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ABSTRACT

Herein a label-free immunosensor based on electrolyte-gated organic field-effect transistor (EGOFET)
was developed for the detection of procalcitonin (PCT), a sepsis marker. Antibodies specific to PCT were
immobilized on the organic semiconductor surface through direct physical adsorption followed by a post-
treatment with bovine serum albumin (BSA) which served as the blocking agent to prevent non-specific
adsorption. Antibodies together with BSA (forming the whole biorecognition layer) served to selectively
capture the procalcitonin target analyte. The entire immunosensor fabrication process was fast, requiring
overall 45 min to be completed before analyte sensing. The EGOFET immunosensor showed excellent
electrical properties, comparable to those of bare poly-3-hexylthiophene based EGOFET confirming
reliable biosensing with bio-functional EGOFET immunosensor. The detection limit of the immunosensor

was as low as 2.2 pM and within a range of clinical relevance. The relative standard deviation of the
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individual calibration data points, measured on immunosensors fabricated on different chips
(reproducibility error) was below 7 %. The developed immunosensor showed high selectivity to the PCT
analyte which was evident through control experiments. This report of PCT detection is first of its kind
among the electronic sensors based on EGOFETs. The developed sensor is versatile and compatible with

low-cost fabrication techniques.

KEYWORDS: Electrolyte-gated organic field-effect transistors, immunosensor, procalcitonin, label-free

detection.
1. Introduction

A biosensor is an analytical device, incorporated with biological recognition elements that converts a
biorecognition event into a quantifiable and processable signal with the help of a transducer (Turner,
2015). Such biosensors are inevitable components in many domains, notably, clinical laboratories,
personalized health and fitness, food and environment. Nowadays, a lot of research is focused on
developing self-contained, patient bedside sensors, the so-called Point-of-Care sensors (Gubala et al.,
2012; Song et al., 2014; Zarei, 2017). These portable devices are supposed to provide to a clinician, fast
and reliable analytical quantification of biomarkers right at the place where they are more needed. While
organic field effect transistors based on solid dielectrics have been gathering attention as sensors since
decades, electrolyte-gated organic field-effect transistors are a relatively new class of bioelectronic
sensors (Magliulo et al., 2016; Marinelli et al., 2009). EGOFETs offer advantages such as label-free
detection, low-voltage operation (below 1 V), biocompatibility and ability to detect analyte in complex
matrices such as serum (Palazzo et al., 2015). They possess inherent gain amplification with a direct read-
out making them highly desirable for biosensing (Torsi et al., 2013). They also offer multiparametric
analysis of the obtained output signal (Torsi et al., 2000). Besides, they are highly versatile in terms of
fabrication, they could be miniaturized and are also compatible with high throughput, inexpensive

methods like printing (Manoli et al., 2015).

EGOFETs are three terminal devices which consist of source, drain and gate electrodes. Source and drain
are connected via an organic semiconductor, forming the so called transistor electronic channel. The latter
is separated from the gate by means of a dielectric medium. The channel conductivity is modulated by the
capacitive coupling of the gating system (gate electrode and dielectric medium), but unlike conventional
transistors, the gating medium that connects the gate with the channel is an electrolyte solution, more
often an aqueous based one. Upon biasing, an electric double layer is formed both at the gate/electrolyte
interface and the electrolyte/organic semiconductor interface (Kergoat et al., 2012). These two, constitute
the active electronic layers wherein the biomolecules can be conveniently immobilized on either one of

these interfaces (Mulla et al., 2015b; Palazzo et al., 2015). EGOFETs could be functionalized by
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innumerable ways which could be broadly classified into physical adsorption and covalent modification.
Owing to the lack of suitable functional groups on the organic semiconductor (OSC) to anchor the
incoming biomolecules, covalent modification is performed either through modification of OSC backbone
by introducing functional groups (Lohwasser and Thelakkat, 2010) or through surface treatments such as
plasma enhanced chemical vapor deposition (PE-CVD) (Magliulo et al., 2013). Physical adsorption is a
relatively simple, fast and inexpensive immobilization process as compared to covalent modification.
Physical adsorption is the immobilization of biomolecules through intermolecular forces such as Van der
Waals, hydrophobic, and ionic interactions without involvement of a chemical bond between the receptors
and the sensor’s interface (Jung et al., 2008). Intermolecular forces that exactly take part in the interaction
will depend on the protein and the surface involved (Rusmini et al., 2007). The resulting layer is likely to
be heterogeneous and randomly oriented. Although covalent modification ensures robust and stable
integration of biomolecules, the risk of OSC degradation and biomolecule denaturation is more when

compared to physical adsorption due to complex functionalization process (Magliulo et al., 2016).

