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Abstract

This chapter reviews the performance of electrochemical biosensors based on
porous silicon (PS) substrates and their prospects for commercialization. Differ-
ent transduction mechanisms have been discussed with emphasis on various
issues like nature of PS—metal contacts, orientation of the molecules within the
pores, equivalent circuit models, and modulation of electric field lines through the
pores and its interface with the biomolecules and ions of the analytes. Critical
assessment indicates that sensitivity, reproducibility, and longevity are signifi-
cantly affected by these factors and not only by the surface-area-to-volume ratio.
The mechanisms of metal contact fabrication and surface derivatization have also
been briefly discussed. For enhancing the commercial prospects of such sensors,
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the reliability aspects and recent attempts of integration with microfluidics plat-
form have been outlined. Finally, the existing challenges and the future prospects
of such devices for commercial use are highlighted.
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Introduction

There is an ever-increasing requirement of efficient bioanalytical system for quan-
tification and detection of wide range of biomolecules and microorganisms in food
and water (Luo and Davis 2013; Cai et al. 2013; Singh et al. 2014; Tang et al. 2014,
Veeramani et al. 2014). The sensitivity and specificity of the available exhaustive
microbiological techniques and ELISA are dependent on high-quality instrumenta-
tion (Esteves et al. 2008; Li et al. 2014; Jan and Patel 2013). The rational for the
thrust into the research area focusing on commercial development of biosensors is a
combination of several factors like sensitivity, specificity, economic, and less manual
intervention (Ahmed et al. 2015). The investigations primarily involve further
development of conventional biological detectors like antibodies, aptamers, pep-
tides, etc. and several organic and inorganic materials like graphene, zinc oxide,
nonporous membrane, 3D macroporous gold electrode, graphitized macroporous
carbon, and nanoporous anodic alumina oxide (Reta et al. 2016; Harraz 2014; Betty
2009; Das et al. 2015; Munje et al. 2015; Shanmugam et al. 2015; Song et al. 2008;
Lu et al. 2009; Santos et al. 2013). Considerable research is being conducted
involving porous silicon (PS) as solid substrate because of conducive
physiochemical properties like large surface area, biocompatibility, flexible struc-
tural properties, and controlling surface hydrophobicity by modulating formation
parameters and its easy integration with silicon technology (Jarvis et al. 2012; Li
et al. 2007; Jane et al. 2009; Kovacs and Mescheder 2012; Shahbazi et al. 2013;
Mahmoudi et al. 2007; Alvarez et al. 2009).

Recent reports reveal the development of integrated optical biosensors and
PS-based biosensors is being further investigated for their striking optical properties
like optical signal transduction (Szili et al. 2011; Zhang et al. 2013; Cunin et al.
2002; Nguyen et al. 2013; Rea et al. 2010; Orabona et al. 2011; Hernandez-
Montelongo et al. 2015). Optical properties of biosensors can be attuned to one’s
requirement by varying the refractive index in each direction.

There has also been remarkable research done in the field of label-free electro-
chemical biosensors based on PS as these simple detection systems are of high
sensitivity with lower costs. The large internal surface area of PS which leads to
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greater biomolecular immobilization as well as its exclusive structural capability of
guiding the electric field lines through analyte-filled pores has set off research in this
domain which has subsequently resulted in the development of highly specific and
sensitive biosensors. At present there is an inadequacy of comprehensive review
related to PS electrochemical biosensors, and the majority of the literature lacks
critical analysis of its performance, reliability, and commercial aspects (Ensafi 2016;
RoyChaudhuri 2015; Ciampi et al. 2008; Salis et al. 2011; Mora et al. 2013;
Dhanekar and Jain 2013; Das and RoyChaudhuri 2015). For point-of-care diagnos-
tics, its integration with microfluidics is also a vital step. Thus broader analysis on
label-free electrochemical PS biosensors with specific discussion on performance
reliability and electrical transduction mechanism with appropriate models is
pertinent.

This chapter discusses the fabrication of stable electrical contacts and various
surface derivatization protocols adopted for electrochemical biosensing. There is
emphasis about the influence of PS in modulating the electrical attributes for
different transduction schemes with the help of equivalent circuit models. The
performance of the PS electrochemical biosensors has been compared with its
counterparts. The reliability aspects and its integration with microfluidics platform
have also been discussed. Finally the existing challenges and future direction of
research for development of commercially viable PS electrochemical biosensors
have been highlighted.

Fabrication Issues

This section discusses the formation of electrical contacts followed by immobiliza-
tion of biomolecules of PS which have been adopted for electrochemical biosensors.

