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1. Surface Chemistry of PSi:

PSi is usually fabricated by an electrochemical etching technique with subsequent
thermal oxidation step which results in passivated surface with enhanced chemical
stability, Figure 1 (A). The oxidized surface of PSi with (Si-OH) groups is considered
as a key features for developing PSi-based biosensors due to the availability of diverse
strategies for grafting the surface of PSi with various reactive functional groups (-NH2,
COOH, SH, CHO) for subsequent conjugation of biomolecules (e.g. enzymes, proteins,
DNA, peptides, aptamer, drugs) (Terracciano et al., 2019).

Hydrolytic condensation has been employed successfully for grafting the surface of PSi
with silane coupling agents such as 3-aminopropyltriethoxy-silane (APTES) and 3-
mercaptopropyltriethoxy-silane (MPTES) which allow for the conjugation of
biomolecules through amide and thiol-ene coupling reactions, respectively (Lee et al.,
2018). Another attractive feature of using APTES is its ability to form ionic interactions
with stable ionic bond through the electron pair of (-NH,), which facilitates the
immobilization of functional nanomaterials such as quantum dots into the surface of PSi
matrix (Gaur et al., 2013).

The original reduced from PSi surface with (Si-H) groups have been used for
bioconjugation through a different pathways such as grafting PSi surface with COOH-
terminated alkenes via thermal/ UV hydrosilylation, followed by activation with
EDC/NHS, and finally immobilization of biomolecules by coupling with the formed
succinimidyl ester group (Reta et al., 2016, Rossi et al., 2007). Another interesting
feature of the PSi surface with (Si-H) groups is its ability for in situ reduction of metal
ions and formation of MNPs such as gold (AuNPs) and silver (AgNPs) nanoparticles

(Lin et al., 2004), Figure 1 A.



A novel approach for functionalization of PSi surface employed electrostatic Layer-by-
Layer (LbL) nano-assembly of oppositely-charged polyelectrolytes, engineered with
bioreceptors for label-free detection of target analytes (Mariani et al., 2018). Recently,
the versatility of the LbL technique has been utilized for fabricating hybrid PSi-based
biosensor with photonic/ plasmonic dual-mode detection via incorporation of negatively
charged citrate-capped AuNPs in the deposited self-assembled polyelectrolyte
multilayer (PEM) nanofilm (Mariani et al., 2019).

2. Biosensors based on Nanostructured PSi :

A biosensor is a device that consists of at least two parts: (1) a molecular recognition
element (receptor) that selectively interacts with a specific target analyte (e.g. DNA,
antibodies, enzymes, cells microorganisms); and (2) a physicochemical transducer that
converts the bio-recognition information into a measurable electrochemical, electrical,
magnetic, thermal or optical signal. Biosensors can be designed to operate with label or
label-free detection modes. In the former case, the target analytes are labeled with
fluorescent, enzymatic or radioactive tags. Although this method provides high
sensitivity and allows for even a single-molecule detection, the development of label-
free detection techniques has attracted researches for designing simple, fast and cost-
effective biosensors for various applications (Soler et al., 2019, Chocarro-Ruiz et al.,
2017, Khansili et al., 2018). The distinctive and tunable photonic properties of PSi allow
for the design and fabrication of label-free biosensors for diverse applications (Reta et
al., 2019, Terracciano et al., 2019). The sensing principle of PSi nanostructures is
based on monitoring the modification of transducer response (optical, electrical,

thermal, chemical or electrochemical) through “surface-target biomolecules” interaction



in real-time or express detection (Myndrul and latsunskyi, 2019). This review focuses
only on the PSi-based optical biosensors and their transduction mechanism is
discussed.

2.1 Optical Transduction:

PSi-based optical biosensors can be classified into three main groups based on the
transduction mechanism: (1) Luminescent biosensors based on monitoring the changes
in photoluminescence/ fluorescence signal; (2) Reflectance biosensors based on
monitoring the shift in the fringe pattern (AA) resulting from changes in the average
refractive index of the PSi matrix; and (3) colorimetric optical biosensors based on
visual observation by naked eye.

White light is shone into the PSi structure, which is reflected on the two interfaces
(Air/PSi and PSi-bulk Si) of the porous silicon structure, producing a Fabry-Pérot
interference fringe pattern with interference maxima located at the wavelength (Ap), as

per the following equation:

ZnefL

mai, =
m Cos 6

1)

Where m is the spectral order of a fringe, 6 is the angle of the incident light, ne is the
refractive index of the effective medium of the porous layer, and L is the physical
thickness in nm. Thus, the position of an interference maximum A, is proportional to the
refractive index of the surrounding medium ng;, Figure S1 (A). The term (2ng L) is so-
called effective optical thickness (EOT), which can be tuned by adjusting the porosity
and thickness of PSi film. The EOT is usually used as to express the sensor response,

and can be calculated from the slope of the straight line resulted from the plot of m vs.

