for the detection of human serum albumin (HSA).
inally, the substrates were placed into an oven at 100 ◦C for 1 h,
nd after baking, the substrates were rinsed in absolute ethanol and
ried with nitrogen.

A positive 10 �m structured polydimethylsiloxane (PDMS)
tamp was cleaned by sonication in absolute ethanol for 10 min.

 solution of anti-human IL-10 mAb  (10 �g/mL) (R&D Systems,
rance) was physisorbed onto the PDMS stamp for 20 min  and
hen dried with nitrogen. The stamp was positioned onto the HfO2
ESUD substrates and microcontact printing (�CP) was  maintained
or 10 min  (Fig. 2a) using an automated microcontact printer (�CP
.0 GeSiMs, Germany). The substrates were rinsed in phosphate
uffered saline (PBS) (pH 7.4) (Sigma–Aldrich, France) and dried
ith nitrogen.

After the deposition of the mAb, the non-functionalized regions
ere blocked using a 1 mM triethylamine (Sigma–Aldrich, France)
olution of alpha-methoxy-omega-amino poly(ethylene glycol)
MeO-PEG-NH2) (Iris Biotech GmbH, Germany) for 30 min (Fig. 2b).
fter this time, the samples were rinsed in PBS and dried with
itrogen.
y vapor deposition in a saturated medium of TESUD.

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-10-
Fluorescein 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
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 for-
mation on HfO2.

77 ± 1◦ 11 ± 2◦ 74 ± 1◦
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bonding of the Ab onto the surface, we  followed the detection of
the protein by Nyquist plots (Fig. 5). With incubation of the pro-
tein to form an Ab–Ag complex, the substrate shows a stepwise
Cleaned HfO2 UV/Ozone activation TESUD vapor phase

hile the analysis was performed inside a Faraday cage. First,
he IL-10 capture mAb  were measured at a fixed potential that
ormulated a classical Nyquist curve using a VMP3 Bio-Logic
cience Instrument, France. The preliminary plot established
he required potential on the HfO2 substrate. Starting from
he lowest, varying human IL-10 concentrations were added
fter each analysis (30 min  incubation at 4 ◦C). Finally, the fre-
uency range was made from 200 mHz  to 200 kHz, and an
mplitude of 200 mV  with a polarization potential of −2 V.
he scan time was 35 s/scan. EC-Lab V10.18 modeling soft-
are (Bio-Logic Science Instrument, France) was applied to

nalyze the impedance data. For the Z-fit, the Nyquist plots
ere observed with Randomize + Simplex method, with ran-
omize stopped on 100,000 iterations and the fit stopped on
000 iterations.

. Results and discussion

.1. Surface characterization of TESUD functionalization

By exposing HfO2 to TESUD, SAMs of silane spontaneously
bsorb to the surface that leaves active aldehyde groups from the
ydrocarbon chain positioned for reactivity toward the anti-human

L-10 mAb.
Contact angles were measured by analyzing a cleaned substrate,

V/Ozone activated, followed by TESUD functionalization. Mea-
urements were made using a GBX Scientific Instruments (France)
ith Milli-Q water. Six values were recorded on each substrate,
ith 1 �L of ultrapure water deposited at 24 ± 2 ◦C.

The results in Table 1, demonstrate a slightly hydrophilic nature
n HfO2 at 77 ± 1◦. Upon surface activation with UV/Ozone, HfO2
ecame highly hydrophilic at 11 ± 2◦. The K value of HfO2 is 25 [21]
nd thus highly polar. As shown in accordance with the K value
f HfO2, upon activation this surface increased in polarity. There-
ore, with an improved K, this enabled increased saturation of the
ubstrate to formulate well-organized SAMs of aldehyde–silane.

By vapor-phase with TESUD, the angle on HfO2 increased in
ydrophobicity, due to the formation of available aldehyde groups
nd hydrocarbon chains. This suggests that SAMs of TESUD have
ormulated due to a recorded value of 74 ± 1◦. Finally, the func-
ionalization of TESUD was assumed homogenous due to a small
tandard deviation (Fig. 3).

