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detection sensitivity, and new emphases on detection of
molecules in complex media, integration with microﬂuidics for
sample handling, and multiplexed detection capabilities have
been reported. In all cases, the extremely high internal surface
area of PSi, the ease in modifying the surface chemistry of PSi,
and the straightforward fabrication of PSi ﬁlms are key
advantages for PSi biosensors. This review focuses on advances
in PSi optical biosensors achieved over the past three years.
In general, optical biosensors detect the presence of molecules
based on utilization of light to monitor changes in absorption,
reﬂection, transmission, or emission, and they are well-suited to
provide a highly scalable solution for molecular detection
applications with a need for simple readout, versatility in the
types of molecules to be detected, and relatively rapid results.
One of the largest growth areas for the biosensor market, which
is anticipated to reach $27.06 billion by 2022,1 is in the point-ofcare (POC) diagnostics ﬁeld2,3 that provides technology
solutions that are alternatives to the expensive, time-consuming,
bulky, and lab-conﬁned traditional analytical methods of
carrying out molecular detection. The primary classes of optical
biosensors include surface plasmon resonance biosensors,4,5
evanescent-wave biosensors including ﬁber optics and planar
waveguide technology,6−9 interferometric biosensors,10 and
localized surface plasmon resonance (LSPR) biosensors
including those based on surface enhanced Raman scattering
(SERS).11,12 The primary application areas for optical
biosensors include healthcare, environmental monitoring, and
food safety. As discussed in this review, PSi optical biosensors
oﬀer the possibility to leverage their high internal surface area to
enable high sensitivity detection based on interference, guided
waves, or SERS, and their versatility enables utilization across
nearly all application areas. Moreover, recent progress in PSi
optical biosensors is pushing the technology closer to
implementation as a POC diagnostic tool.
PSi is best described as a nanostructured material comprising
air-ﬁlled pores of diameter typically smaller than 150 nm in a
silicon matrix. PSi is most often fabricated by electrochemical
etching techniques from Si substrates and is widely studied for
applications in the ﬁelds of optoelectronics,13 sensors and
biosensors,14,15 drug delivery,16 cell culture17,18 and tissue
engineering.18,19 PSi was accidently discovered in 1956 by
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ince its ﬁrst demonstration as a promising material for
molecular detection two decades ago, porous silicon (PSi)
has become a commercially viable optical biosensor platform
attracting sustained research interest. Progress in both
fundamental understanding and diverse application areas has
occurred. In particular, new approaches for biosensor design,
new implementations of PSi as a host matrix for synergistic
materials that enable alternate biosensor readout approaches
and signal enhancement, new methods to reliably achieve higher
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Figure 1. Schematics and associated optical spectra of common porous silicon structures used for optical biosensing applications: (a) single-layer
interferometer, (b) Bragg mirror, (c) microcavity, (d) rugate ﬁlter, (e) grating-coupled planar waveguide, and (f) ring resonator.

■

BOOKS, REVIEWS, AND ARTICLES OF GENERAL
INTEREST
This review focuses on recent advances in PSi-based biosensors,
from 2015 onward. We begin by brieﬂy mentioning important
survey publications, including books and general review papers,
which have previously summarized diﬀerent aspects of this ﬁeld
over the last 20 years.
Two important books that include chapters written by the
leading experts in the ﬁeld of PSi research are the two editions of
the Handbook of Porous Silicon by Canham.23,24 These editions
cover the advances in various topics of PSi research, including
fabrication techniques, material properties, characterization
techniques, processing and applications, luminescent and
reﬂectivity properties, sensing capabilities, lithium batteries,
biodegradable nanoparticles and nanoneedles for medical
therapy and imaging, energetics and biodiagnostic techniques,
and industrial activity. From a practical point of view, the readers
can refer to Sailor’s book, Porous Silicon in Practice,25 which
includes theoretical data, protocols and instructions regarding
PSi preparation and characterization methods, surface chemistry, and applications. Other research groups have reviewed the
ﬁeld of PSi-based biosensors in terms of basic principles and
sensing mechanisms of PSi sensors and biosensors,15,26−29
surface chemistry,14,30−32 target analytes,33,34 and sensing
applications.35−37 Zhang38 has published a thorough review
on diverse formation mechanisms of PSi and the resulting
morphological features. The Gooding research group has issued
an excellent review on recent advancements in microfabrication
and modiﬁcation of PSi substrates and PSi microparticles for
multiplexed optical assays.17 The Wolfbeis group has reviewed
the ﬁeld of photonic crystals in general and PSi in particular and
their use for sensing applications,39 whereas Pacholski reviewed
the fabrication, optical properties, and sensing capabilities of

Arthur and Ingeborg Uhlir during electropolishing experiments,
but it was only reported as a technical note without signiﬁcant
attention.20 Only after Canham’s discovery in 1990 that PSi
exhibits strong and visible photoluminescence (PL) at room
temperature21 did the material gain interest and stimulate
intensive research in the ﬁeld of photonics. The next
breakthrough occurred in 1997 when Sailor and co-workers
demonstrated label-free detection of an oligonucleotide target
using a simple PSi Fabry-Pérot interferometer.22 This result
stimulated the study of PSi for biosensing applications in a
multitude of ﬁelds.
PSi presents unique and tunable photonic properties allowing
for label-free biosensing, and its fabrication process is relatively
simple and cost-eﬀective. Its structure and accordingly its optical
features can be tuned by the electrochemical etching process
parameters to create diﬀerent nanostructures or nanostructure
morphologies. Importantly, PSi has high internal surface (up to
800 m2 g−1), resulting in a large area for hosting biological
molecules and interactions. This surface is reactive and can be
easily functionalized with chemical and biological molecules by
well-established surface chemistries. These features designate
PSi as a superior alternative to other planar photonic biosensors
for many applications.
Herein, recent progress in PSi-based optical biosensors will be
discussed. In the next sections, advancements in structure and
chemistry features of PSi will be presented, followed by
exploring PSi as a host substrate for various nanomaterial and
molecule guests. Subsequently, the sensitivity of diﬀerent classes
of PSi-based optical biosensors will be reviewed and diﬀerent
strategies to improve their sensitivity will be presented. Finally,
detection in real samples and POC translation will be evaluated.
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note that double-layer PSi ﬁlms have also been employed for
sensing applications and, for these structures, RIFTS enables
independent tracking of refractive index changes in each of the
two PSi ﬁlm layers.45,46 Recently, an alternate data analysis
technique based on signal processing was shown to facilitate
signiﬁcant improvements in the achievable detection limit of PSi
single-layer interferometric biosensors,47−49 as discussed in the
Data Processing section.
Multilayer PSi ﬁlms, including Bragg mirrors, microcavities,
and rugate ﬁlters, whose optical properties are similarly dictated
by thin ﬁlm interference phenomena, have also been exploited
for sensing applications. The reﬂection spectrum of a PSi Bragg
mirror is typically characterized by a relatively broad wavelength
range with high reﬂectance (i.e., stopband), corresponding to a
wavelength range over which constructive interference occurs;
see Figure 1(b). The PSi Bragg mirror is designed with
alternating layers of high and low refractive index (low and high
porosity, respectively), each with an EOT corresponding to onequarter of the wavelength in the middle of the high reﬂectance
stopband, as speciﬁed in eq 2.

PSi-based photonic crystal sensors and biosensors.40 Luminescence and luminescence enhancement-based detection using
PSi nanostructures as a host-matrix was the focus of an extensive
review by the Voelcker group.41 Weiss and co-workers wrote a
thorough review on resonant PSi photonic structures and their
biosensing capabilities.42 Additionally, in 2018 several comprehensive surveys were issued. Salonen and Mäkilä have reviewed
the recent progress in research on thermally carbonized PSi, in
terms of carbonization processes, functionalization, and
characterization methods.32 A review by Bandarenka et al. has
focused on the progress in metal-coated PSi for SERSspectroscopy detectors.43 Lastly, a recent book chapter by
́
Martin-Palma
et al. covered in detail the advances in PSi-based
systems and their use in diﬀerent biomedical and biosensing
applications.36

■

NEW APPROACHES FOR PHOTONIC BIOSENSOR
DESIGN
Structures and Transducing Mechanisms. While all PSi
optical biosensors detect the presence of an analyte based on
changes in the optical properties of the PSi ﬁlm (or species
embedded within the porous matrix), the particular optical
property measured and the design of the PSi optical structure
can be highly varied. Here, we brieﬂy review the main types of
PSi structures utilized as optical biosensors and the characteristic transducing mechanisms for each structure. Figure 1
presents schematics of the most common PSi optical biosensor
platforms and their corresponding optical spectra.
The simplest geometry, the single-layer PSi interferometer,
has received the most attention over the past two decades. Light
reﬂecting oﬀ the top and bottom interfaces of the PSi ﬁlm
interfere, giving rise to characteristic Fabry−Pérot fringes in
reﬂection, as shown in Figure 1(a). Constructive interference
leading to reﬂection peaks occurs when the condition indicated
in eq 1 is satisﬁed.
2nL
= mλ 0 (Single layer interferometer)
(1)
cos θ
where n is the refractive index of the PSi ﬁlm, L is the physical
thickness of the porous layer, θ is the angle of incident light, m is
an integer, and λ0 is the vacuum wavelength of light.
The PSi formation conditions can be tuned to achieve the
desired eﬀective optical thickness (i.e., nL) by adjusting both the
porosity, which is directly related to the refractive index through
the appropriate eﬀective medium approximation, and the
physical thickness of the porous ﬁlm. The interference fringes
become closer together as the PSi eﬀective optical thickness
(EOT) increases. When molecules inﬁltrate the single-layer PSi
ﬁlm, the EOT of the ﬁlm changes, resulting in a shift in the
spectral position of the fringes that is proportional to the
magnitude of the refractive index change caused by the
molecules. Typically, the fringes shift to higher wavelength
when species inﬁltrate the pores, except for the case of metal
nanoparticles which are characterized by refractive index value
lower than 1.44 For large changes in the EOT of the ﬁlm that
cause the reﬂection spectrum to shift by more than the width of a
single fringe, it becomes challenging to determine by how much
the spectrum has shifted. In these cases, it is common to analyze
the Fourier transform of the reﬂectance spectrum, which yields a
single-peaked curve for which the peak position corresponds to
twice the EOT of the PSi ﬁlm. Details regarding this method,
referred to as reﬂective interferometric Fourier transform
spectroscopy (RIFTS), can be found in Pacholski et al.45 We

Lmirror =

λ0
4n

(Bragg mirror)

(2)

The width of the stopband is dictated by the refractive index
contrast between layers, with higher contrast leading to wider
stopbands. The maximum reﬂectance of the stopband is dictated
by the number of layers comprising the Bragg mirror, with more
layers leading to higher maximum reﬂectance values. The entire
high reﬂectance stopband shifts when molecules inﬁltrate the
PSi multilayer stack and increase the eﬀective refractive index of
the PSi layers. To determine the magnitude of the stopband shift
upon molecular inﬁltration, the spectral position of one edge of
the stopband is typically monitored. However, because it is more
straightforward to monitor the spectral position of a sharper
feature in the reﬂectance spectrum upon molecular inﬁltration,
the PSi microcavity and PSi rugate ﬁlter are more commonly
employed for sensing applications compared to the Bragg
mirror. Both the microcavity and rugate ﬁlter are characterized
by a relatively narrow spectral feature, as shown in Figure 1(c,d),
which shifts when molecules inﬁltrate the PSi multilayer stack. In
the case of the microcavity, the narrow resonance is created by
inserting a PSi cavity layer with an EOT corresponding to onehalf of the resonance wavelength (or an integer multiple of λ0/
2n) between two PSi Bragg mirror stacks, as indicated in eq 3.
λ0
(Microcavity)
(3)
2n
In the case of the rugate ﬁlter, the refractive index proﬁle is
continuously tuned according to eq 4 or a similar function,
where x indicates the direction normal to the PSi multilayer
surface, n0 is the average refractive index of the PSi layers, Δn0 is
the refractive index contrast, and λ0 is the wavelength of the
reﬂectance peak. The continuously varying refractive index
proﬁle, along with appropriate apodization and index matching
at the top and bottom of the PSi multilayer stack,50,51 helps to
suppress the side lobes that are present in the reﬂectance spectra
of the microcavity and Bragg mirror. The width of the
reﬂectance peak of the rugate ﬁlter increases as the refractive
index contrast increases, and the peak height increases with the
number of periods (i.e., number of repetitions of the sinusoidally
varying refractive index proﬁle). To achieve a narrow-width and
a high contrast reﬂectance peak for sensing applications that
require accurate tracking of small refractive index changes in the
Lcavity =
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Figure 2. (A) Oxidized PSi modiﬁcation via “ring-opening click” process. (i) Schematic illustration of the “ring-opening click” reaction of cyclic-silanes
with the silanol-terminated pore walls of PSiO2. (ii) Structures of the reagents, which were used in the study: thia-silane (DMTSCP, 2,2-dimethoxy-1thia-2-silacyclopentane), butyl-aza-silane (BADMSCP, N-n-butyl-aza-2,2-dimethoxy-silacyclopentane), diaza-silane (DMDASCP, 2,2-dimethoxy-1,6diaza-2-silacyclooctane), and methyl-aza-silane (MATMSCP, N-methyl-aza-2,2,4- trimethyl-silacyclopentane). R1 = OMe, Me. R2 = H, Me.
Reproduced from ref 63 (Kim, D.; Zuidema, J. M.; Kang, J.; Pan, Y.; Wu, L.; Warther, D.; Arkles, B.; Sailor, M. J. J. Am. Chem. Soc. 2016, 138, 15106−
15109). Copyright (2016) American Chemical Society. (B) Schematic of DNA-induced corrosion process in PSi, illustrating surface regions of the
waveguide structure. The green region indicates the thermal oxide on pore walls; the yellow represents silane molecules; DNA oligos are represented
by the red (probe) and black (target) helix structures attached on the silane molecules. The chemical reactions present a possible mechanism for
corrosion of a silicon atom initiated by sequential nucleophilic attacks by water molecules and resulting in the release and dissolution of the atom in the
form of Si(OH)4. Reproduced from ref 84 (Zhao, Y.; Lawrie, J. L.; Beavers, K. R.; Laibinis, P. E.; Weiss, S. M. ACS Appl. Mater. Interfaces 2014, 6,
13510−13519). Copyright (2014) American Chemical Society.