Fabrication of Metal Contacts

Most of the electrochemical biosensors are based on amperometry, resonant fre-
quency, and impedance mode of measurements where one of the contacts is from the
back silicon and the other from the electrolyte (Zimin et al. 1995; Fonthal et al. 2007,
Lundstrom et al. 2007; Kanungo et al. 2009; RoyChaudhuri et al. 2008; Maji et al.
2010). This sandwich configuration bypasses the requirement of stable electrical
contacts from PS. However, for the purpose of improved sensitivity especially for
impedance biosensors, both the contacts need to be placed laterally on PS layer.
Archer et al. (2004) first reported the placement of lateral contacts by aluminum
evaporation or colloidal silver (Ag) paint on self-supporting PS layer. In a recent
report, Harraz et al. (2015) created electrical contacts onto the front porous film by
colloidal Ag paint for real-time measurements of conductance. For conductometric
glucose sensors, the formation of metal contacts has been realized by silver and gold
metal through ion beam scattering using mask (Melikjanyan and Martirosyan 2011,
2012) and by aluminum metal (Lopez-Garcia et al. 2007) by evaporation. Some
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groups report the use of sputtered gold—nickel-chromium layers as metal contacts
onto the nanoPS layers (Recio-Sanchez et al. 2010; Tembe et al. 2009). The typical
thickness of the metal layer deposited by evaporation or sputtering is of the order of
0.5 pm, and they do not penetrate the pores. Thus the evaporated metal film is
discontinuous in the porous regions. As the mechanism of conduction in conducto-
metric biosensors is primarily a surface phenomenon, metal need not fill the pores.
Similarly for impedance biosensors, the metal contacts need not fill the pores since
the electric field lines should actually interact significantly with the electrolyte and
not with the oxidized crystallites. However a continuous and thicker metal film
would be desirable to reduce the sheet resistance of metal. In this direction, there are
some reports on impedance biosensors (Das et al. 2009, 2011, 2012) where metal
contacts have been fabricated on oxidized surfaces by aluminum paste with 3 mm by
1 mm dimension and spacing of 1 mm using screen printing technique. Deposition of
metal paste by screen printing method helps to maintain continuity in the metal film
through the pores of PS and also reduces the cost. For PS substrates which are
oxidized, the metal-silicon—oxide—silicon junction is primarily capacitive in nature
like the gate oxide capacitance in a MOSFET, and the apparent limitations of noisy
metal contact junction in nanoPS are not present (Balagurov et al. 2001; Dhar and
Chakraborti 1996; Saha and Pramanik 2006).

In miniaturization of PS sensors using reference electrodes, Schoning et al.
(2000a) reported the fabrication of micro reference electrode structures by anodiza-
tion process. A thick chromium and silver layer are deposited by physical vapor
deposition in contact with silicon. Then the silver layer is anodized in KCl solution
with a typical current density of 100 pA/cm? for 100 seconds to form a silver
chloride layer. Finally, a KCI solution has been filled into the porous structure, and
the electrolyte has been evaporated which is then covered by a Nafion membrane. A
new technique of forming interdigitated metal electrodes on PS has been reported by
Scheen et al. (2012). The electrodes have been patterned on the surface of silicon
substrates using lift-off technique on gold. Metal has been first evaporated by dual
e-beam evaporator and the patterned. Gold is HF resistant; hence after the patterning
of gold, PS has been fabricated by electrochemical etching.

Ensafi et al. demonstrated the use of Pt/PS nanocomposite as a new electro-
catalyst for simultaneous determination of morphine and codeine by means of
carbon ionic liquid electrode (Ensafi et al. 2015). Combination of antifouling
properties of ionic liquids, biocompatibility of PSi, and electrocatalytic effect of Pt
nanoparticles lead to new sensing surface for voltammetric determination with good
sensitivity.