.2. Human IL-10 detection by direct patterning

Fluorescent imaging is a rapid tool for analyzing bio-layers,
hich ensures detection can be made by formulating bio-

ecognition processes due to the high affinity an Ab has for its
orresponding Ag. The soft-lithographical technique, �CP, facili-
ates the printing of the required pattern by applying a structured
DMS stamp. The functionality of the immobilized receptor by
he fluorescent pattern visible in Fig. 4, shows the formation of
he Ab–Ag–Ab bio-recognition for human IL-10. The labeled flu-

rescent tags formulate positive structures, where non-printed
egions have been blocked with PEG-NH2. Well-proportioned
0 �m2 positive patterns are shown with perfectly immobi-

ized IL-10 mAb, and this verified the covalent bonding of the
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 inter-
facial properties on surface modified working electrodes. Previous
EIS results have indicated a distinction between the SAMs forma-
tion of the aldehyde when compared to bare HfO2. By covalent
Fig. 4. Fluorescent image of IL-10 Ab–Ag–Ab recognition on HfO2 using a posi-
tive 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
c

f
0

i
i
p
c
t
i
(
5
t
a
H
t
s
5
e
t
o

s
U
r
E
s
r
H
t
t

t
o
b
a
s
a
s
w
Q

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

IL-10.
 pg/mL; (�) 5 pg/mL; (�) 20 ng/mL; (ж ) 1 ng/mL; (©) 50 ng/mL. Inset: equivalent
ircuit applied for normalization.

ormation in Rp, with detectable concentrations ranging from
.1 pg/mL to 50 ng/mL.

The EIS of HfO2 modified with IL-10 mAb, followed by increas-
ng human IL-10 protein concentrations were analyzed. A variation
ncrease of the Rp can be seen from the initial IL-10 mAb  (Fig. 5,
lot ×) at 556 k� to human IL-10 (0.1 pg/mL, �) at 898 k�. The
hange in resistance demonstrates the bio-recognition of the Ag
o the fixed mAb  on the HfO2 substrate. The Rp for human IL-10
ncreased with 1 pg/mL at 1.2 × 106 k� (�); 5 pg/mL at 1.3 × 106 k�
�); 20 pg/mL at 1.5 × 106 k� (�); 1 ng/mL at 1.7 × 106 k� (ж); and
0 ng/mL at 1.8 × 106 k� (©). The stepwise formation due to resis-
ance, demonstrated that functionalization on HfO2 was  achievable
s this permitted the immobilization of the IL-10 mAb  onto the
fO2 surface. The ∼342 k� variations between the IL-10 mAb  and

he human IL-10 at 0.1 pg/mL, demonstrates that the biosensor was
ensitive to this minute concentration. Detection from 0.1 pg/mL to
0 ng/mL increased within Rp, forming a clear distinction between
ach observable concentration analyzed. Here, we have established
hat detection was possible on this novel substrate with saturation
ccurring between 1 and 50 ng/mL.

Due to the thin layer of HfO2 at 10.7 nm,  rejuvenation of the
ubstrate was not possible due to the silanized layer. Repeated
V/Ozone can diminish the HfO2 layer, while Piranha will only

emove the metal oxide and aluminum conducting layer. Also, since
IS is a highly sensitive technique reproducibility on the same HfO2
ubstrate was not desirable. However, to validate the biosensors
esponse the experiment was repeated several times on different
fO2 substrates by applying the same conditions. The overall rela-

ive standard deviation percentage (%RSD) was 7.33% which proves
he reproducibility of the biosensor.

From the impedance spectra, calculation of the fitting parame-
ers applying an equivalent circuit can quantify the biosensor based
n HfO2 (Table 2). This applies the variation of the Rp vs. rh IL-10
ased in PBS. The equivalent electrical circuit (R1 + Q2/R2 + Q3/R3)
pplied for the simulation that formulated the best fit for the data is
hown as the inset in Fig. 5. Here, the components can be explained
s follows: R expresses the electrolyte solution (Rs). Q is the con-
1 2
tant phase element (CPE) (Qsigma2 and Qalpha2) that is parallel
ith R2 which is the Rp for the first Nyquist semi-circle. Finally,
3 is another CPE (Qsigma3 and Qalpha3) which is parallel with
0.1 pg/mL to 50 ng/mL against the variation of the Rp calculated by �R/R. (For inter-
pretation 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. Val-
ues 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 con-
centration, 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 recip-
ients. Here, the same conditions and concentrations were applied
as rh IL-10. Applying a HfO2 substrate with a monolayer of anti-
human 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, pre-
liminary 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
Undoubtedly, the gold standard for the quantification of
cytokines is by ELISA technique, however, immobilization, bio-
conjugation, 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 (�)  Q2 (nF ·s (a − 1)) R2 (k�)  Q3 (nF ·s (a − 1)) R3 (k�) �2