There are quite a few reports based on physical adsorption of proteins onto the OSC aiding in the deeper
understanding of the immobilization process (Albers et al., 2012; Awsiuk et al., 2014). More recently,
Magluilo et al. (Magliulo et al., 2016) developed a highly sensitive, label-free EGOFET based
immunosensor for the detection of C-reactive protein (C-RP) based on the physically adsorbed anti-CRP
on regio-regular P3HT. Receptor immobilization through physical adsorption did not affect the electronic
performance of the OSC. A good level of surface coverage and uniformity of the adsorbed proteins on the
surface of the P3HT was also observed. The whole functionalization step was finished in about 30 min

with a detection limit of 2.2 pM.

Sepsis is defined as a systemic inflammatory response to an infection. It is reported to be one of major
causes leading to mortality worldwide in hospitals and intensive care units (Knoop et al., 2017).
Procalcitonin is being thoroughly explored as a sepsis marker and as an aid for antibiotic stewardship
(Sager et al., 2017; Schuetz et al., 2017). The level of PCT in the blood stream rises considerably during
sepsis. This physiological increase serves as a marker for sepsis and as a tool for differential diagnosis to
determine the severity of the condition. PCT becomes detectable within 3-4 h of stimulus aiding in fast

diagnosis (Markanday, 2015).

Life threatening conditions such as sepsis demand high quality diagnosis with fast therapeutic turnaround
time (TAT). PCT sensing has been explored through various sensing platforms which includes
electrochemical (Lim et al., 2017; Mahe et al., 2014; Shen et al., 2015), optical sensing methods (Baldini
et al., 2009a; Baldini et al., 2009b; Vashist et al., 2016). Even commercial sensors for PCT detection exist

in the market aiding in clinical decisions (Fortunato, 2016; Kutz et al., 2015). However, more PCT sensors



that are reliable, sensitive, fast, less costing, self-contained, and user friendly, if developed could benefit
patient outcomes by helping the clinicians to make quick decisions. EGOFETs are viable alternatives with

exceptional credentials that could meet the aforementioned demands.

Herein, an EGOFET immunosensor to detect procalcitonin based on physically adsorbed capturing
antibodies has been developed and explored. Anti-PCT antibodies (monoclonal) were immobilized on the
surface of the OSC (P3HT) through direct physical adsorption without any pre-treatment, followed by a
blocking of the surface with bovine serum albumin (BSA). The antibody/BSA layer served as the
biorecognition layer to selectively detect PCT in clinical relevant range. Notably, to the best of our
knowledge, this study is the first report of procalcitonin detection through an electronic sensor based on

organic electrolyte gated field-effect transistors.
2. Materials and methods
2.1 Materials and Reagents

Si/SiO; substrates were purchased from Silicon Materials Inc (Pittsburg, PA, USA). Poly-3-
hexylthiophene (P3HT), purchased from Rieke Metals ( regio-regularity > 98%, Sepiolid™ P200), was
purified following the protocol reported by Urien et al (Urien et al., 2007). Indeed, thiophene based
organic semiconductors are known for being characterized by a polycrystalline morphology, suitable for
sensing applications (Lovinger et al., 1996; Torsi et al., 1995).The anti—-PCT (CALCA 4A6) monoclonal
antibodies were sourced from Naturwissenschaftliches und Medizinisches Institut (NMI), Reutlingen,
Germany. The protein, Human Procalcitonin (HOR-304) was purchased from Prospec. Bovine serum
albumin (BSA) (blocking agent) was purchased from Sigma Aldrich. Phosphate buffered saline tablets

and all other chemicals, unless mentioned, were purchased from Sigma Aldrich.
2.2 EGOFET device fabrication

The schematic representation of the immunosensor development with EGOFET is shown in the fig. 1.
S1/S10; substrates were photolithographically patterned with interdigitated gold source (S) and drain (D)
electrodes (10 pm channel length and 10 mm channel width). Afterwards, gold was e-beam evaporated
(50 nm) using titanium as adhesion promoting layer of 5 nm thickness. The substrates were then cleaned
by ultra-sonication using solvents of increasing polarity (Dinelli et al., 2005). Subsequently, filtered P3HT
solution (2.5 mg/mL in chlorobenzene) was spin coated (2000 rpm for 20 s) on the gold patterned

substrates. The samples were then annealed at 75 °C for 1 h.