Surface Derivatization

Immobilization of biomolecules by surface derivatization is an essential step
for any biosensor from the point of view of selectivity (Das et al. 2010;
Nagare and Mukherji 2009; Valentini and Polini 2011; Tao et al. 2008; Ressine
et al. 2007; Li et al. 2009; Xu et al. 2012). The various types of biomolecules
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functionalized range from enzymes and antibodies to DNA depending on the analyte
to be sensed. Linkers are utilized to covalently immobilize biomolecules on
the surface of PS. Oxidized PS having Si—O-Si surface functionality reacts chem-
ically with 3-aminopropyltriethoxysilane (APTES) (Gupta and Gooding 2016),
3-glycidoxypropyltrimethoxysilane (GOPS) (Wu et al. 2009), mercaptopropyltri-
methoxysilane (MTS), 1-(3-(Dimethylamino)-propyl)-3-ethylcarbodiimide hydro-
chloride (EDC), and others. Glutaraldehyde and maleimidobutyric acid
N-succinimidyl ester (GMBS) are the commonly used cross-linkers (Vemulachedu
et al. 2009; Fernandez et al. 2009, 2008; Stolyarova et al. 2008; Reddy et al. 2003,
2001; Luth et al. 2000; Simonisa et al. 2003; Stolyarova and Nemirovsky 2011;
Schoning et al. 1997; Ressine et al. 2010; Stolyarova et al. 2008; Lugo et al. 2007;
Zhang and Alocilja 2008; Tao et al. 2008; Betty 2009; Betty et al. 2009, 2004; Das
et al. 2009, 2011, 2012, Ghosh and RoyChaudhuri 2013, Das et al. 2010, Ciampi
et al. 2012). For high density of antibody immobilization, it is required that a
monolayer of silane is formed so that maximum thiol groups are available for
attachment of cross-linker. In order to achieve the optimum silane film coating, all
the parameters like the proportion of water, silane concentration, pH of silane
solution, condensation time, and incubation temperature have been optimized. The
succinimidyl group of GMBS reacts with the SH group of silane. For PS layers
which have been coated with different conducting polymers (Reddy et al. 2001, Jin
et al. 2009; Betty 2009; Betty et al. 2009; Jin et al. 2008, 2010), the biomolecules
like DNA, antibody, and enzymes are electrostatically adsorbed by the doping
process. Also DNA molecules have been electrostatically linked with the oxidized
surface of PS (Archer et al. 2004). PS surface has also been modified by click
chemistry method (Ciampi et al. 2007). Cu (I)-catalyzed alkyne—azide cycloaddition
reactions have been employed to modify the internal pore surfaces through a
two-step hydrosilylation/cycloaddition procedure. Currently, due to effective chem-
ical transformations culminating in sufficient functionalization, hydrosilylation is
gaining importance and popularity.

Electrical Transduction Mechanisms
Porous Silicon as Amperometric Biosensor

Amperometric biosensors function by the production of a current when a potential is
applied between two electrodes. The working electrode of the amperometric biosen-
sor is usually either a noble metal or a screen-printed layer covered by the
biorecognition component where redox reaction takes place. Usually those mole-
cules/analytes that can exchange electrons due to a few redox reactions like DNA
and urea are sensed by way of this procedure. Antibody—antigen binding also can be
detected by using this approach using a redox mediator like ferrocyanide (Prabhakar
et al. 2012). For specific gene detection, ruthenium has been used which also acts as
a redox couple (Lugo et al. 2007). PS working electrodes show greater electrical
behavior over planar silicon for its higher electrochemically active surface area.
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There are some reports on PS amperometric sensors for urea, cholesterol, bilirubin,
alanine aminotransferase, and aspartate aminotransferase detection (Yun et al. 2012;
Song et al. 2007, 2009; Kumari et al. 2012). In all of these, PS substrate not only
improves the binding efficiency of the analyte due to large surface-area-to-volume
ratio but also shows a possible catalytic effect in the diffusion of the analyte
molecules within the nanopores which is not possible with planar silicon since the
oxide layer for immobilization would restrict the faradaic charge transfer at the
working electrode. Hence amperometric biosensors on silicon would not have
been practically feasible without the formation of PS.

Some group uses conducting polymer as a working electrode for facile immobi-
lization of DNA or protein. For this purpose, PS surface has been electropolymerized
by polypyrrole or poly(3-methylthiophene) (P3MT) whereby the probe DNA (Jin
et al. 2008, 2010) or urease molecules have been used as dopants into the polymer
matrix (Jin et al. 2009). The enhanced surface roughness of the PS substrates
compared to bare silicon promotes formation of strong adsorption bond with the
polymer film through the improved surface energy. Miniaturization of polymer PS
sensor has been reported by lithographic patterning of electrodes (Jin et al. 2009). By
doping with P3MT during the electropolymerization process with urease enzyme,
this miniaturized sensor has been applied for urea sensing. The PS substrate with
sensing electrodes showed increased effective area by 1.6 times compared with the
planar silicon-based sensing electrodes. Recently, copper—PS nanocomposite has
been reported for sensing glucose using nonenzymatic process (Ensafi et al. 2014).
This sensor reduces response time of less than 4 s, long-time stability, and good
signal reproducibility with a detection limit of 0.2 mmol dm > glucose.

