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adjustable structural design and fabrication coupled with attractive surface chemistry will spur the incorporation into a
broad range of biomedical applications. The
prospect of this advanced control would be
an important step in both, nanomedicine
and biosensing ﬁelds, aﬀording capacities to create smarter and functional
next-generation nanotherapeutics and diagnostic devices. Therefore, the use of such
material in biomedical applications opens
new possibilities in developing predictive
relationships of the porous nanomaterial’s
fate in vivo, under speciﬁc environment
condition, spurring translation into clinical
trials applications.
Over the last decade, there has been an outburst of
works, involving pSi nanomaterials interfaced with biological systems, owing to pSi’s unique and tunable properties.[5]
Among the range of explored properties, the high speciﬁc
surface area is of great importance, conferring these materials controlled therapeutic loading.[6] Another attractive property is their tunable degradation through surface chemistry
modiﬁcation and structure porosity. The degradation rate under
physiological media involves the oxidation of Si to SiO2 , followed
by the hydrolysis of Si–O bonds to soluble orthosilicic acid, a nontoxic and inert by-product.[4b] Recently, Segal et al.[4a] highlighted
that the in vivo degradation of pSi microparticles is governed
by mechanisms associated with the speciﬁc tissue microenvironment they are exposed to, hence emphasizing that the material
performance is a contextual property.
We also show how pSi can be easily integrated and exploited
as a nanomedicine for targeted chemotherapy,[7] gene therapy,[8]
wound healing,[9] antimicrobial activity,[10] and even combination therapies,[1b] both in vitro and in vivo. Key studies have
demonstrated that pSi nanoparticles (pSiNPs) are a prime form
of pSi nanomaterials aimed at addressing challenges associated with nanomedicine for in vivo applications. The advantage of pSiNPs lie in their ability to co-deliver therapeutic and
imaging functions, and ﬁnally degrade into nontoxic orthosilicic acid (Si(OH)4 ).[1b] An example of this multifunctional imaging/therapeutic paradigm is luminescent pSiNPs that can carry
a drug payload, and where the intrinsic near-infrared photoluminescence enables tracking of both accumulation within the tumor and degradation in vivo.[11]
Last but not least, we provide a screenshot of the rising demand
of pSi structures toward the development of implantable medical diagnostic devices.[12] Diﬀerent pSi-based biosensors, such
as immunosensors,[13] aptasensors,[14] and DNA hybridization[15]

This review provides a perspective on porous silicon (pSi)–based
nanomaterials including nanoparticles, nanowires, and thin ﬁlms, that are
currently being used in advanced therapy, imaging, and sensing, with a focus
on their eﬀective use in future clinical settings. The achievement of both
controlled geometry and architecture, and surface chemistry motifs, are
presented as the two key parameters that dictate the nature of interactions
with the biological entities. The authors discuss the role of the degradation
kinetics in a biological environment into nontoxic by-products. pSi is
presented as increasingly fulﬁlling a central task in various biomedical
applications and clinical settings, owing to its unique physiochemical
properties.

1. Introduction
Zero-valent engineered micro- and nano-based pSi nanomaterials, including nanoparticles,[1] vertical nanowires (NW),[2] and
thin ﬁlms,[3] are emerging structures applicable across several
material and life science contexts, owing to their unique physiochemical properties.
Recently, key studies have shown important advances in theranostic nanomedicine, bioimaging, and biosensing, demonstrating that tailored design of pSi nanomaterials, on their own, or
together with adjustable surface chemistry—may jointly alter,
for example, the in vitro and/or in vivo degradation proﬁles
as well as induce other speciﬁc and controlled physiochemical
changes.[4] For example, surface chemistry can oﬀer ﬁne control over the degradation rate of the porous nanostructures, and
consequently can impart unique properties to promote smarter
cell–material interfaces. As such, achieving higher control over
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and enzyme[16] biosensors, have been engineered for the enhanced detection of those speciﬁc bioanalytes that are relevant
to multiple malignancies like cancer, chronic wounds, or cardiovascular diseases.
The two leading fabrication methods for pSi are electrochemical synthesis, and metal-assisted chemical etching (MACE).
These two fabrication approaches have many advantages over
other fabrication strategies: primarily oﬀering the potential fabrication of wide-range nanostructures with well-deﬁned shape and
size.[1a,1b,2b]
Taken together, this review highlights the versatility and the
potential of pSi in creating smarter and multifunctional bionanomaterials, paving the way for long-term performance and
eﬃciency in the realm of nanomedicine and biosensing.

2. Key Characteristics of pSi
2.1. Fabrication Strategies to Obtain Diﬀerent Micro- and
Nanostructures
pSi is most commonly prepared by anodic electrochemical etching of a single crystalline silicon wafer in an aqueous ﬂuoridebased electrolyte, with the most common electrolyte component
being hydroﬂuoric acid. Generally, the silicon wafer acts as the
anode and a platinum electrode as the cathode. As a current bias
runs between the anode and cathode, selective dissolution of the
crystalline structure forms pores in the silicon wafer. The pSi
structure can be precisely engineered by altering fabrication conditions such as the current density, type of silicon wafer, level of
doping, electrolyte composition. Through adjusting these conditions, the pore morphology such as porosity and pore size can be
tuned to ﬁt various applications. These pSi structures can be categorized according to their pore size, these being, macroporous
(>50 nm), mesoporous (2–50 nm), and microporous (<2 nm).
For drug-delivery applications, after anodization, the pSi ﬁlm
is detached from the Si wafer. In order to convert these ﬁlms
into particles, methods such as ultrasonication and milling can
be employed. Due to the ease of fabrication, particles prepared
via anodization are more commonly used than those prepared by
MACE or other methods such as stain etching.[17] To increase the
yield of pSi particles, high-porosity sacriﬁcial layers can be placed
between particle-forming layers, like perforations. The concept of
perforated etching therefore involves introducing cleavage planes
parallel to the face of the wafer, by introducing pulses of high current leading to high-porosity layers.[18] Generating a multilayer
pSi ﬁlm signiﬁcantly increases particle yield.
Two common techniques for converting pSi ﬁlms into particles are ultrasonication and ball milling. By fracturing the pSi
ﬁlms via ultrasonication, a broad size range of particles is obtained. Size exclusion methods to obtain speciﬁc-size particles
are achieved by centrifugation or ﬁltration. pSi ﬁlms can also be
broken down via milling techniques. The type of milling technique and conditions determine the resulting average particle
size, size distribution, and crystallinity of the particles.[19]
Although centrifugation and ﬁltration allow for a narrow
size selection, precise fabrication of pSi in a discoidal geometry
has been studied which provide certain advantages. One of the
reported advantages is that discoidal particles behave diﬀerently
under ﬂow that cannot be observed with spherical particles.[20] In
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this speciﬁc shape, the particles are more prone to margination
toward blood vessel walls, improving the accumulation of the
particles in disease sites and enhances its biodistribution.[1a,21]
Discoidal particles are produced by a combination of photolithography/colloidal lithography and electrochemical
etching, in which the former controls the geometry and
the latter controls the pore formation. Fabrication of discoidal
pSi microparticles[21,22] and nanoparticles[1a] has been reported.
One of the disadvantages is that the yield and cost of production are not conducive to potential clinical applications.
Electrochemical etching and then reduction into pSi particles
for large-scale production present themselves as a more viable
solution presently.
Similarly, the fabrication of pSi needles and NW is performed
by using a combination of lithography and chemical etching.
For example, Elnathan et al. fabricated pSi nanowire combining
nanosphere lithography and template MACE.[2b,c] While a more
detailed review on the fabrication of various pSi structures by the
Santos group has been recently published, the main focus of this
review is to highlight the multitude of applications that makes
pSi a versatile biomaterial as summarized in Table 1.[19]
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Table 1. Summary of the main characteristics and applications of the existing pSi micro- and nanostructures.
Structure

Sizea)

Fabrication method

Application

References

Nanowires

Nanosphere lithography, metal-assisted
chemical etching

D: 330–600 nm
L: 0.4–6.3 μm
d: 0.6–4.0 SiNW μm−2

Gene delivery (ex vivo transfection)

[2b, 50b]

Nanoneedles

Photolithography, metal-assisted chemical
etching

D: 600 nm
L: 5 μm

Gene delivery, drug delivery, biosensing

[49,177]

Nanoparticles

Anodic electrochemical etching, nanosphere
lithography, metal-assisted chemical etching

D: 100–1000 nm, generally between
150 and 200 nm

Gene delivery, drug delivery, biosensing

[1a, 1c, 8]

Microparticles

Photolithography, deep reactive ion etching,
chemical vapor deposition

D: 1–3.2 μm

Gene delivery, drug delivery, biosensing

[58,59]

Films

Anodic electrochemical chemical etching

N/A

Drug delivery, biosensing

[78,161]

a)

D, diameter; L, length; d, density

Figure 1. Description of the main characteristics in the pSi structure design that will aﬀect its performance. A) Pore size determines the ability to
incorporate therapeutics and/or biomolecules of interest leading to the development of eﬃcient nanomedicines and biosensors for a wide variety of
targets. B) Surface chemistry allows the bioconjugation of targeting moieties responsible to recognize speciﬁc cell targets—for targeted therapies—
and/or bioanalytes—for improved biosensing response. C) Both, pore size and surface chemistry, have a direct impact in the degradation kinetics of
the pSi network in relevant biological conditions, and thus allow a controlled release of therapeutics and long-term stability of the implantable medical
device. The biodegradability of pSi into nontoxic by-products provides biocompatibility of the material.

2.2. Degradation of the pSi Network: Tunable Biodegradability
and Biocompatibility
One of the key advantages of using pSi for biomedical applications is its known degradability in relevant biological conditions,
also called “biorelated degradation.”[4b] Silicon is an essential
element present in our diet and metabolism, which can be degraded into silicic acid—a biocompatible degradation product—
and therefore, able to be cleared via the kidneys. While this is
a mandatory characteristic in all bio-nanomaterials used in therapy and/or diagnostics, the degradation kinetics of pSi needs to
be ﬁnely controlled. The reason behind this is that one of the
principal barriers for injectable or implantable pSi-based nanostructures as either a therapeutic delivery carrier or a diagnostic
device is the simultaneous degradation and erosion of the nanomaterial before completing its function. In the design of pSi nanotherapeutics, the early degradation of the carrier would lead to
the premature release of their cargo while en route for in vivo
targeting site.[4a] This could be fatal when the aim is to avoid
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cytotoxic side eﬀects and/or the degradation of the payload. For
implantable diagnostic platforms, a long-term stability of the device may be required in order to achieve desirable detection limits
and sensitivity.[23]
Therefore, an advanced design and functionalization of the pSi
systems are paramount in order to extend the half-life of the materials, to enable better controlled release of the cargo for therapeutic applications, and to detect speciﬁc analytes of interest for
biosensing applications.
To address these challenges, the degradation rate of pSi-based
nanostructures can be prolonged and customized either through
the physical design of nanostructures or modiﬁcation of the surface chemistry (Figure 1). Several studies have gained insights
into the ability to inﬂuence the biodegradation rate by varying
the geometrical parameters of the carriers including shape, size,
surface area, crystallinity, porosity, and pore (size, distribution,
and number). For instance, Canham and colleagues have reported that the pSi degradation rate is directly correlated with
the particle-size diameter and pore.[24] The larger the pore or the
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surface-to-volume of the Si-based nanostructures, the faster the
degradation is. Likewise, the inﬂuence of the size and morphology of pSi particles on the degradation kinetics has also been
studied.[21] However, the results are inconclusive, since the diﬀerences observed may be due to the diﬀerent porosities and silicon
networks caused by the diﬀerences in the fabrication methods.
In biomedical applications, the most popular way to tune the
degradation rate of Si-based nanostructures is through control of
surface chemistry, and this can further enable the immobilization of biomolecules of interest.

2.3. Surface Modiﬁcation of pSi
The surface chemistry of pSi plays a crucial role in the stability,
the degradability, and the immobilization of biomolecules. The
as-anodized pSi is highly reactive and unstable due to the hydrogen terminated surface (Si–H, Si–H2 , Si–H3 ). The formation of
a native oxide in ambient air or aqueous media aﬀects not only
the physicochemical but also the optical and electronic properties of pSi. The rate of oxidation depends on a number of environmental factors and the stability requirements for the diﬀerent
biomedical applications diﬀer signiﬁcantly from each other. Certain drug-delivery applications may require a fast dissolution of
the carrier, while a targeted drug-delivery system needs to have a
stable surface for the appropriate immobilization of the targeting
biomolecule. In biosensing, the stability of the surface chemistry
must prevent the biorecognition element from detaching, while
also providing stable optical or electrical properties. Thus, chemical modiﬁcation of the native pSi surface is required in order to
meet the requirements of diﬀerent applications.