PSi multilayer stack, a rugate ﬁlter with a small Δn and many

The aforementioned PSi optical structures all rely on out-ofplane light propagation, which can be convenient for stand-alone
measurements using benchtop measurement equipment.
However, it has been shown that PSi is also amenable to
integration with on-chip silicon photonic optical components
and, for these implementations, it is necessary to have an in-

periods should be utilized.
n(x) = n0 +

Δn jij 4πx zyz
sinjj
z
j λ 0 zz
2
k
{

(Rugate filter)
(4)
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analyte.31 To achieve all of these requirements, several stepwise
coupling chemistries have been developed over the years. In the
following section, we will brieﬂy discuss the main, wellestablished approaches of PSi surface chemistry and introduce
recent advances in the ﬁeld.
At the end of the anodization process, the freshly-etched PSi
nanostructure is composed of hydride terminated pores (Si−Hx,
x = 1, 2, and 3), which are highly sensitive to aging eﬀects,
including the uncontrolled growth of a native oxide and
dissolution in corrosive/aqueous environments.14,31,56,57
These eﬀects may induce zero-point drifts in the reﬂectivity
spectrum of the sensor and thus PSi-based matrices are usually
passivated by growing an oxide layer under controlled
conditions. This step stabilizes the nanostructure and minimizes
the oxidation and/or the dissolution of the porous layer in
aqueous environments.56 Diﬀerent methods can be used to
oxidize PSi ﬁlms, including thermal oxidation, ozone oxidation,
high-pressure water vapor annealing, electrochemical oxidation,
and oxidation in aqueous solutions.25 Shtenberg et al. has
demonstrated that the thermal oxidation step of PSi-based
optical nanostructures has a profound eﬀect on its biosensing
performance.58 A greater optical stability and a higher sensitivity
was achieved when the biosensor surface was oxidized under 800
°C for 1 h, in comparison to thermal oxidation at lower
temperatures (600 and 400 °C). This work demonstrated that a
proper oxidation step can promote eﬃcient immobilization of
capture probes, optical signal stability, and higher sensitivity.
To further stabilize and activate the biosensor surface with
speciﬁc receptors/capture probes, several well-established
approaches are commonly used, such as silane chemistry
(silanization with alkyl silanes)59,60 or hydrosilylation of alkenes
and alkynes.61,62 Although hydrosilylation chemistry results in
the formation of a very stable monolayer of Si−C bond, the
silane chemistry is more common, probably due to its simplicity.
The Sailor group has recently reported on a new silanization
process, referred to as a “ring-opening click” reaction (outlined
in Figure 2A), in which heterocyclic silanes containing Si−N or
Si−S bonds in the ring undergo a ring opening reaction with
−OH groups at the surface of oxidized PSi (PSiO2 )
nanostructures to generate −SH or −NH functional surfaces,
grafted via O−Si bonds.63 This room-temperature chemistry
approach has been reported to have no byproducts and to
minimally interfere with protein activity. Another modiﬁcation
approach, which improves the PSi chemical stability and its
electrical properties, is thermal carbonization. We refer the
readers to a recent comprehensive review by Salonen and
Mäkilä,32 which discusses the progress made over the past
decade in thermal carbonized PSi (TCPSi) platforms.
To overcome several drawbacks of silane monolayer
deposition on SiO2, such as unfavorable cross-linking, slow
reaction rates, and low coupling eﬃciency, Sailor and co-workers
have demonstrated the grafting of organic trihydridosilanes on
hydrogen-terminated PSi nanostructures under mild thermal
conditions (80 °C) without the use of a catalyst.64 The resulting
surfaces demonstrated superhydrophobic behavior (with a
contact angle of 150°) and were stable in corrosive aqueous
solutions and in common organic solvents, such as dimethylformamide, dimethyl sulfoxide, dichloromethane, and tetrahydrofuran. Moreover, the grafted surfaces retained their PL
properties and could be further activated with functional groups.
Following the passivation/stabilization process of the PSi (by
one of the methods described above), the subsequent step
comprises immobilization of appropriate bioreceptors, such as

plane light propagation. Figure 1(e) shows a planar, two-layer
PSi waveguide that supports in-plane light propagation. Light is
guided in the top PSi layer by total internal reﬂection (TIR); the
lower PSi layer is essential and has a smaller refractive index than
the top layer to ensure that the condition for TIR is met at the
bottom interface of the top PSi guiding layer. A grating, as shown
in Figure 1(e), or a prism can be used to couple light into the
waveguide from an external light source. The criterion for
coupling light into a resonant waveguide mode is given in eq 5,
where Λ is the grating pitch, θ is the angle of incidence, m is an
integer, nef f is the modal index of the PSi waveguide, ninc is the
refractive index of the external medium (e.g., air), and λ0 is the
vacuum wavelength of light. A typical reﬂectance spectra is also
shown in Figure 1(e); the resonance angle shifts upon molecular
inﬁltration into the waveguide. Because most of the light is
localized within the top guiding PSi layer, molecules need to
inﬁltrate into a signiﬁcantly thinner region for the waveguide
compared to PSi multilayer structures.
Λ=

mλ 0
(Grating − coupled waveguide)
neff − ninc sin θ

(5)

Recently, it has been demonstrated that PSi waveguides can
be patterned to form ring resonators,52−54 as shown schematically in Figure 1(f), and Mach−Zehnder interferometers,55
suggesting that the PSi material system provides the necessary
design and fabrication ﬂexibility to achieve most, if not all, of the
silicon-based photonic structures typically fabricated on siliconon-insulator (SOI) wafers. Light can be coupled into these
advanced PSi waveguide-based structures from an oﬀ-chip light
source using a grating coupler or tapered ﬁber, but a key
advantage is that light that is already propagating on a silicon
photonic chip can directly couple into these structures. A typical
transmission spectrum of a ring resonator is shown in Figure 1(f)
and is characterized by periodic resonance dips. The resonant
wavelengths satisfy the constructive interference condition in
the ring given by eq 6, where λres is the resonance wavelength, R
is the radius of the ring, neff is the modal index of the ring
resonator, and m is an integer. When molecules inﬁltrate the PSi
ring resonator, a shift of the resonant wavelengths results.
Because light is highly localized in the upper guiding layer of the
PSi ring resonator, the PSi ring resonator is highly sensitive to
molecular inﬁltration into the guiding layer. For an equivalent
change in the eﬀective refractive index of a PSi guiding layer and
a single layer PSi interferometer, there would be a much larger
resonance shift for the ring resonator compared to the fringe
shift that would be observed in the single-layer PSi
interferometer.
λres =

2π Rneff
m

(Ring resonator)

(6)

Surface Chemistry. Surface chemistry design is a crucial
stage in the development process of a biosensor. The overall
capabilities of the biosensor, including stability, sensitivity,
speciﬁcity, and reproducibility, are strongly related to the chosen
surface chemistry. During the past decade, numerous
comprehensive review papers have discussed the importance
of surface chemistry in the construction and application of PSibased biosensors.14,17,31
The role of the surface chemistry in PSi biosensor devices is to
protect the PSi nanostructure from degradation, prevent
nonspeciﬁc interactions of interfering molecules with the porous
surface, and provide speciﬁc recognition groups to the target
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antibodies,65,66 enzymes,67,68 aptamers,47,48,69 or DNA,70−72
onto the pore walls. The immobilization can be accomplished
via standard coupling chemistries such as glutaraldehyde crosslinking, activation of terminal −COOH groups with ethyl-3-(3(dimethylamino)propyl)carbodiimide (EDC) and N-hydroxysulfosuccinimide (NHS), via the biotin−streptavidin system,
or via click chemistry. The ﬁnal step in the biofunctionalization
process usually involves blocking of residual groups to reduce
nonspeciﬁc adsorption of biomolecules. This step is especially
crucial if the biosensor is aimed to perform in complex biological
ﬂuids. The blocking is commonly carried out via adsorption or
covalent attachment of diﬀerent blocking agents such as
maleimide,73 ethanol amine,74 Tris buﬀer,75 bovine serum
albumin protein (BSA),76 oligo(ethylene glycol) (EG),31 or
polyethylene glycol (PEG) molecules.77 Additional discussion
regarding the importance of blocking can be found in the Real
Sample Analysis section.
A new approach to improve the immobilization of biological
molecules on PSi substrates was recently demonstrated by the
Gergely group.78 In this work, the optical properties of PSi
microcavities were utilized to study binding aﬃnity, adhesion
properties, and interactions between peptides and PSi. The main
goal of this study was to identify and engineer the shortest
peptide sequence with the highest aﬃnity to the silicon surface.
This optimal peptide can be subsequently used as an eﬃcient
linker for immobilization of biomolecules onto PSi surfaces.
One of the main advantages of PSi biosensors is their high
surface area. An interesting approach to exploit the entire porous
surface and design sophisticated biosensing platforms (as will be
discussed in the Emerging Applications: Toward Point-of-Care
Devices section) is to introduce diﬀerent functionalities to the
interior and exterior surfaces of the matrix. Gooding and coworkers have pioneered this route with a method that relies on
surface tension and capillarity to either prevent or promote the
entrance of solution species into the porous nanostructure.79
Wu and Sailor reported on a simple strategy, termed as “liquid
masking”, for diﬀerentially modifying the inner pore walls using
a hydrophobic organic liquid as a chemical resist mask.80 The
resulting nanostructure exhibits an inner hydrophilic silicon
oxide surface and an outer silicon hydride surface. Other studies
have modiﬁed this basic approach and were able to fabricate PSi
nanostructures bearing carboxyl groups in the internal pore
surface and amines on the external surface.81 The selective
chemical modiﬁcation of PSi ﬁlms can be veriﬁed by Fourier
transform infrared (FTIR), contact angle measurements, and
angle-resolved X-ray photoelectron spectroscopy (AR-XPS).82
The latter technique allows careful analysis of the distribution of
the diﬀerent functional groups along the entire thickness of the
porous layer.
Another important aspect is to achieve sensitive and
reproducible monitoring of negatively charged molecules, such
as DNA targets, using PSi biosensors. The detection of DNA is
very challenging, mostly due to the enhanced corrosion of the
PSi scaﬀold by DNA,71,83 as schematically illustrated in Figure
2B. A recent study by the Weiss group examined the inﬂuence of
charge density and surface passivation on a DNA-induced
corrosion of PSi waveguides in order to improve the biosensor
sensitivity, reliability, and reproducibility when exposed to
negatively charged DNA molecules.84 This study demonstrated
that charge density and surface passivation of PSi have high
impact on the biosensor performance. The corrosion process
was partially moderated by replacing the DNA probe with
neutral-charged-peptide nucleic acids (PNA) or fully reduced by

introducing Mg2+ ions to shield negative charges on the target
DNA backbone during hybridization to the PNA probes.
Over the years, many functionalization procedures for PSibased materials were developed and applied. Yet, as surface
chemistry plays a critical role in the performance of PSi
biosensors (e.g., their stability in aqueous media or storage),
careful adjustment, and optimization of the chemistry for each
speciﬁc application are required.