Porous Silicon as Conductance Biosensor

Conductance biosensor sensing mechanism is based on change in dc conductance
caused by the field, upon attachment of biomolecules. This sensing mechanism has
been deployed for the detection and quantification of glucose, catechol, and bacteria
where two lateral contacts have been fabricated on nanostructured PS layer. Before
immobilization, the baseline current—voltage (IV) characteristics have been observed
to be rectifying in all the cases which has been attributed to the nonohmic nature of
the metal-PS junction as the Fermi level of the silicon nanocrystallites does not
usually align with that of the metal owing to the presence of a large number of
surface states. Usually the conduction current is given by the thermionic emission
model (Jang 2008), and for highly disordered nanostructures of PS, the connectivity
between the crystallites becomes poor, and the carrier conduction is thought to be
assisted by variable range hopping (Islam et al. 2009).

Another application of conductance-based biosensor is glucose sensing
(Melikjanyan and Martirosyan 2011, 2012; Lopez-Garcia et al. 2007), where varying
concentration of dissolved glucose has been immobilized onto the surface of PS. The
observed conduction in such sensors is of thermionic emission type given by Eq. 1. It
has been observed that with increasing concentration, current decreases at a certain
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voltage. This has been attributed to the surface charge distribution of the nano-
crystallites which can lead to the depletion in the nano-silicon regions, resulting in
the decrease of concentration of free carriers available for conduction current
transport at the surface (Ben-Chorin et al. 1994; Moeller et al. 1995). A nonlinear
current change has been observed with glucose concentration.

Bacteria fragments have also been detected by this conductance principle using
antibody immobilization (Archer et al. 2004; Moeller et al. 1995). It has been
observed that after antibody immobilization conductivity has decreased which may
be owing to the presence of a large surface density of amino groups on the surface of
nanoPS. But after introduction of E. coli fragments, the overall conductivity
increased. This may be due to the fact that some fraction of the amino charges get
neutralized resulting in increase of carrier density of nanocrystallites. For all these
reports on conductivity sensing using PS, the sensitivity is modulated via interaction
of the carriers at the interface between the nanocrystallites and the biomolecule, not
only by the surface-area-to-volume ratio factor.

Recently, graphene-coated nanoporous silicon has been demonstrated to be
capable of enhanced conductance sensing with detection limit down to attomolar
range (Basu and RoyChaudhuri 2016). This has been made possible due to two
reasons. Firstly, in the nanopores, the biomolecules usually reside within a distance
shorter than the original pore radius which statistically raises the charge transfer
probability between the biomolecules and the surface. As a consequence, the
heterogeneous charge transfer gets facilitated, and the electrode potential reaches
equilibrium faster for a given electrochemical system. Secondly, the nanoporous
silicon template makes the graphene nanostructure smooth which suffers from less
edge defects.

Porous Silicon as Impedance Biosensor

Impedance biosensors measure the electrical impedance at an interface in steady-
state conditions. Impedance biosensors on PS are usually of two classes: one with
lateral contacts and the other with sandwich configuration of metal contacts leading
to an electrolyte—insulator—semiconductor (EIS) structure. The lateral contact con-
figuration of PS is much like that of interdigitated electrode-based impedance
biosensor. One of the most common patterns for impedance-based biosensors is
interdigitated microelectrode array (IDE) (RoyChaudhuri and Das 2010; Radke and
Alocilja 2004; Laczka et al. 2008). But they have some limitation toward sensitivity
and specificity. PS has been used to replace the conventional substrates to enhance
the performance. For lateral contact configuration, the metal contacts need to be
fabricated on PS oxide rather than only PS, and hence the apparent limitations of
noisy metal contact junctions are not present.

There are some reports on impedance biosensor using macroPS (Das et al. 2009,
2011, 2012) where metal contacts have been fabricated on oxidized surfaces for
bacteria detection. The expected advantages of impedance detection by macroPS
trapping array are (a) natural trapping of bacteria in the self-assembled optimum size
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pores near the electrodes without using dielectrophoresis, (b) localization of the
electric field lines through the pores adjacent to the electrodes filled up with bacterial
analyte solution permitting much wider spacing of electrodes, and (c) sensitivity at a
significantly lower processing cost compared to the IDE structures. The oxidized
macroPS substrate offers a high-resistance hydrophilic platform which is essential
for achieving high-Q capacitance required for reliable impedance measurement. The
distribution of current lines has been verified by finite element analysis using
ANSYS as well as analytically by transmission line method. The results of
ANSYS shown in Fig. la indicate that the solution enters through the short pores
and comes in contact with the bottom silicon since it provides a relatively low
impedance parallel path compared to the lateral current path through the solution.
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Z,. is the electric double layer(EDL) impedance at the metal
electrolyte interface

s is the distance between the contacts

R and Ry are the electrolyte resistance and EDL impedance of
the silicon oxide-electrolyte interface per unit length above the
porous structure