2.3 Deposition of anti-PCT on P3HT



Monoclonal antibodies specific to PCT (CALCA 4A6) were immobilized on the device coated with P3HT
by means of physical adsorption, as shown in the Fig.1 (panel 1). To this end, 2 pL of anti-PCT solution
in PBS (phosphate 10 mM, KCI 2.7 mM, 137 mM NaCl, pH = 7.4) was drop casted on the P3HT surface
in correspondence with the EGOFET electronic channel and incubated for 30 min to allow the receptors
to get adsorbed onto the surface. An antibody concentration of 36 ug/mL yielded a good coverage which
was in reference with previous studies with the same antibodies to detect PCT using surface plasmon
resonance (SPR) technique (Rascher et al., 2014). The surface was then thoroughly rinsed three times
with wash buffer (PBS, 10 mM, pH 7.4 with 0.05 % tween) to remove the unabsorbed antibodies. This
was followed by exposing the receptor functionalized surface to 2 uLL BSA (300 pg/mL in PBS) solution
for 15 min in order to block and avoid any non-specific binding (Fig. 1, panel 2). A washing step involving
a three times rinsing with wash buffer was finally carried out. The EGOFET immunosensor is now ready
for electrical measurements and procalcitonin detection (Fig. 1, panel 3). PCT solutions (10 to 6000
pg/mL) were prepared in PBS (10 mM, pH 7.4). Worth the mention is that the PBS ionic strength and pH
are those typical of real samples such as human blood serum. Same range of concentrations was also

prepared for the negative control experiments, performed by using a milk powder as interference analyte.
2.4 Electrical characterization

Current voltage characteristics (I-V) were measured with an Agilent 4155 C semiconductor parameter
analyzer. A gold L - shaped plate (2 x 2 mm) served as the gate electrode, while 2 pL. droplet of PBS (10
mM, pH = 7.4) was used as electrolyte gating solution. The electrical measurements were carried out in a
water vapor saturated environment to prevent evaporation of the electrolyte droplet. The output
characteristics (Ips-Vps) were recorded by varying the gate voltage (Vgs) from 0 to -0.7 V in steps of 0.1
V and the source drain bias Vps was swept from 0 to -0.5 V in steps of 0.05 V. The transfer (Ins-Vas)
characteristics were measured by keeping the drain voltage (Vps) constant at -0.5 V and sweeping the
gate voltage from 0 to -0.7 V in step of 0.02 V. The hysteresis was also evaluated by sweeping the curves
back and forth. Field-effect mobility (urer) and threshold voltage (V1) were extracted from the
characteristics in the saturation regime as described elsewhere (Torsi et al., 2013). A gate channel
capacitance value of 3 uF cm? per unit area was used for the field-effect mobility (urer ) estimation
(Kergoat et al., 2010). The sensing measurements to detect the analyte (PCT) were performed by
measuring the transfer characteristics in PBS each time after the exposure of functionalized P3HT surface
to increasing PCT concentrations (0.8 pM to 4.7 nM) successively on the same EGOFET immunosensor.
Typically, the bio-functionalized devices were incubated in each PCT concentration for 20 min.
Afterwards, the devices were rinsed three times with wash buffer to remove unbound proteins followed
by measurements. Prior to the analyte exposure, blank measurements were taken in PBS. The

immunosensor response was estimated as the relative change in drain current at maximum gate voltage

5



(supplementary information). The inter-device reproducibility was evaluated by comparing the calibration
curves obtained from at least three EGOFET immunosensors fabricated on different chips. The limit of
detection (LOD) was estimated using the equation Yrop = Yolank + 3Sblank, Where Yopiank and Spiank are the
average value of the blank response and its corresponding standard deviation respectively that are
obtained by measuring at least a minimum of 10 independent sample blanks (Gonzalez and Herrador,
2007). The responses of the negative controls were taken into consideration as blank responses for the

estimation of LOD.
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Fig. 1. Schematic representation of the developed EGOFET immunosensor for PCT detection. The anti-
PCT antibody was directly adsorbed on the P3HT surface (panel 1) followed by surface blocking with
BSA to reduce nonspecific interaction (panel 2). The constructed immunosensor is exposed to the analyte
(panel 3) and the electrical response is measured. (single column)

3. Results and Discussion

3.1 EGOFET immunosensor electrical characterization



A comparison of the current-voltage curves; output curve (Ips vs. Vps ) and transfer curve (Ips vs. Vas/Va)
of the EGOFET before bio-functionalization (bare P3HT) and after the deposition of the bio-recognition
layer by direct adsorption of anti-PCT receptors and BSA (blocking agent), is shown in Fig. 2. A good
field-effect current modulation was observed after bio-functionalization with a negligible level of
hysteresis, evident from the forward and back sweep current matching. A drop in the source-drain current
along with a decrease in the field-effect mobility of about an order of magnitude from 102 to 107 cm?/V
s was observed after bio-functionalization. On the other hand, the threshold voltage did not change

significantly.

