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A B S T R A C T

Metal-assisted chemical etching (MACE) affords porous silicon nanostructures control over size,
shape, and porosity in a single step. Simplicity and flexibility are potential advantages over more
traditional silicon bulk micromachining techniques. MACE-generated porous micro- and nanos-
tructures are suitable as biomaterials through their length scales and biocompatibility.
This work provides a comprehensive overview of the MACE reaction mechanism that yields

biomedically relevant silicon nanostructures – from nanowires, nanopillars, to sub-micrometer
holes and pores. We discuss their biomedical applications in biosensors, cell capture and trans-
fection arrays, and drug delivery vectors. We assess the reported benefits of the various nanos-
tructures and discuss whether MACE provides clear and distinct advantages over other techni-
ques.
The flexibility and simplicity of MACE comes at a cost. The reaction parameters are many and

inter-related, and we lack a full model of the etching mechanism. While the cathode reaction is
well understood, the anode reaction involving dissolution of the silicon remains controversial.
Such uncertainties impede rational design of specific structures that address biomedical re-
quirements. We summarize current understanding to provide design guidelines for structures
used in biomedicine and review the effects of key parameters on the morphological attributes of
the etched features.

1. Introduction

Nanostructured silicon-based materials have been developed and used for applications in biology and biomedicine, as advanced
bio-sensing devices [1], imaging contrast agents [2], therapeutic delivery systems [3], implantable devices [4], and tissue en-
gineering scaffolds [5,6]. A common and useful set of categories for structured silicon materials includes nano- and mesoporous
silicon in its particulate form, and free-standing high-aspect-ratio nanostructures, including deep trenches and grooves. Each of these
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structures has proved useful for certain biomedical applications.
Porous silicon prepared by anodic etching has a surface area>500 m2/g [7] and can therefore carry a large therapeutic payload.

It can be fragmented into nanoparticles that deliver the payload across the blood–brain barrier (BBB) [8] or to specific organs such as
the liver, lungs, kidneys, and bone marrow [9]. Porous silicon particles have been successfully implanted for long-term sustained
release of therapeutics, recently commercialized for sustained delivery of drugs in the eye (see EyePoint Pharmaceuticals Inc.) [10].
Porous silicon has also been applied for biosensing, where the optical properties of multilayered porous silicon are used in high-
sensitivity optical bio/chemo-sensing devices [11]. The photoluminescence of porous silicon nanoparticles has been exploited for
contrast agents that can deliver therapeutic payloads and self-report their position [12].

High-aspect-ratio (AR) elongated silicon nanostructures with diameters of 10–500 nm – such as nanowires, nanopillars, and
nanorods – have been used in biosensing, where field-effect transistors (FETs) detect trace amounts of biological agents with sen-
sitivity down to single molecules [13]. These high-AR nanostructures can also directly interface with biological cells by gaining access
to the cytosol and sensing pH or delivering genetic materials [14–16]. Their cell–nanostructure interactions have been exploited to
push cells down particular differentiation pathways and induce behavioral changes by mimicking the effects of extra-cellular matrices
[5]. Deep trenches and grooves in flat silicon are used as microfluidic channels to capture [17] and lyse [18] cells for further analysis.

In the last decades, anodic etching of silicon has been the method of choice for fabricating porous silicon, while deep reactive ion
etching (DRIE) was used to etch high-AR silicon micro- and nanostructures, such as microfluidic channels, nanowires, and nanorods.
But biomedical devices that rely on silicon-based functional elements often require well-defined high-AR nanostructures that are also
porous and cannot be fabricated using DRIE alone. Metal-assisted chemical etching (MACE) has the potential to deliver both high-AR
structures and introduce defined porosity in a single step. Silicon etching in MACE is guided by a metal layer that catalyzes the
dissolution of silicon locally in the presence of fluoride ions and an oxidizer in an etchant solution. This local etching mechanism
provides an anisotropy in etching rate that is hard to achieve in other wet silicon etches [19]. Succinctly put, while DRIE remains the
gold standard for the well-controlled high-precision etching of geometries in MEMS and microelectronics, MACE provides com-
parable aspect ratios using much simpler infrastructure (no plasma reactor required) with the capability of tuning porosity during the
etch, even in metallurgical-grade silicon.

Exploiting MACE’s potential, however, has its challenges. The MACE reaction is complex, and small changes in conditions can
significantly alter the geometry of the final nanostructures. Many of the conditions are inter-related. Any attempt to design silicon
nanostructures for fabrication with MACE needs to be guided by a comprehensive understanding of the technique and the factors
affecting it, coupled with careful consideration of the reaction conditions required.

This review assesses the literature to provide a convergent view of the mechanism governing the MACE reaction specifically at the
anode and summarizes the silicon nanostructures that are accessible through MACE in light of their significance in developing
biomedical materials and devices. This is followed by a detailed discussion of the various strategies used for specific nanostructures.
We condense the results of the aforementioned discussion into a general guide. The guide is designed to allow the reader to navigate
the complex and interrelated set of reaction parameters and help choose the appropriate set of reaction conditions to achieve the
desired etch profiles in terms of generating porosity, controlling the etching anisotropy, and increasing the etch rate to achieve high-
AR nanostructures. The guide discusses the sometimes-conflicted reports in the literature and provide practical advice at the end of
each subsection. In the final section, we present an overview of the biomedical literature where MACE was used as a main fabrication
strategy for developing sensors, cell–material interfaces, and in therapeutics delivery; and we report where each of the silicon
nanostructures was used as a functional element.

2. Silicon nanostructures accessible through MACE

The MACE reaction allows for the transfer of a catalyst metal pattern into bulk silicon. Many structures can be realized, depending
on which technique is used to deposit the metal catalyst layer, which pattern (if any) is imprinted into the metal layer, and which
etching conditions are chosen. Depending on conditions, for example, randomly deposited isolated metal islands can produce cy-
lindrical holes perpendicular to the surface or holes with helical profiles [20].

In dry etching, a mask is transferred vertically into the bulk. This is possible in MACE, too [21,22], but the method enables more
complex geometries. In DRIE, changing the etched structure implies changing the mask. DRIE process parameters are varied within
narrow windows to smoothen the sidewalls or change their angles [23]. In MACE, the same mask can lead to very different structures
when parameters such as substrate crystallography or etchant composition are modified; possible products include zigzag etching
profiles or slanted sidewalls [24,25]. Depending on the conditions, etching in MACE may occur in areas not covered by the catalyst
metal (“off-metal”), introducing porosity [26]. The dry etching chemistry of DRIE does not provide such flexibility; precision is its
main strength.

In the following sections, we review biomedically relevant silicon nanostructures that were produced using MACE as the primary
fabrication method. We cover high-AR nanostructures such as random and patterned nanowires, nanopillars, and nanocones. We
discuss the fabrication of porous silicon without using an external current via metal catalysis and introduce high-AR trenches and
grooves for microfluidic channels in flat substrates.

2.1. Porous silicon

2.1.1. Micro/meso-porous silicon
Formation of mesoporous silicon by MACE was first reported by Li et al. [26], who deposited platinum particles on weakly doped
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p-type silicon substrate in HF/H2O2. The Pt particles borrowed into the silicon substrate and formed cylindrical macropores (“on-
metal”). The adjacent, metal-free (“off-metal”) areas featured micropores (~2 nm in diameter, ~5–10 nm in depth). When the
authors etched highly doped p-type substrates under the same conditions, they found deeper pores and larger mean pore diameters
(≥5 nm diameter,> 200 nm depth) covering the off-metal areas.

Later studies showed that the silicon close to the catalytic metal can also become meso- and microporous. When etching random
silicon nanowires (SiNWs) (Section 2.2.1) using Ag catalysis on highly doped p-type silicon, Hochbaum et al. [27] noticed the
formation of mesopores with diameters of 2–20 nm and a mean diameter of 9.7 nm along the SiNW sidewalls. Lin et al. [28] reported
formation of the same mesopores along the sidewalls of random SiNWs etched into n-type silicon. The authors correlated the degree
of mesopore formation with the concentration of the oxidizer in the etching solution.

Chiappini et al. [29] fabricated SiNWs with alternating segments of different porosity along the SiNW main axis. These segments
were created by periodically alternating the composition of the etching solution between high and low oxidant concentration. The
authors also formed porous channels that ran either parallel or perpendicular to the main axis of the SiNWs, depending on reaction
parameters (Section 3.2). Surfactants allowed the porosification front to extend far beyond the MACE etching front, creating porous
SiNWs on a porous silicon layer on top of bulk silicon.

Mesopores produced by anodic silicon etching or MACE can exhibit photoluminescence that is useful for biomedical applications

Fig. 1. Random arrays of SiNWs made by the MACE process at increasing concentrations of H2O2. (a–c) 0.1 M, (d–f) 0.2 M, (g–i) 0.3 m, (j–l) 0.4 M,
and (m–o) 0.5 M H2O2. The leftmost and middle panels show top-view and cross-sectional SEM micrographs of the SiNW arrays respectively. The
rightmost panels show high-resolution TEM micrographs of individual SiNWs clearly showing the increase in porosity as [H2O2] increases. Figure
adapted with permission from Lin et al. [28] Copyright (2010), Springer Open.
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[30]. Lin et al. [28] etched random SiNWs using successively increasing concentrations of H2O2 (Fig. 1) and found an increase in the
mean size and the number of mesopores along the SiNW sidewalls, in agreement with Chiappini et al. [29] As the porosity increased,
the intensity of the measured photoluminescence increased proportionally, appearing as a broad emission band spanning the
600–900 nm region of the optical spectrum. The photoluminescence of SiNWs made with 0.5 M [H2O2] was 35 times that with 0.1 M
[H2O2] and was red-shifted. Porosity, photoluminescence intensity, and red-shifting for SiNWs also increased with etching times, as
later corroborated by Adhila et al. [31].

2.1.2. Holes and pits (macro-porous silicon)
Holes or pits with diameters> 50 nm form when metal catalyst particles burrow into the silicon substrate through direct MACE

etching rather than secondary etching processes that lead to the formation of mesopores. These holes or pits are sometimes referred to
as “etch-track” pores or “etch-track” pits and have diameters close to those of the catalytic metal particle. The catalytic particles
remain at the bottom of the holes after etching. Li et al. [26] were the first to etch holes using discontinuous metal layers on p-type
silicon. They deposited very thin layers (< 10 nm) of Au, Pt, or Au/Pd on flat silicon and immersed the substrates in HF/H2O2. The
morphology of the resulting holes depended on the catalyst and the substrate doping. Later, Chattopadhyay, Li, and Bohn reported on
MACE of porous p-type silicon using sputtered Pt nanoparticles as catalysts [32], and Yae and colleagues reported the formation of
holes in n-type silicon [33]. Holes with diameters ranging from 100 to 800 nm were created on catalyst (Pt) coated areas, while the
“off-metal” areas formed photoluminescent microporous layers. Hadjersi and colleagues used Na2S2O8 and KMnO4 in the presence of
HF with discontinuous layers of Ag, Au, or Pd [34] to form holes in highly resistive p-type silicon. Highly resistive silicon is very
difficult to porosify using conventional electrochemical anodization.

Chartier et al. [35] studied the effect of etchant composition on the etching mode of Ag nanoparticles on flat silicon. Reducing the
ratio of HF/H2O2 led to the formation of porous layers with sizes ranging from mesopores to macropores, etched craters, and, finally,
polished silicon. Increasing the ratio of HF/H2O2 resulted in well-defined vertical straight holes matching the diameter of the cat-
alyzing Ag nanoparticles.