2.3.1. Thermal Oxidation
Oxidation is the oldest and most commonly used method to
stabilize the surface chemistry of pSi. There exist many diﬀerent methods for oxidizing the pSi surface including photo, anodic, and chemical approaches.[25] However, the method most
widely used of oxidizing and stabilizing pSi is thermal oxidation.
Once exposed to air or water the exposed Si hydrides (SiHx ) are
prone to oxidize to silicon oxide. The oxide layer—either native
oxide or oxide grown—passivates the Si surface and converts a
native hydrophobic pSi surface into hydrophilic.
The rate of the passivation process is highly dependent on the
temperature, and the duration of the oxidation process. Oxidation
in dry oxygen typically consists of three diﬀerent temperaturedependent processes. At low temperatures, 250–440 °C, backbond oxidation dominates. This means that the Si backbone, Si–
Si, becomes oxidized by incorporating one oxygen atom within
its backbone, leading to SiOy –Si–Hx surface species.[26] The oxygen bridges formed between the surface Si atoms and the second
atomic Si layer expand the local atomic structures by 30%, leading
to a minor decrease in the pore diameter. At the same time, this
type of simple oxidation leads to the formation of a hydrophilic
passivating layer, which is crucial for drug-delivery applications
under physiological conditions. With increasing temperature to
>440 °C, the surface hydrides oxidize to hydroxyl groups and the
thickness of the oxidized layer increases. At 600 °C and above,
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all the Si–Hx residues on the surface are oxidized to Oy Si–OH
and Si–O–Si species.[27] This step is of great importance in drugdelivery applications. It has been reported that freshly prepared
pSi (hydrogen-terminated) can act as a strong reducing agent to
react with molecular drugs, thus it is important to remove all of
the remaining hydrogen from the pSi surface before drug loading
is initiated.[28] Thermal oxidation at 700 °C was found to largely
decrease both, the mechanical stability (introducing strain), and
pore interior volume and diameter, due to the structural expansion of thick surface oxide layer. Consequentially, any thermal oxidation above this temperature leads to a drastic dropdown in the
speciﬁc surface area. Finally, thermal oxidation at 800–1000 °C is
suﬃcient to cause complete oxidation of the whole pSi structure
down to the skeleton into silica (SiO2 ).

2.3.2. Formation of Silicon–Carbon Bonds
Over the last two decades, numerous chemical and electrochemical routes have been explored to derivatize the pSi surface from
Si–Hx to Si–C bonds.[29] Among these, hydrosilylation and carbonization are the most routinely employed approaches for the
formation of Si–C bonds.
Hydrosilylation: The term hydrosilylation refers to the reaction of addition of the Si–Hx , reactive surface species, to unsaturated compounds (such as terminal alkenes or alkynes on the
pSi surface) to form a stable and covalent Si–C bond. The ﬁrst
hydrosilylation reaction on a hydride-terminated pSi surface was
demonstrated by Buriak et al. and elaborated by others.[30]
Various methods of the Si–C formation exist including
thermal,[30c] chemical (Lewis acid catalysis),[31] photochemical,[30d]
and microwave-assisted methods.[32] Among the range of these
approaches, thermal hydrosilylation provides a convenient route
toward grafting a wide range of organic functional groups onto
the pSi surface with up to 80% yield eﬃciency (the proportion of
replaced Si–Hx bonds).[33]
The thermal grafting onto pSi of alkene and alkynes imparts
a stable monolayer due to the low-polarity Si–C bond characteristic that makes it kinetically inert toward nucleophilic reaction.
Hence, monolayers, such as undecylenic acid, prepared by hydrosilylation do not display apparent chemical degradation or surface oxidation for up to months, for both physiological conditions
and harsh basic environment. This high level of robustness is
advantageous for both: i) attaching drug payload to the pSi, and
ii) for prolonging the half-life of pSi structures in vivo for drugdelivery applications. Crucially, since the Si–H is metastable, and
prone to oxidization under air and aqueous condition, it is important to perform this reaction in an inert atmosphere as well
as using dried reagents.
Carbonization: Reaction of pSi with gas-phase acetylene at
elevated temperatures, generates highly carbonized pSi.[34] This
carbon grafting is known as thermally carbonized porous silicon
(TCpSi), and leads to a highly stable form of Si–C bonds within
the pSi matrix. Complete surface carbonization is achieved due
to the rapid diﬀusion of the small acetylene molecules adsorbed on the Si surface. Si–C chemistries are robust and versatile and prevent the growth of an oxide layer in the Si skeleton, and thus conferring enhanced stability over a long time
period.
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The broad temperature range over which this reaction takes
place, enables the versatile surface chemistries to be produced in
a controlled manner. Two types of surface terminations are produced depending mainly on the temperatures. At temperature
below <650 °C, the surface termination consists mainly of hydrocarbons. The thermally hydrocarbonized pSi surface (THCpSi)
is hydrophobic due to the presence of C–H surface groups, and
have similar properties as the hydrosilylated pSi. At >800 °C,
acetylene molecules are absorbed onto the silicon structure forming a non-stoichiometric Si–C layer, which makes the surface hydrophilic and remarkably chemically stable. The produced TCpSi
material contains non-stoichiometric Si–C species, and is known
to be stable even under harsh conditions, such as hydroﬂuoric
acid (HF) and boiling potassium hydroxide solutions,[34c] though
still biodegradable. It was shown that administered THCpSi microparticles can dissolve in vivo within weeks.[35]

2.3.3. Bioconjugation on pSi
The surface chemistry not only aﬀects the degradability, toxicity,
and biocompatibility of pSi, but it also determines the nature of
the intermolecular interactions with biological agents. When the
purpose of the chemical modiﬁcation is the immobilization of
a biomolecule, the attached molecule should feature a terminal
functionality for further reaction. Carboxyl,[36] isocyanate,[37] and
N-hydroxysuccinimide (NHS)[38] are some of the most common
functionalities for subsequent grafting of biomolecules through
their amine, thiol, or aldehyde groups.
Oxidized pSi surfaces can be readily modiﬁed with conventional silanol chemistries.[39] The use of alkoxy silanes or chlorosilanes precursors with diﬀerent terminal groups allows the introduction of a variety of chemical functionalities. One challenge
present when using organosilanes is the lack of stability in basic
media as the poor hydrolytic stability of the Si–O bonds may lead
to deterioration of the surface coating.
The formation of Si–C bonds leads to chemically passivated pSi surfaces of much greater stability than self-assembled
organosilanes. Carboxylic acid terminated surfaces prepared by
hydroxylation are routinely functionalized by coupling agent
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride
(EDC) for loading of primary amine–containing biomolecules.[36]
EDC couples the carboxyl group of undecylenic acid–modiﬁed
pSi surface to the primary amine of target molecule through
direct reaction or via NHS. Thermally carbonized pSi surfaces
can also be modiﬁed with alkenes by radical coupling at elevated temperatures. Subsequently, these surfaces can be used
for attachment of amine-containing biomolecules via EDC/NHS
chemistry.[40]
Biocompatibility of stabilized pSi can be improved by attachment of polyethylene glycol (PEG) linker to the surface, which
avoids nonspeciﬁc binding of unwanted proteins and other interfering species.[41] PEG linker attachment also helps in retaining
sensitivity and stability of biosensor in biological systems.
Some applications require the immobilization of biomolecules
in speciﬁc orientation, such as the attachment of a functional
antibody. The orientation of the attached antibody is therefore
key in the performance of the pSi device. With this in mind,
the Voelcker group has developed and optimized the conjuga-
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tion of an periodate-oxidized antibody through its Fc (Fragment,
crystallizable) region via semicarbazide chemistry.[1] Both, freshly
etched and carbonized pSi can be modiﬁed with the tert-butyl2[(allylamino)carbonyl]hydrazine–carboxylate linker, which after
deprotection of the semicarbazide group, allows the immobilization of antibodies in an oriented way. The oriented immobilization of antibodies onto pSi structures has been used not only for
development of smart immunosensors, but also to achieve targeted therapies.

3. pSi for Drug Delivery
3.1. Gene Delivery
Gene therapy has gained signiﬁcant attention as a promising approach for treatment of numerous gene-associated human diseases ranging from cancer to autoimmune diseases. Introduction
of genetic material such as DNA, microRNA, or small interfering
RNA (siRNA) into target tissue or cells can alter the expression
of the endogenous genes.[42] Naked genetic materials cannot be
internalized eﬃciently by target cells due to extracellular and intracellular barriers present.[43]
As naked genetic material cannot be delivered eﬃciently, the
development of safe and eﬀective vectors is necessary.[43] Numerous viral and nonviral (synthetic) methods for gene delivery have
been developed over the years and reviewed here.[44] Both forms
of gene delivery have their limitations and advantages. Nonviral
vectors are safer as they do not present a pathogenic threat when
administered, thus development into nonviral vectors have been
of recent interest. Recent eﬀorts to introduce genetic material
through cellular uptake pathways using nanomaterials, as well
as physical methods of inserting genetic material directly into
the cytosol, therefore, bypassing cellular pathways, have been explored in recent times.
Genetic material, such as DNA or double-stranded RNA, can
be introduced into targeted cells to induce a therapeutic response.
The insertion of artiﬁcial nucleic acids can enhance or inhibit
gene expression in transfected cells.[45] There are numerous biological, chemical, and physical methods that have been used to
introduce nucleic acids into cells.[43,46] In terms of silicon-based
materials, there are two methods that are being extensively
studied, namely, needle-based and particle-based technologies.
Needle-based approaches aim to administer genetic material via
an impaling mechanism that is driven by cell adhesion to the
needle substrate.[47] Particle-based delivery systems aim to take
advantage of biological pathways, predominantly via various endocytosis mechanisms.[48]

3.1.1. Ex Vivo and Local Transfection
Vertically aligned silicon nanowires and nanoneedles allow for
the delivery of nucleic acids with high eﬃciency and minimal
toxicity.[49] The delivery system bypasses the limitations of conventional cellular uptake mechanisms and transports the genetic
material directly into the cell interior.[2b] The physical diﬀerences
between nanoneedle and nanowire arrays when reported are
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Figure 2. A) SEM images of the vertically aligned silicon nanowire arrays. Images are of selected top- and tilt-view SEM images of SiNW arrays used to
systematically investigate the inﬂuence of SiNW geometry on the eﬃcacy of cell transfection. B) Focused ion beam-SEM images showing the nanowires
penetrating the cell membrane. Reproduced with permission.[2b] Copyright 2015, Wiley-VCH. C) Near-infrared ﬂuorescence imaging of the skin of mice,
comparing the delivery of DyLight 800 using a drop (left), ﬂat Si wafer (middle), and nanoneedles (right). D) SEM images illustrating the morphology
of the nanoneedles showing the porous structure and tunable tip diameter. E) Progressive biodegradation of the nanoneedles in cell culture medium at
37 °C. Reproduced with permission.[49] Copyright 2015, Nature Publishing Group.

represented by their geometric diﬀerences, usually in length, diameter, and shape where the length of nanoneedles can be 5 μm
in length, while nanowires are generally shorter.[2b,49,50]
Kim et al. were the ﬁrst to demonstrate the direct interface between silicon nanowires and a large cell population.[50a] The study
showed that despite physical penetration, cells were able to survive for up to a week. Plasmid DNA–containing green ﬂuorescent
protein (GFP) was also successfully transfected although with extremely low eﬃciency (less than 3%). On the contrary, Shalek
et al. were able to deliver a broad range of biological molecules
including DNA and siRNA.[51] Results showed that for these therapeutics, a 95% transfection eﬃciency was reported. The signiﬁcant increase in transfection eﬃciency was plausibly due to development and optimization of the silicon nanowire array. A subsequent study by Shalek and colleagues demonstrated that the silicon nanowires were able to transfect primary murine and human
immune cells.[52]
To optimize the nanowire platform, Elnathan et al. altered
various parameters.[2b] These parameters included the diameter and height of the nanowires as well as the density. The geometric parameters were evaluated against cell behavior and
transfection eﬃciency. For many tested cell types, medium
heights (1.2–3.5 μm), small diameters (<400 nm), and a
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nanoneedle density between 0.6 and 1.0 μm−2 resulted in high
transfection eﬃciencies (Figure 2A,B).
Recently, Chiappini et al. demonstrated the use of degradable
conical NW to co-deliver siRNA and DNA plasmid with over
90% transfection eﬃciency into HeLa cells and to back muscles of mice, triggering the formation of new blood vessels in
a mouse back muscles. Critically, manipulation of the porosity to values between 45% and 70% allows the team the ability to tune the NW degradability over time, as well as to increase the payload by 300-fold compared to solid nonporous
silicon nanowires (SiNWs). The optimized degradable NW array was used as a mechanical tool to transfect HeLa cells
with ﬂuorescent label siRNA, (Cy3-glyceraldehyde-3-phosphatedehydrogenase (GAPDH)-siRNA), and GFP plasmid, to monitor gene regulation. It was observed that the ﬂuorescent signal
was signiﬁcantly reduced for cells to which GAPDH-siRNA has
been delivered by eﬀectively silencing 80% of ﬂuorescent signal
from GAPDH compared to controls and to cells nanoinjected
with scrambled siRNA.
Chiappini et al. used a nanoneedle platform to deliver DNA
and siRNA with >90% transfection eﬃciency within the cytosol in a localized treated area (Figure 2C).[49] The platform not
only diﬀered geometrically from those made by Elnathan and
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colleagues, but was also porous, with the porosity being tailored to between 45% and 70% (Figure 2D). Compared to solid
nanoneedles, porous silicon nanoneedles progressively dissolved
over time and the degradation behavior enabled the system to
deliver the payload, and then completely disintegrate over time
(Figure 2E). In vivo results concluded that by transfecting with
vascular endothelial growth factors (VEGF-165) using nanoneedles, sustained local neovascularization and a sixfold increase in
blood perfusion was seen in comparison to direct injection into
the muscle.
The development of pSi nanoneedle platforms allows the
structure to become biodegradable. Porous needles allow for
larger loading capacities for payloads due to a higher speciﬁc
surface area. Despite the advantages highlighted, both solid and
porous materials have reported >90% transfection eﬃciencies
in vitro, suggesting that a higher loading capacity may not be
warranted.