■

PSI AS A HOST MATRIX
As already mentioned, one of the most advantageous properties
of PSi is its large surface area (up to 800 m2 g−1) and high
internal volume, allowing for numerous biomolecular interactions to occur over a small working area. Furthermore, PSi can
serve as a host matrix for diverse compounds and nanomaterials,
including polymers, 85−92 metals, 93−102 quantum dots
(QDs),103−115 ﬂuorescent molecules,116−119 graphene oxide
(GO),120−123 carbon nanotubes (CNTs),124,125 and carbon
dots (C-dots).126 The main advantage of these PSi-based hybrid
systems is that they can exhibit superior sensing performance in
comparison to the individual components, such as signal
enhancement, higher sensitivity, improvement of signal stability,
and dual-mode detection. The following subsections discuss the
progress in this ﬁeld.
PSi/Polymer Hybrids. PSi matrices are attractive and
versatile scaﬀolds for the incorporation of polymers and
hydrogels.67,85−92,127−131 The principle concepts of designing
and fabricating PSi/polymer hybrids were recently reviewed by
Segal and co-workers.132 The integrated polymer can provide
mechanical and chemical stability to the PSi host and oﬀer new
functionalities for molecular recognition and sensing.89,127,133
Moreover, the integration of polymers within nanostructured
PSi enables rational device design that can display a combination
of controlled chemical and physical characteristics that are not
exhibited by either individual component.86,134 These hybrids
have been extensively studied for drug delivery applications,135−139 but few studies have reported their use for sensing
and biosensing applications.140,141 For example, a design of
responsive devices through various mechanisms,67,91,128 the
development of dual-mode platforms,142 and the ability to
improve the biosensor sensitivity90 were reported. Krepker et al.
developed a dual-functionalized PSi/hydrogel hybrid for the
detection of organophosphorus compounds (OPCs).67 The
design of the biosensor involved interfacing two interacting
compartments, PSiO2 decorated with organophosphorus hydrolase (OPH) as the biorecognition element and a pH-responsive
PSiO2/poly(2-dimethylaminoethyl methacrylate) hybrid, which
is used as the optical transducer. Upon exposure to a model OPC
(methyl paraoxon, MOX), the MOX is degraded within the
PSiO2/OPH compartment and the products of this hydrolysis
reaction diﬀuse into the hybrid region, triggering the swelling of
the pH-responsive hydrogel. Thus, low concentrations of MOX
can be easily detected by monitoring real time EOT changes of
the hybrid.
Metal-Coated PSi. Other PSi-based hybrids also include
PSi-metal systems, mostly using gold and silver particles (nanoor microparticles). In these hybrids, the PSi template can be
coated by a thin metal layer using several procedures, such as
thermal decomposition,93 immersion deposition,94,95,97,143
deposition from colloidal solution,102 and electrochemical
deposition.99,144 The resulting hybrid material exhibits extensive
surface plasmon resonance properties in comparison to the
unmodiﬁed PSi.96,98,145 Moreover, the metal-coated layer can
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ﬂuorescence dye.41 The optical properties of the QDs conﬁned
within PSi-based templates have also been explored, particularly
the ﬂuorescence enhancement of the embedded QDs.103,109 The
Weiss group has applied these PSi/QDs systems for signal
ampliﬁcation and for the design of a sensitive dual-mode
biosensing platform for detection of biotin by both reﬂectivity
and ﬂuorescence measurements.109,110 PSiO2 thin ﬁlms were
functionalized with streptavidin molecules and attachment of
the target QDs-biotin conjugates resulted in a signiﬁcant
increase in the EOT, allowing for a reduction of ∼3 orders of
magnitude in the LOD (compared to an unlabeled biotin). A
recent work by Lv et al. has also demonstrated the use of QDs as
a refractive index shift ampliﬁer in a PSi microcavity structure for
DNA detection.114 The porous nanostructure was functionalized with complementary DNA, while the target DNA
molecules were coupled to CdSe/ZnS water-soluble QDs. The
authors demonstrated a 6-fold increase in the sensitivity of the
biosensor in comparison to the detection of unlabeled DNA
targets.
A comprehensive collaborative study by Chistyakov and
Nabiev has demonstrated spectral narrowing of QDs PL after
their entrapment within PSi microcavities.105,106 In other studies
of these groups,107,108 the eﬀect of the QDs penetration depth
into PSi photonic crystals on the PL properties of the host−
guest photonic system was investigated. The study involved
experimental analysis and theoretical modeling, which conﬁrmed that even a very limited depth of QDs penetration into
the PSi-based photonic crystal host leads to signiﬁcant changes
in the QDs luminescence spectrum. These fundamental studies
can further expand the rational design of PSi/QDs hybrids with
desired optical and morphological properties for sophisticated
biosensing applications.
Another exciting phenomenon that was recently demonstrated by several research groups is the ability to increase the
ﬂuorescence intensity of the conﬁned QDs by tuning the QDs
ﬂuorescence emission peak to the reﬂection band of the PSi
reﬂector host.104,111−113 Li et al. have demonstrated detection of
Echinococcus granulosus, a disease-causing tapeworm parasite,
using a PSi Bragg mirror/QDs-based immunosensor.112 The
target molecules, hydatid antigens, were immobilized onto the
PSi nanostructure and introduction of QDs-labeled-hydatid
antibodies induced a ﬂuorescence response that is linearly
correlated to the antigen concentration with a low LOD of 300
fg mL−1. Another biosensing approach is to exploit ﬂuorescence
resonance energy transfer (FRET) between QDs and gold
nanoparticles (AuNPs) through DNA hybridization within a PSi
Bragg reﬂector host.151 The biosensor was applied for the
detection of 16S rRNA based on quenching of the PL emission
of QDs-conjugated onto the PSi layer by AuNPs-conjugated
complementary 16S rRNA. The authors demonstrated a linear
correlation between the ﬂuorescence intensity changes and the
target DNA concentration in the range of 0.25−10 μM with a
LOD value of ∼330 nM.
A recent work by Wang and Jia152 demonstrated an opposite
ﬂuorescence response for a AuNPs/PSi microcavity (PSiMC)
hybrid, which was constructed for the detection of a target DNA
sequence marked with Rhodamine red (RRA). In this biosensor
system, AuNPs-DNA probe molecules were conjugated to the
PSiMC nanostructure, while the target DNA molecules were
functionalized with RRA and an enhancement of the
ﬂuorescence signal was detected.
Carbon Substances within PSi Templates. Studies on
the incorporation of carbon-based materials, such as graphene

improve the chemical stability and the electrical, optical, and
sensing properties of the PSi host.
Surface-enhanced Raman scattering (SERS) has been shown
to be a powerful tool for the detection and identiﬁcation of small
quantities of analytes. This capability has being achieved due to
the enhancement of the Raman signal by using metal surfaces
such as silver, gold, and copper.146 The ﬁrst studies of metalcoated PSi, in which silver micro- and nanocrystallites were
synthesized within PSi templates, demonstrated the great
potential of metal-coated PSi as sensitive SERS substrates with
a long shelf life.93,94 Since then, many studies have implemented
these concepts and applied such hybrids as SERS-active
substrates.94,96,143−145,147 A new thorough review by Bandarenka et al. has recently explored the progress in this ﬁeld,43
emphasizing two main advantages of SERS-active substrates
based on PSi matrices: a signiﬁcant enhancement factor and a
long storage stability in comparison to other SERS-active
substrates. Moreover, the incorporation of metal inside PSi can
allow for both SERS and refractive index sensing, as
demonstrated by Jiao et al.148 Giorgis et al. have developed
several schemes of SERS-based microﬂuidic-integrated biosensors using silver-coated PSi membranes97,100 and demonstrated their applicability for selective detection and quantiﬁcation of microRNAs with limit of detection (LOD) values in the
nanomolar range.100 Rivolo et al. have also developed SERS
biosensors for microRNA detection based on DNA probes
immobilized on silver-decorated semiconductor substrates.149
Among the diﬀerent studied silver-decorated PSi substrates,
polydimethylsiloxane (PDMS)-supported PSi membranes were
found to be the most promising substrates in terms of stability
and SERS eﬃciency. The biosensor demonstrated comparable
sensitivity toward microRNA-222 to that exhibited by
commercial enzyme-linked immunosorbent assay (ELISA),
with a calculated LOD of 485 pM. Bu et al. have detected the
antioxidant glutathione, which is associated with cancer
progression, in complex biological ﬂuids using a SERS platform
based on PSi disks in which silver-nanoparticles (AgNPs) are
embedded.101 By careful optimization of the AgNPs size and
distribution within the porous matrix, selective detection of
glutathione over several biologically relevant amino acids in
human serum was achieved.
Currently, metal-coated PSi SERS substrates show high
enhancement factors in the range of 107−1011, which are
comparable to values exhibited by state-of-the-art SERS
substrates. PSi substrates are also characterized by long shelf
life and signal repeatability, making them promising systems for
SERS-based biosensors.43
QDs and Fluorescent Molecules Imbedded within PSi.
Another simple way to achieve signal enhancement and to allow
for new applications of PSi-based biosensors is to incorporate
ﬂuorescent molecules116−119 or QDs103,109,110,115,150 within the
nanostructured PSi host. Speciﬁcally, PSi-based photonic crystal
hosts (e.g., Bragg reﬂectors, microcavities, and rugate ﬁlters)
have been shown to allow control over the propagation and
distribution of the light emitted by the guest ﬂuorophore.40,104,105 A recent review by Voelcker et al.41 discusses
the main concepts of luminescence and luminescence enhancement-based biosensors, speciﬁcally focusing on PSi-based
microcavities as hosts. The latter have been widely reported to
signiﬁcantly improve the spectral properties of emitting
molecules, including the quantum yield, photostability, and
luminescence lifetime, by alignment between the reﬂectance
spectrum dip of the microcavity and the emission of the
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Figure 3. Construction of the PSiO2/C-dots hybrid and the two sensing modalities. (A) A carbonaceous precursor is incorporated in the PSiO2 pores
and followed by in situ synthesis of the C-dots. (B) High-resolution transmission electron microscopy (HRTEM) image of the C-dot extracted from
the PSiO2 host matrix. (C) A confocal laser scanning microscope (CLSM) 3D projection image of the PSiO2/C-dots hybrid in which the ﬂuorescence
signal of the C-dots is falsely colored red to aid observation. (D) Optical reﬂectivity and (E) ﬂuorescence emission generated simultaneously in the
PSiO2/C-dots hybrid. Adapted with changes from ref 126 (Massad-Ivanir, N.; Bhunia, S. K.; Raz, N.; Segal, E.; Jelinek, R. Npg Asia Mater. 2018, 10,
e463). (http://creativecommons.org/licenses/by/4.0/).

■

oxide (GO)120−123 and carbon nanotubes (CNTs),124,125,153
into diﬀerent PSi nanostructures have shown interesting optical
properties of the resulting hybrids. For example, GO/PSi hybrid
systems were found to exhibit signiﬁcant PL enhancement122
and were therefore suggested as potentially suitable transducers
for biosensing applications.120 A recent study by the Segal group
has demonstrated the synthesis of a new hybrid host−guest
material, consisting of a Fabry−Pérot PSiO2 thin ﬁlm
encapsulating C-dots, see Figure 3a−c.126 In particular, it was
shown that the PSiO2/C-dots hybrid allows label-free optical
detection of diverse target molecules using two orthogonal
modalitieswhite-light reﬂectivity of the PSiO2 host (Figure
3d) and the ﬂuorescence of the conﬁned C-dots (Figure 3e),
while these two signals can be observed and collected
simultaneously. Importantly, the resulting hybrid system
exhibited superior sensing performance in comparison to the
individual components.
It is important to note that all of the publications that were
mentioned in this section (except for one101) did not monitor
“real samples”. Hence, challenges such as cross reactivity, signal
hindering, interference, and nonspeciﬁc attachments of other
substances from the sample remain to be studied in these hybrid
systems. A real assessment of the capabilities of these systems
can be done only after a thorough evaluation of their
performance within complex ﬂuids.