0 pg/mL 362.2 ± 0.3 13.230 ± 0.001 413.51 ± 0.02 82.070 ± 0.005 556.28 ± 0.02 0.0042
0.1  pg/mL 389.5 ± 0.3 10.090 ± 0.001 296.35 ± 0.01 107.900 ± 0.001 898.0430 ± 0.0003 0.0124
1  pg/mL 361.7 ± 0.3 10.020 ± 0.001 216.391 ± 0.004 114.500 ± 0.001 1161 ± 0.001 0.0188
5  pg/mL 366.9 ± 0.3 10.450 ± 0.001 218.099 ± 0.004 115.500 ± 0.001 1308 ± 0.002 0.0196
20  pg/mL 358.9 ± 0.3 10.400 ± 0.001 197.575 ± 0.003 118.300 ± 0.001 1523 ± 0.001 0.0268
1  ng/mL 383.2 ± 0.3 9.874 ± 0.001 249.532 ± 0.003 119.100 ± 0.001 1727 ± 0.004 0.0295
50  ng/mL 376.9 ± 0.3 11.760 ± 0.001 231.840 ± 0.003 122.300 ± 0.001 1822 ± 0.005 0.0282
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nd input from qualified personnel. The ELISA kits are designed
or accuracy at a sensitivity of ∼3 pg/mL with the detectable
ssay range made at higher concentrations e.g. 15.4–600 pg/mL
30–32].  However, lower concentrations can be detected with high
ensitivity though at a reduced dynamic range. The drawback
f ELISA kits is that they have short usability time due to the
yophilized components, and if applied immediately following
ample collection to data acquisition, ELISA kits can take over half

 day to have a definitive reading. Depending upon the cost and
esources of a clinical laboratory, samples may  be collected and
rozen until a sufficient amount has been obtained from multiple
atients. Therefore, the time of analysis is ultimately delayed, and
pecific knowledge affordable to protein concentration during the
rst few hours after implantation cannot be deduced hastily. In due
ourse, this will prevent adequate therapeutic intervention when
he patients’ clinical status requires it the most. As a consequence,
his demonstrates the possible alternative application of biosen-
ors for real-time detection of inflammatory status during the early
hase of LVAD implantation. A biosensor can be manufactured at
educed costs, preparation time (where no label or multiple wash
teps are required), and reduced analysis time.

. Conclusions

In this study, we have achieved surface functionalization of
fO2 by formulating SAMs of TESUD by vapor-phase in a satu-

ated medium. Surface modification on HfO2 has enabled covalent
onding with the Ab and demonstrated the effectiveness, since
ldehyde formation permitted direct patterning of anti-human IL-
0 mAb  onto HfO2 by �CP. The patterned mAb  had affinity to the
uman protein and was observed by a secondary fluorescent Ab.
IS has shown that detection could be made with varying human
L-10 concentrations within the pico- to nano-gram range. Here,
or increased sensitivity the detectable limit was analyzed from
.1 pg/mL. The increment of the dynamic range to larger concen-
rations can express the high risk of MOFS as a direct cause to
mplantation. To our knowledge, this is the first novel biosensor
hat has been based on HfO2 for protein detection by means of
IS.

IL-10 is one of many cytokines that can discriminate patients
t a high risk of MOFS development, and biosensors in the form
f point-of-care devices may  present a valuable tool for evalua-
ion of inflammatory status after LVAD implantation. Quantification
s rapid and this can enhance the therapeutic intervention in an
ntensive care unit, thus increasing the survival rate of patients
y means of early detection of an altered inflammatory process,
s evidenced by excessive release of circulating anti-inflammatory
ytokines.
Work is on-going to optimize all conditions for this novel
ubstrate, while future applications will concentrate on the devel-
pment of biosensors based on FETs using HfO2 as a gate. Analysis
f biological samples (e.g. plasma) will then determine the limit

[

of detection, linearity, response time, and sensitivity of this novel
HfO2 biosensor.
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