3.1.2. Gene Delivery via pSi Particles
siRNA has important advantages over traditional pharmaceutical
drugs, namely, small molecules and proteins. As siRNA has the
ability to be designed to target any speciﬁc gene, its therapeutic
potential is theoretically unlimited.[53] However, this requires selective and eﬃcient delivery to target cells and tissues.
The systemic administration of naked siRNA leads to nonspeciﬁc distribution, rapid degradation, and renal clearance. Extracellular barriers exist that currently prevent the delivery of siRNA.
Upon administration into the systemic circulation, siRNA is subjected to degradation by nucleases. The large molecular weight
and polyanionic nature of siRNA also limit the passive uptake
into cells.[54]
pSi is a unique biomaterial that has been investigated for the
delivery of siRNA. Nanoscale pores in the silicon structure enable
porous silicon particles to have a high surface area and pore volume, allowing a high degree of surface modiﬁcation and a large
quantity of siRNA to be loaded within the porous structure.[1a,55]
The loading of genetic material into pSi particles to date largely
relies on the electrostatic interactions between a cationic particle
and the negatively charged phosphate groups on the nucleic acid
sequence. In the case of pSiNPs, the oligonucleotides in water
are suspended with cationic nanoparticles. In an ideal scenario,
the oligonucleotides would preferentially accumulate within the
pSi structure. Realistically, in addition to the aforementioned process, the oligonucleotides would also attach to the pSi surface,
potentially blocking some of the pores. Nevertheless, the entrapment of siRNA within the porous structure allows for the cargo to
be protected from nucleolytic degradation. In the case of nanoparticles, to further prevent nucleolytic degradation, the pores are
capped either chemically or by coating the particles in polymer
coatings. Recently, pSi micro- and nanoparticles have been used
with great success in the knockdown of a multitude of proteins.
Discoidal pSi microparticles have been developed as the ﬁrst
of three components in the construction of a multistage delivery
vesicle for siRNA delivery.[56] The discoidal micron-sized particle
acts as a carrier for nanoparticulate vesicles that have been incor-
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porated with therapeutics. The nanoparticles are loaded within
the porous structure of the discoidal pSi microparticles.
The particle-in-particle pSi microparticle system described allows for each stage to overcome diﬀerent biological barriers. As
the loaded siRNA discoidal pSi microparticles navigate through
the systemic circulation, preferential accumulation at tumor vasculature site allows for the nanoparticle complexes to be released
and able to enter the tumor microenvironment.[57] The secondstage nanoparticles that encapsulate the siRNA composed of
either liposomes[58] or polymeric nanocomplexes are then internalized by cells.[59] The siRNA cargo is then released inside the
cell leading to the knockdown of the target protein and eliciting
a therapeutic response.
Tanaka et al. has used the multistage delivery system to deliver
siRNA targeting EphA2, an oncoprotein.[58a] EphA2 plays a part
in angiogenesis and cell proliferation and is overexpressed in different types of tumors. The multistage delivery vesicle demonstrated a 3-week prolonged silencing of EphA2 in an ovarian
mice tumor model. The knockdown of the oncoprotein showed
decreases in angiogenesis and cell proliferation with no toxicity
associated.
Similar use of the delivery vehicle by Shen et al. functionalized the surface of the microparticle with arginine and
polyethyleneimine (PEI; Figure 3A).[59b] The positive surface
charge of the particle enabled the electrostatic binding of siRNA
into the porous structure. As the silicon skeleton degraded, arginine and PEI complexed with the loaded siRNA to form polymeric nanoparticles (Figure 3B,C). In this instance, knockdown
of the STAT3 gene by 84% was reported in vivo, facilitating the
elimination of breast cancer stem cells (Figure 3D).
This multistage pSi microparticle delivery system of siRNA
has been thoroughly studied. On top of the advantages that
pSi biomaterials possess (biocompatibility, high loading, protection of cargo, surface modiﬁcation with targeting ligands),
the microparticle delivery system has its own advantages. These
include: 1) the ability to co-deliver anticancer drugs such as paclitaxel simultaneously with the siRNA cargo,[60] 2) blood vessel margination due to the discoidal shape, and 3) the sustained
knockdown of the targeted protein.[60b] However, micron-sized
particles generally have several limitations. The most common
drawback is that the large particle size may aﬀect its ability to
permeate cellular membranes as well as the majority of the pSi
particles tend to accumulate in mononuclear phagocytic system
(MPS) organs. Due to issues surrounding the size of the microparticles, there has been a recent interest in reducing the particle size to the nanoscale for the delivery of siRNA.
Unlike the multistage pSi microparticle delivery system,
pSiNPs have been used for the direct delivery of siRNA into
the cell. Direct delivery of gene therapeutics to the cell cytoplasm presents new challenges for nanoparticle delivery. After
pSiNPs have been internalized, one of the key obstacles is centered around its ability to release the loaded therapeutic from
the endosome to avoid degradation.[61] Therefore, endosomal escape is paramount for the eﬃcient delivery of siRNA into the
cytoplasm.[62] Many viable modiﬁcations of pSiNPs have been explored in order to evade some of the challenges that are present
in the delivery of siRNA.
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Figure 3. A) SEM images of oxidized discoidal pSi microparticles before (left) and after (right) fabrication of the polycation-functionalized nanoporous
silicon (PCPS) platform. B) Changes in zeta potential of the microparticle system at various stages of fabrication. C) Size distribution of released
siRNA polyplex nanoparticles measured by dynamic light scattering. D) Knockdown of STAT-α expression in vivo analyzed via Western blot. Reproduced with permission.[59b] Copyright 2013, American Chemical Society. E) TEM image of graphene oxide-wrapped pSiNPs. White arrows indicate
graphene oxide. F) Schematic illustration depicting preparation of siRNA-loaded, porous silicon-graphene oxide core–shell nanoparticles. Reproduced
with permission.[63] Copyright 2016, Royal Society of Chemistry. G) SEM images of THCpSiNPs (top) and PEI/siRNA/THCpSiNPs (bottom). H) Flow
cytometry histograms evaluating MRP1 protein concentration in T98G cells. Black: untreated cells incubated with the secondary antibody; blue: untreated cells; red: cells incubated with the PEI/NC-siRNA/THCpSiNPs; yellow: cells incubated with siRNA/Lipofectamine (positive control); green: cells
incubated with PEI/siRNA/THCpSiNPs. Reproduced with permission.[64] Copyright 2015, Royal Society of Chemistry.

Kang et al. developed a pore sealing method of siRNA using a one-pot synthesis method of 4 m calcium chloride solution, siRNA, and pSiNPs.[8] A calcium silicate (Ca2 SiO4 ) shell was
formed where the source of silicate in the shell was due to the local dissolution of the pSi matrix, entrapping the oligonucleotide.
The pSiNPs were able to deliver the siRNA payload in a mice
model of brain injury.
Other ways of siRNA encapsulation involve using biomaterials
as a protective coating, maintaining the oligonucleotides within
the porous structure. pSiNPs were loaded with siRNA and then
encapsulated with graphene oxide nanosheets (Figure 3E,F).[63]
The nanosheets postponed the release of the siRNA while protecting the payload from nucleolytic degradation. The nanosheets
could further be modiﬁed by attaching a targeting peptide derived
from the rabies virus glycoprotein (RVG), improving delivery to
neuronal cells in vitro, and to injured regions of the mouse brain
in vivo.
Using a polymeric protective coating consisting of PEI, Kafshgari et al. delivered siRNA into an in vitro glioblastoma
model (Figure 3G).[64] The PEI coating enhanced sustained release while suppressing the burst release of the siRNA payload.
The delivery vehicle reduced Multidrug resistance-associated
protein 1 (MRP1)-protein levels by 70%, an improvement on
the previously reported uncoated (3-Aminopropyl)triethoxysilane
(APTES)-functionalized pSiNPs (Figure 3H).[65] Further studies
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using PEI were investigated by Tong et al. where a reduction
of 82% of MRP1 was silenced in a glioblastoma mice model.[66]
Although PEI has been reported to be cytotoxic, the PEI-coated
pSiNPs presented no cytotoxicity which is consistent with results
obtained by Shen et al.[59a] Cytotoxicity from PEI-based gene delivery systems is largely due to free PEI chains.[67] However, since
PEI is conjugated to the pSi matrix, minimal cytotoxicity can be
seen in both instances.
Furthermore, the use of chitosan, a biodegradable and biocompatible polysaccharide as a coating for oligonucleotide delivery
has been investigated.[68] Chitosan possesses several properties
that are advantageous for drug-delivery applications including
mucoadhesive properties which enhance mucosal penetration.
These chitosan-coated particles were used to deliver Flightless I
(Flii) siRNA, leading to improved cell proliferation, migration,
and cutaneous wound healing in a rodent model.[69]

3.2. Wound Healing
Wound healing and repair is a complex biological process that
aims to restore cellular structure and integrity after an injury.[70]
Following a tissue injury, the human body has its own natural restorative response. A chronic wound is deﬁned as a
wound that does not heal within 3 months, often stalling in the
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inﬂammation phase of healing.[71] Chronic wounds are a challenge toward the healthcare system, thus alternative therapeutic
options are being studied. Of these, pSi particles have been identiﬁed as a leading nanocarrier for delivering these therapeutics in
an eﬀective manner.
Flii, a cytoskeletal actin remodeling protein, is elevated in cutaneous wounds and has been identiﬁed to hinder wound repair.[72]
The Cowin group has reported that Flii inﬂuences wound healing by contributing to cell adhesion, proliferation, migration,
and contraction.[72,73] By reducing the expression of Flii, improved cutaneous wound healing can be witnessed. pSiNPs were
loaded with Flii siRNA eﬀectively downregulated Flii expression
in keratinocytes, leading to improved cutaneous wound healing.
Flii siRNA-loaded nanoparticles were administered to excisional
wounds in mice via intradermal injection leading to a 20% reduction in wound area by day 7 compared to control groups
(Figure 4A,B).[69] Furthermore, the delivery of Flii-neutralizing
antibodies in pSiNPs was also studied.[9] The pSiNPs demonstrated high loading capacity with extended release throughout
7 days. When injected into diabetic mice, the loaded pSiNPs improved healing of both incisional acute wounds and excisional
diabetic wounds (Figure 4C,D).
The Santos group modiﬁed pSi microparticles with platelet
lysate (PL), which consisted of a multifactorial cocktail of growth
factors.[74] The PL-modiﬁed microparticles were assessed for its
potential to encourage proliferation of ﬁbroblasts in vitro and ex
vivo. Using an in vitro wound healing assay, the particles could
completely close the gap (ࣈ450 μm) between ﬁbroblasts after
24 h, demonstrating the wound-closing properties of the delivery
system. Ex vivo experiments on human skin further supported
the conclusion that PL-modiﬁed pSi microparticles induced proliferation and regeneration.
Various in vitro models have been studied using pSi microparticles to deliver varying therapeutics to improve wound
healing. McInnes et al. delivered inﬂiximab to suppress the
proinﬂammatory cytokine, tumor necrosis factor-α.[75] In another
instance, Mori and colleagues loaded pSi microparticles with two
antibacterial drugs, vancomycin and resveratrol.[76] Although the
pSi microparticles show great potential for future applications in
wound healing, the lack of testing in a more relevant model of
chronic wounds, such as a diabetic pig model would be required
to demonstrate the translational potential of pSi particles.