SENSITIVITY AND SIGNAL ENHANCEMENT
METHODS
The clinical relevance of a developed biosensor is examined by
its sensitivity and speciﬁcity. Biomolecular or cellular targets for
biosensor platforms are often present in very low concentrations
in highly complex ﬂuids. Kelley has recently reviewed the
clinically relevant levels of these targets, which for most protein
and oligonucleotide biomarkers lie in the picomolar range.154
The large surface area of PSi predestined it as a superior
alternative to planar photonic sensors, such as SPR, for many
applications, and the seminal work by Lin et al. in 1997
strengthened this hypothesis.22 In terms of sensitivity, PSi-based
optical biosensors can be classiﬁed into two main groups based
on the transduction mechanism: those that are based on a PL
signal and those that are based on optical monitoring of changes
in the average refractive index of the porous nanostructure. The
former usually attains higher sensitivity but also requires target
labeling or more sophisticated biosensing platforms. On the
contrary, the latter category enables label-free detection with a
simple experimental setup but usually exhibits lower sensitivity.
Without applying sophisticated signal ampliﬁcation techniques
or utilizing complex PSi structures, label-free PSi-based
biosensors present a poor sensitivity on the micromolar
range.69,72,155,156 These experimental results oppose theoretical
calculations predicting nanomolar detection range157 and have
been mainly attributed to a limited diﬀusion of the analytes into
the porous matrix,60,158,159 which can be as slow as a few
molecules per pore per second,160 and nonideal structures
(defects and interface roughness).161 Thus, signiﬁcant research
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advantageous. Weiss and co-workers190 have synthesized a
single-stranded DNA (ssDNA) probe in situ, directly on the
surfaces of a photonic sensor. A 5- to 7-fold enhancement in
sensitivity was demonstrated, as well as a >3-fold reduction in
response time, compared to a direct ssDNA immobilization
procedure, as shown in Figure 4C. This behavior was ascribed to
a higher surface coverage of the ssDNA probes achieved by in
situ synthesis due to the addition of uncharged DNA monomers
base-by-base, which in turn reduces the negative eﬀects of steric
hindrance and charge repulsion during direct immobilization of
long ssDNA molecules. The pore size should also be taken into
consideration for in situ oligonucleotide synthesis, and
DeStefano and co-workers178,191 have demonstrated a higher
yield of functionalization for in situ synthesis of a 17−19-mer
DNA sequence on PSiO2 ﬁlms with a pore diameter larger than
50 nm, when compared to a ﬁlm with pores of ∼20 nm. The
resulting biosensor exhibited a low LOD value of 1.5 nM for
thrombin (∼37 kDa).178
Alternative novel capture probes for sensitive detection have
been utilized for bacteria and heavy metals targets. Segal and coworkers192 immobilized oligomers of acylated lysine (OAK), a
synthetic mimetic compound of antimicrobial peptides, on a PSi
Fabry−Pérot interferometer for speciﬁc detection of E. coli
fragments. A measured LOD of 10 3 cells mL −1 was
demonstrated, similar to monoclonal antibody-based PSiO2
biosensors.74,182,192 DeStefano and co-workers functionalized
a Thue−Morse PSi structure with Phytochelatin, an oligopeptide targeting heavy metals. However, the latter could not be
simply conjugated to solid surfaces due to charge-mediated
corrosion upon molecular binding (it presents an isoelectric
point of 4.2). Thus, the oligopeptide was derivatized with a six
poly-lysine, resulting in an isoelectric point of 6.9, which could
be properly immobilized. Sensitive detection of lead(II),
arsenic(II), and cadmium(II) ions was realized with a LOD
value for lead(II) ions of 1.2 ppb.163
Complex PSi Optical Structures. Improvement in sensitivity
by substituting the simple PSi Fabry−Pérot interferometer with
sophisticated multilayered-optical structures has already been
vastly established,161 and research work in recent years has
focused on optimization of these complex structures for
improving their sensitivity.72,193−199 Such structures include
Bragg mirrors,200,201 rugate ﬁlters,62,173,202−204 microcavities,59,129,162,184,190,205−207 Thue−Morse structures,163 waveguides,72,157 Vernier eﬀect-based structures,199 Bloch surface
wave structures,208 ring resonators,54,190 and diﬀraction
gratings.172 Weiss and co-workers extensively studied biosensors
based on DNA-PNA hybridization with diﬀerent PSi-based
optical structures. A nanomolar LOD was demonstrated with
waveguides209 and ring resonators.54 LOD values in the range of
5.7 nM to 43.9 nM were achieved for biosensors based on DNA
hybridization with other PSi structures, such as a polybasic
photonic crystal,210 a microcavity on a SOI wafer,211 a
microcavity functionalized with gold nanoparticles,212 a Bragg
mirror on a SOI wafer,201 a double-Bragg mirror structure,171
and a diﬀraction grating coupled with a 1D-photonic crystal.172
It should be noted that the fabrication of these multilayered
structures is more complex and the accuracy and robustness are
limited by the electrochemical etching process parameters.171,200,210 Moreover, part of these structures require
additional fabrication steps, such as photolithography, and
more sophisticated optical measurement systems. An example
for the latter was proposed by Li et al.,207 where changes in the
refractive index of a PSi microcavity during DNA hybridization

eﬀort has been directed toward developing strategies for
improving the sensitivity of PSi-based optical biosensors.
These include tailoring the chemistry and structure features of
the porous layer, fabrication of complex multilayered structures,
manipulating the experimental platform and data analysis, or
applying signal ampliﬁcation techniques. The following section
reviews the current sensitivity limits of diﬀerent PSi-based
optical biosensors of various transduction mechanisms, see
summary in Table 1, as well as the progress made over the past
three years in enhancing their performance (speciﬁcally
lowering LOD values).
Refractometric-Based PSi Biosensors. Optimization of
PSi Nanostructure and Bioreceptor Features. Both the
structural features of PSi and the utilized bioreceptors have a
profound eﬀect on the biosensor sensitivity. Antibodies are the
most commonly used capture probes, and thus they are wellstudied and established. For antibodies, it was demonstrated
that ordered orientation results in improved performance,52,183
and a thorough study by Bonanno et al.59 presented the impact
of steric crowding on antibody immobilization. The importance
of surface chemistry for antibody conjugation was also
emphasized by Martin et al.184 Aptamers are emerging as
promising alternatives to antibodies in various biosensing
platforms185−187 and have been introduced in recent years as
capture probes in PSi biosensors.69,188 One main advantage of
aptamer-based PSi biosensors in comparison to conventional
PSi-based immunosensors is the ability to easily regenerate the
sensor by a short rinsing step for multiple biosensing analyses
even in complex biological ﬂuids, as was demonstrated by
Urmann et al.69 In a later study, Voelcker and co-workers
utilized PSi Fabry-Pérot interferometers to compare antibody
and aptamer bioreceptors for the detection of insulin. They
established that the aptamer-based biosensor outperforms the
antibody-based one, in terms of both the LOD (1.9 μg mL−1
[0.33 μM] and 4.3 μg mL−1 [0.74 μM], respectively) and the
response time (12 and 60 min, respectively), as shown in Figure
4A.77 It is important to emphasize that the sensitivity and LOD
of aptamer-based biosensors are highly dependent on the
aptamer immobilization density. Indeed, for aptamer-functionalized PSi, a lower surface coverage has resulted in improved
performance, ascribed to minimizing eﬀects of steric hindrance
and electrostatic repulsion of the negatively-charged DNA
molecules at higher concentrations.69,73,173 Typical LOD values
of PSi Fabry-Pérot aptasensors for detection of proteins are in
the micromolar range.69,77,189 Employing multilayered PSi
structures, such as thin rugate ﬁlters, was shown to improve
the LOD for insulin to 0.19−0.29 μg mL−1 (∼33−50 nM),
depending on the analysis buﬀer.173
Further sensitivity improvement of PSi apatsensors was
presented by Barillaro and co-workers47 by increasing the pore
diameter (up to a 3× increase in diameter) of a PSi thin ﬁlm (see
Figure 4B), without aﬀecting the porosity and the eﬀective
refractive index of the layer. This was achieved by etching a
parasitic layer at a high current density, followed by its removal
and subsequent etching of the PSi sensing layer. Figure 4B shows
a 10-fold improvement in sensitivity of the biosensor with the
larger pores, which is attributed to an improved analyte diﬀusion
into the porous layer without decreasing the signal-to-noise
ratio, due to the unchanged porosity.47
Although for direct immobilization of aptamer bioreceptors, a
lower immobilization density was proven to enhance the
biosensor performance,69,73,173 in situ DNA and aptamer
synthesis for higher probe density has been also found
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Antibody

Photoluminescence

miRNA-222 (21mer)

Diffraction grating
coupled with 1D
photonic crystal
PSi membrane-Ag
composites

Double Bragg mirror

ssDNA (18mer)

ssDNA (8mer)

Fluorescence

Au/PSi microcavity

SERS

Angle-resolved diffraction

Reflectivity

Reflectivity

Microcavity

Fluorescence
(FRET-based)

Photoluminescence

single-stranded
DNA, ssDNA
(20mer)
ssDNA (14mer)

Fumonisin B1

Aflatoxin B1

Ochratoxin A

Ochratoxin A (404
g mol−1)
Aflatoxin B1 (312
g/mol)

ssDNA

ssDNA

ssDNA

ssDNA

ssDNA

Aptamer

Non immobilized glucose
oxidase enzyme
Antibody

Photoluminescence

Fabry-Pérot thin
film
PSi (Fabry-Pérot
thin film)-gold
nanocomposites
TiO2-deposited PSi
Fabry-Pérot thin
film

Enzyme

Colorimetric

Fabry-Pérot thin
film
Mesoporous Si
nanowire array

Pyrocatechol (110
g mol−1)
Glucose (180
g mol−1)

Reflectivity

Microcavity

Oligopeptide

Reflectivity

Thue−Morse

Heavy metals (Lead
(II), Arsenic(III)
and Cadmium(II)
ions)
Heavy metals (Cadmium(II) ions)

Reflectivity + IAW
signal processing

Fabry−Pérot thin
film

NaCl and KCl

Reflectivity

Capture Probe

Microcavity

PSi Structure

EtOH

Target

Transducing Mechanism

Label-free (indirect
detectiona)

Labeled target

Label-free

Label-free

Labeled target

Labeled target

Label-free (Indirect
detectiona)

Label-free

Label-free

Label-free (indirect
detectiona)
Label-free

Label-free

Label-free

Label-free

Label-free

Label/Label-Free

Secondary labeled
probe

Preconcentration
with electrochemical reduction

Signal Amplification

2.5 nM to 25
nM
1 nM to 25 nM

10−4 μM to
10 μM
0.25 μM to
10 μM
10 μM

0.1 ng mL−1 to
10 ng mL−1
0.01 ng mL−1 to
10 ng mL−1
0.001 ng mL−1
to 10 ng
mL−1
0.1 μM to
5.0 μM

2h

1h

1.51 nM

0.55 nM

41.7 nM

27.1 nM

∼2 h
∼2 h

10 pM

6.97 nM

0.21 pg mL−1

1.48 pg mL−1

15.4 pg mL−1

2.5 pg mL

−1

4.4 pg mL−1

10 h

∼2 h

∼12 h

∼30 min

1.06 μM

∼1 h

0.01 ng mL−1 to
5 ng mL−1
0.01 ng mL−1 to
10 ng mL−1

0.43 uM

∼20 min

1 μM to
100 μM
0.1 mM to 50
mM

1.16 ppb
342 nm RIU−1

0.001%
1000 nm RIU−1
10−7 RIU
0.001% w/w
10−7 RIU for
concentration
lower than
0.1% w/w
1.2 ppb for Pb
(II)

LOD

20 min

∼1 h

Assay
Time

1 to 1000 ppb

2 ppb to
100 ppb

10−5% to 9%
w/w

Detection
Range/Tested
Concentrations

Table 1. Performance Summary of Biomolecule Detection with Diﬀerent PSi-Based Optical Biosensors from 2016−2018
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Enzymes

Proteins

Proteins and small
molecules

Peptides

Target type

PSi (Fabry-Pérot
thin film)-C-dots
hybrid

Trypsin (23.3 kDa)
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Microcavity
Microcavity

Sortase A (27.1 kDa)
and MMPs

Fabry-Pérot thin
film
Macroporous thin
film

Fabry-Pérot thin
film
Fabry-Pérot thin
film
Si nanowire array

Antibody (150 kDa)

Human kallikrein 2
(28.5 kDa)

Prostate specific
antigen (30 kDa)

Thrombin (37 kDa)

C-reactive protein
(25.1 kDa)

TNFα (25 kDa)

BSA (66 kDa)

Cystic hydatid disease antigen
(43 kDa)

Streptavidin
(52.8 kDa)
His-tagged protein
(24 kDa)
Hydatid disease biomarker

Protein A (42 kDa)

Fabry-Pérot thin
film
Microcavity membrane
Fabry-Pérot thin
film
PSi (Fabry-Pérot
thin film) on a
Silicon-On-Insulator (SOI)
Microcavity