Physical adsorption, being a mild deposition process, does not involve large modification of the OSC
layer. Indeed, this is the case for this study, as the physical adsorption of the biological recognition
elements, resulted only in slight changes in the EGOFET figures of merit (Fig. 2). This is not surprising,
as the reduction in the drain current and the change in the mobility could possibly be attributed to factors
such as the penetration of ions into the OSC, degradation of the OSC due to anti-PCT adsorption and
exposure to aqueous environment (Mulla et al., 2015a). Those factors did not alter the OSC enough to
bring a significant change in the threshold voltage after biofunctionalization. Often, depending upon the
biomolecule and the OSC involved, ions penetration might have resulted in a threshold voltage shift either
through charge trapping or provision of additional charges which was not the case observed as a
consequence of biofunctionalization (Cramer et al., 2013). However, the most important fact to be
considered is that the process of bio-functionalization involving the physical adsorption did not render the
OSC unfit or hampered for the sensing process. The whole process of sensor fabrication could be
completed in 45 min and this is a very short time-frame as compared to covalent immobilization which

could at least consume 2-4 h, often encompassing two or more steps.
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Fig. 2. (a) Characteristic output curves of drain current versus the drain voltage (Ips vs Vps) at different
gate voltages; (b) Characteristic transfer curves of the drain current versus the gate voltage (Ips vs Vas)
at constant drain voltage Vps=-0.5 V for devices with bare P3HT (black) and P3HT/anti-PCT/BSA (red).
(double column)

3.2 Procalcitonin sensing with EGOFET immunosensor

The transfer characteristics (Ips vs. Vs for a constant Vps) of an EGOFET immunosensor obtained upon
exposure to increasing concentrations of the analyte procalcitonin along with blank is depicted in Fig. 3.
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Fig. 3. Transfer characteristics measured for an EGOFET immunosensor exposed to increasing
concentrations of PCT along with blank. (single column)

As shown in Fig. 3, a reduction in the drain current was observed as the immunosensor was exposed to
increasing concentrations of PCT. Interestingly, the threshold voltage (V1) was also changed upon
exposure to PCT. As more PCT molecules bonded to the surface immobilized with anti-PCT, the value
of the threshold voltage increased shifting to more negative values, as reported in Fig. 4a. This trend is
more clearly affirmed by plotting the relevant Vr values against PCT concentration (Fig. 4b, upper panel).
In Fig. 4b (lower panel), the mobility is plotted versus the analyte concentration. As we can observe no

significant changes are seen in the value of mobility upon exposure to PCT.
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Fig. 4. (a) Transfer characteristics (Ips vs. Vgs) of the P3HT/anti-PCT/BSA - exposed to different
concentrations of PCT; (b) Vr (upper panel) and prer (lower panel) versus the concentration of PCT.
(Double column)

In the case of EGOFET biosensors, successful analyte — receptor binding, evokes a response which is
seen as a distinct change in the transistor figure of merits. The ligand binding to the receptor changes the
receptor conformation and/or the charge distribution at the bio-modified interface, eventually causing a
shift in the threshold voltage of the transistor, and/or impacting the field-effect mobility, and/or the
capacitance. The first possibility is that the analyte molecules could create trap states or provide additional
charges to the semiconductor. As a consequence, the density of the mobile carriers changes and the
threshold voltage shifts. Secondly, the interaction between the analyte molecule and the OSC could elicit
a change in the electronic coupling along the charge carrier transfer path in the semiconductor which is
often attributed to irreversible morphological changes or interactions at grain boundaries. As a result, the
charge carrier mobility is altered and experimentally this effect could be seen as a change in

transconductance (Cramer et al., 2013). Thirdly, by depositing the capturing biolayer on one of the
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electrolyte interfaces (i.e. semiconductor and/or gate), we add an extra capacitance to the total capacitance
of the gating system. Typically, the biomodified interface exhibits smaller capacitance therefore becomes
dominant (Manoli et al., 2015).

In the current study, the receptors specific to PCT were immobilized at the interface between the
electrolyte and the organic semiconductor. The anti-PCT layer indeed induced changes to the charge
carrier path in the semiconductor seen as change in the mobility. On the other hand, upon binding of PCT
to the anti-PCT/P3HT surface, a decrease in the drain current was observed along with a negative shift in
the threshold voltage while mobility remained constant (Fig. 4). As mentioned above, the assayed analyte-
receptor properties play a major role in the transistor response to sensing. At pH 7.4, in which the study
was conducted, PCT holds a net negative charge (pl = 5.1) (Kozlowski, 2016). A possible explanation for
this behavior is that the surface negative charge of the tested analyte PCT, at pH 7.4, might have acted as
traps for the positive charge carriers (holes) of the OSC (P3HT), assuming that the bioreceptor layer on
top of the semiconductors is permeable to ions. Consequently, the impact is seen as decrease in the drain
current and as a shift of the threshold voltage towards more negative values with respect to the increasing
analyte concentrations (Cramer et al., 2013; Tiwari et al., 2012; Tremblay et al., 2011). Moreover,
threshold shifts can be also associated to capacitance changes. The presence of the capturing biolayer on
top of the semiconductors can contribute to the total capacitance and in fact dominate as being the
smallest. The capacitance at the semiconductor-anti-PCT/electrolyte interface is reduced due to low
permittivity of adsorbed biomolecules relative to the electrolyte (Mulla et al., 2015b). The electrostatic
capacitance reduction due to adsorbed biomolecules can only become apparent in case of near-full
coverage under the assumption that ions cannot permeate through this protein layer.