R, is the resistance per unit length of the silicon substrate

R, is the pore resistance

Zi is the impedance of the silicon oxide-silicon interface at the
bottom of the nanopore

Fig. 1 (a) Current line distribution on application of an AC electric field in an oxidized PS
substrate in the presence of solution with lateral contacts (Reproduced from Das et al. 2009). (b)
Equivalent circuit of PS with lateral contacts (Reproduced from Das and Chaudhuri 2015). (c)
Sensitivity for different hepatitis B virus concentration in nanoPS impedance biosensor
(Reproduced from Das and Chaudhuri 2015)
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This causes the field lines to scan only a small portion of the solution near the
electrodes irrespective of the horizontal and vertical spread of the solution above
the surface, leading to an efficient confinement of field lines through the bacterial
cells even with widely spaced electrodes. This is the primary advantage of
macroPS over planar substrates. The transmission line model of the same is
shown in Fig. 1b.

Similarly for different electrode patterns (Dengll et al. 2002; Das et al. 2012), the
sensitivity increases over planar surface but not monotonically with surface-area-to-
volume ratio of PS. This was attributed to the optimum area utilization factor (AUF)
of the electrode which is calculated as the ratio of the effective area occupied by
captured bacterial cells (4,.4) to the effective exposed area available for capture
between the electrodes. A detection limit of 100 CFU/ml has been obtained with the
optimized macroPS silicon sensor which is better than most of the label-free
impedance sensors.

NanoPS has been recently reported to detect down to 1 fg/ml hepatitis B virus and
food toxins by a novel mechanism of concentration-dependent shift in peak frequency
as shown in Fig. 1¢ (Das and RoyChaudhuri 2015; Ghosh and RoyChaudhuri 2013).
This happens due to two reasons: opposite change of the double-layer impedance at
the pore walls and the bottom of the nanopore after antigen capture and the electrolyte
resistance in nanopore being greater than or equal to the double-layer impedance at the
pore walls. Also it has been observed coupling noise spectroscopy analysis can lower
the detection limit by one order of magnitude using PS (Ghosh and RoyChaudhuri
2015; Samanta and RoyChaudhuri 2015).

Archer et al. (2004) and Vamvakaki and Chaniotakis (2008) have also reported
the use of macro- and nanoPS for impedance-based DNA hybridization detection
where both self-supporting layers and silicon-supported PS layer have been used for
experimentation. It has been observed that the sensitivity is affected not only by the
surface area but also by the charged backbone of DNA. In fact there is a trade-off
between the surface area and the number of binding sites that can be accommodated
without affecting the hybridization. For self-supporting layers, the capacitance
changes due to the change in the dielectric constant inside the pores. The difference
in the range of values of the impedance and phase angle between the heterostructures
and the self-supporting membranes originates from the variation in electric field
propagation. Despite the fact that the self-supporting membranes produced larger
signal, the fabrication and handling process is difficult.

Bergveld (1970, 1972) and Siu et al. (Siu and Cobbold 1979) developed a
theory on electrolyte—insulator-semiconductor-based capacitive (EISCAP)
structure. The working principle of EISCAP is the flat band voltage shift in
response to the pH of the electrolyte and is explained in great detail with different
dielectrics. Incorporating PS on EISCAP sensors has been widely used for
detection of antigen—antibody binding, triglycerides, penicillin, urea, and viruses
of plants (Vemulachedu et al. 2009; Betty 2009). These structures use two
contacts, one from silicon and the other from the electrolyte; thus there is no
direct contact from the oxidized PS. The resulting equivalent structure is primar-
ily a capacitor in series with resistors between the two contacts. The capacitor is a
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parallel combination of oxidized crystallites (C,x) with the double-layer capac-
itance (Cq;) within the pores. The resistors comprise of the silicon bulk resistance
(Rpuik) and the electrolyte (Rejectroyte) and are expected to be small than the
capacitive impedance. It has been observed that due to the much larger surface
area of the porous silicon sample, there is a 34.5 times increase in accumulation
capacitance over the single crystalline silicon sample. The responsivity as well as
the dissipation factor of PS is better at lower frequencies. However for miniatur-
ized sensors, even though PS binds more enzyme, the abundance of enzyme
alone does not necessarily correspond to a higher triglyceride sensitivity as the
triglyceride concentration is the limiting factor for the miniaturized EISCAPs. In
addition, reproducibility of PS EISCAPs was found to be a problem. By
deploying macroPS for enzyme-based detection, the longevity could be
improved.