Ordered silicon macropore arrays were first prepared via MACE in 2009 [36] using nanosphere lithography. In 2012 [37] the
same group reported on the non-catalytic post-MACE etching of MACE-derived pores in silicon (1 1 1) using tetramethylammonium
hydroxide (TMAH) that changed the pores’ cross-sections from circular to hexagonal and finally triangular. The authors also de-
scribed the formation of square-profile macropores of ~2 µm diameter in (1 0 0) silicon. Pores with diameters< 100 nm were
directly prepared by MACE with a Ag catalyst [38] patterned by an anodic aluminum oxide (AAO) mask.

In 2013, Brodoceanu et al. [39] etched arrays of large holes using a variation of colloidal lithography and MACE. Metal-coated,
self-assembled polystyrene nanospheres were thermally decomposed to produce hexagonally arranged metal particles, but the re-
sulting pores were often not straight (Section 3.3.2). To create straight and parallel holes, the same group assembled monolayers of
submicron polystyrene spheres on Au-coated silicon substrates, and sputter-etched the particles and the underlying metal layer to
obtain Au discs with well-defined edges and tunable diameters of 0.4–1.0 µm (Fig. 2) [40]. The discs were used as catalysts for MACE
to achieve ultra-dense arrays of cylindrical holes in silicon with smooth walls and aspect ratios up to 5.0, which they used as
electrochemical impedance spectroscopy (EIS) based biosensors, as enzyme nano-reactors, and as molds for generating micro-
structured polymer surfaces [39].

Fig. 2. Particle-based patterning and MACE combined. (a) Deposition of polystyrene spheres on an Au-coated silicon surface. (b) Au-discs obtained
after sputter-etching. (c) Ordered holes following MACE. SEM micrographs of (d) the polystyrene particle monolayer, (e) etched Au discs, and (f)
ordered holes in silicon after MACE. Figure adapted with permission from Brodoceanu et al. [40] Copyright (2015), American Chemical Society.
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2.2. High-AR nanostructures

2.2.1. Random SiNWs
Randomly distributed and vertically aligned silicon nanowires (SiNWs) have been some of the earliest structures fabricated

through MACE. This is due to the simplicity of the process and its reaction kinetics. They are usually referred to as “nanowires” or
“nanowhiskers” due to their morphology; these nanostructures require no patterning steps to form. The SiNWs typically have mean
diameters< 300 nm and lengths from a few hundred nm all the way to 50 µm or more.

There are two classes of MACE processes available to obtain random SiNWs: one-step processes where the catalytic metal layer is
deposited concurrently with the etching reaction and two-step processes where the metal is deposited in a separate step that is
followed by etching. In a typical one-step etch, a noble metal salt such as AgNO3 or HAuCl4 is dissolved in a mixture of HF and solvent
(e.g. water, ethanol). Oxidizers such as H2O2 or HNO3 may be added to increase the reaction rate. A flat silicon substrate is then
immersed and acts as a reducing agent in the presence of HF. It reduces metal ions that form nano-scaled islands across the silicon
surface. In the case of AgNO3, agglomeration forms self-assembled dendritic structures on the sample surface (Fig. 3a) [41]. The
metal agglomerates burrow into the silicon bulk, forming the SiNWs where the metal-free spaces between the agglomerates used to be
(Fig. 3b). If no oxidizer is added, the reduction of the metal ion acts as an electron sink for the etch (e.g. Ag+ + e− → Ag(s) in HF/
AgNO3/H2O [42]) while the presence of an oxidizer may enhance the etch rate by increasing the rate of silicon oxidation (e.g
H2O2 + 2H+ + 2e− → 2H2O in an HF/AgNO3/H2O2 etchant [43]).

A notable approach to one-step etching is reported by Kolasinski et al. [44,45] who used Vanadium metal ions as MACE catalysts
and oxidizers in a metal salt solution containing H2O2 as a secondary oxidizer. The Vanadium(V) species is reduced on the surface of
an exposed silicon particulate to V(IV), causing silicon oxidation and dissolution. The V(IV) species is then regenerated back to V(V)
through the reduction of H2O2. As a result, random silicon wires with deep pores are achieved, and the reaction kinetics can be
controlled by the concentration of H2O2 in solution. This type of reaction blurs the line between conventional MACE and stain etching
and demonstrates the strong similarities between the two.

In a typical two-step approach, metal is first deposited on the silicon, often using physical vapor deposition (PVD) that provides
good control over film thickness and metal adhesion [46] but adds complexity [47]. The metal then acts as catalyst in HF/H2O2/
solvent. The two-step process can also benefit from parameter fine-tuning to access additional morphological features. By selecting
appropriate substrate crystallography (e.g. (1 1 1) substrate) and decreasing oxidizer concentration, the etching direction can be
directed along the (1 0 0) orientation in order to etch tilted SiNWs. Altering the oxidizer concentration periodically can also yield
SiNWs with zigzag morphologies (Section 3.3.2) [24]. This is not possible using the single-step process, since oxidation potential is
constrained by the initial metal ion concentration. That being said, the single-step process is not completely random, and does afford
some measure of control over morphological features such as mean SiNW diameter by carefully tuning the reaction conditions. Chen
et al. [48] manipulated the diameter of single-step etched SiNWs by altering the temperature, [AgNO3], and [HF]. For example,
105 ± 34 nm mean diameter was obtained when [AgNO3] = 20 mM, [HF] = 10.4 M at 50 °C, while 254 ± 29 nm was the mean
diameter when [AgNO3] = 10 mM, [HF] = 4.6 M, at 30 °C.

Both one-step and two-step processes are applicable to p- and n-doped silicon: Wang et al. [49] reported successful fabrication of
random SiNWs on both p- and n-type silicon using the two-step fabrication method with either Ag or Au while the one-step process
was demonstrated successfully on both p-type [43] and n-type silicon [50]. Regardless of which process used for fabrication, random
SiNWs have been used in many applications: as sensing elements based on gated conduction of current along the SiNWs for gas
detection, as functional substrates for surface-enhanced Raman spectroscopy [51,52], and as molds for other nanostructures [53].
The quasi-1D geometry of SiNW leads to unusual electrical properties that have been utilized in thermoelectric converters [54],

Fig. 3. SEM micrographs showing cross-sections of random SiNWs etched on a p-type 5 Ω cm sample. (a) SEM micrograph of Ag self-assembled
dendritic structures formed on top of the SiNWs array after etching in 4.6 M HF and 0.01 M AgNO3 for 30 min. (b) Shows a zoomed-in view of the
SiNWs array, where the Ag agglomerates that catalyzed the etching appear embedded between the individual SiNWs. Figure reprinted from Smith
et al. [41] Copyright (2013), with permission from Elsevier.
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photocatalysts [55], and electrodes for energy storage [56]. In biology, surfaces covered with SiNWs exhibited antibacterial prop-
erties [57–61] and interacted with mammalian cells to cause adhesion or differentiation [62]. Porous SiNWs have also been used for
drug delivery [63].

2.2.2. Patterned SiNWs
Regular arrays of SiNWs are made by patterning catalytic metal films through standard lithography or self-assembled colloidal

masks. The anisotropy of the MACE reaction transfers the pattern into the silicon substrate at appropriate etchant composition,
catalyst layer, and substrate crystallographic orientation (Section 3.3).

A straightforward route to regular patterns is “colloidal sphere lithography”, based on self-assembled colloids that mask the

Fig. 4. A schematic diagram of the fabrication of ordered SiNWs using colloidal lithography and metal assisted etching. Reprinted from Peng et al.
[64], with permission of AIP Publishing (2007).
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vacuum deposition of metal. Once the spheres are removed, a discontinuous metal layer remains for MACE. The approach was first
reported by Peng et al. [64], who used a colloidal silica monolayer as a shadow mask (Fig. 4a) for deposition of Ag or Au layers on flat
silicon (Fig. 4b and c). Etching in HF/H2O2 yielded periodically arranged, diameter-controlled SiNWs with a wide range of diameters,
lengths, and packing densities, among them vertically aligned and slanted SiNWs. Huang et al. [65] achieved similar structures with
polystyrene colloids that were self-assembled to create a mask for the patterning process.

SiNWs fabricated through colloidal nanosphere lithography have been tested in various applications. Chiappini et al. [29] pre-
sented biodegradable SiNWs with segments of varying porosity along the main axis that were designed to act as photoluminescent
barcodes. A uniform cylindrical shape was crucial in this case to maintain the photoluminescence properties of the SiNWs. Varying
the porosity along the main axis allowed for loading fluorescent particles of different sizes in a periodic fashion along the alternating
segments. Patterned SiNWs have also been employed as substrates for surface-assisted laser desorption/ionization mass spectrometry
(SALDI-MS), where the hexagonal order and shape uniformity of the SiNWs helped to obtain consistent and reproducible signals
[66,67].

Brodoceanu et al. [68] combined particle assembly and laser patterning to create ordered SiNW arrays at predefined positions of a
substrate. A monolayer of transparent microspheres (500 nm < diameter < 1 μm) was convectively assembled onto a gold-coated
silicon surface to serve as a microlens array (Fig. 5a). Irradiation with a single-pulse nanosecond laser (Nd:YAG, λ = 355 nm) at the
desired positions ablated the gold beneath each focusing microsphere in the near field, leaving behind a hexagonal pattern of holes
(Fig. 5b). The holes in the metal layer were homogenous, with diameters readily tuned within large limits (250 nm < diameter <
600 nm) by simply adjusting the laser flux. The patterned gold layer was used as catalyst for MACE to produce an ordered vertically
aligned arrays of SiNWs with smooth walls and controlled lengths (Fig. 5c).

MACE is compatible with metal films from standard lithography, too. In 2008, Choi et al. [69] produced a photoresist pattern on
silicon using light interference lithography (LIL), applied it as a mask for metal deposition, and etched SiNW structures with dia-
meters of 200–500 nm and lengths of 1.5 µm in a subsequent MACE reaction with spacings down to 200 nm. A report from 2010
describes the use of LIL in fabricating SiNWs with diameters< 100 nm, below that of any SiNW made by means of colloidal sphere
lithography [70]. The main applications for ordered SiNWs fabricated via LIL patterning include enhanced bio-analytics [71],
controlling the dynamics of wicking [72,73], and tunable light emission [74]. Other patterning techniques via MACE that have been
reported for the fabrication of ordered SiNWs include block-copolymer lithography to create high AR SiNWs [75] and AAO with
uniform pore sizes [76].

2.2.3. Conical SiNWs
In this section, convex nanostructures which resemble nanowires but are tapered will be called “nanocones”. The first silicon

nanocones have been fabricated using DRIE [77], CVD [78], and other vacuum processes [79,80]. Researchers modified MACE to find
alternative routes that require less expensive infrastructure, both for the fabrication of patterned and random arrays of nanocones.