Rugate filter

Insulin (5.8 kDa)

ATP (507.2 g mol−1)

Fabry-Pérot thin
film

Insulin (5.8 kDa)

PSi Structure
PSi disks-Ag composites

Target

Glutathione (307
g mol−1)
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Fluorescence
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Colorimetric

Fluorescence

Reflectivity

Reflectivity + IAW
signal processing
Reflectivity + IAW
signal processing
Photoluminescence

Angular transmission

Peptide substrate

Antigen

Antibody

Aptamer

Antibody

Aptamer

Antibody

Aptamer

Reflectivity
Photoluminescence

Biotin

Aptamer

Aptamer

Aptamer

DTNB Raman
reporter (not
immobilized)
Antibody

Capture Probe

Reflectivity

Reflectivity

Reflectivity and fluorescence

Reflectivity

Reflectivity

SERS

Transducing Mechanism

Label-free (indirect
detectiona)
Label-free
(indirect detectiona)

Label-free (indirect
detectiona)

Label-free

Label-free

Label-free

Label-free

Label-free

Label-free

Label-free

Label-free (indirect
detectiona)
Label-free

Label-free

Label-free

Label-free

Label-free (indirect
detectiona)

Label/Label-Free

Secondary HRP-labeled antibody

Secondary labeled
antibody

ITP

Secondary antibody

Signal Amplification

4.6 × 10−12 M
to 4.6 × 10−8
M

1.5 nM
100 fg mL−1

∼2 h
∼2 h

30 min

1.6 fM

∼4 h

For reflectivity
measurement
4.6a10−8 M
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179

200 pM

∼1 h

Human wound
fluid and bac-

Blood serum

Blood serum
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∼1 h
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126
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ref
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1h

Bacteria lysate
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Real Sample
Analysis
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7.5 nM

1 μM

0.1 mM

4.3 μg mL−1 for
antibody
1.9 μg mL−1 for
aptamer
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buffer)
4 μM

74.9 nM

LOD
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50 min
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nM
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0.5 × 10−6
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15 μM
390 nM to 3
nM
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nM
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∼20 min

10 min
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30 min

Assay
Time

4.3 μM to
43 μM
0.1 mM to 10
mM
2 μM to 50 uM

2.5 μg mL−1 to
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5 μg mL−1 to
50 μg mL−1

<568.9 nM

Detection
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Concentrations
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detectiona)
Label-free
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Reflectivity
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Bacteria

Target type

Indirect target detection refers to assays in which the target does not directly induce the optical signal measured, e.g., utilization of a secondary probe.

106 cells/mL
∼40 min
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Reflectivity

Fabry-Pérot thin
film
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film
Fabry-Pérot thin
film

Label/Label-Free
Capture Probe
Target

PSi Structure

Transducing Mechanism

Table 1. continued

were detected by the incident angle between a laser and the
surface of the PSi, with a LOD value of 87 nM. Another
approach for sensitivity enhancement by improving the
resolution of the optical readout was presented by Caroselli et
al.162 They replaced the spectrometer with an optical interrogator, able to acquire reﬂectivity spectra every 0.1 s with a
resolution of 4 pm. They further reduced the measurement noise
by applying a discrete Fourier transform algorithm, resulting in a
noise of only 0.2 nm. This high-resolution experimental setup
allowed a LOD of 10−7 RIU (refractive index unit) with a PSi
microcavity sensor.162
One of the main challenges of PSi-based biosensors is
overcoming the limited mass-diﬀusion within the porous
nanostructure. By constructing an open-ended PSi microcavity
membrane for a ﬂow-through sensing scheme (rather than a
conventional ﬂow-over system), as illustrated in Figure 5A, the
analyte ﬂux into the biosensor is signiﬁcantly enhanced.160 A 6fold improvement in the response time for streptavidin
detection by a biotin-functionalized PSi microcavity was
achieved, compared to closed-ended ﬁlms, and 500 nM
streptavidin was detected within 20 min (Figure 5B). In a
follow up study, mass transport and reaction kinetics were
simulated in open-ended and closed-ended PSi biosensors and
the improvement of the performance was again demonstrated
for the adsorption of large molecules such as horseradish
peroxidase and catalase in an open-ended PSi microcavity
membrane; see Figure 5C.213
Data Processing. Label-free sensitivity improvement has
been demonstrated by Barillaro and co-workers by applying a
novel signal processing technique, instead of the common
Fourier transform, for the traditional reﬂectivity measurements
of PSi biosensors.47,48 This method was termed Interferogram
Average over Wavelength (IAW) and is based on subtracting the
reﬂection spectral intensity of a PSi interferometer after and
before analyte binding (wavelength by wavelength). This is
followed by a simple mathematical manipulation of removal of
the mean value and application of an absolute value function to
the resulting interferogram. The ﬁnal IAW signal is obtained by
calculating the average value of the processed interferogram over
the whole spectral range of interest. This method demonstrated
a wide dynamic range of 150 pM to 15 μM, and a calculated
LOD value of 20 pM for BSA adsorption, as depicted in Figure
6C. The latter represents a 4 orders of magnitude improvement
in the sensitivity in comparison to the traditional Fourier
transform manipulation of the reﬂectance spectra of PSi by
RIFTS (see Figure 6D).48 Later on, this method was also applied
for a speciﬁc detection of TNFα biomarker at a concentration
down to 3 nM with a calculated LOD of 200 pM.47 Additional
sensitivity enhancement, utilizing the IAW method, was
demonstrated by exploiting electrical double layer-induced ion
surface accumulation (EDL-ISA) on PSiO2 surface for
refractometric applications.49 In this fundamental study, it was
shown that for solutions with bulk refractive index variation
below 10−4 RIU (i.e., NaCl and KCl (w/w) < 0.1%), the LOD is
improved by 2 orders of magnitude. This is attributed to a
surface eﬀect of accumulation of charged cations (Na+ and K+)
on the surface of negatively-charged PSiO2. For such low
concentrations, this surface eﬀect dominates the bulk eﬀect of
solution refractive index variation within the porous nanostructure. On the contrary, for higher concentrations, when the bulk
refractive index eﬀect dominates the surface eﬀect, the achieved
LOD is only ∼10−5 RIU (which is in agreement with the other
PSi refractometers). The EDL-ISA method improves the
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Figure 4. Performance enhancement of PSi biosensors by capture probe and pore diameter optimization. (A) PSi biosensor for detection of insulin
based on a Fabry−Pérot thin ﬁlm functionalized with aptamer molecules (red curve) outperforms an antibody-functionalized one (black curve).
Reprinted with permission from ref 77 (Chhasatia, R.; Sweetman, M. J.; Harding, F. J.; Waibel, M.; Kay, T.; Thomas, H.; Loudovaris, T.; Voelcker, N.
H. Biosens. Bioelectron. 2017, 91, 515−522). Copyright (2017) Elsevier. (B) Increasing the pore diameter (up to 3 fold) of a Fabry−Pérot thin ﬁlm
enhanced the detection sensitivity of the biosensor toward the protein TNF-α. Reprinted with permission from ref 47 (Mariani, S.; Pino, L.; Strambini,
L. M.; Tedeschi, L.; Barillaro, G. ACS Sensors 2016, 1, 1471−1479). Copyright (2016) American Chemical Society. (C) In-situ synthesis of an ssDNA
probe in a ring resonator results in improved performance, compared to a direct immobilization of the ssDNA onto the Si surface. (i) Comparison of
ﬂorescence intensity of a labeled-DNA probe, immobilized by the two approaches. (ii) Kinetic binding curve of a ssPNA target to ring resonators,
functionalized with a ssDNA probe by in situ synthesis (red curve) or direct immobilization (blue curve), demonstrating faster response time of the
former. (iii) Averaged wavelength shifts for the probe and target binding, upon both functionalization methods. Reprinted with permission from ref
190 (Hu, S.; Zhao, Y.; Qin, K.; Retterer, S. T.; Kravchenko, I. I.; Weiss, S. M. ACS Photonics 2014, 1, 590−597). Copyright (2014) American Chemical
Society.

Figure 5. Open-ended PSi membrane biosensing platform outperforms closed-ended ﬁlms. (A) Illustration of both biosensing platforms; (B)
comparison of biosensing response to streptavidin capturing by a biotinylated-surface, in both ﬂow schemes and (C) comparison of biosensing
response to catalase enzyme adsorption, in both ﬂow schemes. Reprinted with permission from ref 160 and ref 213, respectively. (Zhao, Y.; Gaur, G.;
Retterer, S. T.; Laibinis, P. E.; Weiss, S. M. Anal. Chem. 2016, 88, 10940−10948); Copyright (2016) American Chemical Society and (Zhao, Y.; Gaur,
G.; Mernaugh, R. L.; Laibinis, P. E.; Weiss, S. M. Nanoscale Res. Lett. 2016, 11, 395); (http://creativecommons.org/licenses/by/4.0/); copyright ©
The Author(s). 2016, respectively.
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Figure 6. IAW method for reﬂectivity data processing of PSi reﬂectivity. (A) Raw reﬂectivity spectra of PSi, and (B) interferogram signal calculated by
mathematical manipulation of the reﬂectivity spectra for a baseline buﬀer (black curve) and upon BSA adsorption (red curve). (C) Calibration curve of
IAW signal for diﬀerent BSA concentrations and (D) corresponding EOT data obtained upon standard RIFTS, which are below instrumental
detection limit. Reprinted with permission from ref 48 (Mariani, S.; Strambini, L. M.; Barillaro, G. Anal. Chem. 2016, 88, 8502−8509). Copyright
(2016) American Chemical Society.

reﬂectivity spectrum and a signiﬁcant sensitivity enhancement
compared to previous work62 by the same group.
Another method for improving biosensor performance takes
advantage of a secondary capture probe, as in a sandwich ELISA
assay. Szili et al.215 functionalized PSi with an antihuman IgG
and, following the binding of the target IgG, a secondary
antibody labeled with horseradish peroxidase enzyme was
introduced and subsequently its enzymatic substrate. Thus, this
in situ enzymatic reaction within the porous nanostructure
resulted in a signal ampliﬁcation and LOD of 1.3 nM was
achieved.215 Urmann et al.189 utilized a similar approach, yet
much simpler, for detection of protein A (PA). After binding of
PA to an aptamer-functionalized PSi, an antibody speciﬁc to PA
was introduced and ampliﬁed the optical signal, leading to a 3fold higher sensitivity (Figure 7D).189
The above approaches for sensitivity enhancement pose
drawbacks of indirect analyte detection; they require additional
experimental steps, as well as the use of reagents. An alternative
method for sensitivity enhancement, which allows for direct
analyte detection, was recently demonstrated by Segal and coworkers for DNA71 and protein75 targets. Isotachophoresis
(ITP), which is an electrokinetic technique for concentration
and separation of charged analytes,216 was applied on a PSiO2
Fabry−Pérot interferometer for real-time and on-chip preconcentration of a DNA target, allowing for the delivery of a
highly concentrated zone of ssDNA molecules to the biosensor
surface, with a 10000-fold enhancement in local concentration.71 While most ITP assays are labeled, in this work
DNA hybridization was realized in a label-free format using
RIFTS, and a measured LOD value of 1 nM was demonstrated.
Recently, the group applied this approach for preconcentration
of a his-tagged protein target on a PSiO2 thin ﬁlm functionalized
with a his-tag binding aptamer, as schematically illustrated in
Figure 8A.75 A measured LOD of 7.5 nM was obtained with an
up to 1000-fold enhancement in sensitivity compared to a
conventional assay (see Figure 8B).75 A similar strategy for
analyte preconcentration was also applied for heavy metal ions
on a PSi microcavity by electrochemical reduction, followed by
reﬂectivity measurements (Figure 8C and D, respectively).164 A
LOD value of 1.16 ppb for cadmium(II) was reported while this
method also allowed for separation of interfering metal ions by a
preliminary electrochemical reduction at speciﬁc voltages.164