(1/ Ay) (Pacholski et al., 2019). Another convenient way to determine the EOT is by
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Figure S1 (A-C) A schematic illustration of the optical sensing principle of PSi using the reflectance
spectroscopy



applying Fast Fourier Transform (FFT) to the reflectance spectrum in wave numbers.
The resulting graph of the intensity vs. EOT displays a peak at the position of the
highest intensity corresponding to the magnitude of EOT in nm (Pacholski et al., 2019),
Figure S1 (B). Analytes are detected and quantified based on continuous monitoring of
the change in EOT signal with time, Figure S1 (C).

3. Types of PSi structures

3.1 Single layer interferometer

The simplest and the most reported geometry of PSi is a single layer interferometer
where a constant current density is applied during the electrochemical etching process.
As shown in Figure S2 (A), Fabry-Pérot fringes are obtained from the interference of
the white light reflecting off the top and bottom interfaces of PSi. A constructive
interference occurs when the conditions in equation 1 are fulfilled.

3.2 Bragg Reflectors:

PSi can be fabricated with a bi-layer structure by changing between low and high
current densities during the etching process. When the process is repeated many times,
it produces PSi with multilayer structures known as distributed Bragg reflectors (DBR) or
Bragg mirrors, comprised of periodically stacked high refractive index layer (layer H)
and low refractive index layer (layer L), each having an EOT of A/4 in the middle of the

high reflectance stop band as illustrated in Figure S2 (B) and described in equation 2:

a - Lmirror (2)
The reflectance spectrum of the Bragg mirror structures is featured with higher
harmonics, called side lobes, that are located at integer multiples of the energy of the

first stop band, Figure S2 (B).
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Figure S2 (A-D) Common one dimensional PSi structures and their associated optical spectra




3.3Microcavity:
During the etching process, PSi microcavity (PSIMC) is generated by first forming the
top Bragg mirror made from alternating H and L layers. This step is followed by
changing the anodisation conditions to form a middle spacer layer and at the end
formation of the bottom Bragg mirror, Figure S2 (C). The quality of the energy stored
within the PSIMC structure can be determined according to the following equation:
Q=+ (3)
Where Q is the quality factor, A is the resonance wavelength and AA is defined as the
full width half maximum (FWHM) of the transmittance peak. As the value of quality
factor increases, the energy loss from PSIMC becomes smaller. PSiMCs with high Q
values can be obtained by increasing the porosity or refractive index contrast between
the alternating H and L layers. The reflectance spectrum of the PSIMC is characterized
by a narrow dip with FWHM less than 10 nm, and large reflectance stop bands. The
position of the resonance wavelength can be adjusted by tuning the thickness of the H
and L layers, Figure S2 (C).
3.4 Rugate Filters:
Rugate filters are structures in which the refractive index varies smoothly and
periodically in depth. Rugate filters are produced by applying sinusoidal current density
waveform for number of repeated cycles with certain periodicity. Hence, the obtained
PSi structure possesses an approximately sinusoidal porosity which results in a periodic
variation in the refractive index of the PSi film. The continuous variation of the refractive
index profiles produces a sharp diffraction feature in the optical reflectivity spectrum and

helps to suppress the side lobes that are present in the reflectance spectra of the



microcavity and Bragg mirror (Arshavsky-Graham et al., 2018), Figure S2 (D). Rugate
filters can be designed with small An and many periods to achieve a narrow-width and
high contrast reflectance peak according to the following equation (Arshavsky-Graham

et al., 2018):

n(x)=n. + %n sin (aﬂ) (4)



Table S1 Performance summary of biomolecules detection using different hybrid PSi-based biosensors