Fig. 5. Process flow for the fabrication of vertically aligned SiNW arrays. (a–c) Schematic illustrations of the main steps. (d) Scanning electron
microscopy (SEM) image of a PS microlens array convectively assembled on the gold-coated silicon wafer. (e) Top view SEM image of a hole array in
a gold layer produced by irradiating the microlenses with a single laser pulse (λ = 355 nm, τ=10 ns, ϕ≈30 mJ cm−2). (f) Tilted SEM image of the
array of vertically aligned SiNW arrays after 13 min of MACE. This figure was adapted with permission from Brodoceanu et al. [68] Copyright
(2016), IOP Science.
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Bai et al. [81] fabricated disordered nanocones using Ag-assisted chemical etching. The etchant was optimized to induce the dis-
solution of Ag at a rate such that the catalyst shrank during MACE and yielded cones that were ~50 nm wide at the base, 400 nm
long, and around 10–20 nm at the tips. In another approach, both Hung et al. [82] and Jung et al. [83] etched random SiNWs and
induced their tapering by using a post-etching potassium hydroxide (KOH) treatment. Jung et al. performed time-dependent ex-
periments, where KOH treatments were carried out from 30 s up to 240 s. Fig. 6a–f shows the resulting morphologies. Increasing KOH
etch time decreased SiNW packing density (Fig. 6e and f). The KOH also etched the SiNW tips faster than their base and caused
tapering. The authors showed that by using a KOH post-etching step, each SiNW was separated from the surrounding SiNW bundles,
enhancing its broadband optical absorption. Tapered SiNWs showed superior photovoltaic characteristics than bundled SiNWs. Using
the same etching technique, patterned arrays of silicon nanocones were fabricated using pre-patterned catalysts. Tae-Yeon et al. [84]
used nanosphere lithography and an etchant solution composed of ethanol:HF:H2O2 at various concentrations under Au catalysis to
form patterned nanocone structures. Increasing the concentration of HF/H2O2 relative to ethanol resulted in the formation of cy-
lindrical nanowires, whereas decreasing it resulted in tapered cone-shaped wires. The authors proposed that nanocone formation
depended on the degree of charge-carrier diffusion under the Au catalyst layer to the tips of the SiNWs. Dawood et al. [85] used LIL to
fabricate ordered SiNW arrays with a porous layer near the SiNW tips at high concentrations of H2O2 (0.44 M). The porous layers
were oxidized and dissolved in 10% HF, exposing the solid silicon interior of the SiNWs. Gradually increasing the duration of the
oxidation step resulted in an increase of tapering from cylindrical to tapered and eventually conical shape. Azeredo et al. [86]
annealed an Ag layer to generate metal islands with diameters between 20 and 120 nm that masked the deposition of an Au catalytic
layer, and were etched away to create an Au hole array in direct contact with silicon. Subsequent MACE produced straight and
tapered silicon nanostructures, depending on the ethanol content of the etching solution. Additional sputtering of Au nanoparticles
along the sidewalls and a second etching step in dilute HF/H2O2/H2O for short durations (5–25 s) increased the roughness of the
structures to a level required for thermoelectric devices. Lin et al. [87] obtained arrays of silicon nanopillars in a solution of AgNO3,
HF, and either HNO3 or H2O2 with a range of geometries ranging from nanorods with hemispherical tips, “nanopencils” with sharp
tapered tips, to nanocones with wide bases and sharp tips depending on etchant composition.

Chiappini et al. [16] fabricated biodegradable porous silicon nanocones (or “nanoneedles,” in their nomenclature) via nitride disc
photolithography patterning and MACE (Fig. 6h) and introduced tapering via subsequent RIE. The resulting structures were 5 µm
long with a 600 nm base diameter and<50 nm tip curvature (Fig. 6g) and could deliver nucleic acids in vivo. The same group used
the nanoneedle concept for in vivo delivery of nanoparticles [15]. The tapering of the SiNWs granted them access to the cytosol
without inducing cell death.

Fig. 6. (a–f) A series of SEM micrographs depicting the effect of KOH etching to obtain SiNWs with tapered morphologies. The set of SEM mi-
crographs show the effect of KOH etching on SiNWs after 0, 30, 60, and 120 and 240 s. Scale bar = 10 µm for each panel. Reprinted with permission
from Jung et al. [83] Copyright (2010), OSA Publishing. (g) Ordered and tapered silicon nanoneedles. (h) Schematic diagram of the nanoneedle
fabrication process. Figure reprinted with permission from Chiappini et al. [15] Copyright (2015), American Chemical Society.
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2.2.4. Trenches and grooves
Silicon trenches are commonly etched using DRIE in the microfabrication of field effect transistors, trench capacitors, and mi-

crofluidic channels [21]. MACE offers a viable alternative that can produce high-AR trenches tens of microns deep. But achieving
such high AR values requires careful tuning of the reaction conditions (Section 3.3) [22]. In 2011, Zhu et al. [88] reported MACE-
generated trenches ~500 nm wide with ~200 nm deep side walls; these served as nanoimprinting templates to pattern poly-
dimethylsiloxane (PDMS) and polyimide surfaces with the ability to control cell behavior.

Metal strips that are more than one micrometre wide and non-permeable to molecules often hinder etching by limiting MT
(Section 3.3.3). This can lead to different etch rates below the metal and induce strain in the metal film. The strain leads to me-
chanical instability especially for Au which does not adhere well to silicon due to lattive mismatches [89]. With sufficient instability,
the Au layer might peel off completely; but fine-tuning MACE parameters and varying metal deposition conditions have proven to be
successful strategies to avoid such instability.

Lianto and co-workers [90] described an approach for fabricating grooves with widths between 2 and 20 µm. They improved the
uniformity of the etching profile by optimizing the etchant composition to limit the generation of H2 micro-bubbles, which get
trapped between the catalyst layer and the silicon below and cause significant upward-lifting kinetic force that can disrupt the metal
layer.

Chang et al. [91] fabricated linear and spiral trenches with aspect ratios exceeding 100 and smooth, vertical walls that are suitable
as X-ray diffractive optics (Fig. 7a–c). The key improvements reported by the authors included a thin Ti layer sputter-coated first,
followed by the Au catalytic layer. The Ti layer enhances the adhesion of Au to the silicon substrate by bridging the mismatched
crystal lattices of both materials. In addition to Ti, the authors used a continuous Au catalyst layer to minimize lateral motion during
etching, and MACE was performed at low temperature (6 °C) and low H2O2 concentration to minimize the etch rate variation caused
by different diffusion lengths of the various feature sizes.

Li and co-workers [22] used microporous Au strips through which the reaction pairs can pass freely. The pores in the metal can be
formed by thermal metal dewetting and coalescence; they must be large enough to enable efficient mass transport but small enough
not to form SiNWs. The authors observed highly uniform trenches as narrow as 2 µm to>10 µm in width, as deep as 32 µm (Fig. 7d
and e).

3. Guide to generating desired MACE geometries

The reaction mechanism of MACE can lead to a wide range of geometries, as described above. Anisotropy, porosity and pore size
are affected by substrate doping type and level, mass transport, and type of metal catalyst. The following section summarizes the
current understanding of the processes during MACE that lead to materials relevant to biomedical applications. It serves as a first
guide to choosing reaction conditions for generating specific structures. Note, however, that unusual etchant compositions or non-
conventional MACE oxidizers can lead to widely varying results beyond the guidelines provided here. For example, compounds such
as KMnO4, Na2Cr2O7, Na2S2O3, etc. can oxidize silicon even in the absence of a catalytic metal and can inject charge carriers across
the silicon surface indiscriminately, which may lead to strongly deviating results. H2O2 affords more predictable structures.
Furthermore, etching conditions that employ elevated temperatures or fluoride ion sources other than HF are not considered standard
conditions in this context.

3.1. A convergent view of the MACE reaction mechanism

The mechanism of MACE has been intensely debated since the reaction was first reported in 1997 by Dimova-Malinovska and co-
authors [92]. It is generally accepted that MACE is a galvanic process that relies on the oxidation and dissolution of silicon. The
process is similar to stain etching in that the reaction requires the presence of both HF and an oxidizing agent (e.g. HNO3, Fe(NO3)3,
KMnO4, KBrO3, K2Cr2O7) [93]. In stain etching, the oxidizers (such as HNO3) have a sufficiently strong electrochemical potential to
inject holes into the silicon lattice without help from a catalytic metal. This type of reaction results either in a porous layer of silicon
or leads to electropolishing, which can generate very flat surfaces. In MACE, oxidation is typically carried out using H2O2, which has
poor hole-injection kinetics [94] and etches very slowly on its own. The presence of a metal catalyst in direct contact with the silicon
surface locally enhances the etching rate by a factor of 1000–10,000, depending on the metal’s catalytic activity [36,47]. This local
enhancement gives rise to the anisotropy of MACE that is exploited in patterning.

Consider a silicon surface coated with metal particles that is immersed in an HF/H2O2 solution, where H2O2 is the principal
oxidizing agent (Fig. 8a). The contact area between metal and silicon forms a micro-galvanic junction with a metal cathode and
silicon anode. The oxidizing agent is reduced at the metal–solution interface (cathode):

H2O2 + 2H+ → 2H2O + 2 h+ (1)

Here, h+ symbolizes an electron vacancy “hole” in the silicon lattice. The holes generated at the cathode are injected into the local
silicon lattice, and electrons (e−) migrate from silicon to metal particle following the electronegativity gradient. HF subsequently
reacts with and dissolves the electron-deficient silicon (Fig. 8b and 8c).

Different mechanisms have been suggested for the anodic reaction. Some studies propose direct dissolution of silicon into a
divalent state (Fig. 8b); others report the formation of silicon dioxide (SiO2) as an intermediary before dissolution in HF (Fig. 8c). In
2000, Xia et al. [95] reported that both mechanisms can occur, depending on the strength of the oxidizing agent in the etchant. When
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a weaker oxidizing agent such as O2 in solution was used in an aerated 1 M HF solution, porous silicon formed. The authors proposed
that two valence band holes convert a surface Si–Si bond into an intermediate (Si2+) that reacts with two protons, forming hydrogen:

Si + 2H+ + 2 h+ → Si4+ + H2↑ (2a)

The product cation (Si4+) reacts with HF to form a hexafluoride compound, which dissociates in aqueous solution:

Fig. 7. (a-c) Zone plates with high AR trenches fabricated using MACE. (a) SEM micrograph of a deeply etched zone plate with a mechanically
cleaved portion showing the cross-section. Scale bar is 10 µm. (b) Side profile of the lines in cross-section. The thin lines in the center are the zone
plate buttresses providing structural stability to the consecutive zones. Metal is seen at the bottom of the zones. Sidewalls are smooth. Scale bar is
500 nm. (c) Cross-sectional image of the zones demonstrating very deep, vertical etching. Scale bar is 2 µm. Scale bar in the inset is 1 µm. Figure
reprinted by permission from Springer Nature, Nature Communications, Chang et al. [91] Copyright (2014). (d and e) SEM micrographs of the
MACE fabricated trenches with various dimensions and aspect ratios. (d) Shows three identical trenches resulting from etching three parallel 2 µm-
wide strips of thermally evaporated Au at ρ= 37% for 20 min. (e) Shows trenches with widely varied widths of 2, 5 and 10 µm, where the width of
the catalyst Au strip did not affect the rate of etching or the trench depth, thus confirming that MT was not hindered. Reprinted with permission
from Li et al. [22] Copyright (2014), American Chemical Society.
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Si4+ + 6HF → SiF62− + 6H+ (2b)

When using H2O2 (a stronger oxidizing agent than O2) Xia et al. [95] observed an electropolishing effect. They proposed that in
this case four valence holes directly generate SiO2, which is subsequently dissolved in HF:

Si + 2H2O + 4 h+ → SiO2 + 4H+ (3a)

SiO2 + 6HF → SiF62− + 2H+ + 2H2O (3b)

The two-step nature of the electropolishing effect resulting from excessive oxidation was further confirmed by Chattopadhyay
et al. [32], Lee et al. [21], and others [49,96] as a tetravalent silicon dissolution mechanism: the silicon is first oxidized to a stable
SiO2 (Eq. (3a)) and then combines with six F− ions to form a hexafluoride compound without H2 gas evolution (Eq. (3b)).

On the other hand, under a weaker oxidizer (e.g., O2(g) or low [H2O2] < 0.1 M), a single-step divalent dissolution of silicon takes
place as described in Eqs. (2a) and (2b); this can be simplified into a single equation (Eq. (4)), characterized by the evolution of H2
gas. This mode of etching was also confirmed by other studies [41,42,49].