3.3 Control experiments

The selectivity of the developed immunosensor was challenged by performing two control experiments.
In the first case, EGOFET devices without the anti-PCT receptors (P3HT/BSA) were exposed to the
different PCT concentrations. Secondly, a fully bio-functionalized EGOFET immunosensor (P3HT/anti-
PCT/BSA) was exposed to an interference analyte (i.e. milk powder). Fig. 5(a-c) shows the comparison
between the -V transfer curves of the PCT sensing and the control experiments. Clearly, the graphs
suggest a distinctive change in the drain current with respect to PCT concentration, only in the case of
fully functionalized immunosensors (P3HT/anti-PCT/BSA). This distinctive trend is not seen in the other
two experiments. This proves the selectivity and the robustness of the constructed EGOFET

immunosensor towards PCT detection.
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Fig. 5. Transfer characteristics (Ips vs. Vgs at constant Vps) for: (a) P3HT/anti-PCT/BSA - exposed to
different concentrations of PCT; (b) P3HT/BSA - exposed to different concentrations of PCT (control);
(c) P3HT/anti-PCT/BSA - exposed to different concentrations of milk powder (negative control). (double
column)

3.4 Analytical features of the EGOFET immunosensor

The calibration curve obtained for the developed EGOFET immunosensor is shown in Fig. 6a. A range
of PCT concentration spanning from 0.8 pM to 4.7 nM could be detected. Under normal conditions, the
concentration of PCT is below <4 pM in the blood stream. However during sepsis, the level of PCT rises
considerably to several thousand folds (> 4 nM) (Maruna et al., 2000; Pfafflin and Schleicher, 2009).
Accordingly, the dynamic range of PCT detection reported in the present study is clinically relevant. The
EGOFET immunosensor response to the different analyte concentrations ranged between 20 — 80 %. A
detection limit of 2.2 pM was extrapolated from the PCT calibration curve. Also, the corresponding
relative responses of V1 vs. the analyte concentration in the Fig. 6b (upper panel) asserts the pronounced
threshold voltage shift upon analyte exposure. The relative responses of the mobility versus the
concentration of PCT is depicted in Fig. 6b (lower panel) and shows no considerable trend. The relative
response of the anti-PCT functionalized sensor to different concentrations of milk powder (non-specific
protein) can reach up to 20%. Similar response is obtained from control experiments carried out for
devices prepared only with BSA on the surface of the semiconductor. The relative standard deviation of
the individual data points of the sensor response measured on three immunosensors from different chips

was ranging from 0.01 to 7 %, which is a sound proof for the good inter-device reproducibility.
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Fig.6. (a) Calibration curve obtained for the EGOFET immunosensor (Al/lp vs. log [analyte]); the line is
a linear fitting of the data in semi-logarithmic scale. (b) Relative response of the threshold voltage (V)
(upper panel), field-effect mobility (p) (lower panel) versus the concentration of PCT. Each data point in
the calibration curve is an average value of at least three measurements from three immunosensors
fabricated on different chip (double column).

4. Conclusions

A label-free immunosensor electronic biosensor for the detection of procalcitonin was developed by
immobilizing anti-PCT on the surface of the semiconductor, through direct physical adsorption. The
proposed fabrication process is quite simple and has a higher commercial potential due to its simplicity.
The developed sensor could selectively detect procalcitonin at sub-picomolar concentrations and within
a physiologically relevant range. Regarding the sensing mechanism, noticeable changes in the threshold
voltage of the device are observed upon exposure to the analyte, while the semiconductor’s mobility did
not show any particular trend with the analyte concentration. Such a behavior suggests that the electronic
detection is based on charge variations induced in the semiconductor/electrolyte interface upon ligand
binding and/or capacitance changes. Further work involves studies for identifying the sensing mechanism

and measurements carried out in serum samples.