3.3. Antimicrobial Applications
There is a desperate need for a new antimicrobial therapy
with the recent surge of antibiotic-resistant microorganisms.
Currently, pathogenic resistance outpaces the development of
new drugs to combat this critical issue. On top of new drug
development, ongoing work worldwide aims to develop new antibacterial agents such as antimicrobial peptides, bacteriocins,
bacteriophages, metallic nanoparticles, as well as delivery systems to improve antimicrobial treatment eﬃciency.[77]
Bacterial infections can be a major contributor to the lack of
wound healing. Bacterial bioﬁlm formation in the wound environment is often diﬃcult to treat as antimicrobials start to become resistant to conventional methods. Therefore, research into
the prevention of bacterial growth before bioﬁlm formation could
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help aid the wound-healing process as well as introduce new materials and applications to combat the growing issue of antibioticresistant microorganisms.
Several pSi bio-nanomaterials have been designed within the
Voelcker group aiming to combat bacteria and microbial infections. Alhmoud et al. studied the use of gold-decorated pSi
nanopillars for the targeted hyperthermal treatment of bacterial
infections.[10] pSi nanopillars were coated with gold nanoparticles (AuNPs) and functionalized with a targeting antibody against
Staphylococcus aureus (Figure 5A). When irradiated with an 808nm laser, the photothermal eﬀects of AuNPs showed a reduction in bacterial viability after 10 min of laser irradiation in vitro
(Figure 5B). Vasani et al. studied the use of porous silicon ﬁlms
to deliver levoﬂoxacin, a drug used to treat bacterial infections,
with a wound-dressing application in mind.[78] The drug was encapsulated by dual plasma polymer layers of poly(1,7-octadiene)
and poly(acrylic acid), providing a pH responsive system for controlled release of levoﬂoxacin. The release was inhibited at pH 5
in aqueous buﬀer, but was released at pH 8, providing favorable
release as elevated pH levels in wounds were identiﬁed as an indicator for localized infections.[79] Kafshgari et al. was able to trap
nitric oxide within pSiNPs for eﬀective killing of Escherichia coli
and S. aureus.[80] The release of nitric oxide from the pSiNPs was
able to reduce bioﬁlm viability by 47%. These novel treatments
highlight some of the ongoing work for the ﬁght against antibiotic resistance and the disruption of bioﬁlm formation in chronic
wounds.
The antibacterial activity of silver (Ag) has long been known.[81]
Free Ag+ ions are not practical in vivo due to toxicity issues, and the mechanisms and drawbacks have been recently
summarized.[82] Due to the uncertainty surrounding Ag-based
nanoparticle toxicity,[83] an eﬀective delivery platform such as pSi
has been incorporated to deliver the Ag-based materials to infected sites. Kim et al. have shown that by loading metallic silver
inside the pSi skeleton, the delivery of Ag+ resulted in 90% killing
of Gram-negative Pseudomonas aeruginosa and Gram-positive S.
aureus both in vitro and in vivo.[84] When conjugated to a transactivator of transcription (TAT) peptide, the nanocarrier showed
targeting toward S. aureus in vitro, providing targeted therapy
to limit potential Ag+ toxicity. A similar system in which Ag
nanoparticles were loaded into pSi microparticles was also reported against E. coli and S. aureus bacteria.[85] The use of silver
dendrite-decorated silicon nanowires has also displayed antibacterial properties, showing that the two materials, Si and Ag, are
compatible with one another.[86]
Work in the Sailor group has shown an eﬀective bifunctional
peptide-based anti-infective agent that is able to be delivered using pSi nanoparticles.[87] A library of antibacterial peptides were
screened consisting of a membrane-localizing peptide conjugated with a toxic peptide cargo. The tandem peptide was able
to eliminate P. aeruginosa at submicromolar concentrations. The
peptide was loaded into pSiNPs and delivered into the lungs of
mice with great eﬃcacy. To support the mouse model, strains of
P. aeruginosa were clinically isolated from lungs of patients. Of
the ﬁve samples tested, the tandem peptide construct was eﬀective against all of them.
pSi has demonstrated to be an eﬃcient and eﬀective carrier of
diﬀerent therapeutics for antimicrobial applications. The large
loading capacity and porous structure allow for the protection
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Figure 4. A) Macroscopic analysis of Flii siRNA pSiNP–treated excisional wounds. Images represent the wounds over the course of 7 days. B) Quantitative analysis of the percentage of wound area. Treatments consisted of chitosan-coated Flii-siRNA-pSiNPs (red line), chitosan-coated scrambled
siRNA-pSiNPs (black dashed line), chitosan-coated unloaded pSiNPs + Flii siRNA (black dotted line), and pSiNPs only (black line). Reproduced with
permission.[69] Copyright 2016, American Chemical Society. C) Wound tissue stained with hematoxylin and eosin. The dashed lines show the width of
the wounded dermis in each tissue section (scale bar: 100 μm). D) Wound gape measurement with each treatment group treated with the equivalence
of 50 mg of Flii antibody or mIgG. Reproduced with permission.[9] Copyright 2017, Wiley-VCH.

of the cargo, and in the case of Ag-based materials, protection
of healthy tissue against the cargo. The ease of modifying the
pSi surface with varying targeting moieties such as antibodies
and peptides also allows for targeted therapy against bacterial
infections.

3.4. pSi in Chemotherapy
Due to its porous nature, small-molecule drugs such as
chemotherapy drugs are able to be conﬁned in the pores to prevent crystallization,[88] enable protection of the sensitive cargo
from harsh biological conditions, and the ability to load a large
amount within the porous skeleton.[89] By tuning the pore morphology and surface chemistry, drug loading, release, and dissolution can be altered. The entrapment of small-molecular drugs
into the porous structure can be categorized into covalent attachment, physical entrapment, and adsorption.[90] The ease of access to a large surface area also allows the attachment of ligands
such as antibodies, peptides, and aptamers that allows the pSi
platform to target-speciﬁc sites. Safely transporting chemotherapeutics to tumor sites while limiting any oﬀ-targeting eﬀects to
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undesirable sites as well as drug-resistance eﬀects are major challenges in the ﬁeld. pSi is an attractive material for the delivery of
cytotoxic chemotherapeutics. There have been numerous reports
on the delivery of chemotherapy drugs using pSiNPs with great
eﬃcacy.[91] Recently, Santos has given an overview of chemotherapy using pSi; therefore, this review will focus on tackling anticancer drug resistance by means of combination therapy.[92]
Combination therapy involves the use of two or more therapeutics working synergistically and has been of interest in targeting drug-resistant tumors. By using two or more anticancer drugs
or therapy techniques, combination therapy may give a substantial increase in the treatment eﬃciency.
The versatile nanomaterial platform of pSi is ideally suited
for combination therapy. The combined loading of two or more
anticancer drugs into pSi has been demonstrated, for example,
by Zhang et al. who studied a pSiNP-based “receptor-mediated
surface charge inversion” (Figure 6A).[7] The system included
a 26-mer guanine DNA aptamers, AS1411, methotrexate, and
sorafenib, all compounds having anticancer properties. AS1411
was bound to overexpressed nucleolin in cancer cells, inhibiting the function and resulting in oncogenic and antiproliferative
eﬀects.[93] Methotrexate-inhibited enzymes were involved in DNA
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Figure 5. A) TEM and SEM characterization of pSi nanopillars, Au-decorated pSi nanopillars and Au-decorated/Ab-functionalized pSi nanopillars. 1)
TEM image of a single pSi nanopillar with 200 nm diameter and 1.2 μm length. 2) TEM image of a single pSi nanopillar decorated with Au nanoparticles
(2–50 μm). 3) TEM image of the fully engineered platform, showing that after antibody functionalization, there was no major degradation to the silicon
structure and no change in Au particle size. 4–6) SEM images of a population of the sequential steps in the nanopillar platform deposited on a ﬂat Si
surface. The nanopillars show a narrow size distribution and uniformity. B1) Turbidity measurements showing the growth kinetics of E. coli cells treated
with each formulation. The control culture underwent irradiation for 10 min in PBS. B2) Viability of human foreskin ﬁbroblast cells treated with each
formulation at a concentration of 1 mg mL−1 and irradiated for 10, 15, and 30 min in PBS. The control culture was untreated and irradiated for the same
amount of time. Reproduced with permission.[10] Copyright 2017, American Chemical Society.

synthesis during cell proliferation while sorafenib contributed
by inducing autophagy by inhibiting several tyrosine protein
kinases.[94] The antiproliferation eﬀects of the three compounds
performed better than any of the single components alone, indicating a synergistic anticancer eﬀect. The porous skeleton and
large surface area of pSi nanocarriers permit the use of multiple therapeutics together with relative ease. Furthermore, the simultaneous delivery of the two anticancer drugs doxorubicin and
paclitaxel has also been investigated.[95] The release of paclitaxel
sensitized the tumor microenvironment allowing doxorubicin to
overcome potential delivery barriers. The cooperative eﬀect of the
two anticancer drugs in inducing apoptosis revealed another important beneﬁt to combining\diﬀerent therapeutics.
To further demonstrate the high loading capacity of pSi, Mi
et al. used pSi microparticles to deliver liposomes, containing
rapidly accelerated ﬁbrosarcoma (BRAF)-siRNA and docetaxel
(Figure 6B) in the treatment of melanoma lung metastasis.[60a]
Downregulation of the serine/threonine-protein kinase BRAF
is known to reduce tumor vasculature and induce cancer cell
apoptosis.[96] Treatment with the dual-loaded pSi microparticles
decreased the amount of metastatic nodules, reduced tumor burden, and prolonged survival compared to monotherapy.
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The high loading capacity of pSi for cancer combination therapy is not limited to the delivery of multiple small-molecule
drugs. To help overcome tumor resistance to chemotherapeutics, Cifuentes-Rius et al. explored the synergistic eﬀect of combining hyperthermia and the anticancer drug, camptothecin, in
B-lymphocytes (Figure 6C).[97] As cancer cells are more vulnerable to higher temperatures compared to normal cells, hyperthermia stimulates the uptake of chemotherapy drugs in tumor
cells.[98] After oxidation, gold nanoclusters become paramagnetic,
enabling them to heat up when exposed to an electromagnetic
ﬁeld.[99] The loading of gold nanoclusters and camptothecin into
the porous structure demonstrated that the dual-action nanocarrier resulted in enhanced cytotoxicity. The attachment of an antiCD20 antibody, which targets the receptor CD20 expressed exclusively in B-cells, showed that a selective dual treatment was
possible. Therefore, this platform allows for the enhancement of
localized cytotoxicity in tumors by an external microwave ﬁeld
(Figure 6D).
The combination of pSi and gold nanoparticles has been
explored for combination therapy to exploit the photothermal
properties of gold nanoparticles.[100] Gold materials are able to
convert near-infrared laser radiation into heat given their
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Figure 6. A) Step-by-step fabrication process of the pSi-based receptor-mediated surface charge inversion platform. Reproduced with permission.[7]
Copyright 2017, American Chemical Society. B) Schematic of the multistage pSi microparticle delivery system loaded with two nanocomposites containing
siRNA and docetaxel. Reproduced with permission.[60a] Copyright 2016, Wiley-VHC. C) The left illustration portrays pSiNPs loaded with the chemotherapeutic camptothecin and gold nanoclusters with targeting functionality of the attached antibodies. The right illustration depicts the nanovectors ability to
selectively deliver the cargo to human B lymphocytes which enhances their cytotoxicity when exposed to an electromagnetic ﬁeld. D) Viability of human
B lymphocytes when exposed to pSiNPs with diﬀerent cargoes with or without anti-CD20 functionalization and with or without the application of an
electromagnetic ﬁeld in the microwave (μW) region. Reproduced with permission.[97] Copyright 2017, Wiley-VCH.

surface plasmon resonance, thus potentially aiding in the release
of therapeutics and thermally inducing cell damage in cancer.[101]
Instead of using gold nanomaterials, Xia et al. developed a
polyaniline/pSi nanocarrier for combined chemotherapy and
photothermal therapy.[102] The pSiNPs were fabricated via surface
initiated polymerization of aniline, which provided excellent photothermal properties. The nanoparticles were loaded with doxorubicin, and the combined therapy inhibited the proliferation
of cancer cells in vitro, and reduced tumor growth in vivo.
Combining diﬀerent therapeutic agents or therapies, enhanced eﬃcacy in an additive or synergistic manner is an emerging ﬁeld in the ﬁght against cancer[103] and pSi has been a popular
nanomaterial for delivering combination therapy.