° Hybrid PSi Fabrication Target Transduction Label-Free/ Detection Range/ LOD/ Ref.
s Structure method Analyte Mechanism Labeled Tested Sensitivity
" Concentrations
Ag-coated PSi Photonic in situ reduction of AgNO; Rhodamine 6G ~ SERS Label-free 0.1 nM to 10° nM 0.1 nM (Zzhong et
Crystal (R6G) dye al., 2018)
Picric Acid SERS Label-free 100 nM to 10° nM 10 nM (Skrabi¢
etal.,
Ag-coated PSi Photonic in situ reduction of AgNOs Rhodamine 6G ~ SERS Label-free 10 nM to 10° nM 100 nM 2019)
Crystal (R6G) dye
crystal violet SERS Label-free 10 nM to 10° nM 50 nM (Bu et al.,
(CV) dye 2017)
Ag-coated PSi disks in situ reduction of AgNOs Glutathione SERS Label-free < 568,9 nM 74.9 nM
PSIMC/  AuNPs/ Rhodamine Hydrothermal synthesis using DNA Reflectivity / Labeled probe® 10 uM to 10 uM 10 pM (Wang
red (RRA) HAuUCl,. Then immobilized into Fluorescence and Jia,
H,N-PSi. ? 2018)
w
% PSIiMC/Au in situ reduction of HAuCl, ssDNA Fluorescence Labeled Target 10" um to 10 um 10 pM (Wang
s and Jia,
£ 2018)
o
© PSIiMC/Au in situ reduction of HAuCl, ssDNA Reflectivity Label-free 2-10 um 15.15 nM (Zhang et
% al., 2015)
o
% Fabry-Pérot thin film/Au  in situ reduction of HAuCl,and  Aflatoxin B1 PL Label-free 0.01 ng/mLto5ng/mL 2.5 pg/mL (Myndrul
=z nanocomposite Electrochemical reduction et al.,
= 2017)
@
= Distributed Brag Reflector/ Au  LbL self- assembly Glucose Reflectivity Label-free 35% Glucose solution Plasmonic signal is 27 (Mariani
a nanoparticle size = 4 nm) folds greater than etal.,
i ai 2019)
o photonic signal
BSA Reflectivity Label-free 20 — 2000 pg/mL Plasmonic (20 pg/mL)
Photonic (200 pg/mL)
PSi (Fabry-Pérot thin film) /Au  LbL self- assembly BSA Reflectivity + 1AW Label-free 1000 pg/mL 5.39 au (Mariani
(nanoparticle size = 15 nm) signal processing (2.04 au, for PSi without et al.,
Au) 2019)
NaCl Reflectivity + 1AW Label-free 1-10 % wiv 6.2 x10°RIU
signal processing (2.85 x10”° RIU, for PSi
without Au)
Streptavidin Reflectivity + 1AW Label-free 500 pg/mL 1.88 au

signal processing

(0.77au, for PSi without
Au)




PSi (Fabry-Pérot thin film)/C- in situ formation of C-dots by  Trypsin Reflectivity & Label-free 4.3 uM to 43 uM 4 um (Massad-
dot thermal reduction of glucose Fluorescence Ivanir et
- solution. al., 2018)
8 ATP Label-free 0.1 mM to 10 mM 0.1 mM
g PSi (Fabry-Pérot thin film)/ Immobilization of QD- Biotin Reflectivity & Labeled” 7 pg mm? to 1 fg mm? (Gaur et
Qa coupled to QDs conjugated biotin into PSi Fluorescence 0.5 fg mm? al., 2013)
£
g PSIiMC/QDs Immobilization of the DNA Reflectivity Labeled® 0.1 uMto 5.0 uM 6.97 nM (Lv et al.,
g complementary DNA into PSi 2017)
o Matrix.
=
o PSIMC/QDs Immobilization of the target DNA Angular spectrum Labeled” 0.05 nM — 1 nM 36 pM (Zhou et
DNA into PSi matrix. detection method al., 2019)
" PSi Brag reflector/QDs/AuNPs  Immobilization of the QDs- 16SrRNA PL Label-free® 0.25 uM to 10 uM 328.7 nM (Zhang et
o conjugated probe DNA into al., 2017)
-5 PSi matrix.
N =
S
a
S =
<5
n z Fluorescent H,N-capped PSi See below® L-cysteine PL Label-free’ 0.125 mM to 5 mM 35 um (Zhang _
e 5| nanoparticles/ AUNPs. and Jia,
3 2017)
[

% Firstly, the PSIMC were functionalized to adsorb AuNPs; secondly, the thiol modified DNA was connected with the AUNPs as a target DNA; then, complementary
DNA modified with RRA (probe DNA) was hybridized with target DNA. The detection is based on fluorescence enhancement triggered by hybridization between
the target DNA and the RRA-labeled probe DNA.

bQDs are considered as labeling agent for biotin target molecule; streptavidin was used as probe molecules and it was immobilized on the PSi matrix.

¢ QDs are considered as labeling agent for the target DNA molecules; complementary DNA molecules were conjugated to PSi surface as probe molecules. The
detection is based on hybridization between the target DNA and the complementary DNA.

d QDs are considered as labeling agent for the complementary DNA molecules; target DNA molecules were conjugated to PSi surface as probe molecules. The
detection is based on hybridization between the target DNA and the complementary DNA.

°QDs act as an emission donor and AuNPs serve as a fluorescence quencher. QDs were conjugated to probe DNA, and citrate capped AuNPs were conjugated to
target DNA. The detection is based on PL quenching triggered by hybridization between the target DNA and the probe DNA.

"Water soluble amino-conjugated PSi nanopatrticles in ethanol with excellent PL properties act as the energy donor; citrate capped AuNPs act as fluorescence
guencher (Turn off emission). The restoration of emission signals (Turn on) is triggered by addition of L-cysteine target analyte. The concentration of L-cysteine is
proportional to the restored PL signal.
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