13



Acknowledgment

M. Magliulo and G. Palazzo are acknowledged for helpful discussions. The Sense-of-care project- OFET
biosensors for Point-of-care applications, FP7-People-ITN-EID-2012 under Grant Agreement 316845 is
acknowledged for the financial support of the work. We acknowledge the financial support from EU
through the Regione Puglia: Programma Regionale a sostegno della specializzazione intelligente e della
sostenibilita sociale ed ambientale - Intervento “FUTURE IN RESEARCH”- FLOW project: Dispositivi
EGOFET flessibili a bassa tensione per la sicurezza in campo alimentare (Codice Pratica: ML5BJ85).

References

Albers, W.M., Pelto, J.M., Suspene, C., Méittd, J.A., Yassar, A., Hytonen, V.P., Vikholm-Lundin, [.M.,
Tappura, K., 2012. Structural and Functional Characteristics of Chimeric Avidins Physically
Adsorbed onto Functionalized Polythiophene Thin Films. ACS Appl. Mater. Interfaces 4, 4067—

4077. doi:10.1021/am3008517

Awsiuk, K., Budkowski, A., Marzec, M.M., Petrou, P., Rysz, J., Bernasik, A., 2014. Effects of
Polythiophene Surface Structure on Adsorption and Conformation of Bovine Serum Albumin: A

Multivariate and Multitechnique Study. Langmuir 30, 13925-13933. doi:10.1021/1a502646w

Baldini, F., Bolzoni, L., Giannetti, A., Kess, M., Kramer, P.M., Kremmer, E., Porro, G., Senesi, F., Trono,

C., 2009. A new procalcitonin optical immunosensor for POCT applications. Anal. Bioanal. Chem.

393, 1183-1190. do1:10.1007/s00216-008-2547-1

Baldini, F., Bolzoni, L., Giannetti, A., Kess, M., Kraemer, P.M., Kremmer, E., Porro, G., Senesi, F.,
Trono, C., 2009. A sandwich assay for procalcitonin detection for POCT applications, in:
Mahadevan-Jansen, A., Vo-Dinh, T., Grundfest, W.S. (Eds.), . International Society for Optics and

Photonics, p. 716905. doi:10.1117/12.810265

Cramer, T., Campana, A., Leonardi, F., Casalini, S., Kyndiah, A., Murgia, M., Biscarini, F., 2013. Water-
gated organic field effect transistors — opportunities for biochemical sensing and extracellular signal

transduction. J. Mater. Chem. B 1, 3728. doi:10.1039/¢3tb20340a

14



Federica Rusmini, Zhiyuan Zhong and, Feijen, J., 2007. Protein Immobilization Strategies for Protein

Biochips. doi:10.1021/BM061197B

Fortunato, A., 2016. A new sensitive automated assay for procalcitonin detection: LIAISON® BRAHMS

PCT® II GEN. Pract. Lab. Med. 6, 1-7. doi:10.1016/J.PLABM.2016.06.002

Franco Dinelli, Jean-Francois Moulin, Maria Antonietta Loi, Enrico Da Como, Massimiliano Massi,
Mauro Murgia, Michele Muccini, and, Biscarini, F., and, J.W., Kingshott, P., 2005. Effects of
Surface Chemical Composition on the Early Growth Stages of a-Sexithienyl Films on Silicon Oxide

Substrates. doi:10.1021/JP053814G

Gubala, V., Harris, L.F., Ricco, A.J., Tan, M.X., Williams, D.E., 2012. Point of Care Diagnostics: Status

and Future. Anal. Chem. 84, 487-515. do0i:10.1021/ac2030199

Gustavo Gonzalez, A., Angeles Herrador, M., 2007. A practical guide to analytical method validation,
including measurement uncertainty and accuracy profiles. TrAC - Trends Anal. Chem. 26, 227-238.

do0i:10.1016/j.trac.2007.01.009

Jung, Y., Jeong, J.Y., Chung, B.H., Whelan, M., Valsesia, A., Rossi, F., Marks, R.S., Gould, S., Maeji,
N.J., 2008. Recent advances in immobilization methods of antibodies on solid supports. Analyst 133,

697. doi:10.1039/b800014;

Kergoat, L., Herlogsson, L., Braga, D., Piro, B., Pham, M.-C., Crispin, X., Berggren, M., Horowitz, G.,
2010. A Water-Gate Organic Field-Effect Transistor. Adv. Mater. 22, 2565-2569.

do0i:10.1002/adma.200904163

Kergoat, L., Piro, B., Berggren, M., Pham, M.-C., Yassar, A., Horowitz, G., 2012. DNA detection with a

water-gated organic field-effect transistor. Org. Electron. 13, 1-6. doi:10.1016/j.0orgel.2011.09.025

Knoop, S.T., Skrede, S., Langeland, N., Flaatten, H.K., 2017. Epidemiology and impact on all-cause

mortality of sepsis in Norwegian hospitals: A national retrospective study. PLoS One 12, €0187990.