Using macroPS, antigen—antibody binding event also has been detected by
capacitive mode (Betty et al. 2004, Betty 2009). Though the increase in sensitivity
observed with higher frequency for the squat irregular column structure is of the
same order as that of the increase in surface area, there are constraints on the length
and size of the columns in order to have maximum capacitance change at the
measurement frequencies. These are: the columns should not get fully depleted at
the measurement voltage and the length should be optimum enough to allow
complete penetration of the electrical signal in the electrolyte in the pore.
PS—polyaniline composite structure has also been reported to detect anti-
gen—antibody binding by capacitance measurement (Betty 2009). Capacitance
increase observed after PANI deposition has been attributed due to either the
dielectric formed on the surface causes a change in the surface charge of the
semiconductor altering the space charge layer thickness or due to the high dielectric
constant of the dielectric formed. The high sensitivity observed in such structure has
not been attributed to the increased surface-area-to-volume ratio but to the combined
effect of depletion or accumulation of charge carriers and the change in dielectric
layer thickness produced by specific binding of a biological molecule on the surface
of the nanochannels.

From Table 1, the trend of development of PS electrochemical biosensors may
be analyzed. Most of biomolecules have been detected by impedance and amper-
ometric biosensor category. For all the cases, there is a steady improvement in the
lower detection limit and a decrease in the response time over the years. As
conductometric biosensors are driven by the interface phenomena, the metal
contacts with PS have a tendency to fluctuate, thus dampening the overall signal-
to-noise ratio. Impedance biosensors have the greatest potential for commerciali-
zation owing to their label-free operation, larger signal magnitude, and hence low
cost of detection instruments. To summarize, the state-of-the-art detectivity of PS
electrochemical biosensors for different biomolecules and analytes has reached the
clinically significant values. Also the detection time varies from a few seconds to
around 30 minutes which is commercially viable and comparable to many reports
on optical PS biosensors (Samanta et al. 2013; Maedler et al. 2013; Stefano et al.
2013; Rea et al. 2011). Despite this achievement, majority of research has been
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Table 1 Comparison of the performance of the PS electrochemical biosensors. This list does not
include those references which reported only pH sensing of a standard solution (nd: not determined

in the references)

Detection Response
mechanism Analyte Detection range time References
Amperometric | DNA 0.167-0.9 pM Around Jin et al. (2008)
2.5 hrs
Alpha 0.01 ng /ml nd Wau et al. (2009)
fetoprotein
DNA 0.05-0.909 uyM Around Jin et al. (2010)
3 hrs
DNA 50 pM-500 nM Around Lugo et al. (2007)
hybridization 30 min
DNA of 0.1-0.0001 pg/ml | nd Zhang and Alocilja
Salmonella (2008)
enteritidis
Urea 0.1-125 mM Around Jin et al. (2009)
100 secs
Glucose 1.0 pmol dm > to | 4 sec Ensafi et al. (2014)
2.3 mmol dm 3
Urea 0.3-4.5 mM nd Yun et al. (2012)
Antigen 10 ng/ml nd Prabhakar et al.
(2012)
Alanine 1.3-250 U/l Around Song et al. (2007)
aminotransferase | 1.3-250 U/l 20 sec
Aspartate 1-50 mM Around
aminotransferase | 0.002-0.02 mM 20 sec
Cholesterol Around
Bilirubin 20 sec
Around
20 sec
Alanine 1.3-250 U/ Around Song et al. (2009)
aminotransferase | 1.3-250 U/l 20 sec
Aspartate Around
aminotransferase 20 sec
MS2 6 pfu/ml nd Reta et al. (2016)
bacteriophage
Conductance Glucose 3-7 gm/l nd Melikjanyan and
Martirosyan (2011)
Glucose 1-1000 pg/ml nd Lopez-Garcia et al.
(2007)
Glucose and Glucose: 30 min Recio-Sanchez et al.
Escherichia coli | 1-1000 pg/ml and (2010)
E.coli fragments:
10-100 pg/ml
Catechol 50-100 pM 2 min Tembe et al. (2009)
Aflatoxin Bl 1 fg/ml-1 pg/ml 15 min Das et al. (2015)
Hepatitis B 50 aM—10 pM 15 min Basu and
RoyChaudhuri (2016)