Si + 6F− + 2H+ + 2 h+ → SiF62− + H2↑ (4)

Chartier and co-workers [35] proposed that both divalent and tetravalent dissolutions may occur simultaneously and that one
mechanism takes precedence over the other depending on the number of valence holes that are locally present at the microscopic
metal-silicon interface. The authors formulated Eq. (5) to describe all the possible reactions simultaneously:

Si + 6HF + nh+ → H2SiF6 + nH+ + [(4-n)/2]H2↑ (5)

Here, the value n (where n 2, 3, 4) is the number of valence holes participating in the reaction per single silicon atom. The value
of n for a given set of reaction conditions is related to the average number of valence holes (h+) injected into the lattice through the
metal catalyst (Fig. 8b and c). At low oxidant concentration and low ratio of h+:Si, on average one H2 molecule is generated per
silicon atom (n = 2), and the reaction operates in what is termed as the ‘porous silicon regime’ [35]. At n = 3, one H2 molecule is

Fig. 8. Schematic representing the MACE reaction at an isolated noble metal particle on flat silicon in a solution of HF/H2O2. (a) The reaction at the
cathode, where hole injection from the catalyst metal into the bulk silicon is driven by the reduction of the oxidizing agent (H2O2) at the surface of
the catalyst metal. The metal’s higher electronegativity drives an electron current from the bulk silicon lattice into the metal, causing further H2O2
reduction. (b and c) Two possible anode reactions that occur depending on the ratio [H2O2]/[HF] in the etchant. (b) At low [H2O2], divalent silicon
dissolution in HF directly forms H2SiF6, and H2 gas evolves. (c) At high [H2O2], tetravalent silicon dissolution forms silicon dioxide (SiO2) that is
then dissolved by HF to form H2SiF6 without H2 evolution.
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generated per two Si atoms oxidized as a result of both divalent and tetravalent reactions. At n = 4, the reaction operates in the
‘electropolishing regime’ [95], characterized by a lack of H2 gas evolution and generation of oxidized silicon species (SiO2) before
production of H2SiF6 due to the relatively high ratio of h+:Si available at the individual reaction sites. Eq. (6) shows the full redox
couple, including H2O2 reduction:

Si + H2O2 + 6HF → nH2O + H2SiF6 + H2↑ (6)

Chartier et al. [35] also defined ρ as the ratio of HF to H2O2 composing the etching solution – a value that determines which
etching mode takes precedence:

=
+
HF

HF H O
[ ]

[ ] [ ]2 2 (7)

The authors concluded that Ag catalyzed MACE reactions that operated at ρ ≈ 80% were predominantly divalent, while Ag
catalyzed MACE reaction operating at ρ ≤ 20% resulted in tetravalent dissolution (i.e., electropolishing) [35]. Values of ρ = 20–80%
corresponded to the simultaneous operation of both divalent and tetravalent reaction pathways. Additional empirical evidence for the
model of Chartier et al. came from Smith et al. [41] who measured the evolution of H2 gas and silicon consumption simultaneously
during Ag-catalyzed MACE in the presence of H2O2. The measured rates were consistent with a mixture of divalent and tetravalent
pathways, with n = 3 [35]. Torralba et al. [97] found that the model of Chartier et al. [35] accurately described the tetravalent
nature of their platinum (Pt) etching system. In summary, the model of Chartier is now widely accepted and represents a convergent
view of the MACE mechanism.

The value of ρ is a useful indication of the mechanism during MACE but does not on its own predict the morphological features of
the formed nanostructures. Those nanostructures also depend on substrate doping type and resistivity, substrate crystallography,
choice of catalyst, and mass transport (MT) considerations, which in combination determine porosification, etching rate, and reaction
anisotropy. Chapter 4 describes the broad range of nanostructures accessible through MACE by tuning these factors. Chapter 5
discusses how these structures have been applied in biomedicine. Chapter 6 provides practical guidelines for parameter choice.

3.2. Porosity

Anodic etching of silicon forms pores by silicon dissolution in HF through a global external current. Pore formation in an elec-
troless stain etching or MACE occurs via charge-carrier (h+) injection into the silicon lattice that is driven by the catalytic reduction
of an oxidizer. This hole injection occurs either globally across the wafer surface in stain etching, or is facilitated locally through a
catalyst metal as in MACE [98].

In MACE, the traditional view holds that the injected charge-carriers are either consumed directly at the metal–silicon interface,
dissolving the silicon in contact with the metal, or they diffuse through the silicon lattice away from the metal–silicon interface and
facilitate secondary silicon dissolution reactions that eventually form pores [26,99]. An alternative mechanism has been proposed by
Kolasinski [45,98], who argued that band bending for metals such as Au, Ag, Pt, and Pd at the metal-silicon junction does not allow
for charge-carrier migration and therefore cannot cause remote pore formation. The authors propose that a catalytic metal particle
deposited on the surface of silicon becomes negatively charged due to the electronegativity gradient, causing the formation of a
localized electric field dipole extending around the particle. The local field promotes the formation of porous silicon in the vicinity of
the metal particle just like a global electric field promotes the formation of porous silicon in anodic etching. The notion that a local
electric field (rather than positive charge-hole migration) is responsible for off-metal pore formation has also been proposed by Wang
et al. [49].

Regardless of the mechanistic explanation, pore formation is directly influenced by (i) relative oxidant concentration (Fig. 9a),
which dictates the rate of silicon dissolution, (ii) substrate doping level, which also affects the rate of hole injection in the lattice
(Fig. 9b), and (iii) the nature of catalyst chemical species, which determines the rate of oxidant reduction at the metal–solution
interface, and the band-gap and band-bending at the metal–silicon interface (Fig. 9c). We discuss the role of each of these factors in
more detail in the following sections.

Fig. 9. Schematic showing the effects of three etching conditions on the formation of porous silicon. (a) As the [oxidant] increases, pore formation
increases. (b) Doping type and resistivity of the substrate both affect pore formation by influencing the kinetics of hole injection during the MACE
reaction. (c) Different metals have different effects on pore formation under otherwise identical conditions.
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3.2.1. Oxidant concentration and its effect on porosity
When substrate resistivity and metal are fixed, pore size and porosity can be finely tuned by adjusting the ratio of [HF] to

[oxidizer] (ρ) as formulated by Chartier et al. [35] (Eq. (7)). Their theory predicts two etching modes: ‘electropolishing’ for ρ≤ 20%
and ‘porous etching’ for ρ= 20–90%. The oxidizer concentration sets the abundance for charge-carriers available at the reaction site
and determines the etching mode.

‘Electropolishing’ occurs when an excess of charge-carriers is injected faster than they are consumed by etching. The charge-
carriers accumulate at the metal-silicon junction and charge a larger volume. This causes excessive silicon oxidation and effectively
makes the etching reaction isotropic. Rapid etching around the metal-silicon junction forms disordered craters around isolated metal
particles, readily electropolishing the surface.

‘Porous etching’ is characterized by the injection of a moderate level of charge-carriers at the metal-silicon junction which is
balanced out by the level of charge-carrier consumption during silicon dissolution. Occasionally, some charge-carriers drift away
from the reaction site, causing further oxidation and dissolution in the general area surrounding the metal-silicon junction and
forming a layer of nano/meso-porous silicon. The thickness of this layer is therefore governed by charge-carrier abundance and
mobility.

A third mode not mentioned by Chartier et al. occurs when the rate of charge-carrier injection at the metal surface is below the
rate of charge-carrier consumption by the etching reaction for very low oxidizer concentrations where ρ > 90% [29]. This reduces
the etch rate and suppresses pore formation because the charge-carriers are consumed before they have the chance to diffuse away
and catalyze pore formation. This third mode generates solid non-porous structures due to the lack of charge-carrier diffusion.

Wang et al. [49] and Kolasinski [98] argue that the reduction of H2O2 at the catalyst metal surface is analogous to applying an
external electric bias across the silicon wafer in a manner similar to anodic etching (Fig. 10a). The higher the concentration of H2O2
in the etching solution, the greater the bias being applied. This explains two distinct regions around an isolated metal particle: I) the
‘electropolishing region’ extending immediately around the metal particle, and II) the ‘porous silicon formation region’ which sur-
rounds the ‘electropolishing region’ like a shell (Fig. 10b).

Mesoporous silicon forms in region II as the MACE reaction progresses, while the silicon in region I is completely dissolved. If
regions I and II do not extend very far beyond the metal particle relative to inter-particle distances (as a result of low oxidant
concentration), the resulting structures will be solid with a thin rough layer covering the sidewalls (Fig. 10c and f). If region II extends
to/beyond the inter-particle distance, then the structures formed in between the particles will be engulfed in region II that extends out
of all the surrounding metal particles and will develop a mesoporous structure as a result (Fig. 10d and g). In the third scenario, if
both regions I and II extend farther than inter-particle distances, then regions I of adjacent particles will overlap and electropolishing
will take place across the entire surface (Fig. 10e and h) causing isotropic etching. The diameters of regions I and II can be modulated
by varying the abundance or concentration of the oxidizer in the etching solution, and structures can be made solid, porous, or
replaced by craters accordingly.

Whatever the true mechanism of pore formation (hole diffusion vs. localized electric field-mediated porosification), increasing the
oxidizer concentration leads to a transition from solid structures to structures with porous shells with solid cores, fully porous
structures, and finally, electropolishing of the entire surface. The relationship between the ratio of [HF] to [oxidizer] (ρ), substrate
resistivity (Ω), and the porosity is summarized in a phase diagram covering 108 etching conditions (Fig. 10i) [100].

In summary and as a rough guide, to obtain porous p-type structures it is advisable to etch using ρ = 20–60% solutions for
substrate resistivities> 1 Ω cm, and ρ > 70% for< 1 Ω cm substrate resistivities. Porosity on n-type substrates is obtainable using
≤0.01 Ω cm substrates etched in solutions with ρ > 90%.

3.2.2. Substrate resistivity and its effect on porosity
Substrate resistivity determines the rate of oxidation and charge-carrier injection required for pore formation. Zhong and co-

workers [101] etched random SiNWs on silicon substrates with varying resistivity under otherwise identical conditions (4.8 M HF,
0.3 M H2O2, 15 min, Ag catalysis, Fig. 11).

A decrease in resistivity (doping level increase) led to an increase in porosity as measured by N2 adsorption (Fig. 11a–e), while the
mean pore diameter increased (Fig. 11g). Chiappini et al. [29] demonstrated a smooth transition in the morphology of random SiNWs
from solid nanowires to porous nanowires, followed by porous nanowires on a porous silicon layer, and finally surface electro-
polishing as the resistivity of the substrate decreased. The effect was analogous to an increase in oxidizer concentration (Section
3.2.1). Qu et al. [102] argued that the increased doping led to the creation of more reactive defects that dissolve and form pores. The
defects also lowered the energy barrier for charge transfer between the silicon lattice and the catalyst metal. Therefore, substrates
with higher concentrations of dopant atoms develop more pores under the same etching conditions.

Backes et al. [103] noticed that for very low H2O2 concentration and Ag catalysis, highly doped p-type substrates formed me-
soporous structures at an etch rate of ~10 nm/min, while highly doped n-type substrates showed no discernible etching but de-
veloped mesopores in the direct vicinity of the Ag clusters. The authors concluded that mesopore formation was independent of the
doping type of the substrate and depended on doping level alone.