3.4.1. Other Drug-Delivery Applications
pSi has been extensively studied for other diseases, including
cardiovascular disease and the treatment of diabetes. pSi particles have recently been used in treating cardiovascular diseases
such as myocardial infarction (MI). Thermally carbonized pSi microparticles were seen to promote inﬂammation, recruiting cytokines and ﬁbrosis promoting genes after 1 week, normalizing
after 4 weeks.[104] Furthermore, when pSiNPs were modiﬁed with
diﬀerent atrial natriuretic peptides, nanoparticle accumulation
was increased by threefold after 10 min after an isoprenalineinduced heart attack in a MI rat model.[105] This work has led the
Santos group to incorporate a novel small-molecule drug into a
multifunctional pSiNP delivery system. Extracellular signal regulated kinase (ERK 1/2) proteins which are reported to play a role
in the signaling mechanism leading to cardiac hypertrophy, were
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reduced after treatment, suggesting that the small-molecule drug
provided a cardioprotective eﬀect.[106]
The Santos group has used both pSi micro- and nanoparticles to orally deliver insulin and glucagon-like (GLP-1) across the
gastrointestinal tract in the treatment of diabetes.[107] Shrestha
et al. discovered that by functionalizing pSi microparticles with
chitosan, there were increased interactions with the mucus
layer, thus increasing cellular uptake.[108] The microparticles enhanced intestinal permeability of insulin, providing a potential
microcarrier for oral insulin delivery. Later work found that further enhancement of mucoadhesion and permeability could be
achieved by attaching l-cysteine or a cell-penetrating peptide.[109]
The modiﬁcations showed a 17- and 12-fold increase in permeability of insulin across intestinal cells, respectively. l-cysteine–
functionalized pSiNPs also enhanced insulin absorption after
oral administration in a type 1 diabetic rat model. Additionally,
Santos et al. also delivered GLP-1, an incretin hormone, for the
treatment of type 2 diabetes.[110] The nanoparticle system was
able to successfully decrease blood glucose levels by 32% when
administered orally. These studies illustrate the potential of pSi
particle systems against diabetes. Furthermore, the work demonstrates that pSiNPs can deliver both small molecules and peptides
orally, which has been the preferred clinical administration route
in recent years.

3.5. Theranostics
Theranostics is the combination of both therapeutic and diagnostic capabilities in one system.[111] pSi has been utilized in
a large amount of therapeutic applications, which have been
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covered in this review. The ability to co-deliver therapeutic and
imaging functionality during a treatment regimen provides a
wealth of information in comparison to traditional imaging performed before or afterward. Theranostics can exploit the addition
of ﬂuorescence or radioactive molecules, magnetic properties, or
the intrinsic photoluminescence properties of pSi.
By harnessing one of the natural properties of pSi, one
of the ﬁrst implementation of luminescent pSiNPs was reported by Park and colleagues, carrying the anticancer drug,
doxorubicin.[11] Activation of luminescence was attributed to
quantum conﬁnement eﬀects. Intrinsic photoluminescence
could be witnessed at wavelengths between 650 and 900 nm,
making it suitable for in vivo imaging due to low tissue adsorption and maximum tissue penetration due to the excitation
wavelength in the near-infrared region.[112] The ability to monitor
pSiNPs loaded with doxorubicin over the lifespan of the nanoparticles, provides invaluable information regarding the fate of the
nanoparticles; whether they are able to reach the tumor site or
cleared to MPS organs.
Imaging moieties have been conjugated to or loaded into pSi
carriers and imaged using methods including ﬂuorescence imaging, magnetic resonance imaging, computed tomography, and
positron emission tomography.[35,113]
Some of the disadvantages of ﬂuorescence dyes include photobleaching, fast ﬂuorescence decay, and nonuniform labeling.[114]
Fluorescence labeling could also alter the physicochemical properties of the nanocarrier. Thus, intrinsic luminescence of silicon
nanostructures oﬀers alternatives to ﬂuorophore compounds. Gu
et al. studied the dual functionality of ﬂuorescence and magnetic tracking of doxorubicin-loaded pSi microparticles.[28] Iron
oxide nanoparticles and doxorubicin were incorporated into the
porous matrix. Under a magnetic ﬁeld, in vitro localized delivery of doxorubicin to cancer cells was monitored. Although not
investigated, the two-prong approach could be tracked via both
ﬂuorescence imaging or magnetic resonance imaging (MRI) to
provide theranostic information.
Imaging of pSiNPs by conjugating radiotracers is another
bioimaging route. Ferreira and colleagues engineered drugloaded multifunctional pSiNPs for targeted delivery by attaching a peptide that bound to speciﬁc natriuretic peptide
receptors expressed in cardiac ﬁbroblasts.[106] The nanocarrier
also provided diagnostic information through chelation of the
radioisotope 111-Indium for single-photon emission computed
tomography (SPECT) imaging. The drug-loaded multifunctional
pSiNP was able to elicit cardioprotective potential while providing information on the localization of the nanoparticles in the
ischemic heart in vivo. A similar engineered nanoparticle loaded
with sorafenibwas used for cancer theranostics using a tumourpenetrating iRGD peptide and 111-indium.[115] SPECT imaging
revealed that despite the attachment of the iRGD peptide, the total amount of pSiNPs at the tumor site was minimal. Instead,
when administered locally at the tumor site, the loaded pSiNPs
were retained within the tumor and inhibited tumor growth.
Despite many promising studies in recent years translating in
vitro studies toward in vivo animal studies, the hurdle of translating animal to human studies remains to be an unexplored
territory for theranostic applications. pSi as a theranostic carrier
largely hinges on the development of imaging moieties to better
understand how the biomaterial interacts in the human body.
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Like many other nanocarrier platforms, the in vivo assessment
in humans should aim to take advantage of existing bioimaging equipment, such as MRI and SPECT imaging. With its
tunable surface chemistry, translation of existing surface modiﬁcations on pSi may provide a smoother progression toward a
better understanding of pSi biodistribution in a clinical setting.
Sinha et al. developed a novel gadolinium(Gd)-loaded pSiNPs
to act as a cancer-cell-targeting MRI contrast agent.[113b] {Sinha,
2017 #155} The Gd-pSiNPs were able to target cancer cells
through the conjugation of an epidermal growth factor receptor antibody; providing increased eﬃcacy of cancer-speciﬁc imaging. The vehicle was reported to be signiﬁcantly higher than
any contrast agents based on silicon nanoparticles. Although not
equipped for human in vivo assessment, the development of
novel contrast agents will provide further information in the coming years, hopefully driving pSi toward a clinical setting. Once the
biodistribution and toxicity of modiﬁed pSi is better understood,
the logical step would include incorporating therapeutics within
the porous structure. The system would need to be re-examined
thoroughly in a clinical setting before pSi technology could reach
successful commercialization.
Although still in its infant stages, the dual operation of imaging and drug-delivery paradigms simultaneously make pSi an
attractive candidate for advanced theranostic applications. However, the road to successful commercialization relies on a better
understanding of the interactions between pSi technology and
the human body.

3.6. pSi for Clinical Use
Despite great advances in the application of pSi in health care,
most investigations still remain on the laboratory bench. One
of the reasons for the slow progress in bringing innovative pSi
systems from labs to end-products, is the poor understanding of
their fate and performance in vivo. Several ways of administration
have been explored, including intravenous, oral, ocular, and nasal
routes. But the demonstration of their clinical performance continues to be a challenge mainly due to the high costs and ethical
considerations associated with these studies. Nonetheless, there
are several successful examples of the translation of pSi-based
technology into marketable products. pSiMedica Ltd., UK pioneered these avenues, conducting the ﬁrst-in-man clinical safety
trial in 2006 using a pSi-based therapy, BrachySil.[116] BrachySil
combines pSi with 32 P radioactive isotope for highly targeted radiotherapy. In 2012, this technology was acquired by OncoSil
Medical Ltd. and changed the name to OncoSil. Today, Oncosil
Medical Ltd. is conducting clinical studies (NCT03003078 and
NCT03076216) globally to investigate the performance of Oncosil
for pancreatic cancer treatment, and progressing toward product commercialization. These clinical studies are to reach study
completion by 2020 and 2019, respectively. pSiMedica also initiated the translation of pSi-based products for the treatment of
ophthalmic condition. EyePoint Pharmaceuticals, Inc. MA, USA
(formerly pSivida) has successfully commercialized two FDAapproved products: Iluvien and Retisert.[117]
Another obstacle in the inclusion of the pSi formulations
into the clinics is its manufacture. For its assessment, the
manufacture of the material needs to be scaled-up and
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normalized. The vast majority of published research on drug delivery using pSi is based on the formation of nanoparticles from
thin layers on small pieces of wafers or wafers of small diameter. The number of particles produced this way is relatively small
and, therefore, this has limited the translation into clinics. The
promising recent advances in the ﬁeld have encouraged the development of equipment and processing methods toward the
large-scale manufacture of pSi particles.[118] A few cell designs
have been patented and marketed for anodizing Si one or several
wafers of up to 8-in. diameter, with excellent layer uniformity and
batch-to-batch reproducibility. In addition, good manufacturing
practices and quality management mechanisms should be implemented. To address this concern, pSiMedica Ltd. developed a
ﬁve-stage manufacturing process for the reproducible and reliable production of BrachySil.[119]

4.1. Types of pSi-Based Signal Transduction
4.1.1. Optical Transduction

4. pSi-Based Biosensors
Early detection of malignancies such as cancer, cardiovascular
diseases, and diabetes is one of the main challenges to manage
their progression and treatment. Therefore, the development of
sensing tools able to detect key bioanalytes associated to a speciﬁc
health condition or disease with enhanced selectivity and longterm in vivo performance are urgently needed.
Early diagnostics is mostly based on the timely and accurate detection of biomarkers including small molecules
(metabolites),[120] large molecules (enzymes,[121] DNA,[122]
proteins),[123] and even whole organisms (virus,[36] bacteria).[124]
The detection of these biological agents not only helps clinicians
to diagnose certain health conditions, but also provides critical
insights through the continuum of health care—prevention,
diagnosis, monitoring of treatment eﬃciency, and recurrence of
disease. Despite notable achievements in recent years, there are
still major challenges to overcome in the development of patientfriendly, compliant nanobiosensors to meet the ever-increasing
diversity of biomedical applications.
pSi has been successfully exploited as high-performance
biosensing platform taking advantage of its biocompatibility,
surface tailorability, and reproducibility. In addition, the compatibility with silicon technologies potentially facilitates the
miniaturization and portability of the sensor. The unique optical, electrical, and electrochemical properties of pSi oﬀer wide
opportunities for the design of novel biosensors, and enables the
conversion of a biological recognition event into a measurable
and quantiﬁable signal. In addition, its high surface area provides
an exceptional platform for biomarker detection. The large surface area i) facilitates the accumulation of the analytes; and ii)
enables the detection via a change in the physicochemical properties. Among many available detection mechanisms, the most
common signal transduction are optical and electrochemical
approaches.
The ﬁrst biosensing application of pSi was reported by Thust
et al.[125] They demonstrated the use of pSi as a potentiometric biosensor for the detection of penicillin. However, it was the
pioneering pSi-based optical approach reported by Sailor and
co-workers in 1997 that stimulated extensive research in the
ﬁeld.[126] The induced wavelength shift on the reﬂectivity Fabry–
Pérot fringes displayed by a pSi monolayer was employed to
monitor the several bio-interaction events, including DNA
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hybridization, biotin–streptadivin interactions, and antibody–
antibody interactions. Following this seminal research, great efforts have been made to exploit the use of interferometric biosensors for the detection of clinically relevant bioanalytes. Indeed,
over the past two decades pSi has emerged as a promising nanomaterial for a great number of biosensing applications.[23,127]
Here we describe the basic sensing principles, focusing on pSibased optical and electrochemical biosensors. Diﬀerent strategies for detecting a wide range of clinically relevant analytes are
discussed. Special emphasis is given to the biorecognition element, due to its crucial role in the analytical sensitivity and speciﬁcity of the biosensor.

The remarkable optical properties of pSi, that is, photoluminescence, interferometric reﬂectance, and 1D photonics have enabled the development of high-sensitive label-free biosensors.
Those relying on white light interferometry have become the
most common for the detection of bioanalytes. The interferometric sensing principle relies on the change of the weighted refractive index upon the inﬁltration in the porous structure of a target
bioanalyte. This event can be monitored and quantiﬁed by the
shift of the resonant peaks in the Fabry–Pérot fringe pattern using optical transducers that can be as simple as a single thin layer
or as complex as microcavities, rugate ﬁlters, or waveguides.
The fabrication of multilayered structures with unique optical
structures is possible due to the ability to create layers of diﬀerent porosity by modulating the current density in time. The resulting 1D photonic structures exhibit a photonic band gap with
preventing light reﬂectance at certain wavelengths. The range
of possible 1D pSi photonic crystals include Bragg reﬂectors,[128]
microcavities,[129] and rugate ﬁlters.[127b] In addition, pSi can be
engineered to couple and guide light, rendering resonant structures such as waveguides,[130] resonant rings,[5] and Bloch surface
waves.[131]
In addition, the intrinsic photoluminescence of pSi may be
employed for biosensing by monitoring its changes due to the
presence of target analytes. The seminal discovery of the room
temperature photoluminescence of pSi in the early 1990s[132]
had a profound technological signiﬁcance, and ever since then
this visible light emission has been exploited in the development of innovative biosensors.[133] For instance, photoluminescence quenching has been observed in pSi upon speciﬁc
binding of biomolecules including DNA, proteins, enzymes, and
antibodies.[133b] In recent years, photoluminescence-based pSi
biosensors have been less frequently studied compared to other
types of biosensors. This is possibly due to the fact that photoluminescence measurements are susceptible to errors and interferences as the photoluminescence intensity can be aﬀected by a
variety of factors.[134]
4.1.2. Electrochemical Transduction
Despite the fact that the ﬁrst pSi biosensor was based on electrochemical sensing[125a] and that pSi possesses extraordinary
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electrical and electrochemical properties, electrochemical
transduction has yet not attracted as much research eﬀorts as the
optical counterpart. Electrochemical transduction interprets the
biochemical interactions by a measurable electrical signal, that
is, a change in current, potential, impedance, or conductivity
of the medium. The incorporation of pSi into electrochemical
devices provides a substantially larger surface sensing area
thus potentially improves the sensitivity compared with ﬂat
electrodes.
Potentiometric biosensors enable analyte detection by monitoring the potential diﬀerence between the working and reference electrodes. Following the seminal work by Thust and
colleagues,[125a] various pSi-based potentiometric biosensors have
been demonstrated.[135]
Instead, amperometric and voltammetric approaches measure changes in current upon a redox reaction at the working electrode. Analytes such as DNA, cholesterol, or urea can
exchange electrons as a result of a redox reaction, enabling
their detection.[136] Antibody–antigen interactions can also be detected by amperometry using a redox label, such as ferrocyanide
solution.[137] In addition, the semiconductor properties of pSi
may be employed to detect electrically charged molecules by
means of conductimetry.[138] Further, impedance measurements
allow to monitor changes in resistance or capacitance through
the application of a small sinusoidally varying potential.[139] This
technique directly probes the interfacial properties of the working
electrode, enabling label-free sensing upon the binding of target
analytes. A wide range of analytes including bacteria, antigens,
and toxins have been detected and quantiﬁed by pSi-based impedimetric systems.[140]