(continued)
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Table 1 (continued)

C. Roy Chaudhuri and N. Das

Detection Response
mechanism Analyte Detection range time References
Impedance Triglyceride 5 mM 3 min Vemulachedu et al.
30 sec (2009)
Mouse IgG 0.6-480 ng/ml 33 min Betty (2009)
approx.
DNA 0.1-25 pM Around Archer et al. (2004)
hybridization 5 min
Triglyceride 1-40 mM 15 min Reddy et al. (2001)
Goat anti-mouse 100 pg/ml nd Betty et al. (2004)
IgG
penicillin 0.01-1 M Around Schoning et al.
S min (2000a)
Penicillin G 0.1-10 mM nd Schoning et al. (1997)
S. typhimurium 10°-10” CFU/ml | Around Das et al. (2009)
20 min
E.coli 0157 10°-10° CFU/ml | Around Das et al. (2011)
20 min
E.coli 0157 10*-10° CFU/ml Around Das et al. (2012)
20 min
Aflatoxin Bl 1 fg/ml-1 pg.ml Around Ghosh and
15 min RoyChaudhuri (2013)
Hepatits B virus | 1 fg/ml-1 pg/ml Around Das and
15 min RoyChaudhuri (2015)
Cortisol 1 pg/ml nd Munje et al. (2015)
Troponin-T 0.01 pg/ml Around Shanmugam et al.
15 min (2015)
Goat anti-mouse | 260 pg/ml nd Betty (2016)
IgG
Aflatoxin B1 0.1 fg/ml-1 pg.ml | Around Ghosh and
15 min RoyChaudhuri
(2015); Samanta and
RoyChaudhuri (2015)

targeted toward optical PS biosensors. One of the driving reasons is that PS was a

well-known optical material since its discovery for its conveniently achievable
room temperature photoluminescence but was observed to be a difficult electronic
material in terms of stable metal contacts (Kanungo and Basu 2014). In the last
20 years, there has been enormous research targeted toward the development of
reproducible and low-noise electrical contacts on PS. In a report on PS
amperometry biosensor (Schoning et al. 2000b), metal contacts had been deposited
conformally within the pores, but the metal-PS junction was not an active com-
ponent of such sensors. It was only in Das et al. (2009), the first report on PS
impedance biosensor with lateral metal contacts claimed sensitive, stable and
reproducible measurements.
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Reliability Aspects

Another aspect of porous silicon-based electrical biosensors is reliability. One of the
major concerns of reliability in any biosensor is the stability and degradation
problems of biorecognition elements. The degradation problems of the
biorecognition elements like antibodies, enzymes, and others have been addressed
by improved biochemical techniques of immobilization so that they retain their
activity for a long time. However, for electrochemical biosensors, the other reliabil-
ity issues can be attributed to the variability in sensor processing and time-related
drift in the sensor characteristics. A critical factor that has been recently studied in
impedance biosensors (Das and RoyChaudhuri 2015) is the time-related device
integrity with respect to the interfacial behavior of the oxidized PS under prolonged
exposure to buffer solution at a low temperature. In the presence of electrolyte, the
interfacial properties of a particular material are expected to depend largely on
surface roughness. The enhanced selectivity of these sensors is dependent on the
pore morphology and surface roughness of the nanoporous silicon oxide (Das and
RoyChaudhuri 2015). Surface roughness can change the contact angle which can
affect the degree of contamination upon long-term exposure to buffer solution. Three
different surface morphologies have been studied with respect to the repeatability in
sensitivity and selectivity as shown in Fig. 2. The magnitude of the sensitivity is less
for sensors with higher surface roughness due to the fact that the antibody-binding
density is less for higher surface roughness (Das and RoyChaudhuri 2015). On the
other hand, the deviation in the sensitivity characteristics during detection in blood
serum is more for lower surface roughness. This may be correlated with the fact that
the larger-sized nonspecific ions/molecules of the blood serum are expected to face
more hindrances from the antibody molecules and may not be able to reach the
valleys of the asperities with increasing surface roughness which will effectively
reduce the nonspecific adsorption. Figure 3a shows the sensitivity variation with
frequency for three consecutive cycles for all the sensor samples corresponding to
1 fg/ml hepatitis B virus after two different storage times. It is observed from Fig. 3b
that increasing the surface roughness by decreasing the pitch reduces the sharpness
of the peak frequency, i.e., selectivity (S,,), but enhances the longevity of the sensors.
Hence the design of sensor surface may be decided by a figure of merit combining all
the sensing parameters. The figure of merit (FOM) has been evaluated by the product
of maximum sensitivity(S), selectivity (S,), and repeatability(R) given by Eq. 1, and
the results are shown in Fig. 3c. It has been observed that till 15 days of storage,
FOM has a negative correlation with surface roughness for 1 fg/ml, but the trend
gradually reverses after 3 months. This may be attributed to the fact that for low
concentration of virus, standard deviation(o,) of sensitivity is significantly lowered
for sensors with higher surface roughness compared to the deterioration in their S,,.
But for 1 pg/ml, initially there is a positive correlation of FOM with surface
roughness, but the trend reverses after a particular roughness at any instant of
time. This may be due to the fact that after a certain surface roughness, the lowering
of § and S, dominates over the decrease in o,. Thus it may be concluded that for
different range of virus concentration, tuning the surface roughness may provide
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Fig. 2 Surface roughness of electrical biosensors (Reproduced from Das and Chaudhuri 2015)
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Fig. 3 (a) Sensitivity measured for three consecutive frequency scans for 1 fg/ml. (b) Sp (selec-
tivity) with time for different sensors and virus concentration. (¢) Correlation plot of figure of merit
with different surface roughness (Reproduced from Das and Chaudhuri 2015)