In summary and as a rough guide, for MACE etching with Ag catalysis, [HF] in the range 4.0–5.0 M and [H2O2] between 0.1 and
0.5 M (ρ = 80–95%) at room temperature usually yields solid nanostructures for substrates with 1–50 Ω cm, while substrates with
0.001–0.1 Ω cm form porous structures. Etching ≤ 0.0005 Ω cm substrates will cause electropolishing under standard conditions;
they are difficult to etch anisotropically.
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Fig. 10. Charge distribution during etching at different oxidizer concentrations. The charge distribution depends on the oxidizer concentration and
leads to different etching modes. (a) Strength of an electric field generated at the metal-silicon junction and (b) the distinction between regions I and
II where the electric field EI > EII. (c and f) MACE at low concentrations of H2O2 forms solid nanowires. (d and g) MACE at an intermediate
concentration of H2O2 creates mesoporous nanostructures. (e and h) MACE at high concentration of H2O2 causes electropolishing of the surface.
Schematic adapted with permission from Wang et al. [49] Copyright (2018), Wiley. (i) Transition from solid, to porous, and electropolished etches
as a function of substrate resistivity (Ω) and relative oxidizer concentration (ρ%). Figure reprinted with permission from Springer, Handbook of
porous silicon, Canham et al. [100] Copyright (2014).
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3.2.3. Catalyst species and its effect on porosity
The catalytic activity of different metal species directly affects porosification during the MACE reaction: it determines the rate of

charge-carrier injection at the metal–silicon interface [104]. A metal with a higher catalytic activity will promote pore formation.
Dawood et al. [105] found that Ag-catalyzed SiNWs had solid cores with a very thin porous layer around the edges, while Au-
catalyzed SiNWs were porous throughout under the same reaction conditions.

Chiappini et al. [29] characterized the morphology of pores generated during MACE under catalysis of both Au and Ag, finding
that mesopores form on substrates with resistivities as high as 1–10 Ω cm under Au catalysis but not Ag catalysis. Ag catalysis only
formed mesopores when substrates with a lower resistivity of 0.1–0.2 Ω cm were used. The morphologies of pores generated under Au
catalysis were different to those formed under Ag catalysis. Etching with Ag and [H2O2] < 0.1 M led to porosification after the SiNW
wall had formed, where pores grew horizontally into the SiNW behind the etching front (Fig. 12a and c), while Au catalysis formed a
porous layer ahead of the etching front, where the pores were vertical (Fig. 12b and d). The difference was attributed to the rate of
oxidation: Au injected charge carriers more efficiently than Ag, causing the pore front to advance ahead of the etching front. Since the
pores always propagate perpendicular to the surface, they form vertically relative to the horizontal surface for Au-catalyzed etching,
and horizontally relative to the vertical SiNW walls in Ag-catalyzed etching.

Charge carrier injection causes pore formation, and charge carrier injection rates affect the porosification profiles. They vary
between the four noble metals (Ag, Au, Pt, and Pd) that have different metal work-function values (ϕm) and cause different levels of
band bending at the metal-silicon junction (ϕD; where ϕD = ϕm − ϕSi; ϕSi is the work-function for silicon). Ag, Cu and Al are low
work-function metals and cause lower injection rates than Au, Pt, and Pd (Table 1).

The amount of band bending set the width of the microporous layer surrounding a metal nanoparticle that form in the presence of
HF and an oxidizer. Chourou et al. [106] observed a large microporous layer around Pt metal particles but not for Ag.

Kolasinski et al. reported that MACE etching under Pd catalysis causes electropolishing in a HF/VO2+ etchant in conditions that
merely promote mesopore formation under Pt catalysis [45]. If band-bending was the sole factor affecting the metal’s catalytic
performance, Pd should catalyze the formation of smaller pores over a smaller area compared to Pt. Furthermore, Pd was reported to
catalyze pore formation even in the absence of an oxidizer, albeit very slowly. It is still not clear why the catalytic behavior of Pd
differs from the other three noble metals and the topic requires more mechanistic studies to elucidate.

Zhang et al. [107] and Qu et al. [108] proposed an alternative mechanism for pore formation. They argued that Ag-catalyzed
MACE of wires at sufficient concentrations of oxidizing agent leads to oxidation and dissolution of a small percentage of Ag catalyst
particles. The Ag+ ions produced by the dissolution are reduced along SiNW side-walls, causing further localized etching of pores
with small cross-sections. Zhong et al. [101] later suggested a reaction scheme for Ag oxidation and reduction:

2Ag + H2O2 + 2H+ → 2Ag+ + 2H2O (8a)

Fig. 11. Effect of doping level on porosity in MACE. (a–d) TEM micrographs of single SiNWs etched at identical conditions using substrates with
varying resistivity values of (a) 1–5 Ω cm, (b) 0.3–0.8 Ω cm, (c) 0.008–0.016 Ω cm, and (d) 0.001–0.002 Ω cm. Scale bars = 100 nm. (e) Nitrogen
adsorption isotherm measured from the same SiNWs in A–D where a larger volume is indicative of a larger surface area. (f) Nitrogen adsorption
isotherm of SiNWs etched on a 0.008–0.016 Ω cm for different durations (15, 30, and 60 min). (g) Barrett-Joyner-Halenda model of the mean pore
size and pore size distribution for SiNWs shown in (e). Figure adapted with permission from Zhong et al. [101] Copyright (2011), American
Chemical Society.
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Si + 4Ag+ + 6F− → 4Ag + SiF62− (8b)

However, this mechanism does not explain pore formation under Au catalysis, because Au does not readily oxidize in H2O2.
In summary, the available data suggest that micro- and mesoporous silicon is produced more readily under the catalysis of high

work-function metals such as Pt and Pd. Ag and Au yield similar levels of porosity only with larger oxidizer concentrations or low
substrate resistivity.

Fig. 12. Effect of Au versus Ag catalysis in MACE on porosity. (a and b) SEM micrographs of random SiNWs etched under the same conditions via
the catalytic action of (a) Ag and (b) Au. Scale bar = 200 nm. (c) Shows a schematic representation of a MACE reaction under Ag catalysis (white
circles) where the bulk silicon is etched first and horizontal pores are formed later. (d) Schematic representation of a MACE reaction under Au
catalysis where the bulk silicon is first porosified with vertically oriented pores, followed by the sinking of the Au metal into the porous structure,
forming thoroughly porous SiNWs. (e and f) Phase diagrams representing the formation of solid nanowires (sNW), porous nanowires (pNW), porous
nanowires on a porous layer (pNW + PS), and the occurrence of electropolishing when both the [H2O2] and the substrate resistivities are varied
independently. (e) Represents the phase diagram for Ag catalyzed MACE and (f) is for Au catalyzed MACE. Figure adapted with permission from
Chiappini et al. [29] Copyright (2010), Wiley.

Table 1
Work function values for the noble metals Ag, Au, Pt, and Pd. Band bending values for each metal at the metal-silicon junction for p- and n-type
silicon.

Ag Au Pt Pd

Work function (ϕm, eV) 4.74 5.31 5.93 5.60
Band bending (p-type) (ϕpSi, eV) −0.34 0.23 0.85 0.52
Band bending (n-type) (ϕnSi, eV) 0.26 0.83 1.45 1.12
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3.3. Anisotropy and etch rate

Fabrication of high-AR structures requires etching with large anisotropy. The standard process for anisotropic silicon etching is
DRIE, where anisotropy is achieved through etching and passivation cycles. In MACE, anisotropy depends on the rate of silicon
oxidation relative to silicon etching. This balance depends on etchant composition and diffusion of reactants and products from and
to the etching site. Transport may rely on the permeability of the reactant–product pairs across the catalytic metal layer. The
crystallographic orientation of the substrate and the ρ value of the etchant both affect the etching direction where the etching
proceeds exclusively along the (1 0 0) crystallographic plane at very low oxidizer concentrations (ρ ≫ 95%) and becomes in-
dependent of the crystallographic plane at higher oxidizer concentrations.

However, once anisotropy is established, AR can be controlled by increasing or decreasing reaction duration: higher-AR structures
require longer etching durations. If the etching duration is fixed, the etching rate in a MACE reaction can also influence AR. The
etching rate in MACE is dictated by the rate of silicon oxidation and subsequent dissolution, which are determined by the catalyst and
the concentration of the oxidizing agent. In summary, the main parameters that influence the etch rate (and subsequently AR) are: (1)
Oxidant chemical species which controls the rate of hole injection (Fig. 13a), (2) crystallographic orientation of the silicon substrate
which determines the etching direction (Fig. 13b), (3) metal catalyst species which mediates the hole injection process (Fig. 13c), (4)
substrate doping type and doping level which affect the behavior of holes once injected into the lattice (Fig. 13d), and (5) the
presence and concentration of a surfactant in the etching solution. In the following sections we discuss factors 1–4 and describe their
influence on anisotropy and etch rate.

3.3.1. Oxidant species and its effect on rate and anisotropy
MACE is closely related to stain etching. Both are driven by the reduction of an oxidant at the silicon surface that injects holes,

forming a soluble hexafluoride compound in the presence of HF. Stain etching can porosify the entire silicon surface of a wafer [109]
or powder [110]. In MACE, oxidants with poor hole-injection kinetics are used and locally enhanced using metal catalysts. Most stain
etching oxidants are too aggressive for selective MACE; the popularity of H2O2 [99] is due to the large contrast it provides between
metal-catalyzed and direct etching. Gondek et al. [111] found silicon etch rates for HF/HNO3 in excess of 3000 nm/s in the absence of
a metal, while HF/H2O2 mixtures led to< 0.02 nm/s. Similar values were found by Kooij et al. [94] Note that the redox potential of
H2O2 at low pH is above that of HNO3 (+1.76 V vs + 0.94 V) so that one may expect more rapid silicon oxidation and etching for
HF/H2O2 than for HF/HNO3 without a metal catalyst, but that is not the case.

Alternatives to H2O2 for MACE that were reported in literature include AgNO3 in HNO3 [112–114], Fe(NO3)3 [115], Co(NO3)2
[116], Na2S2O8 [117,118], KMnO4 [34], and Ag-catalyzed etching under an electric field in aerated HF solution [119]. Table 2 below
summarizes the reported levels of anisotropy; note, however, that comparisons are difficult given the different geometries. No other
agent provided greater anisotropy than H2O2, which remains the preferred MACE oxidizer.

3.3.2. Crystallography and anisotropy
The effect of the crystallographic orientation of the substrate on MACE depends on the reaction conditions. Peng et al. [120]

reported on fabrication of SiNWs perpendicular to the surface both using wafers with (1 0 0) and (1 1 1) crystallographic orientations.

Fig. 13. Schematic diagrams on parameters that affect anisotropy and etch rate in MACE. (a) Different oxidizers lead to different levels of aniso-
tropy. (b) Low [oxidizer] fosters etching along the (1 0 0) crystallographic orientation, high [oxidizer] leads to etching perpendicular to the surface
regardless of crystallographic orientation. (c) Different catalyst metals lead to different etching rates. (d) Doping type and doping level affect etch
rate and anisotropy.
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In both cases, they used Ag nanoparticles as catalysts and Fe(NO3)3 as the primary oxidizer at a fixed concentration of 0.13 M. Under
those MACE conditions, progression of the etching front was always perpendicular to the surface, regardless of crystal orientation.
Huang et al. [121] etched a (1 1 1) substrate using 2, 1, and 0.4 M of H2O2. At a concentration of 2 M (ρ= 70%), etching proceeded
perpendicular to the surface (Fig. 14a). Etching at H2O2 concentration of 1 M (ρ = 82%; Fig. 14b) and 0.4 M (ρ = 92%; Fig. 14c)
resulted in production of slanted SiNWs oriented along the (1 0 0) crystallographic plane, not perpendicular to the polished surface.
At low oxidizer concentration, etching proceeds along the (1 0 0) plane exclusively, while at higher oxidizer concentration the
substrate crystal plane stops influencing the etching direction and the etching front proceeds perpendicular to the surface, regardless
of crystallographic orientation.