performance of the PSi-based interferometers to that exhibited
by more sophisticated photonic and plasmonic sensors.49
Signal Ampliﬁcation. One strategy for signal ampliﬁcation
for refractometric-based PSi biosensors is by maximizing the
refractive index change upon analyte binding. This is achieved
by inducing structural changes to the PSi nanostructure or by
ﬁlling the entire porous volume with a substrate that will change
or degrade upon analyte binding. The basic concept was already
reported in 2004 by Steinem et al.,83 where DNA-induced
corrosion of a PSi Fabry-Pérot interferometer was used for
monitoring hybridization events within the porous layer. The
corrosion eﬀect ampliﬁed the optical signal upon DNA binding,
as the EOT decrease ascribed to the PSi dissolution is
signiﬁcantly higher than the EOT increase observed for DNA
inﬁltration into the pores, and indeed a LOD value of 0.1 nM
was reported in comparison to characteristic micromolar
values.83 Nevertheless, application of this corrosion-induced
biosensing concept is limited due to the poor reproducibility and
reliability of the results.84 Detection of PNA-DNA hybridization, which passivates the corrosion eﬀect, results in a 10 nM
LOD with a PSi waveguide biosensor.209 Alternatively, as was
described in the QDs and Fluorescent Molecules Imbedded
within PSi section, Lv et al.169 have recently presented detection
of DNA hybridization by target labeling with QDs and a LOD
value of 6.97 nM was achieved. A similar approach was
demonstrated by Gaur et al.110 in an earlier study for the
detection of QD-labeled biotin by a streptavidin functionalizedPSi Fabry−Pérot thin ﬁlm; signiﬁcant enhancement of 3 orders
of magnitude was realized, as shown in Figure 7A. Signal
ampliﬁcation for DNA detection was also achieved by induction
of a polymerization reaction within the pores214 (illustrated in
Figure 7B) using PSi functionalized with a capture ssDNA and a
target DNA, which is modiﬁed with a radical polymerization
initiator molecule. After the hybridization reaction, a monomer
mixture was introduced, resulting in a polymerization reaction
within the pores and a signal ampliﬁcation, ascribed to the
signiﬁcant change in the EOT signal upon polymer formation
within the pores. A similar approach was utilized by Gooding
and co-workers203,204 who ﬁlled the entire porous volume of a
PSi photonic crystal with a polymeric substrate for an enzyme
target. Figure 7C schematically illustrates the concept,203 where
introduction of the enzyme resulted in the cleavage of the
polymer within the pores, inducing a signiﬁcant change in the
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Figure 7. Signal ampliﬁcation strategies. (A) Reﬂection spectra for the detection of a QD-labeled biotin by a streptavidin-functionalized PSi surface
(top), compared to a nonlabeled biotin (bottom). The former results in a signiﬁcantly larger spectral shift. Reprinted with permission from ref 110
(Gaur, G.; Koktysh, D. S.; Weiss, S. M. Adv. Funct. Mater. 2013, 23, 3604−3614). Copyright © 2013, John Wiley and Sons. (B and C) Illustration of
two signal ampliﬁcation strategies, based on inducing a polymerization reaction within the pores upon target binding or ﬁlling the entire porous volume
with a substrate for enzymatic cleavage, respectively. Reprinted with permission from ref 214 and ref 204, respectively. (Holthausen, D.; Vasani, R. B.;
McInnes, S. J. P.; Ellis, A. V.; Voelcker, N. H. ACS Macro Lett. 2012, 1, 919−921); Copyright (2012) American Chemical Society and (Gupta, B.; Mai,
K.; Lowe, S. B.; Wakeﬁeld, D.; Di Girolamo, N.; Gaus, K.; Reece, P. J.; Gooding, J. J. Anal. Chem. 2015, 87, 9946−9953); Copyright (2015) American
Chemical Society, respectively. (D) Averaged relative EOT changes upon exposure of an aptamer-functionalized PSi biosensor to protein A (PA), IgG
targeting PA, or the latter after PA binding. The use of the secondary capture probe results in signiﬁcant signal enhancement. Reprinted with
permission from ref 189 (Urmann, K.; Reich, P.; Walter, J.-G.; Beckmann, D.; Segal, E.; Scheper, T. J. Biotechnol. 2017, 257, 171−177). Copyright
(2017) Elsevier.

Luminescent-Based Biosensors. Sensitive luminescentbased detection with PSi nanostructures has been demonstrated,
utilizing the PL signal of PSi or embedding other luminescent
molecules within the PSi nanostructure (note that the latter was
discussed in the sections QDs and Fluorescent Molecules
Imbedded within PSi and Carbon Substances within PSi
Templets). For instance, Iatsunskyi and co-workers demonstrated sensitive toxin detection with gold-coated PSi99 or
macroporous Si ﬁlms.167 Upon target binding to an antibodyfunctionalized surface, quenching of the PSi PL signal was
observed and LOD values of 2.5 and 4.4 pg mL−1 were realized
for Aﬂatoxin B1 and Ochratoxin A, respectively.99,167 A similar
biosensing mechanism was demonstrated with a ﬁlm of Si
nanowires (NWs) functionalized with antibodies targeting the
cardiovascular disorder biomarker, C-reactive protein (CRP), as
schematically depicted in Figure 9A. Upon CRP binding,
quenching of the PL signal was observed, resulting in a highly

sensitive detection of CRP with a LOD value of 1.6 fM, which
could also be detected in blood serum samples (Figure 9B).177
An array of mesoporous Si NWs was also utilized for detection of
glucose in the presence of glucose oxidase, based on enhancement of the PL signal. The enhancement was observed for
higher target concentrations, and a LOD of 1.06 μM was
attained.166 Although measurement of PL can result in sensitive
detection, it should be noted that the PL of PSi nanostructures
tends to be unstable and sensitive to the chemical environment.
An alternative concept utilizes PSi as a host matrix for
ﬂuorescent probes, where its role is to enhance the ﬂuorescence
intensity of the embedded ﬂuorophores, as reviewed in the
sections QDs and Fluorescent Molecules Imbedded within PSi
and Carbon Substances within PSi Templets. Zhang et al.
utilized Rhodamine B as a ﬂuorescence label in a PSi FabryPérot ﬁlm and further stabilized and enhanced the signal by
using deposited AgNPs. Fluorescence-based detection of an
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Figure 8. Signal ampliﬁcation by target preconcentration. (A) Illustration of ITP method for real time preconcentration of a his-tagged protein target
on an aptamer-functionalized PSi biosensor (bottom), in comparison to a standard (STD) biosensing experiment without ITP (top). (B) Averaged
relative EOT changes upon 750 nM target binding, with or without ITP application, demonstrating the signiﬁcant enhancement in the signal.
Reproduced from ref 75 (Arshavsky-Graham, S.; Massad-Ivanir, N.; Paratore, F.; Scheper, T.; Bercovici, M.; Segal, E. ACS Sensors 2017, 2, 1767−
1773). Copyright (2017) American Chemical Society. (C) Schematic of the electrochemical cell for cadmium(II) reduction on a PSi microcavity and
the resulting wavelength shift (D). Reprinted with permission from ref 164 (Tsai, W.-T.; Nguyen, M.-H.; Lai, J.-R.; Nguyen, H.-B.; Lee, M.-C.; Tseng,
F.-G. Sensors Actuators B: Chemical 2018, 265, 75−83). Copyright (2018) Elsevier.

reﬂectivity measurements, the LOD for SrtA was 4.6 × 10−8 M,
while ﬂuorescence detection enabled a LOD of 8.0 × 10−14 M
with an assay time of 30 min.181 In an earlier study, an
outstanding LOD value of 7.5 × 10−19 M was obtained for
MMP-1 with an assay time of 5 min.118 A similar concept was
presented by Liu et al.,168 with a 14-times higher ﬂuorescence
signal enhancement by deposition of TiO2 monolayer onto a
PSiO2 thin ﬁlm compared to neat PSiO2 (see Figure 9F) . These
PSiO2-TiO2 ﬁlms were used for sensitive detection of various
mycotoxins (Ochratoxin A, Aﬂatoxin B1 and Fumonisin B1) by
FRET, where the PSiO2-TiO2 ﬁlm was functionalized with a
ﬂuorescently labeled aptamer capture probe bound to a
quencher-labeled anti-aptamer sequence. Thus, upon mycotoxin binding, the anti-aptamer-quencher was released, resulting in
a ﬂuorescence signal, as illustrated in Figure 9E, and the achieved
LOD values are detailed in Table 1.168 Wang et al.170 presented a
similar strategy by depositing gold NPs on a PSi microcavity for
ﬂuorescence signal enhancement; DNA hybridization was
detected with ﬂuorescently labeled DNA target with a LOD
value of 10 pM.
QDs and more recently C-Dots have been utilized as a target
label to enhance the sensitivity in reﬂectivity-based biosensors,
but their inﬁltration into the porous layer was also proven to
result in an enhanced ﬂuorescence signal,110 as discussed in the
sections QDs and Fluorescent Molecules Imbedded within PSi
and Carbon Substances within PSi Templets. Yet, these
embedded QDs (or C-dots) can also be exploited for labelfree biosensing as was recently described by Massad-Ivanir et

antifreeze protein target (12.7 kDa) was achieved with an
antibody capture probe, and the sensitivity was further enhanced
by tailoring the surface chemistry with a LOD value of 16.5 ng
mL−1 (1.3 nM).217 A similar concept was presented by Voelcker
and co-workers, utilizing resazurin as a label in a microcavity
structure for detection of L-Lactate dehydrogenase (LDH).117
In the presence of L-lactate (the enzyme substrate) and the
coenzyme NAD+, resazurin was reduced to resoruﬁn, resulting
in an increased ﬂuorescence emission and a LOD of 0.08 U
mL−1.117 As discussed in the section QDs and Fluorescent
Molecules Imbedded within PSi, microcavities can eﬃciently
enhance the ﬂuorescence of ﬂuorophores by tailoring the
wavelength of the microcavity resonance dip to align with the
emission wavelength of the ﬂuorophore.41 Indeed, in this case a
10-fold signal enhancement of the microcavity was demonstrated in comparison to a simple PSi thin ﬁlm.117 The same
group also designed FRET-based biosensors for detection of
matrix metalloproteinases (MMP)118,181 and a bacterial wound
infection biomarker, the enzyme Sortase A (SrtA).118 The
biosensors were comprised of a PSi microcavity functionalized
with a ﬂuoregenic peptide, which served as a substrate for
enzymatic cleavage, and the peptide substrate was modiﬁed with
a ﬂuorescent dye and a quencher. Upon introduction of the
target enzyme, the substrate peptide is cleaved and the quencher
is removed, resulting in ﬂuorescence enhancement, as depicted
in Figure 9C. The PSi microcavity structure served as a
ﬂuorescence enhancer, resulting in 13-fold emission enhancement and emission peak narrowing (Figure 9D). Based on
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Figure 9. Sensitivity enhancement of luminescent-based biosensors. (A) SEM micrograph and schematic illustration of a Si NWs array functionalized
with an antibody targeting CRP and (B) PL intensity for diﬀerent CRP concentrations spiked in blood serum, demonstrating the matching of the
dynamic range to the critical range for cardiovascular risk in blood. Reprinted with permission from ref 177 (Irrera, A.; Leonardi, A. A.; Di Franco, C.;
Lo Faro, M. J.; Palazzo, G.; D’Andrea, C.; Manoli, K.; Franzò, G.; Musumeci, P.; Fazio, B.; Torsi, L.; Priolo, F. ACS Photonics 2018, 5, 471−479).
Copyright (2018) American Chemical Society. (C) Illustration of the FRET-based biosensor for detection of SrtA and MMP. A PSi microcavity (left)
is functionalized with FRET peptide substrates for the enzymes in an array form (middle), which upon cleavage results in ﬂuorescence enhancement
(right) and (D) ﬂuorescence emission of the SrtA ﬂuorogenic peptide in solution (dashed line) and immobilized on the PSi microcavity (full line) after
incubation with SrtA, demonstrating the signiﬁcant ﬂuorescence enhancement feature of the PSi microcavity structure. Reprinted with permission
from ref 181 (Krismastuti, F. S. H.; Cavallaro, A.; Prieto-Simon, B.; Voelcker, N. H. Adv. Sci. 2016, 3, 1500383). (http://creativecommons.org/
licenses/by/4.0/); Copyright © 2016 The Authors. (E) Schematic of the FRET-based multiplex mycotoxin detection with a PSi-TiO2 structure. (F)
Comparison of ﬂuorescence intensity of a labeled-aptamer immobilized on a PSiO2−TiO2 and neat PSiO2, demonstrating the signiﬁcant ﬂuorescence
enhancement due to TiO2 deposition. Controls are the background ﬂuorescence intensity. Reprinted with permission from ref 168 (Liu, R.; Li, W.;
Cai, T.; Deng, Y.; Ding, Z.; Liu, Y.; Zhu, X.; Wang, X.; Liu, J.; Liang, B.; Zheng, T.; Li, J. ACS Appl. Mater. Interfaces 2018, 10, 14447−14453).
Copyright (2018) American Chemical Society. (G) Confocal laser scanning microscopy projection images of a neat PSiO2 (a), C-dots/PSiO2 hybrid
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Figure 9. continued
(b), and the hybrid in which the ﬂuorescence signal of the C-dots is falsely colored red to aid observation (c). (H) Fluorescence based-detection of
ATP with the embedded C-dots in the PSiO2 layer (right) results in more than 50-times lower LOD compared to reﬂectance-based detection (left).
Reprinted with permission from ref 126 (Massad-Ivanir, N.; Bhunia, S. K.; Raz, N.; Segal, E.; Jelinek, R. Npg Asia Mater. 2018, 10, e463). (http://
creativecommons.org/licenses/by/4.0/).