4.2. DNA Hybridization Biosensors
The detection of speciﬁc DNA sequences is regarded as a powerful tool for diagnosis and clinical analysis due to its inherent
molecular property. Novel devices based on DNA can help create personalized medical treatments,[141] diagnose a disease (e.g.,
cancer,[142] neurodegenerative diseases),[143] or identify a treatment likely to be eﬀective for a speciﬁc medical condition.[144]
DNA biosensors may also detect and quantify the presence of
bacterial and viral pathogens.[145]
In a DNA hybridization biosensor, a complementary short
single-stranded (ssDNA) probe is typically immobilized on the
surface and employed as a biorecognition element. The DNA–
DNA hybridization forms a double-stranded (dsDNA) helical duplex with the complementary nucleic acid target. This event can
be translated into an optical or electrochemical measurable signal
by the pSi-based transducer.
In the pSi-based optical DNA-sensing, the DNA–DNA hybridization event may be monitored by either a red-shift due
to an increase of the averaged refractive index when the target
DNA reacts with the immobilized nucleic acid probe DNA; or
by a blueshift induced by the corrosion of the pSi nanostructure when the binding event occurs. In their pioneering work,
Sailor and co-workers observed a blueshift that allowed the detection of DNA in the subpicomolar range.[126] The authors attributed this eﬀect to a charge-carrier mobilization phenomenon
induced by biomolecular complexation. This theory has not been
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successfully demonstrated again, but the concept of amplifying
the optical signal by triggering a strong shift in the reﬂectance
spectrum upon a binding event has been pursued in several
studies. Steinem et al. showed that the recognition of DNA–DNA
hybridization could be enhanced by the induced corrosion of the
oxidized pSi surface.[146] They hypothesized that the rigid and
highly negatively charged double-stranded DNA triggered the oxidation and degradation of the pSi matrix. This signal ampliﬁcation strategy enabled the detection of DNA in concentrations
up to 0.1 amol mm−2 . Another example of signal ampliﬁcation
through induced profound changes in the eﬀective optical thickness was reported by Voelcker and co-workers.[15] The authors developed a pSi-based optical DNA sensor that achieved signal ampliﬁcation based on polymer formation. Single nucleotide mismatch diﬀerentiation of DNA strands was demonstrated.
More recently, Segal and co-workers reported an enhancement
approach based on the preconcentration of the target analytes
by isotachophoresis (ITP).[147] ITP is a type of electrophoresis
that relies on the ionic mobility under an applied electric ﬁeld
to separate charged analytes, such as nucleic acids and proteins.
A schematic of the pSi-based device integrated with ITP is shown
in Figure 7. The DNA diﬀusion was enhanced and detection limits of 1 × 10−9 m were achieved, improving the sensor sensitivity
by 1000-fold.[147a] The major restriction of this technique is that
it is limited to charged analytes.
Enhancement of the optical signal has also been approached by
designing sophisticated optical structures, including waveguides,
ring resonators, and Bloch surface waves. These optical structures have the ability to strongly conﬁne the incident light and
increase the light–biomolecule interaction, potentially improving the sensor response, decreasing the amount of analyte volume, and therefore enhancing sensitivity. Weiss and co-workers
have established a pSi waveguide label-free biosensor capable of
achieving high sensitivity for the detection of DNA.[130,148] The
DNA concentration was monitored by the resonance shift, while
no shift was displayed in case of non-complementary DNA. The
limit of detection (LOD) of DNA on this waveguide biosensor
was reported to be 50 × 10−9 m (5 pg mm−2 ).[130] Another photonic crystal geometry proposed for biosensing has been the pSi
nanoring resonators. Rodriguez et al. reported a ring-patterned
pSi waveguide for the speciﬁc and sensitive detection of nucleic
acid molecules.[5] The resonance shift on the transmission spectrum was employed for the selective detection of complementary
DNA with a LOD of 3 × 10−9 m and a sensitivity of 4 pm nm−1 .
The electrochemical transduction based on pSi monitors a hybridization event by detecting a change in the electrochemical behavior of an electroactive compound when the ssDNA attached
to the pSi surface interacts with the target DNA. For instance,
Lugo et al. demonstrated DNA-sensing by monitoring the hybridization through the reversible redox reaction of guanine base
with ruthenium bipyridine.[136b] The anodic peak current was proportional to the concentration of the target DNA, reaching an
exceptionally low LOD of 0.05 × 10−9 m. Vamvakaki and
Chaniotakis implemented a DNA label-free biosensor based on
impedance measurements. The negatively charged probe ssDNA
induced an increase in the dielectric constant that was reversed
in the presence of complementary DNA.[149] By monitoring the
impedance changes at the interface, the DNA hybridization was
monitored.
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Figure 7. A) Schematic representation of the integrated pSi interferometric biosensor combined with ITP technology on a microﬂuidic chip. B–D)
Schematic of the concentration process of target DNA under applied ITP and subsequent binding to the ssDNA-functionalized pSi interferometer. E)
Reﬂectivity spectrum before and after target DNA binding. F) Corresponding increase in the eﬀective optical thickness (EOT) of the pSi biosensor.
Reproduced with permission.[147a] Copyright 2015, Wiley-VCH.

4.3. Immunosensors
The detection of antigens in biological ﬂuids is fundamental
in clinical analysis and medical diagnosis. The speciﬁc, noncovalent interaction between antibodies and antigens has stimulated the development of immunosensors able to detect and
quantify a large range of clinically relevant target analytes including hormones, enzymes, viruses, cancer antigens, and bacterial
antigens.[150]
Immunosensors have certainly played a central role in the
development of biomedical sensors based on pSi. The success
of these biosensors is largely due to the possibility of analyzing small volumes of complex samples with high sensitivity
and low detection limits. In addition, the availability of highly
selective antibodies for an increasing number of key clinical
biomarkers makes the immunosensing approach attractive for
high-throughput, inexpensive, and accurate diagnosis.
The speciﬁc nature of the antibody–antigen interaction can be
exploited to generate a measurable optical signal in an interferometric pSi biosensor. Interferometric immunosensors based on a
range of pSi photonic crystal structures have been demonstrated
for the detection of a variety of analytes of biomedical interest,
including opiates,[151] bacteria,[152] and human immunoglobulin
G (IgG).[123] Signiﬁcant research eﬀorts have been devoted to optimizing the analyte diﬀusion into the pores, the immobilization
chemistry, the signal processing, or the photonic crystal preparation in order to achieve the suﬃcient sensitivity for real clinical
diagnosis.
One of the limitations that conventional pSi-based interferometric biosensors face is the slow diﬀusion of the analytes inside the nanopores, which generates a gradient distribution of
the biomolecule.[153] In order to improve this mass-limited diffusion, Weiss and co-workers proposed to create open-ended
pSi membranes and modify the conventional ﬂow-over setup
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for a ﬂow-through sensing platform, facilitating the analyte solutions to pass through the nanopores. The open-ended device
showed a sixfold improvement compared with the close-ended
one.[127c]
The determination of immunoglobulins may give information
about the function of the immune system or the level of immunity. Li and Sailor reported the use of TiO2 -coated pSi ﬁlms for
the detection of IgG.[59a] This architecture showed higher stability than oxidized pSi and enabled the detection of sheep IgG with
a LOD of 0.6 μg mL−1 . A novel transducer principle based on
the use of enzyme as a label for signal ampliﬁcation was proposed by Szili et al. in 2011 for the detection of IgG.[123] The
radical cation product of the enzymatic digestion of tetramethylbenzidine in the presence of horseradish peroxidase–labeled
antibodies, induced an optical signal enhancement on an
antibody-functionalized pSi interferometer. The ampliﬁed signal
enabled the detection of IgG in amounts as low as 0.2 μg mL−1 .
Advanced optical structures have been also proposed for the detection of IgG. Fauchet and co-workers combined a pSi nanocavity and a waveguide to develop a highly sensitive biosensor.[154]
The performance of the device was tested with the detection of an
IgG antigen, achieving a LOD limit that was estimated to be 1.5 fg
for human IgG molecules. pSi-based voltammetric immunosensors have also been developed for the detection of IgG antigens
to nanogram levels.[137] The detection of the antigen (goat antihuman IgG) was achieved by monitoring the changes in the resistance of the electrode resulting from the antibody–antigen interaction using cyclic voltammetry.
Sensitive biosensing of proteins and antibodies stimulated
research toward the detection of whole-cell organisms such as
viruses and bacteria. Biorecognition of these microorganisms is
of primary global health importance for eﬀective infection control and therapeutic assessments. Immunosensing approaches
have also enabled the detection and quantiﬁcation of whole
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organisms such as viruses and bacteria. Recently, Wu and
co-workers have reported a new strategy based on pore-blockage
for the detection of bacteria. E. coli bacteria was selectively and
rapidly immune-captured on top of the pSi layer, thus reducing
pore accessibility.[155] Bacterial densities between 103 and 107
colony-forming units (cfu) mL−1 were successfully detected. A
direct detection of E. coli K12 bacteria was carried out by pSi
interferometry using a pSi transducer coated with a hydrogel. A
monoclonal antibody (IgG) was immobilized onto the hydrogel
via biotin–streptadivin chemistry. The E. coli cells were captured
onto the hybrid hydrogel/pSi substrates and detected in concentrations in the range of 103 –105 cells mL−1 .[156] In a later
study, Massad-Ivanir et al. demonstrated a more straightforward
mechanism by using an antibody-modiﬁed pSi biosensor. The
LOD achieved was 104 E. coli cells mL−1 .[152]
Das and co-workers have reported the use of pSi-based impedimetric immunosensors for bacteria detection.[140a,157] The macroporous architecture of the transducer acts as a trapping array for
E. coli O157 and enables an optimal current line conﬁnement
through the pores adjacent to the electrodes and provides a wider
spacing of electrodes. The change in impedance as a function of
the bacteria concentration showed a low LOD of 1000 cfu mL−1 .
Recently, the Voelcker group has realized the label-free detection
of MS2 bacteriophage based on nanochannel blockage by means
of electrochemical biosensing.[36,158] Reta et al. established an immunosensor using pSi as a membrane.[36] The selective capture
of MS2 into the antibody-functionalized nanopores caused partial
pore blockage and hindered the diﬀusion of electroactive species
toward the gold electrode. The proportional reduction of the oxidation current intensity allowed the detection of MS2 in concentrations as low as 17 pfu mL−1 .