Based on this observation, Chen et al. [24] fabricated SiNWs with a zigzag etch track using a substrate with (1 1 1) crystal
orientation and time-dependent change in oxidant concentration and temperature (Fig. 14d–h). Kim et al. [122] fabricated SiNWs
with a zigzag morphology on a substrate with (1 0 0) crystal orientation in a two-step reaction. Switching the H2O2 concentration
from high to low resulted in the transition of the etching direction from one orientation to another (from (1 0 0) to (1 1 1)) as the local
concentration of H2O2 at the reaction front fluctuated between high and low.

Huang et al. [123] successfully fabricated vertically aligned SiNWs on a substrate with (1 1 0) crystal orientation by adjusting the
catalytic layer. Isolated Ag particles induced etching along the preferred (1 0 0) crystal plane, resulting in slanted structures
(Fig. 14i). A continuously perforated Ag layer (mesh layer) on the same surface suppressed lateral displacement of the layer during
the etch, creating SiNWs perpendicular to the surface along the (1 1 0) crystal plane (Fig. 14j).

In summary and as a rough guide, etching solutions containing H2O2 with ρ < 95% lead to anisotropic etching perpendicular to

Fig. 14. Anisotropic etching in MACE resulting in straight and slanted SiNWs. (a–c) depict SiNWs etched on a (1 1 1) p-type substrate at (a) high
H2O2 concentration (2 M), (b) medium H2O2 concentration (1 M), and (c) low H2O2 concentration (0.4 M). (d–h) SiNWs etched on (1 1 1) p-type
silicon wafer using (d) low AgNO3 concentration and low temperature, (e) high AgNO3 concentration and low temperature, (f) low AgNO3 con-
centration and medium temperature, (g) high AgNO3 concentration and medium temperature, and (h) high AgNO3 concentration and high tem-
perature. (i) Cross-section of SiNWs etched on a p-type (1 1 0) substrate using Ag nanoparticles. (j) SiNWs etched on a p-type (1 1 0) substrate using
a continuous Ag mesh. Figures adapted with permission from Huang et al. [121] (a–c), Chen et al. [24] (d–h), and Huang et al. [123] (i and j).
Copyright (2009–2010), American Chemical Society.
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the surface, independent of the crystallographic orientation of the wafer. This is also true for other oxidizers like Fe(NO3)3. At low
oxidizer concentrations (ρ ≫ 95%), anisotropic etching occurs exclusively along the (1 0 0) crystallographic orientation.

3.3.3. Catalyst effect on the etching rate, direction, and uniformity
MACE requires metals with an electronegativity above that of silicon – other metals would be oxidized instead. For example,

chromium (Cr) has lower electronegativity than silicon (ENCr = 1.66; ENSi = 1.9) and is not suitable as a catalyst; but it can act as a
mask to block the MACE of silicon by forming a protective layer of Cr oxides [76]. The noble metals Au [124], Ag [35], and Pt [20]
are most commonly employed as catalysts in MACE due to their stability in acids and their resistance to degradation. Other metal
catalysts investigated include Cu [125,126], Ni [127], and Pt/Ti alloys [128].

The maximum rate at which a metal catalyzes the reduction of the oxidizing agent depends on its redox potential. Anodic
oxidation of bulk silicon in contact with a metal layer requires injection of holes into the silicon lattice. At sufficiently high con-
centrations of HF and oxidizing agent, the catalytic activity of the metal becomes rate-limiting in the dissolution of bulk silicon and,
therefore, in the etching rate [36]. Asoh et al. [36] investigated the catalytic activities of a Pt–Pd alloy, pure Pt, and Au in a solution
of 5 M HF and 1 M H2O2 (ρ ~ 80%). They reported etching rates of 3.5 µm/min for Pt–Pd, 3 µm/min for Pt, and 1.2 µm/min for Au.
Mikhael et al. [124] found an Au-assisted etching rate of 0.2–0.3 µm/min at an H2O2 concentration of 0.1 M (ρ > 95%).

The type of metal catalyst and its facets can affect the level of anisotropy in MACE etching. As discussed above, Ag and Au
particles yielded relatively straight pores for ρ = 70–90% [21,120,129]. Pt nanoparticles used under similar conditions (ρ = 90%)
yielded helical pores, as reported by Tsujino and co-workers [20]. The authors attributed this behavior to the multi-faceted crystalline
shape of Pt particles that sequentially catalyzed the reaction along its facets. Pt nanoparticles deposited by sputter-coating led to
random etching directions [130].

MT can reduce anisotropy, too, when the metal catalyst film hinders the transport of reactants and products. Huang et al. [99] and
Geyer et al. [131] introduced three different models for the types of MT that may occur during a MACE. In model I (Fig. 15a),
reactants and products diffuse through nanopores in the metal layer to reach the bulk silicon below. In Model II (Fig. 15b), a porous
silicon layer forms between the metal layer and bulk silicon, allowing the reactants and products to diffuse laterally. Model III
(Fig. 15c) has atomic silicon separating from the bulk and diffusing through the solid metal layer to reach the etchant solution, where
it is oxidized and dissolved. The authors suggest that Model II is most likely to be active in MACE, where the etching conditions
promote the formation of a thin porous layer. But this indicates that when the conditions promote the formation of purely solid
structures (such as ρ ≫ 95% or substrate resistivity > 1 Ω cm), MT cannot occur, and it becomes necessary to allow for nanopores in
the metal layer as depicted in Model I to avoid non-uniform etching profiles.

Experiments by Li et al. [132] found that MACE of trenches with micrometer-wide continuous metal strips 8–10 nm thick led to
non-uniform profiles under their etching conditions (1–10 Ω cm, ρ= 37%). Mass transfer limitations reduced the etching rate at the
center of the Au strips, and concave trenches formed. The authors used Au strips 8–10 nm thick with nanoscale perforations to
increase MT and create uniform trenches with smooth edges and regular profiles.

The choice of metal species, the deposition method, and the permeability of the metal layer for MT need to be considered for uniform
and anisotropic etching. MACE conditions that lead to the formation of a porous layer (for example for substrate resistivities<1 Ω cm or
ρ= 20–80%), enable sufficient MT to the silicon–metal interface through the porous layer. In MACE conditions that do not form a porous
layer (resistivities>1 Ω cm or ρ > 80%) , MT requires openings in the metal layer. Structures that require high precision and anisotropy
such as the trenches of Li et al. [22] need both MACE conditions that yield a porous layer and a perforated metal catalyst for sufficient MT.

3.3.4. Effects of substrate resistivity and doping on etching rate and anisotropy
Silicon doping type and level affect charge distribution within the lattice during MACE reaction, and thus etching rate. Cruz et al.

[130] used p-type, boron-doped substrates and measured an etching rate of 5.6 nm/s for wafers with a resistivity of 0.01 Ω cm and
13.9 nm/s for 10 Ω cm under identical etching conditions (ρ= 70%) [130]. Canevali et al. [133] etched n-type substrates at ρ= 90%
and found 13.9 nm/s for resistivities above 1 Ω cm. Resistivities< 1 Ω cm led to a slight increase in the etch rate to 15.0–16.1 nm/s.
In summary, the etching rate decreased for p-type wafers with decreasing resistivity and increased for n-type wafers.

In a systematic study, Backes et al. [103] revisited this effect using Δif, the difference between the work function of the metal catalyst

Fig. 15. Models for possible mass transfer mechanisms during MACE. (a) Model I postulates nano-perforations in the catalyst layer from bulk silicon
into the etching solution. (b) Model II has MT occur through a porous layer at the catalyst-silicon interface through which reactants and products
move from bulk silicon into the etching solution and vice versa. (c) Model III has Si atoms diffusing through the bulk of the catalyst layer and onto
the catalyst-electrolyte interface, where they are oxidized and dissolved by HF/H2O2. Figure adapted with permission from Geyer et al. [131]
Copyright (2012), American Chemical Society.
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(φm) and the Fermi level at the interface between the metal and the silicon substrate (EF). Since EF is a function of the h+ charge-carrier
abundance in the substrate, and since substrate doping type and level determine the abundance of h+, Δif is directly related to substrate
doping type and level. The authors etched a set of n- and p-doped substrates with increasing doping levels under Ag catalysis in 5.4 M [HF]
and 0.18 M [H2O2] (ρ= 96%) for 10 min in water. The etch rate (nm/s) increased as the value of Δif decreased regardless of the doping
type. For example, for Δif = 0.8 eV, the etch rate = 5.8 nm/s while for Δif = –0.3 eV, the etch rate = 10.0 nm/s. Backes et al. [103]
concluded that the increase in etch rates for n-type over p-type wafers was due to the change in Δif from positive to negative values.

Lai et al. [134] approached the issue of etch-rate variation as a function of doping type from a more mechanistic angle. The
authors stipulated that charge-carrier accumulation and behavior at the silicon–metal interface during MACE reaction under standard
conditions (Fig. 16a) is what dictates the variations in etch rate. In p-type silicon, due to band bending at the silicon–metal junction,
charge-carriers are repelled from the junction (Fig. 16c). The charge-carriers at the reaction site are depleted rapidly independent of
their rate of injection through oxidizer reduction. The charge-carriers are unable to participate in the MACE reaction and the etching
rate reduces for p-type silicon. This is reversed for n-type silicon under the same conditions, where charge-carriers accumulate at the
silicon–metal junction due to band bending (Fig. 16b). The models proposed by Backes et al. and Lai et al. reach similar conclusions
through different means. The value of Δif from Backes et al. dictates whether the positive charge-carriers are repelled (Δif is positive)
or attracted (Δif is negative) in the model described by Lai et al.

The charge-carrier accumulation at the metal–silicon junction described by Lai et al. [134] has implications for the anisotropy of MACE
etching in p- and n-type substrates. Etching of low- and medium-doped n-type wafers was highly anisotropic and vertical walls formed at
the edge of the catalyst (Fig. 16d). Etch profiles for p-type wafers were wide at the top and narrow at the bottom, indicating more isotropic
etching that is caused by charge-carriers that diffuse to the sidewalls of the trenches and lead to secondary etching (Fig. 16e).

Our guidelines for substrate choice are: (1) For p-type substrates, the etch rate decreases with decreasing resistivity. (2) For n-type
substrates, the etch rate increases with decreasing resistivity. (3) Anisotropy is stronger with n-type substrates, due to charge-carrier
accumulation at the silicon–metal interface. Structures with high AR are therefore more accessible using n-type silicon.

4. Biomedical applications of MACE-fabricated nanostructures

Rapid advances in nanotechnology and the development of novel classes of bionanomaterials have opened major opportunities for
developing targeted drug delivery, tissue engineering on the scale of single cells, advances in chemo- and bio-sensor device archi-
tectures, and novel contrast agents for bioimaging. The biocompatibility of elemental silicon and the availability of silicon

Fig. 16. Schematic diagram of the electrochemical potentials during MACE. (a) Shows the reduction potentials for the two MACE half-reactions
relative to the standard hydrogen electrode (VSHE). (b and c) show the energy band-diagrams of silicon-metal junctions on (b) n-type and (c) p-type
silicon. While n-type silicon traps the charge-carriers at the junction, p-type silicon lets them drift away from the junction towards a favourable
energy state. (d and e) Demonstrate the etch profile resulting for n-type and p-type respectively, where (d) shows an anisotropic etch profile tightly
bound to the dimensional limits of the metal layer, while the profile in (e) is slightly more isotropic since the hole carriers are driven towards the
side walls, catalyzing further oxidation and dissolution. Schematic reprinted with permission from Lai et al. [134] Copyright (2016), American
Chemical Society.
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nanomachining have led to silicon bionanomaterials and silicon-based devices. For example, porous silicon nanoparticles are strong
competitors to liposomal, polymeric, and metallic nanoparticles for therapeutic delivery in vivo [135]. The high payload capacity and
biodegradability of nanoengineered porous silicon particles has seen them used as drug delivery vectors, photoluminescent contrast
agents for bioimaging, and photothermal and photodynamic therapeutic agents. Synthesis of porous silicon nanoparticles has con-
ventionally relied heavily on anodic wet etching techniques of silicon wafers to provide the reproducibility and scalability required
for real commercial applications.