al.126 The PSi/C-dots hybrid (Figure 9G) was used for a dualmode detection of ATP using both the reﬂectivity of the PSi and
the ﬂuorescence signal of embedded C-dots (see Figure 9H);
the LOD achieved via ﬂuorescence measurements was orders of
magnitude lower.
Other Optical Transduction Mechanisms. PSi has also
been utilized as a solid support, exploiting the advantage of its
enhanced surface area for colorimetric analyte detection. These
biosensors involve enzymatic reaction to produce a color
product that can be measured with ultraviolet−visible (UV−vis)
spectroscopy. The analyte detection is indirect and requires the
addition of other reagents. Lasmi et al.165 immobilized
Tyrosinase on a PSi thin ﬁlm and the small molecule
pyrocatechol (110 g mol−1) was detected indirectly by UV−
vis absorbance measurements of the enzymatic reaction product.
A LOD value of 0.43 μM was achieved but required also the
addition of a chemical enzymatic product stabilizer.165
Ramakrishan et al.180 constructed a PSi microcavity functionalized with a peptide antigen for colorimetric detection of a
target antibody. The assay was performed similarly to ELISA
utilizing a secondary horseradish peroxidase (HRP)-labeled
antibody; a LOD of 10 fg mL−1 was attained with a 1000-fold
enhancement compared to similar ﬂat Si surface-based
biosensors, demonstrating the advantage of the large surface
area and the light enhancing properties of PSi.180
Additionally, in situ synthesis of metal NPs within the porous
nanostructures results in Raman enhancement, enabling
sensitive SERS-based detection,100,101,148,149 as discussed in
the section Metal-Coated PSi, of multiple targets such as
microRNA100,149 and Glutathione101 (LOD values are speciﬁed
in Table 1).

samples by using a Bragg-mirror-based biosensor in a
competitive assay with an antibody probe. Optimization of the
chemistry, BSA blocking, and the volume of the urine specimen
applied to the sensor enabled tunable speciﬁcity and a relevant
detection range.219,220 Additional real samples that were
analyzed with PSi-based optical biosensors include diﬀerent
water samples,74,164,221 cereal samples,168 cell cultures,203,204
bacteria lysates,69,75,155 RNA cell extracts,100 and blood
serum.101,177,179,180 Substantial advancements in real sample
analysis have also been achieved by the group of Voelcker,
designing PSi-based biosensors for enzyme118,181 and glucose222
detection in wound ﬂuids, unmodiﬁed181 or diluted by 10fold,118,222 as well as more recently insulin detection in human
islets of Langerhans.77,173 The group also studied the ability of a
PSi-based biosensor to perform in vivo using a thermally
hydrocarbonized rugate ﬁlter which was implanted subcutaneously in a mouse model, as shown in Figure 10 (top panel).223
The optical signal could be clearly read through the skin of living
mice 1 week after implantation, proving its optical functionality,
as shown in Figure 10 (bottom panel). The work emphasized
the importance of surface stabilization for minimizing structure
dissolution in physiological media, and thermal-hydrocarbonized PSi was found to outperform thermally oxidized PSi.

■

REAL SAMPLE ANALYSIS
Proving relevant sensitivity in a clean buﬀer is not suﬃcient for
clinical application since in most cases targets are outnumbered
by a million-fold of nontarget species in real clinical samples.154
The required speciﬁcity and the ability of the biosensor to
remain active in a complex biological ﬂuids is the ultimate
challenge in a biosensor construction. Signal stability, crossreactivity, and background noise are only part of the
encountered issues. Although most of the works demonstrate
biosensor speciﬁcity by the ability to discriminate between a
target and a nontarget in a clean buﬀer, application of the
biosensors in real clinical specimens is limited. Bonanno and De
Louise218 were the ﬁrst to demonstrate a label-free PSiO2-based
biosensor for detection of IgG in whole blood and serum
samples. The pore dimensions of the PSiO2 were tailored to sizeexclude cells and large proteins from inﬁltrating into the porous
nanostructure while enabling the entrance of the IgG target. The
biosensor’s stability was enhanced with a buﬀer containing
trehalose, and nonspeciﬁc binding was minimized by blocking
with BSA. Whole blood and serum samples were directly
analyzed by the biosensor, and successful detection of IgG in a
clinically relevant range was demonstrated, with a comparable
performance to ELISA.218 In a later study, the same group
demonstrated indirect detection of opiates in undiluted urine

Figure 10. Top: Images showing the reading of the implanted
preincubated thermally hydrocarbonized (PITHC) PSi rugate ﬁlter
through the skin of a mouse. Bottom: photonic peaks of “Green” and
“Far Red” PITHC PSi rugate ﬁlter being read through the skin, along
with the optical reﬂectance of these rugate ﬁlters immersed in water and
the reﬂectance of a blank skin section. Reprinted with permission from
ref 223 (Tong, W. Y.; Sweetman, M. J.; Marzouk, E. R.; Fraser, C.;
Kuchel, T.; Voelcker, N. H. Biomaterials 2016, 74, 217−230).
Copyright (2016) Elsevier.
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Figure 11. PSi microarray biosensing platforms, constructed by PSi prepatterning. (A) Microarray construction by prepatterning Si wafer via a
photolithographic process. (B) Reﬂective-based detection of a complementary DNA hybridization, in parallel to a noncomplementary control.
Reprinted with permission from ref 248 (Rea, I.; Lamberti, A.; Rendina, I.; Coppola, G.; Gioﬀrè, M.; Iodice, M.; Casalino, M.; Tommasi, E. D.; Stefano,
L. D. J. Appl. Phys. 2010, 107, 014513). Rights managed by AIP Publishing. (C) PSi patterning by PDMS masking. (a) PDMS precursor mixture is
spread on a smooth surface and covered with a patterned PDMS cover (b); the latter is then removed (c) resulting in a stamp of the cover pattern on
the silicon dice (d); (e) patterned PSi after HF anodiation; (f) partially cross-linked PDMS is used to transfer the PSi membranes to the PDMS
substrate (g); (h) The PSi membranes are coated with silver nanoparticles and sealed with a PDMS, resulting in an optoﬂuidic chip. (D) Multianalyte
SERS-based detection. (a) SERS spectra of polyadenine (polyA), polycytosine (polyC), polyguanine (polyG), and polythymine (polyT) in four
diﬀerent chambers. The oligonucleotides solutions are introduced into the four chambers. The SERS signal was recorded under 20× objective of the
Raman microscope. The spectra were recorded at 514.5 nm after drying. (b) A picture of the four-chamber optoﬂuidic chip. Reprinted with permission
from ref 97 (Novara, C.; Lamberti, A.; Chiadò, A.; Virga, A.; Rivolo, P.; Geobaldo, F.; Giorgis, F. RSC Adv. 2016, 6, 21865−21870). Copyright © The
Royal Society of Chemistry 2016.

biosensors in real samples.100,180,218−220 An additional approach
for blocking is by PEG passivation that was found to prevent
nonspeciﬁc binding.225−227 For example, bis PEG-amine (with a
molecular weight of 3000) was used to block residual active
NHS sites and passivate the surface, successfully preventing
nonspeciﬁc binding in undiluted human islet ﬂuid.77,173
Additional strategies to improve speciﬁcity include sample
pretreatment or application of sample separation techniques.
Real sample pretreatment steps, such as ﬁltration155,168 or
dilution with a buﬀer118,222 minimize the background noise but
also add signiﬁcant complexity to the experimental assay.
Moreover, sample dilution also dilutes the target analyte and
thus raises the sensitivity challenge. Preseparating the target
from interfering species within the complex ﬂuid has been
shown to improve speciﬁcity. For example, the ITP method
separates ionic species based on their eﬀective electrophoretic
mobility, and its application on a PSi biosensor resulted in a real
time formation of a neat target zone that could be detected
separately from other interfering species in the sample.71,75 In a
similar strategy, an electrochemical reduction was used to
preremove interfering metal ions from a tested sample for
detection of a speciﬁc metal ion.164

Moreover, mitigation of cytotoxicity was achieved by
preincubating the structures in cell medium for 10 days prior
to implantation.223
Two additional important features that should be considered
for real sample analysis are the capture probe, which determines
the speciﬁcity, and surface blocking for minimizing nonspeciﬁc
binding. Aptamers have been suggested as a good candidate for
analyte detection in complex media due to their stability and
high aﬃnity. Indeed, recent PSi-based optical aptasensors have
been able to perform in complex media of bacteria lysates,69,75
cereal samples,168 and human islets of Langerhans.77,173 It
should also be emphasized that the biosensing performance
could be further improved by custom selection of the aptamer
directly in the complex ﬂuids, which would further improve the
stability and functionality in these environments.224
As mentioned in the section Surface Chemistry, blocking of
the unreacted surface sites following bioreceptor immobilization
is a key step to prevent nonspeciﬁc binding. Carbodiimide or
glutaraldehyde bioreceptor coupling are the most common
conjugation approaches, and in these cases blocking is
performed with amine-containing molecules to block residual
surface active sites. These include small molecules, such as
Tris,69,75 ethanolamine,74,181 and glycine methyl ester,155 or
proteins such as BSA. The latter is a common blocking agent for
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EMERGING APPLICATIONS: TOWARD
POINT-OF-CARE DEVICES
In recent years, POC adaptation of constructed biosensors is
gaining signiﬁcant interest. This includes means such as
microﬂuidic integration, smartphone connection, and multiplexing to obtain biosensors that could perform outside
traditional laboratory settings. For PSi-based optical biosensors,
advancements in the former two aspects is yet limited, while the
latter was more extensively studied over the past years. This
section will highlight the recent advances in each aspect and
ﬁnally discuss some intriguing applications.
Microﬂuidic Integration and Smartphone Connection.
Introducing microﬂuidics to biosensors has gained much
interest in the past decade, as it serves as an integrating force
for POC devices. It enables portability, assay automation, lower
consumption of reagents, and shorter assay time.228,229 PSibased optical biosensors have been integrated with microﬂuidic
devices, mainly fabricated from PDMS.71,75,160,190,213,230−232
PDMS ﬂow cells are usually constructed by replica molding from
a master template, created by soft lithography, and sealed with
PSi by plasma activation. The advantages of microﬂuidic
integration have been proven by DeStefano and co-workers.230,233,234 During biofunctionalization of a microﬂuidicintegrated biosensor, a reduction in sample volume from 30 μL
to less than 5 μL was achieved. The optical signal observed was
higher and the process time was shortened from an overnight
treatment to 3 h, when compared to a nonintegrated biosensor.
The former was attributed to a higher ratio of surface active sites
to applied probe concentration, while the latter to a shortened
diﬀusion time in the nanoliter volume of the microchannel,
compared to a microliter volume scale.230,233 Microﬂuidic
integration also allows the implementation of electrokinetic
techniques, such as ITP,71,75 as described in the section Signal
Ampliﬁcation.
Utilizing smartphones for detection in a biosensing platform
has the potential to signiﬁcantly reduce the cost and complexity
of the assay and allow portability, replacing laboratory
instruments such as spectrometers and microscopes.235,236
Smartphones already have been integrated with various optical
detection schemes, including a label-free photonic crystal
biosensor.237 The feasibility of employing smartphones for
readout analysis of PSi-based optical biosensors was also
recently demonstrated by correlating the reﬂectivity changes
upon molecular binding to changes in the light intensity of a
digital image.238−240 Cao et al.241 presented glucose and protein
detection by this correlation, with a LOD of 7 × 10−4 RIU.
Additionally, a colorimetric-based assay on a PSi microcavity
biosensor, similar to a sandwich ELISA, was also monitored with
a smartphone camera followed by image RGB intensity
analysis.180
Multiplexing. Microarray technology is the most accepted
way to achieve miniaturization, high-throughput analysis, and
multitarget detection. PSi has been well-studied in the past two
decades as a substrate for microarray construction. An array of
sensing spots can be achieved by three main fabrication routes:
prepatterning of PSi regions on a crystalline Si, chemical
patterning of PSi at speciﬁc positions, or capture probe spotting
via printing techniques. Prepatterning of PSi on top of a Si wafer
is most commonly achieved by photolithographic techniques
such as the deposition of a masking layer followed by an etching
process.142,242−247 For example, an array of PSi Bragg mirrors
was fabricated by Rea et al.248 utilizing a Si nitride mask with the