4.4. Aptasensors
Typically, antibodies have been the most extensively used bioreceptors not only in pSi-based biosensors, but also in other types
of high-performance sensors. Lately, aptamers have advanced as
a promising alternative to overcome the drawbacks of antibodies
such as high cost, large size, and instability. Aptamers are short,
single-stranded DNA or RNA oligonucleotides with high and speciﬁc binding aﬃnity to target analytes due to a 3D conformation
that mimics the function of the antibody.[159]
Over the past decade, aptasensors (i.e., biosensors where the
biorecognition element is an aptamer) have been extensively investigated as an alternative to antibody-based assays due their better stability and, frequently, higher selectivity and aﬃnity than
antibodies.[160] The complete replacement of antibodies seems
quite unlikely, as today there are only a reduced number of established biosensors that use an aptamer as a bioreceptor. However,
a few examples have demonstrated the advantages of using aptamer versus their equivalent antibodies. For instance, Chhasatia
et al. recently compared an aptamer and antibody-modiﬁed pSi
interferometers in the detection of insulin.[161] The result demonstrated a superior pSi biosensing performance of using aptamers
as recognition elements pSi in terms of response value, response
time, and LOD.
Segal and her group have pioneered the use aptamers as capture probes in interferometric pSi-based biosensors.[14,124a,147b,162]
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Urmann et al. reported the integration of aptamers with a
pSi-based transducer, as shown in Figure 8. This approach
enabled the speciﬁc, rapid, and reliable biosensing for both
proteins and bacteria.[14b,124a,162] In a recent study, ArshavkyGraham et al. have integrated electrokinetic ITP with an aptamerimmobilized pSi interferometer in a microﬂuidic device.[147b]
The pre-concentration of the His-tagged target protein combined
with the high capture ability of aptamers have enabled a 1000fold enhancement of the biosensor sensitivity, with a LOD of
7.5 × 10−9 m.
The post-processing of the reﬂectance signal has also allowed
to greatly enhance the protein sensing response in terms of
detection limit and sensitivity. Barillaro and his group employed
a novel signal-processing technique by developing the optical
concept of interferograms average over wavelength (IAW).[163]
This technique relies on the calculation of averaged interferometric values and results in remarkably low detection limits.
The concept was ﬁrst proved for the detection of bovine serum
albumin by nonspeciﬁc adsorption in concentrations ranging
from 150 to 15 × 10−12 m.[163a] More recently, Mariani et al. have
combined the speciﬁc capture of antigens by aptamers with their
advanced signal processing method, IAW, for the detection of
tumor necrosis factor alpha (TNFα), a biomarker of systemic inﬂammation that has been related to a variety of human diseases
including Alzheimer’s, sepsis, and diabetes.[164] pSi interferometers featuring an increased pore diameter (180 nm) improved
the mass-limited diﬀusion of the biomolecules, which combined
with IAW allowed a remarkably low LOD of 200 × 10−12 m.[163a]
This ﬁgure represents a 10 000-fold enhancement compared to
non-ampliﬁed interferometric sensing.
In another example, the detection of human α-thrombin was
realized by using a pSi-based aptasensor. α-thrombin is a serine protease that plays a key role in coagulation and hemostasis
and high levels induce pathological coagulation disorders. Terracciano et al. established a label-free optical obtained by the in situ
synthesis of an α-thrombin capture aptamer on silanized macropSi. The high selectivity and reversibility of the biosensor were
demonstrated, reaching a LOD of 1.5 × 10−9 m.[165]
Zhang et al. reported an impedance aptasensor for the antibiotic tetracycline.[166] The changes in the surface properties upon
the speciﬁc capture of the antibiotic molecule were monitored
by measuring the impedance. A linear relationship between the
impedance and the antibiotic concentration was found across
the range of 2.1–62.4 × 10−9 m. The LOD was reported to be
2 × 10−9 m.

4.5. Enzyme Biosensors
Compared to biosensors focused on antibody–antigen interactions, enzyme-based biosensors are typically regarded as more
sensitive due to their selective binding capabilities and catalytic
activity. Enzyme-based biosensors can enable either the detection
of an enzyme as a target bioanalyte or the detection of a speciﬁc
substrate using an enzyme as a biorecognition element. Enzymes
are biomarkers of clinical interest for the diagnosis of a range
of diseases including cancer, chronic wounds, or cardiovascular
diseases. By immobilizing a substrate on the biosensor, the detection of the activity of an enzyme is achieved by measuring
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Figure 8. A) Schematic illustration of the pSi-based interferometric sensing setup; below, SEM micrographs of the pSi transducer (left) and schematics of
aptamer-functionalized pSi nanopores before and after analyte binding (right). B1–3) Fabry–Perot fringe reﬂectance pattern by white light interferometry
(1) and the corresponding fast Fourier transformation (2). The relative change in EOT was monitored over time (3). Biosensing result was extracted
as the relative change in EOT before and after analyte capture by the aptamer-functionalized pSi ﬁlm (3). Reproduced with permission.[124a] Copyright
2017, Elsevier.

either the catalytic reaction product or the substrate depletion.
Enzymes can also be employed as biorecognition elements. They
have the ability to speciﬁcally turn over a number of clinically relevant substrates such as glucose, cholesterol, and urea. The catalytic biochemical reaction produces detectable species that allow
the quantitative detection of bioanalytes.
Quantitative monitoring of glucose levels in blood has become
one of the most demanded clinical tests due to millions of cases
of diabetes worldwide. The development of glucose biosensors
is also the most successful application of the enzymatic biosensor technology.[167] Electrochemical methods have been extensively investigated to monitor glucose levels. Various research
groups have attempted to apply pSi for glucose detection.[168]
Lopez-Garcia et al. investigated the relationship between current
and glucose concentration at a particular voltage. Both longitudinal and transversal conduction were found to decrease with increasing concentration of immobilized glucose, ranging from 1
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to 1000 μg L−1 .[168d] More recently, Ensaﬁ et al. combined pSi with
various doping metals (i.e., copper, nickel) to develop nanocomposite devices for glucose sensing.[168b,c] These biosensors displayed a wide linear response with a LOD of 0.2 μmol mL−1 .
Protease activity biosensors are used for the study of a variety of
pathologies ranging from cancers to immune diseases to chronic
wounds.[169] In addition, proteolysis has enabled the development
of several concepts for signal ampliﬁcation via triggered corrosion. The enzymatic reaction can directly or indirectly induce
corrosion in the presence of a suitable substrate. This reaction
can potentially produce a profound change in the refractive index of the interferometer, leading to substantial signal enhancement and ultimately to highly sensitive biosensors. For instance,
low picomolar detection of pepsin was achieved by Sailor and coworkers via a colorimetric approach based on the use of pSi rugate ﬁlters.[127b] Protease activity digesting a hydrophilic protein
previously immobilized onto the biosensor surface induced an
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Figure 9. Schematic representation of the disperse-and-collect approach. Magnetic nanoparticles are employed for the antibody-mediated capture of
MMP. Upon binding, magnetic nanoparticles are magnetically captured, while other matrix components are discarded by selective ﬁltering. Magnetic
nanoparticles are incubated on the ﬂuorogenic peptide-modiﬁed pSi microcavity. Then, MMPs cleave the peptide, resulting in an enhanced ﬂuorescence
emission by the pSi microcavity structure. Reproduced with permission.[121] Copyright 2017, American Chemical Society.

optical signal that allowed the detection of protease in concentrations as low as 7 × 10−6 m. At higher concentrations, the change
in the refractive index was intense enough to produce a change
in color observable by the naked eye.
The Gooding group has reported several conceptual studies
for the detection of proteases.[131,170] Kilian et al. exploited the
blueshift generated when a peptide-modiﬁed photonic crystal
was exposed to a protease, causing peptide cleavage and therefore
a decrease in the refractive index.[170a] This, combined with an engineered surface modiﬁcation strategy, allowed the detection of
protease concentrations as low as 37 × 10−9 m. In addition, advanced optical structures such as Bloch surface wave biosensors
have also been used for protease detection. Gupta et al. applied
them for the detection of proteases.[131] The device consisted of a
periodic multilayer Bragg mirror coupled with a truncated defect
layer on top of the Bragg mirror. The bottom layer can be used
as an internal reference to exclude nonspeciﬁc adsorption and
therefore improve sensitivity. In addition, the open-ended wave
layer enhances the protease inﬁltration.[170d] The protease detection was based on the digestion of gelatin immobilized in the pSi
optical structure. The blueshift of the resonant peak was proportional to the concentration of subtilisin. The LOD reported was
as low as 370 × 10−12 m.
Recent work has focused on the development of pSi microcavities biosensors focused on the luminescence enhancement.
This type of photonic crystals has been demonstrated to greatly
increase the sensitivity and improve the detection limits.[171] With
ﬂuorophores or emitters incorporated in the microcavity spacer
as signal transducers, this optical structure conﬁnes the light and
aﬀords enhanced emission according to the Purcell eﬀect. This
mechanism was ﬁrst demonstrated by Palestino et al. by detecting the auto-ﬂuorescent glucose oxidase enzyme through ﬂuorescence enhancement.[172] The authors observed the eﬀect of
the ampliﬁcation of the ﬂuorescence emission in the cavity layer
when compared to single layers and multilayers.
In addition, when the product of an enzymatic reaction is the
generation or quenching of luminescence, photonic microcavities can be used to enhance this signal and signiﬁcantly improve
the biosensor sensitivity. Recently, Voelcker and his group es-
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tablished a few biosensors focused on the ﬂuorescent enhancement induced by pSi resonant structures.[16,121,129,173] This attribute has been exploited to develop ultra-sensitive biosensors.
Krismastuti et al. have shown the detection of matrix metalloproteinase (MMP) enzymes based on the modiﬁcation of the
pSi microcavity with a ﬂuorogenic peptides substrate featuring
both a ﬂuorophore and a quencher.[121,173] Active MMPs recognize and cleave the peptide, leaving the ﬂuorophore moiety
embedded within the microcavity and producing an enhanced
emission. The LOD of MMP was reported to be as low as
7.5 × 10−19 m.[173a] Later, this approach was combined with the
immunocapture of MMPs on antibody-functionalized magnetic
particles for type-selective biosensing (Figure 9).[121] A similar
principle has been employed to detect l-lactate dehydrogenase
(LDH) enzyme on a ﬂuorophore-modiﬁed microcavity substrate.
This biosensor was demonstrated to detect LDH in biologically
relevant concentrations, with a LOD of 0.08 U mL−1 .[16]

4.6. In Vitro and In Vivo pSi-Based Diagnosis
Incorporating biosensors to cell and tissue culture environments
enables investigations and discoveries in cell biology, pharmacology, and cell therapy. In 2006, Sailor and his group ﬁrst developed
the concept of “smart Petri dish” by demonstrating the real-time,
non-invasive monitoring of hepatocyte cells cultured on a pSi
rugate ﬁlter upon exposure to toxins.[174] Cell viability and
morphological changes induced by the exposure of cells to toxins were detectable by measuring the scattered light. A similar method was also employed to detect virus infection in
bacteria.[175] Another approach for the observation of living cells
was developed by Kilian et al.[127a] A pSi rugate ﬁlter loaded with
gelatin hydrogel enabled the monitoring of enzyme secretion in
tissue culture. The proteolytic degradation of the gelatin induced
a strong blueshift in the reﬂectivity peak that allowed the detection of very low detection limits (1 pg). A pSi-based aptasensor
developed by Chhassatia et al. also contributed to the advance of
the smart Petri dish sensors by measuring the detection of insulin secreted by human pancreatic islets.[161]
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Figure 10. Schematic of an interferometric protease biosensor based on pSi microparticles. The so-called microsensors were ﬁlled with polymeric
substrates containing a peptide sequence for MMP. A blueshift in the photonic crystal resonant peak was observed upon proteolytic cleavage of the
peptide sequence. The spectral shift was found to be dependent on the MMP concentration. Reproduced with permission.[170b] Copyright 2015, American
Chemical Society.

Figure 11. Impact to distal organs of subcutaneously implanted pSi rugate ﬁlters and their optical functionality of A) liver and spleen, arrows indicate
increased number of Kupﬀer cells. B) SEM cross-sectional micrographs of the pSi rugate ﬁlters before and after implantation. C,D) Implanted pSi rugate
ﬁlter reﬂectance through mouse skin. E) pSi rugate ﬁlter reﬂectance spectra read through the skin and water, and the reﬂectance of a blank skin section.
Reproduced with permission.[23] Copyright 2016, Elsevier.

pSi photonic microparticles formed by fracture of freestanding pSi crystals (so-called “smart dust”) have been proposed for
the detection of enzymes and single-cells.[13,176] These microparticles display the same optical and physicochemical properties as
freestanding ﬁlms, as demonstrated by Guan et al.[176a] They can
be spectroscopically monitored and their surface chemistry can

Adv. Therap. 2019, 2, 1800095

be modiﬁed to attach bio-recognition elements. In addition, the
ability of antibody-functionalized pSi microparticles to selectively
detect HeLa cells has been demonstrated.[13] Gupta et al. reported
a hybrid polymer-pSi microparticle system for the label-free
detection of MMPs. Nanopores ﬁlled with peptide-based polymers acted as protease substrates. Proteolytic cleavage of the
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peptide resulted in an ampliﬁed blueshift that enabled the detection of MMP-9 in levels as low as 0.37 × 10−12 m. The proteolytic cleavage of the substrate caused a shift on the reﬂectivity
spectrum of the microsensor dependent on the enzyme concentration, as depicted in Figure 10.[170b]
Until now, pSi has been extensively demonstrated to oﬀer a
promising way to detect target bioanalytes in vitro or in puriﬁed body ﬂuids. However, the successful translation of these
research ﬁndings into implantable devices for clinical practice
must be validated with in vivo investigations. A study toward implantable pSi photonic crystals was ﬁrst reported by Voelcker and
co-workers.[12] The optical reﬂectance of oxidized microcavities
was ﬁrst monitored though animal cadaver skin. This work provided fundamental understanding of the requirements for the
successful design of implantable pSi biosensors. However, for
long-term in vivo implantable applications, the hydrolytic stability of the pSi layer under physiological conditions is a major concern. Among the available approaches to improve the stability of
pSi, THC has become the method of choice to create silicon surfaces that are stable for weeks. Tong et al. recently showed for
the ﬁrst time that carbonized pSi surfaces are not only highly
biocompatible but also optically functional in vitro and in vivo
(Figure 11).[23] The optical reﬂectance of the pSi photonic crystal
was demonstrated to be non-invasively measurable in both labon-a-chip and subcutaneous settings.