15



doi:10.1371/journal.pone.0187990

Kozlowski, L.P., 2016. IPC - Isoelectric Point Calculator. Biol. Direct 11, 55. doi:10.1186/s13062-016-

0159-9

Kutz, A., Hausfater, P., Oppert, M., Alonso, C., Wissmann, C., Mueller, B., Schuetz, P., 2015. Validation
of BeReAeHeMeS PCT direct, a new sensitive point-of-care testing device for rapid quantification

of procalcitonin in emergency department patients: a prospective multinational trial. Crit. Care 19,

P56. doi:10.1186/cc14136

Lim, J.M., Ryu, M.Y., Kim, J.H., Cho, C.H., Park, T.J., Park, J.P., 2017. An electrochemical biosensor
for detection of the sepsis-related biomarker procalcitonin. RSC Adv. 7, 36562-36565.

doi:10.1039/C7RA06553A

Lohwasser, R.H., Thelakkat, M., 2010. Synthesis and Characterization of Monocarboxylated Poly(3-
hexylthiophene)s via Quantitative End-Group Functionalization. Macromolecules 43, 7611-7616.

doi:10.1021/mal013258

Lovinger, A.J., Davis, D.D., Dodabalapur, A., Katz, H.E., Torsi, L., 1996. Single-crystal and
polycrystalline morphology of the thiophene-based semiconductor alpha-hexathienyl (alpha-6T).

Macromolecules 29, 4952-4957. doi:10.1021/ma960111b

Magliulo, M., De Tullio, D., Vikholm-Lundin, L., Albers, W.M., Munter, T., Manoli, K., Palazzo, G.,
Torsi, L., 2016. Label-free C-reactive protein electronic detection with an electrolyte-gated organic
field-effect transistor-based immunosensor. Anal. Bioanal. Chem. 408, 3943-3952.

doi:10.1007/s00216-016-9502-3

Magliulo, M., Mallardi, A., Mulla, M.Y., Cotrone, S., Pistillo, B.R., Favia, P., Vikholm-Lundin, I.,
Palazzo, G., Torsi, L., 2013. Electrolyte-Gated Organic Field-Effect Transistor Sensors Based on

Supported  Biotinylated = Phospholipid  Bilayer. = Adv.  Mater. 25, 2090-2094.

16



doi:10.1002/adma.201203587

Mahe, L.S.A., Green, S.J., Winlove, C.P., Jenkins, A.T.A., 2014. Pyrene-wired antibodies on highly
oriented pyrolytic graphite as a label-free impedance biosensor for the sepsis biomarker

procalcitonin. J. Solid State Electrochem. 18, 3245-3249. doi:10.1007/s10008-014-2588-7

Manoli, K., Magliulo, M., Mulla, M.Y., Singh, M., Sabbatini, L., Palazzo, G., Torsi, L., 2015. Printable
Bioelectronics To Investigate Functional Biological Interfaces. Angew. Chemie Int. Ed. 54, 12562—

12576. doi:10.1002/anie.201502615

Marinelli, F., Dell’Aquila, A., Torsi, L., Tey, J., Suranna, G.P., Mastrorilli, P., Romanazzi, G., Nobile,
C.F., Mhaisalkar, S.G., Cioffi, N., Palmisano, F., 2009. An organic field effect transistor as a
selective NOx sensor operated at room temperature. Sensors Actuators B Chem. 140, 445-450.

doi:10.1016/5.snb.2009.04.035

Markanday, A., 2015. Acute Phase Reactants in Infections: Evidence-Based Review and a Guide for

Clinicians. Open Forum Infect. Dis. 2, 0fv098. doi:10.1093/ofid/ofv098

Maruna, P., Nedelnikova, K., Giirlich, R., 2000. Physiology and genetics of procalcitonin. Physiol. Res.

49 Suppl 1, S57-61.

Mulla, M.Y ., Seshadri, P., Torsi, L., Manoli, K., Mallardi, A., Ditaranto, N., Santacroce, M. V., Di Franco,
C., Scamarcio, G., Magliulo, M., 2015. UV crosslinked poly(acrylic acid): a simple method to bio-
functionalize electrolyte-gated OFET biosensors. J. Mater. Chem. B 3, 5049-5057.

doi:10.1039/C5TB00243E

Mulla, M.Y., Tuccori, E., Magliulo, M., Lattanzi, G., Palazzo, G., Persaud, K., Torsi, L., 2015.
Capacitance-modulated transistor detects odorant binding protein chiral interactions. Nat. Commun.

6, 6010. do1:10.1038/ncomms7010

Palazzo, G., De Tullio, D., Magliulo, M., Mallardi, A., Intranuovo, F., Mulla, M.Y ., Favia, P., Vikholm-

17



Lundin, 1., Torsi, L., 2015. Detection Beyond Debye’s Length with an Electrolyte-Gated Organic

Field-Effect Transistor. Adv. Mater. 27, 911-916. doi:10.1002/adma.201403541

Pfafflin, A., Schleicher, E., 2009. Inflammation markers in point-of-care testing (POCT). Anal. Bioanal.