desired array pattern. The process required predeposition of Si
nitride on the Si substrate followed by patterning using
photolithography and reactive ion etching, as illustrated in
Figure 11A. The resulting array was employed for simultaneous
reﬂectivity measurements of complementary DNA hybridization to immobilized probes in parallel to a control of
noncomplementary ssDNA, see Figure 11B.248 Novara et
al.97,100 presented a simpler method for patterning by utilizing
patterned PDMS as a masking layer during the etching process.
Partially cured PDMS was also used to detach the freshly-etched
PSi, creating PSi membranes on a PDMS substrate, which were
further sealed with PDMS resulting in microﬂuidic chambers;97,100 simultaneous label-free multianalyte detection of four
model oligonucleotides was successfully demonstrated, as
shown in Figure 11C and 11D.97 Other methodologies for PSi
prepatterning include ion beam metal deposition followed by
metal-assisted etching,249 dry-removal soft lithography with a
PDMS stamp,250 and direct UV laser writing.251
The second level of microarray construction is at the chemical
functionalization process. Gooding and co-workers252,253 have
chemically patterned thermally hydrosilylated PSi rugate ﬁlters
by microfabrication and surface chemistry. A desired array
pattern was created by titanium deposition, followed by
photolithography and wet etching. Two diﬀerent click reactions
were then carried out, before and after removal of the titanium
layer, creating an array of diﬀerent chemical functionalities
inside and outside the array spots.253 In a follow up work, the use
of the metal protection was eliminated and only a photoresist
was utilized for the array patterning by photolithography. High
throughput reﬂectivity measurements were successfully carried
out in an array format, demonstrating enzymatic cleavage of
gelatin substrate within the array spots, by subtilisin enzyme.252
Another strategy for chemical microarray construction is
contact pin-printing. Bright and co-workers have thoroughly
investigated this approach for creating an array of chemical
functionalities on PSi surfaces, by printing organosilanes or
hydrosilylating agents.254−257 Printing was also utilized for
dispensing capture probes at speciﬁc array positions and early
work by Laurell and co-workers258,259 has successfully
demonstrated high-throughput ﬂuorescence detection of
labeled antibody or labeled-prostate speciﬁc antigens using a
macroporous Si substrate. In recent years simultaneous
ﬂuorescent multitarget detection was realized by dispensing
diﬀerent probes for multiple targets on PSi substrates.168,179,181
Microarrays could also be fabricated during the chemical
modiﬁcation of a PSi surface, by masking via a photolithographic
process. This approach was presented by Wang et al.,260 who
created a DNA microarray on a polymer-modiﬁed PSi surface,
masked with a photoresist in a desired pattern, demonstrating
simultaneous two-color ﬂuorescent detection when two diﬀerent probes were printed at speciﬁc spot positions. It should be
noted that ﬂuorescence detection dominates in microarrayintegrated PSi sensors, while reﬂection-based detection is still in
its infancy. This is attributed to the availability of wellestablished automated ﬂuorescence imaging systems, while
reﬂection-based detection was achieved by utilization of an XY
automated stage for real-time reﬂectivity measurements from
precise array positions.252 Additionally, in recent years, work has
been done for developing digital imaging of PSi arrays and
correlating the reﬂectivity changes to the brightness variation of
the digital image. This enables faster, simpler, and highthroughput data acquisition.238−240
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Figure 12. (A) Schematic illustration of PRISM assay for monitoring bacterial response to antimicrobial agents. Bacterial suspension or antibiotics in
growth medium are injected into a microﬂuidic-integrated Si micropillar structure. At the ﬁrst stage, bacteria are seeded on the Si microstructures
(seeding), followed by antibiotic introduction and incubation. This leads to either increased bacterial proliferation at ineﬀective subinhibitory
concentrations and an increased 2 nL value or to growth hindrance and cell death above MIC and a decreased 2 nL value. (B) MIC determination for E.
coli K12 by PRISM and standard clinical methods (broth microdilution testing (BMD) and VITEK 2). Reprinted with permission from ref 264
(Leonard, H.; Halachmi, S.; Ben-Dov, N.; Nativ, O.; Segal, E. ACS Nano 2017, 11, 6167−6177). Copyright (2017) American Chemical Society. (C)
Schematic presenting the alkyl-terminated PSi nanoparticles for detection of copper ions. (D) The constructed portable detection stick. Top:
presenting the orange-red ﬂuorescence signal under UV excitation; bottom: ﬂuorescence signal quenching in response to 10 mM CuCl2 solution,
dropped onto the two ﬁlms on the right. Reprinted with permission from ref 221 (Hwang, J.; Hwang, M. P.; Choi, M.; Seo, Y.; Jo, Y.; Son, J.; Hong, J.;
Choi, J. Sci. Rep. 2016, 6, 35565). (http://creativecommons.org/licenses/by/4.0/).

hydatid disease,129 inﬂammation and sepsis,47 and wound
infection and healing,118,181,262 as well as detection of medically
relevant antibodies.180 Numerous platforms for oligonucleotide
detection have been designed, as summarized in Table 1,
including miRNA detection.100,149 Additionally, detection of
clinically relevant small molecules, such as insulin and glucose,
was also realized.77,166,173,222 A promising medical application of
immense potential is the evaluation of antibiotic susceptibility.
Extensive antibiotic use has led to an antimicrobial resistance
crisis in the world.263 Leonard et al. designed a Si micropillar
structure for determination of the correct type and concentration of an antimicrobial agent eﬀective against infection. The
microstructures were used to colonize E. coli as model bacteria
and enable optical monitoring of the bacterial response to
diﬀerent concentrations of antibiotics using reﬂectance spectroscopy (named the PRISM method). The minimal inhibitory
concentrations (MIC) could be determined in a label-free and
rapid manner (3 h versus 8 h) compared to standard methods
utilized in the clinic (Figure 12A and B).264

Besides microarray technology, multitarget detection can also
be attained by alternative strategies. For example, Sailor and coworkers encoded a spectral barcode into PSi microparticles via a
programmable electrochemical etching process and utilized
them for multiplex DNA detection.261 Krismastuti et al.262 have
integrated their previously constructed FRET-based biosensor
for MMPs detection118 (described in the section LuminescentBased Biosensors) with magnetic immunoparticles (nanoparticles functionalized with antibodies targeting diﬀerent
MMPs). MMPs captured by the immunoparticles were then
introduced into a PSi microcavity, functionalized with a peptide
substrate for enzymatic cleavage. The latter resulted in
ﬂuorescence signal based on a FRET mechanism, allowing to
successfully distinguish between two diﬀerent MMP targets in a
buﬀer and a chronic wound ﬂuid.262
Emerging Applications. Throughout this review, various
applications have been described, which are also summarized in
Table 1. These include medical diagnostics and disease
monitoring using biosensors targeting pathological condition
biomarkers,117,177,178 such as protein biomarkers for cancer,179
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strategies to enhance the sensitivity and detection limit of these
platforms using approaches ranging from tuning of the intrinsic
structure, chemistry, and capture probe features to modiﬁcation
of the experimental setup and data analysis procedures.
Additionally, several eﬃcient strategies for signal ampliﬁcation
have been demonstrated over the past three years. Yet, a robust
and generic method for sensitivity enhancement that enables PSi
optical biosensors to achieve the necessary detection limit for all
desired application areas is still missing, and studies in this path
are expected to carry on.
An additional and necessary challenge to tackle is target
detection within real samples. Although progress in the direction
of in vivo monitoring with a PSi platform has been recently
demonstrated, examples of monitoring in complex biological
ﬂuids with PSi-based optical biosensors are still quite limited.
Minimizing cross reactivity and nonspeciﬁc binding and
improving biosensor and signal stability in complex ﬂuids
should continue to be studied in the future. Aptamers are
promising capture probes for these purposes and are gaining
signiﬁcant popularity since their ﬁrst integration in PSi
biosensors in 2015. This trend is anticipated to continue, as
aptamer technology is also advancing and more aptamers are
being selected for various targets.
Lastly, there is a strong demand for POC adaptation of
biosensors in recent years and several steps in that direction have
commenced for PSi optical biosensors. Methods for constructing microarrayed PSi biosensors are well-studied, which paves
the way for miniaturization, multitarget detection, and highthroughput analysis. Additionally, basic microﬂuidic and
smartphone integration of PSi biosensors has been demonstrated. All of these means illustrate the potential of developing
POC PSi-based optical biosensors, and in the future this topic is
anticipated to sustain high attention.

Si-based optical biosensors for applications relevant for the
food industry include the detection of infectious microorganisms and various toxins.99,167,182,192,265 The platforms
were even applied in food industry process water74 and cereal
samples.168 Nevertheless, it should be noted that detection of
microorganisms is still limited to model bacteria, mainly E. coli.
In terms of environmental monitoring, biosensors have been
designed for detection of heavy metals.163,164,266 An example for
POC adaptation can be found in the work of Hwang et al. They
integrated alkyl-terminated PSi nanoparticles for detection of
copper ions based on PL quenching into two diﬀerent detection
kits: a 96-well paper kit and a portable detection stick (Figure
12C and D). Monitoring of copper ions in tap water was
reported.221 Other applications worth mentioning are the use of
PSi membranes for optical monitoring of DNA translocation
events for DNA sequencing applications, demonstrated by
Yamazaki et al.,267−270 and the construction of lipid bilayer
membranes on PSi substrates for monitoring membraneassociated processes or targets.232,271

■

CONCLUSIONS AND OUTLOOK
Following the research work of more than two decades, the basic
technology of PSi-based optical biosensors is already established, including the structure, chemistry, and application in
various ﬁelds. Thus, the work in the ﬁeld has shifted in recent
years toward improvement and extension of capabilities:
sophisticated structures have and are continuing to be
developed, the chemistry continues to be improved for higher
stability and multiple functionalities, and new capture probes are
being integrated and studied. The challenge of acquiring
clinically relevant sensitivity is gaining more attention, and
more research is dedicated to sensitivity enhancement and
strategies for signal ampliﬁcation. Moreover, the need for POC
devices has driven progress in this direction, as well.
Additionally, in recent years, the use of PSi as a high-surface
area host for various materials is being exploited to generate
improved sensing platforms and dual-mode biosensors. While in
the previous decade polymers and hydrogels were the main
focus, in recent years metals, QDs, and carbon materials are
gaining more interest. The use of multilayered PSi ﬁlms, such as
microcavities, has enabled signiﬁcant improvement of the
spectral properties of embedded luminescent molecules.
Furthermore, the internal optical properties of PSi can be
utilized simultaneously with embedded light-emitting species,
generating dual-mode biosensing platforms. In addition, metalcoating of PSi generates SERS-active substrates, which have
shown a great promise with a signiﬁcant Raman enhancement
factor, long storage stability, and signal repeatability. Progression of research in these directions is anticipated to continue
in the following years.
Although PSi presents beneﬁcial features compared to other
planar photonic sensors, the sensitivity is not suﬃcient for all
applications. Achieving a clinically relevant detection is possible
using luminescent-based transduction approaches with PSi
biosensors. However, these biosensors often require target,
probe, or structure labeling, utilization of a secondary labeled
probe, or addition of external components, resulting in complex
biosensing platforms. For refractometric-based transduction
with PSi biosensors, a label-free and direct target detection is
feasible, which is highly desired for both benchtop and POC
devices. Nevertheless, the sensitivity of label-free PSi biosensors
compared to luminescent-based biosensors is limited. Therefore, in recent years, the main focus has been to develop
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(163) Politi, J.; Dardano, P.; Caliò, A.; Iodice, M.; Rea, I.; De Stefano,
L. Sens. Actuators, B 2017, 244, 142−150.
(164) Tsai, W.-T.; Nguyen, M.-H.; Lai, J.-R.; Nguyen, H.-B.; Lee, M.C.; Tseng, F.-G. Sens. Actuators, B 2018, 265, 75−83.
(165) Lasmi, K.; Derder, H.; Kermad, A.; Sam, S.; Boukhalfa-Abib, H.;
Belhousse, S.; Tighilt, F. Z.; Hamdani, K.; Gabouze, N. Appl. Surf. Sci.
2018, 446, 3−9.
(166) Ghosh, R.; Das, R.; Giri, P. K. Sens. Actuators, B 2018, 260, 693−
704.
(167) Myndrul, V.; Viter, R.; Savchuk, M.; Shpyrka, N.; Erts, D.;
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