5. Conclusions and Perspective
In conclusion, pSi is an exciting biomaterial that has been in
the spotlight to combat various limitations that are present in
biomedical applications. This review focuses on the diﬀerent applications of pSi in nanomedicine, that is, therapy and diagnosis.
Throughout the last decade, the creation of a host of diﬀerent
pSi-based structures can be fabricated with high precision and
modiﬁed with suitable chemical and physical properties. pSi is
a diverse biomaterial, owing to many unique features such as,
tunable porosity and pore size, convenient and well-established
surface chemistry, high loading capacity, biodegradability, and
biocompatibility. These properties allow for pSi to be an attractive
candidate in moving forward toward the development of more advanced drug-delivery systems and sensors to meet future needs
in biomedical applications.
From a drug-delivery perspective, the unique properties of pSi
hold many advantages over other organic or inorganic materials. With recent interest in the incorporation of active targeting
ligands and multifunctional nanoparticles for theranostic application, pSi presents itself as a frontrunner. The readily accessible surface area of pSi allows for modiﬁcations for controlled
release and the conjugation of targeting moieties to target diﬀerent disease states. This review has shown that pSi can be used
in a variety of drug-delivery applications, including gene therapy, chemotherapy, antimicrobial applications, wound healing,
and cardiovascular diseases. Over recent years, there have been
many promising studies on the in vitro and in vivo biocompatibility of pSi, although its translation into a clinical setting remains
to be relatively unexplored. Although pSi degradation leads to the
nontoxic by-product of orthosilicic acid, further understanding
on any adverse eﬀects combined with diﬀerent surface modiﬁcations is paramount to the success of pSi.

Adv. Therap. 2019, 2, 1800095

From a diagnostics perspective, the biosensing capabilities
of pSi have been eﬀectively extended to the detection of clinical biomarkers, including glucose, DNA, immunoglobulins, bacteria, and viruses. Over the last decade, major advances have
been achieved in terms of sensitivity, speciﬁcity, and reproducibility, thus validating the potential of pSi-based diagnostic devices.
However, there are still numerous challenges to overcome for the
successful translation into commercially available medical devices able to test complex biological ﬂuids. This may be achieved
by engineering the surface chemistry of the pSi devices to improve their long-term robustness and stability, minimize biofouling and nonspeciﬁc adsorption of interfering species, and incorporate novel highly speciﬁc bioreceptors. The integration of pSi
into microﬂuidic devices may also assist analyte diﬀusion into the
pores and therefore improve the sensitivity and response time.
We also expect to see further research aimed at developing existing microarray technologies toward miniaturization and multiplexing, thus meeting the demands of healthcare diagnostics
and paving the way for the design of real-time wearable and implantable biosensors.
Here, we have presented an overview of the most recent advances in the use of pSi for biomedical applications. These investigations have demonstrated promising and remarkable progress
in the use of pSi for the delivery of therapeutics and the detection
of clinical biomarkers. However, signiﬁcant technical and commercial challenges still lie ahead.
Thus, further exploration into the clinical performance of pSi,
as well as the toxicity and side eﬀects of pSi nanostructures
still needs to be conducted before this technology is ready for
translation.
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J. Salonen, J. Hirvonen, C. Caramella, H. A. Santos, Eur. J. Pharm.
Biopharm. 2014, 88, 635.
[77] a) R. D. Joerger, Poult. Sci. 2003, 82, 640; b) L. Wang, C. Hu, L. Shao,
Int. J. Nanomed. 2017, 12, 1227; c) M. J. Hajipour, K. M. Fromm,
A. A. Ashkarran, D. J. de Aberasturi, I. R. de Larramendi, T. Rojo, V.
Serpooshan, W. J. Parak, M. Mahmoudi, Trends Biotechnol. 2012, 30,
499.
[78] R. B. Vasani, E. J. Szili, G. Rajeev, N. H. Voelcker, Chem.-Asian J.
2017, 12, 1605.
[79] S. Ono, R. Imai, Y. Ida, D. Shibata, T. Komiya, H. Matsumura, Burns
2015, 41, 820.
[80] M. H. Kafshgari, A. Cavallaro, B. Delalat, F. J. Harding, S. J. P.
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N. Di Girolamo, M. Gal, K. Gaus, J. J. Gooding, Nano Lett. 2009, 9,
2021; b) M. M. Orosco, C. Pacholski, G. M. Miskelly, M. J. Sailor,
Adv. Mater. 2006, 18, 1393; c) Y. Zhao, G. Gaur, S. T. Retterer, P. E.
Laibinis, S. M. Weiss, Anal. Chem. 2016, 88, 10940.
[128] a) P. A. Snow, E. K. Squire, P. S. J. Russell, L. T. Canham, J. Appl. Phys.
1999, 86, 1781; b) L. Moretti, I. Rea, L. De Stefano, I. Rendina, Appl.
Phys. Lett. 2007, 90, 191112.
[129] S. N. A. Jenie, Z. Du, S. J. P. McInnes, P. Ung, B. Graham, S. E. Plush,
N. H. Voelcker, J. Mater. Chem. B 2014, 2, 7694.
[130] G. Rong, A. Najmaie, J. E. Sipe, S. M. Weiss, Biosens. Bioelectron.
2008, 23, 1572.
[131] H. Qiao, B. Guan, J. J. Gooding, P. J. Reece, Opt. Express 2010, 18,
15174.
[132] L. T. Canham, Appl. Phys. Lett. 1990, 57, 1046.
[133] a) V. M. Starodub, L. L. Fedorenko, A. P. Sisetskiy, N. F. Starodub,
Sens. Actuator B-Chem. 1999, 58, 409; b) G. D. Francia, V. L. Ferrara,
S. Manzo, S. Chiavarini, Biosens. Bioelectron. 2005, 21, 661; c) J. S.
Michael, C. W. Elizabeth, Adv. Funct. Mater. 2009, 19, 3195.
[134] A. Jane, R. Dronov, A. Hodges, N. H. Voelcker, Trends Biotechnol.
2009, 27, 230.

1800095 (24 of 25)


C

2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advtherap.com

[135] a) R. R. K. Reddy, I. Basu, E. Bhattacharya, A. Chadha, Curr. Appl.
Phys. 2003, 3, 155; b) S. Setzu, S. Salis, V. Demontis, A. Salis, M.
Monduzzi, G. Mula, Phys. Status Solidi A 2007, 204, 1434.
[136] a) M.-J. Song, D.-H. Yun, N.-K. Min, S.-I. Hong, J. Biosci. Bioeng.
2007, 103, 32; b) J. E. Lugo, M. Ocampo, A. G. Kirk, D. V. Plant, P.
M. Fauchet, J. New Mater. Electrochem. Syst. 2007, 10, 113.
[137] D. Prabhakar, V. Kumari, S. Islam, Sci. Adv. Mater. 2012, 4, 121.
[138] M. Archer, M. Christophersen, P. M. Fauchet, Biomed. Microdevices
2004, 6, 203.
[139] N. J. Ronkainen, H. B. Halsall, W. R. Heineman, Chem. Soc. Rev.
2010, 39, 1747.
[140] a) R. D. Das, A. Dey, S. Das, C. R. Chaudhuri, IEEE Sens. J. 2011, 11,
1242; b) O. Meskini, A. Abdelghani, A. Tlili, R. Mgaieth, N. JaﬀrezicRenault, C. Martelet, Talanta 2007, 71, 1430; c) C. A. Betty, Biosens.
Bioelectron. 2009, 25, 338; d) H. Ghosh, C. R. Chaudhuri, Appl. Phys.
Lett. 2013, 102, 243701.
[141] S.-J. Dawson, D. W. Y. Tsui, M. Murtaza, H. Biggs, O. M. Rueda, S.-F.
Chin, M. J. Dunning, D. Gale, T. Forshew, B. Mahler-Araujo, S. Rajan,
S. Humphray, J. Becq, D. Halsall, M. Wallis, D. Bentley, C. Caldas,
N. Rosenfeld, N. Engl. J. Med. 2013, 368, 1199.
[142] S. Couraud, F. V. Vaca Paniagua, S. Villar, J. Oliver, T. Schuster,
H. Blanche, N. Girard, J. Tredaniel, L. Guilleminault, R. Gervais,
N. Prim, M. Vincent, J. Margery, S. Larive, P. Foucher, B. Duvert, M. Vallee, F. Le Calvez-Kelm, J. McKay, P. Missy, F. Morin,
G. Zalcman, M. Olivier, P. J. Souquet, Clin. Cancer Res. 2014.
https://doi.org/10.1158/1078-0432.CCR-13-3063
[143] P. L. De Jager, G. Srivastava, K. Lunnon, J. Burgess, L. C. Schalkwyk,
L. Yu, M. L. Eaton, B. T. Keenan, J. Ernst, C. McCabe, A. Tang, T.
Raj, J. Replogle, W. Brodeur, S. Gabriel, H. S. Chai, C. Younkin, S. G.
Younkin, F. Zou, M. Szyf, C. B. Epstein, J. A. Schneider, B. E. Bernstein, A. Meissner, N. Ertekin-Taner, L. B. Chibnik, M. Kellis, J. Mill,
D. A. Bennett, Nat. Neurosci. 2014, 17, 1156.
[144] E. J. Lipson, V. E. Velculescu, T. S. Pritchard, M. Sausen, D. M. Pardoll, S. L. Topalian, L. A. Diaz, J. Immunother. Cancer 2014, 2, 42.
[145] R. Singh, M. D. Mukherjee, G. Sumana, R. K. Gupta, S. Sood, B. D.
Malhotra, Sens. Actuator B-Chem. 2014, 197, 385.
[146] C. Steinem, A. Janshoﬀ, V. S. Y. Lin, N. H. Völcker, M. Reza Ghadiri,
Tetrahedron 2004, 60, 11259.
[147] a) R. Vilensky, M. Bercovici, E. Segal, Adv. Funct. Mater. 2015, 25,
6725; b) S. Arshavsky-Graham, N. Massad-Ivanir, F. Paratore, T.
Scheper, M. Bercovici, E. Segal, ACS Sens. 2017, 2, 1767.
[148] X. Wei, S. M. Weiss, Opt. Express 2011, 19, 11330.
[149] V. Vamvakaki, N. A. Chaniotakis, Electroanalysis 2008, 20, 1845.
[150] a) D. R. Shankaran, K. V. Gobi, N. Miura, Sens. Actuator B-Chem.
2007, 121, 158; b) D. Ivnitski, I. Abdel-Hamid, P. Atanasov, E.
Wilkins, Biosens. Bioelectron. 1999, 14, 599; c) J. Wang, Biosens. Bioelectron. 2006, 21, 1887; d) S. Luca De, I. Rendina, A. M. Rossi,
M. Rossi, L. Rotiroti, S. D’Auria, J. Phys. Condens. Matter 2007, 19,
395007.
[151] L. M. Bonanno, T. C. Kwong, L. A. DeLouise, Anal. Chem. 2010, 82,
9711.
[152] N. Massad-Ivanir, G. Shtenberg, A. Tzur, M. A. Krepker, E. Segal,
Anal. Chem. 2011, 83, 3282.
[153] S. Luca De, D. A. Sabato, J. Phys. Condens. Matter 2007, 19,
395009.
[154] S. Pal, E. Guillermain, R. Sriram, B. L. Miller, P. M. Fauchet, Biosens.
Bioelectron. 2011, 26, 4024.
[155] Y. Tang, Z. Li, Q. Luo, J. Liu, J. Wu, Biosens. Bioelectron. 2016, 79, 715.
[156] N. Massad-Ivanir, G. Shtenberg, T. Zeidman, E. Segal, Adv. Funct.
Mater. 2010, 20, 2269.
[157] R. D. Das, N. Mondal, S. Das, C. R. Chaudhuri, IEEE Sens. J. 2012,
12, 1868.
[158] D. Brodoceanu, H. Z. Alhmoud, R. Elnathan, B. Delalat, N. H. Voelcker, T. Kraus, Nanotechnology 2016, 27, 075301.
[159] a) A. D. Ellington, J. W. Szostak, Nature 1990, 346, 818; b) C. Tuerk,

Adv. Therap. 2019, 2, 1800095

[160]

[161]

[162]
[163]

[164]

[165]

[166]
[167]
[168]

[169]

[170]

[171]
[172]
[173]

[174]
[175]
[176]

[177]

L. Gold, Science 1990, 249, 505; c) S. D. Jayasena, Clin. Chem. 1999,
45, 1628.
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