Industrial-scale top-down fabrication techniques such as DRIE have allowed for development of tissue engineering scaffolds based on
nanoscale structural elements, microfluidic devices, biosensor devices, and soft-material molding scaffolds. But until recently there was no
obvious way to combine the capabilities of both DRIE and anodic etching into a single process (i.e., porosification and top-down high AR
etching) unless both processes were carried out successively [136]. The introduction of MACE enables fabrication of porous silicon
structures with a high level of control over their morphology in a single reaction without resorting to heterogeneous processes or multistep
fabrication schemes. With MACE it is possible to produce highly porous therapeutic delivery vectors with the added bonus of complete
control over the shape and size of the vectors, as opposed to the randomness associated with nanoparticle shapes produced by anodic
etching. This is important because nanoparticle shape and size govern i) how the particles flow and accumulate in the bloodstream through
the “margination effect”; ii) where the particles accumulate in specific organs or tissue; and iii) which intracellular mechanisms can be
triggered by cell–nanoparticle interactions [137]. Due to their sponge-like internal structures, tissue engineering scaffolds produced by
MACE carry many times more biomolecules than similar scaffolds produced by DRIE. These scaffolds can be loaded with extracellular
matrix components, DNA and RNA sequences for cell transfection, cellular signaling molecules, and other payloads. Furthermore, MACE
allows for direct integration of patterned or random porous high AR nanostructures in chemo- and bio-sensing devices resulting in
increased sensitivity, and signal reproducibility, while enabling specific molecular capture in complex media for subsequent detection. All
these aspects of the MACE reaction – coupled with low setup costs, low overhead, and compatibility with standard wet-chemistry la-
boratories – show great potential for integrating the technique into commercial device and bionanomaterial fabrication.

However, MACE is not without its drawbacks. The reaction conditions necessary for MACE can be significantly more complex and
interdependent than those of DRIE or anodic etching. Anisotropy in MACE requires precise control over conditions such as specific
etchant compositions and metal–catalyst layer thickness. Control over porosity and pore size is not as straightforward as it is for
anodic etching, since many other factors come into play – including substrate doping type and level, and the metal catalyst. But
sufficient understanding of all interrelated factors in question is likely with continued research. There have already been attempts to
exploit current understanding of the effects of initial reaction conditions to produce functional nanostructures, in several ambitious
applications of MACE in the development of proof-of-concept biomedical devices and materials.

In the following sections, we shine light on examples that describe the application of MACE in three areas of biomedical research:
chemo- and bio-sensors, tissue engineering scaffolds, and therapeutics delivery.

4.1. Chemo- and biosensing using MACE-structured silicon

Biological and chemical sensors rely on transducer elements constructed primarily from silicon or other semiconductors. High-
sensitivity devices require nanoscale silicon structures to provide the necessary sensitivity at the molecular level. MACE provides
access to the silicon nanomaterial geometries necessary for effective transducer elements. For example, single-step metal salt cata-
lyzed fabrication of high-AR silicon nanowires (SiNWs) is simple and scalable (Section 2.2.1) and affords the necessary nanomaterials
for constructing electrochemical sensors. Furthermore, the catalytic metal particles left-over after fabrication (Ag or Au) are densely
packed and spontaneously form electromagnetic hotspots necessary for SERS devices to function (Section 4.1.2), which in turn
obviates the need for additional metal deposition steps. The flexibility of MACE also allows fabrication of a variety of spatially
ordered pillar geometries and porous structures that have been shown to facilitate non-destructive soft-ionization of complex bio-
logical molecules and small chemicals detectable via laser-assisted ionization mass spectrometry. The following sections discuss these
sensor device architectures in detail.

4.1.1. Electrochemical sensing
Electrochemical sensors are commonly used in medicine. Their high sensitivity, portability, and relative low cost make them

versatile and indispensable for modern healthcare [138]. Figures of merit include sensitivity, reproducibility, selectivity, reusability,
and response time. Silicon nanowires that provide large specific surface area and well-defined electronic conductivity are suitable as
base materials for electrochemical sensors.

Vertically aligned SiNWs fabricated by DRIE have been extensively applied as sensors. Those require multi-step fabrication
processes involving mask deposition, lithography, and etching [139,140]. Arguably, MACE provides a less complex route to vertically
aligned SiNWs for electrochemical biosensing. Fig. 17 shows a prototypical example of such a sensor: the silicon is coated with a
receptor biomolecule (e.g. antibody) and connected via Au electrodes to an amplification circuit. When a target analyte binds to the
receptor, it prevents the reduction of an electroactive species (e.g. Fe3+ → Fe2+), resulting in a decrease in the detected current. The
performance of the sensor depends on the geometry and electrical properties of the nanostructured silicon transducer and thus, on the
choices made during the MACE based fabrication.

Peng et al. [52] formed vertically aligned SiNWs with diameters ≤50 nm in two-step MACE with Ag catalysis (Fig. 18a). The
SiNWs were contacted with evaporated gold electrodes (Fig. 18b) to form a chemosensor and used to detect nitrogen oxide (NO) at
concentrations down to 0.5–100 parts per million (ppm) by measuring conductivity across the Au contacts (Fig. 18c and d). This
performance is comparable with sensors made from SnO2 and SnOx-carbon nanotube hybrid nanowires [141,142]; but the structure
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of the sensor was less complex, and its geometry could be fine-tuned by adjusting the MACE reaction parameters. For example, the
overall resistance of porous nanowires is larger compared to non-porous nanowires, due to the preferential removal of the dopant
atoms during etching, or to the reduced volume available for current conduction. On the other hand, the pores in SiNWs provide a
larger surface area where the analyte molecules can adsorb. The doping type of the starting wafer is retained in MACE and results in

Fig. 17. Schematic representation of a basic biosensor from nanostructured silicon. The silicon is modified with biochemical receptors that bind the
target selectively. The analyte blocks an electroactive species from reaching the surface, and the measured current decreases.

Fig. 18. (a) SEM cross-sectional micrograph of porous SiNWs prepared in a two-step Ag catalyzed MACE reaction. (b) Schematic of the electro-
chemical NO sensor constructed around the SiNW array by depositing two Au electrodes and binding the electrodes to Au wires. (c) Change in
relative resistivity as measured across the device at different concentrations of NO from 10 to 100 ppm over time. (d) Change in electrical resistance
of the device over a wider range of NO concentrations. Figure adapted from Peng et al. [52] with the permission of AIP Publishing.
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different conduction behavior (e.g., n-channel vs p-channel transistor behavior), which impacts on the magnitude of conduction
when applying either positive or negative voltages across the nanowire [102].

In addition to NO species, MACE-based devices were also used to detect H2O2, NH3, H2, O2, and other species of clinical interest. The
presence of these chemicals in blood or breath can provide useful physiological cues. For example, the level of soluble NO(g) indicates the
levels of acetylcholine being secreted in the blood [143], while H2O2 is a cytotoxic agent that may indicate a pathological condition [144].
Yin et al. [145] fabricated non-enzymatic H2O2 sensors in which Ag nanoparticle (AgNP) decorated SiNWs fabricated by MACE. The
reduction of H2O2 on the surface of the AgNPs was measured using cyclic voltammetry (CV) with a detection limit down to 0.2 µM,
outperforming other types of electrodes, including MnO2/graphene oxide, roughened Ag, AgNP/DNA hybrids, and myoglobin/AgNP by an
order of magnitude. Hyun Jin et al. [146] introduced periodically perforated Au contacts on the SiNW tips via nanosphere lithography
(Section 2.2.2). The resulting device detected nitrogen dioxide (NO2) and ammonia (NH3) in air with a sensitivity down to 10 parts per
billion (ppb), at least an order of magnitude below Peng et al. [52]. The enhanced sensitivity was attributed to the perforated Au contacts
that allowed for a larger volume of gas to enter the nanowire forest and access the adsorption sites on the nanowire sidewalls. ZnO/random
SiNWs hybrids were also reported as sensitive gas sensors with a detection range of 5–50 ppm [147]. The hybrids were produced by
etching porous SiNWs through MACE, followed by growing ZnO nanorods on the SiNW surfaces using a hydrothermal procedure. Another
hybrid architecture was reported by Qin et al. [148], who immobilized WO3 dendrites on the surfaces of random SiNWs and found a
detection sensitivity for NO2 of 0.5–5 ppm, exceeding the ZnO/SiNWs hybrid system by an order of magnitude. Qin et al. [149] recently
demonstrated an even more sensitive device architecture for detecting NH3 gas at room temperature, with a sensitivity limit of 0.33 ppm.
To put that in perspective, CeO2 nanostructures modified with silica nanoparticles reported in the same year showed a sensitivity limit
toward NH3 detection of 0.5 ppm [150]. Even though the CeO2-based sensor is slightly more sensitive, the SiNWs-based sensor reported by
Qin et al. is simpler to construct.

To detect H2 gas, Noh et al. [151] deposited Pd clusters on random SiNW arrays in a manner that produced inverted-cone-shaped
(inversely tapered) core–shell Si/Pd structures. The Pd shells of adjacent nanowires were in contact and formed a contiunuous conductive
structure on top of the SiNWs array which was used as an electrode. Upon H2 exposure, the volume of the Pd layers expanded due to H2
absorption, resulting in measurable changes in current, with a detection limit of 5 ppm. In an alternative device, Zhu et al. [152] used a
Pd/SiNWs/p-Si Schottky diode array based on random SiNW arrays with a 300 ppm detection limit for H2 identified from current–voltage
(I–V) curves. The detection limit was above that of Noh et al. [151], but response and recovery times were superior.

Han et al. [153] reported a sensor for O2 based on patterned arrays of vertically aligned SiNWs sandwiched between two gold
contacts separated by air [153]. The authors describe the formation of Ohmic contacts between the tips of the SiNWs and the Au
layer, with perforations introduced by etching the upper Au layer through a 100 µm Cu-mesh. The flow of O2 resulted in h+ injection
and subsequent decrease in resistance measured across the Au electrodes through the SiNWs. System reproducibility was far superior
to that of a single-nanowire FET device tested in the same study, producing sharp signal changes as the O2 gas was flown and purged
from the test chamber. No detection limit was indicated.

Silicon nanostructures produced by MACE have also been employed to sense more complex molecules. Glucose has been detected
as a model target in several proof-of-concept devices. A non-enzymatic glucose sensor reported by Hui et al. [154] used Pd/Ni-capped
random SiNWs fabricated by MACE in cyclic voltammetry to detect a minimum of 2 µM, comparable to non-enzymatic sensors based
on different technologies. Xu et al. [155] fabricated an enzymatic three-phase electrode from a random array of SiNWs for glucose
sensing at 500 µM up to 30 mM, with excellent linearity. Brodoceanu et al. [40] used EIS to detect an MS2 bacteriophage virus with
an array of sub-micron pores fabricated using MACE and nanosphere lithography (Section 2.1.2).

In conclusion, MACE allows for the fabrication of high-AR nanostructures with large surface-to-volume ratios that can electro-
chemically sense a variety of molecules ranging in complexity from small gase molecules to glucose. Although the nanostructures produced
by MACE offer no distinct advantages over those produced more conventionally through DRIE or VLS, the MACE process is more accessible
and easier to implement. It remains unclear whether morphological aspects such as porosity in MACE offer any distinct advantages for
electrochemical sensor design; more work is required to produce concrete supporting evidence for this proposition.