optimum response in terms of sensitivity, selectivity, and repeatability. This study
highlights the necessity for exploring the reliability aspects of such biosensors and
also presents a guideline for selecting the optimum fabrication parameters to max-
imize the figure of merit.
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Fig. 4 Technological steps of the PS microarray fabrication process and its integration with the
microfluidic circuit: (a—d) microfluidic circuit fabrication; (e—h) porous silicon transducers realiza-
tion. (a) SU8 spin coating, (b) photolithography and development, (¢) soft imprinting, (d) micro-

channels, (e) photoresist spin coating, (f) same as (b), (g) electrochemical etch, (h) porous silicon
microarray, and (i) assembly of the whole device (Reproduced from Stefano et al. 2013)

FOM = SxSp,xR (D

Integration of PS Platform with Microfluidics

Microfluidic platform possesses remarkable features for simple, low-cost, and rapid
disease diagnosis, such as low volumes of reagent consumption, fast analysis, and
high portability along with integrated processing and analysis of complex biological
fluids with high sensitivity for biomedical applications. Stefano et al. (2013) report a
PS-based microarray integrated with microfluidic circuit in PDMS for the study of
DNA-cDNA interactions as a proof of concept device as shown in Fig. 4. The PS
elements constituting the array have been functionalized by directly injecting the
DNA probe molecules into the microfluidic system. Smaller sample amounts and
functionalization time significantly shorter than those required for the not integrated
device have been used. The integrated microarray using a label-free detection
method has revealed great potentiality, and it can also be of interest for various
bioanalytical applications (Rea et al. 2011). In this aspect Barillaro et al. demonstrate
the actual compatibility of the post-processing procedure for porous silicon fabrica-
tion with commercially available microelectronic processes (Barillaro et al. 2010).

Challenges and Future Scope

One of the well-known challenges of PS is their chemical stability. However for
biosensor applications, the problem of instability, in general, is much less compared
to other chemical sensors as the oxidation followed by surface derivatization reduces
the surface activity of PS structure. Repeatability issues from stable electrical
contacts in capacitive biosensors on porous silicon are better than their resistive
counterparts, probably due to the reduced effect of flicker noise originating from the
interface states at the junction of PS and metal contacts (Parkhutik and Timashev
2000). Other reliability aspects like the integrity of the bio-functionalized PS surface
upon prolonged exposure to buffer solution need to be maximized by optimum
selection of pore morphology, oxidation parameters, and immobilization procedures.
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However, the problem posed by reproducibility or time-related drifts may be partially
addressed by suitable electronic interface design (Samanta et al. 2013). The detection
and quantification of the target biomolecule has to be estimated by measuring the
sensitivity which is the relative change between control and test reading. Further, the
peak frequency-based impedance detection is encouraging from the commercial
aspects since it can be directly applied to blood serum without pre-concentration or
centrifugation. However, for practical deployment of such sensors, integration of
microfluidics platform with PS biosensors along with their metal contacts has to be
standardized and tested rigorously using real-life samples like blood, urine, and others.
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