Chem. 393, 1473-1480. doi:10.1007/s00216-008-2561-3

Rascher, D., Geerlof, A., Kremmer, E., Kramer, P., Schmid, M., Hartmann, A., Rieger, M., 2014. Total
internal reflection (TIRF)-based quantification of procalcitonin for sepsis diagnosis ? A point-of-care

testing application. Biosens. Bioelectron. 59, 251-258. doi:10.1016/j.bi0s.2014.03.052

Sager, R., Kutz, A., Mueller, B., Schuetz, P., 2017. Procalcitonin-guided diagnosis and antibiotic

stewardship revisited. doi:10.1186/s12916-017-0795-7

Schuetz, P., Birkhahn, R., Sherwin, R., Jones, A.E., Singer, A., Kline, J.A., Runyon, M.S., Self, W.H.,
Courtney, D.M., Nowak, R.M., Gaieski, D.F., Ebmeyer, S., Johannes, S., Wiemer, J.C., Schwabe,
A., Shapiro, N.I., 2017. Serial Procalcitonin Predicts Mortality in Severe Sepsis Patients: Results
From the Multicenter Procalcitonin MOnitoring SEpsis (MOSES) Study. Crit. Care Med. 45, 781—

789. doi:10.1097/CCM.0000000000002321

Shen, W.-J., Zhuo, Y., Chai, Y.-Q., Yang, Z.-H., Han, J., Yuan, R., 2015. Enzyme-Free Electrochemical
Immunosensor Based on Host—Guest Nanonets Catalyzing Amplification for Procalcitonin

Detection. ACS Appl. Mater. Interfaces 7, 4127-4134. doi:10.1021/am508137t

Song, Y., Huang, Y.-Y., Liu, X., Zhang, X., Ferrari, M., Qin, L., 2014. Point-of-care technologies for
molecular diagnostics using a drop of blood. Trends Biotechnol. 32, 132-139.

doi:10.1016/j.tibtech.2014.01.003

Tiwari, S., Singh, A.K., Joshi, L., Chakrabarti, P., Takashima, W., Kaneto, K., Prakash, R., 2012. Poly-
3-hexylthiophene based organic field-effect transistor: Detection of low concentration of ammonia.

Sensors Actuators B Chem. 171-172, 962-968. doi:10.1016/j.snb.2012.06.010

18



Torsi, L., Dodabalapur, A., Lovinger, A.J., Katz, H.E., Ruel, R., Davis, D.D., Baldwin, K.W., 1995. Rapid
thermal processing of .alpha.-hexathienylene thin-film transistors. Chem. Mater. 7, 2247-2251.

doi:10.1021/em00060a010

Torsi, L., Dodabalapur, A., Sabbatini, L., Zambonin, P.., 2000. Multi-parameter gas sensors based on
organic thin-film-transistors. Sensors Actuators B Chem. 67, 312-316. doi:10.1016/S0925-

4005(00)00541-4

Torsi, L., Magliulo, M., Manoli, K., Palazzo, G., 2013. Organic field-effect transistor sensors: a tutorial

review. Chem. Soc. Rev. 42, 8612-28. doi:10.1039/¢3¢cs60127g

Tremblay, N.J., Jung, B.J., Breysse, P., Katz, H.E., 2011. Digital-Inverter Amine Sensing via Synergistic
Responses by n and p Organic Semiconductors. Adv. Funct. Mater. 21, 4314-4319.

doi:10.1002/adfm.201101324

Turner, A.P.F., 2015. Biosensors: Fundamentals and applications — Historic book now open access.

Biosens. Bioelectron. 65, Al. doi:10.1016/j.bi0s.2014.10.027

Urien, M., Wantz, G., Cloutet, E., Hirsch, L., Tardy, P., Vignau, L., Cramail, H., Parneix, J.-P., 2007.
Field-effect transistors based on poly(3-hexylthiophene): Effect of impurities. Org. Electron. 8, 727—

734. doi:10.1016/j.0rgel.2007.06.003

Vashist, S.K., Schneider, E.M., Barth, E., Luong, J.H.T., 2016. Surface plasmon resonance-based

immunoassay for procalcitonin. Anal. Chim. Acta 938, 129-136. doi:10.1016/j.aca.2016.08.007

Zarei, M., 2017. Portable biosensing devices for point-of-care diagnostics: Recent developments and

applications. TrAC Trends Anal. Chem. 91, 26—41. doi:10.1016/J.TRAC.2017.04.001

19