4.1.2. Surface-Enhanced Raman Spectroscopy (SERS)
Raman spectroscopy provides details on molecular structure and is commonly used for biomedical analysis, but its sensitivity

suffers from the intrinsically weak Raman scattering that occurs for only one in 10 million photons. Surface enhancement of the
Raman signal, also known as surface-enhanced Raman scattering, has been known since the 1970s and can cause signal enhancement
by factors of 105–109. This has often been achieved through rough metal substrates that exhibit surface plasmon resonance, which
locally enhances the electric field and enables detection of single molecules adsorbed on the surface. Sensitivity and signal re-
producibility – expressed as percent relative standard deviation (RSD %) – are the two main figures of merit by which a SERS
substrate is evaluated.

Surface-enhanced Raman scattering was first observed on roughened Ag metal substrates [156,157], but such substrates are prone
to oxidation and contamination that impair spectroscopy. Ag-coated silicon nanostructures appear to be more stable, probably
because Ag nanoparticles on silicon are less reactive (where silicon is preferentially oxidized due to electronegativity gradient) than
free-standing Ag nanostructures, resulting in an increased stability and robustness in complex media [158]. Raman hotspots (posi-
tions where Raman scattering is intensified) occur due to surface plasmon formation at length scales below the excitation wavelength
[159,160]. MACE can generate high-density, wafer scale SiNW arrays with tightly spaced metal nanoparticles on the SiNW walls that
form Raman hotspots at a large density. Fig. 19 illustrates a simple SERS substrate fabricated through MACE with Au or Ag clusters. A
range of MACE-fabricated silicon geometries have been used for SERS, including porous silicon (Section 2.1.1), patterned silicon
nanostructures (Sections 2.2.2 and 2.2.3), and random SiNWs (Section 2.2.1) [161].
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Model analytes such as rhodamine 6G (R6G) are typically used to compare SERS sensitivity between different device archi-
tectures. A simple and common device type fabricated through MACE is based on random SiNW arrays capped with Ag or Au clusters.
Qiu et al. [162] evaluated the SERS signals of such a device coated with Ag clusters left over from the Ag-catalyzed MACE reaction by
measuring R6G in solution. The detection limit decreased with increasing SiNW lengths, linking the aspect-ratio of the SiNWs to their
SERS performance. A similar study by Sun et al. [163] investigated the effects of Ag particle coating thickness on the detection of R6G
at 1 µM, observing that the highest signal intensity was obtained after 20 min of Ag deposition from a solution of NH4F–AgNO3.
Agglomerate sizes or the structure of the deposited layer were not discussed, which makes comparison difficult. Devices by Bai et al.
[164] involved tapered SiNW arrays (Section 2.2.3) coated entirely with a continuous layer of Ag, as opposed to discrete agglom-
erates, with a R6G detection sensitivity of 10−15 M. This was attributed to the availability of a greater surface area of elemental Ag for
the attachment by organic molecules.

SERS devices based on metalized random SiNWs have shown excellent sensitivities but suffer from low reproducibility in signal
intensity due to the inherent randomness of the structures. Huang et al. [165] increased signal reproducibility by patterning the SiNWs
using nanosphere masks to fabricate homogeneously structured SERS substrates with fixed nanowire diameters and inter-nanowire dis-
tances. This was followed by depositing a layer of Ag through sputter-coating. The authors found that the reproducibility of the Raman
signal depended wholly on the density of the deposited Ag layer and measurably improved as the thickness of the Ag layer increased.

The SERS effect was also established on Au clusters deposited on patterned arrays of SiNWs [166]. The Au nanoparticles were
synthesized in solution and chemically grafted to the surface of the nanopillars using silane chemistry. For this particular archi-
tecture, a negative correlation was identified between inter-nanopillar spacing and R6G signal intensity. The smaller the inter-
nanopillar distances, the higher signal intensity, while increasing variation in the SiNW spacing increased signal variability. This was
consistent with the findings of Huang et al. [165], who successfully measured R6G at 10−7 M reproducibly. Cara et al. [167]
determined the effect of order in pillar arrays fabricated through MACE and nanosphere lithography on the reproducibility of the
SERS signal. The regularity was quantified as a function of nanosphere spin-coating speed; increased order reduced the standard
deviation of repeated SERS measurements of 7-mercapto-4-methylcoumarin concentration on the array.

In an alternative SERS device architecture, Sun et al. [161] etched discreet Au clusters deposited on flat silicon to produce random
macroporous silicon with varying etch depths (Fig. 20a and b). This was followed by depositing Au layers of various thicknesses of
30–300 nm (Fig. 20c) using sputter-coating. The different surfaces were used to perform SERS on 1,2-benzenedithiol to verify the
conditions that yielded the highest Raman signal intensity (Fig. 20d). Deeper macropores and increased Au layer thickness increased
the signal intensityup to a layer thickness of 210 nm. Their device showed high reproducibility (RSD < 5%).

Bontempi et al. [168] deposited TiO2 by means of atomic-layer deposition (ALD) on SiNWs in order to enhance Raman scattering.
They studied the plasmon-free SERS intensity from methylene blue and other probes and determined optimal TiO2 film thicknesses
and SiNW aspect ratios.

Zhang et al. [169] detected mouse immunoglobulin G (mIgG) and goat-anti-mouse immunoglobulin G (gamIgG) down to 4 ng by SERS
on AgNPs-coated random SiNWs; they also detected mIgG and gamIgG immunocomplexes. The same authors [51] demonstrated detection
of the anthrax biomarker calcium dipicolinate (CaDPA) at a concentration of 4 µM, 15 times below the dose required to contract infection
by exposure to the spores. Wang et al. [170] detected the pesticide Carbaryl via SiNW-SERS and DNA hybridization, respectively [171]. 4-
Methylbenzenethiol has also been detected at 1 mM concentration using lithographically defined SiNWs coated with Ag [172]; pyridine
was detected at a minimum concentration of 10−11 M using Ag-coated random SiNW arrays [158].

Fig. 19. Schematic representation of a SERS substrate constructed from nanostructured silicon coated with clusters of a plasmonic metal such as Ag
or Au. Irradiation with an IR laser forms localized surface plasmons between two adjacent metal clusters. Analyte molecules entrapped between the
clusters experience a drastic enhancement in Raman scattering.

H. Alhmoud, et al. Progress in Materials Science xxx (xxxx) xxxx

25



4.1.3. Laser desorption/ionization (LDI)
MACE has been used to create nanostructured silicon surfaces for surface-assisted laser desorption/ionization mass spectrometry.

SALDI-MS is a high-throughput analytical technique for profiling complex biomolecules, which can be applied to tissue sections
placed on the nanoengineered surface for imaging. The process requires minimal sample preparation and is not as destructive to
analyte molecules as electron ionization – MS (EI-MS). Soft ionization allows whole molecules to be analyzed without significant
fragmentation.

Conventional matrix-assisted LDI uses organic materials that surrounds the analyte, absorbs the energy of an ionizing UV laser,
and passes it to the analyte molecules without destroying it. This results in a soft ionization and subsequent ejection of the analyte as
a plume of ions. The ionized molecules pass through a time-of-flight (TOF) detector and are separated based on their individual mass-
to-charge (m/z) ratio. MALDI is excellent for the detection of larger biomolecules, but smaller molecules (< 1.4 kDa) cannot be
analyzed easily because the matrix molecules ionize competitively with analyte small molecules and overwhelm the low-mass end of
the spectrum with signals, obscuring any peaks resulting from the analyte itself [67]. In SALDI-MS the substrate takes over the role of
the matrix, simplifying sample preparation and allowing for detection of smaller organic molecules.

Nanostructured silicon exhibits large UV absorption cross-sections, and light-scattering from nanoscale features can further im-
prove optical absorption to maximize energy transfer to the analyte molecules. Anodic etching of silicon has been used extensively to
prepare SALDI surfaces. More recently, MACE-etched surfaces emerged as alternatives that offer tunable geometries and improved
light interactions [173]. Fig. 21 schematically shows the principle of SALDI on a MACE-nanostructured substrate. Analyte molecules
on the substrate are irradiated with a pulsed UV laser. The ionized molecules are ejected and accelerated through an electric field into
a time-of-flight (TOF) detector.

The first SALDI substrates fabricated by means of MACE appeared in 2001 [174]. Initial studies used MACE to etch mesoporous
and microporous structures on the flat silicon. It is known from anodic etching that the pore sizes need to be within a narrow range
for any signal to be produced. For example, 100–200 nm pores are necessary for DIOS (desorption ionization on silicon) substrates to
work [175], while NIMS (nanostructure-initiator mass spectrometry) substrates require much smaller pore sizes of< 12 nm [176].
For MACE-fabricated substrates, and using standard peptide mixtures, the authors found that columnar pores with diameters of
~30 nm and a depth of ~350 nm generated a stronger signal than pores of ~3 nm diameter and 250 nm depth. The pores were
generated by a discontinuous Au layer in a solution of HF/H2O2/ethanol.

Random SiNWs with their close-packed arrangement were also suitable as SALDI substrates. Tsao et al. [177] fabricated random

Fig. 20. Characterization of a Au-coated porous silicon SERS device. (a) Silicon surface coated with discreet islands of Au clusters and etched in HF/
H2O2 for 30 s. (b) Same surface etched further for 10 min. (c) Optimized SERS surface etched for 40 min and coated with 200 nm of Au (scale
bar = 1 µm). (d) Phase diagram depicting the Raman signal intensity (A.U.) at ν = 1030 cm−1 of 10−4 M of 1,2-benzenedithiol as a function of
surface etching time and the thickness of the Au coating. Figure adapted from Sun et al. [161] Copyright (2013), Elsevier.
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nanowires using the process of Li and Bohn [26], followed by chemical modification of the surface with a pentafluorosilane. Using
des-arg9-bradykinin as a model peptide, they reported a detection limit of down to 15 × 10−18 M on SiNWs ~3 µm long with
20–200 nm inter-nanowire spacing. This sensitivity was better than for commercially available anodized porous silicon substrates
with pores of 200 nm and thicknesses of ~600 nm. While pore size and etch depth determined SALDI-MS performance in porous
silicon, inter-nanowire spacing and nanowire length were the main geometric features affecting SALDI-MS performance on random
SiNWs. Surface functionalization with fluorosilanes renders the surface more hydrophobic and confines the evaporating analyte
droplets to a smaller area, affecting SALDI-MS performance by increasing the effective concentration of the analyte at the given
droplet spot. Another SALDI substrate was reported by Chen et al. [178] based on etch track pores generated from Au clusters
randomly deposited on the surface and etched to various depths. A systematic analysis of the effect of pore geometry on signal
intensity found that the optimal pore depth of 3–4 µm and pore diameter of 20–50 nm resulted in the highest signal intensity. The
authors did not describe a mechanism for how the aspect-ratio affected signal intensity, but des-arg9-bradykinin was reliably detected
at a concentration of 10−9 M using the optimal geometry. Chen et al. [178] did not use the surface fluorosilane functionalization of
Tsao et al. [177], which may have reduced their detection sensitivity [175,179,180]. A later study by Tsao and co-workers [181]
investigated the stability of MACE-etched SALDI substrates under ambient conditions, in vacuum, and in an inert gas – the only study
on this topic. Oxidation under ambient condition caused a drastic reduction in SALDI detection performance of a standard peptide,
using Au-etched random SiNWs. Substrates kept under nitrogen or in vacuum showed little degradation in signal intensity.

In addition to meoporous/microporous silicon and random SiNWs produced by MACE, SALDI-MS substrates based on patterned
arrays of nanowires/nanopillars were reported. Arrays of nanopillars with 200 nm diameter, 2 µm length, and an inter-nanopillar
spacing of 400 nm were fabricated by Au-catalyzed MACE and tested against a peptide mixture of bradykinin, angiotensin, P14R, and
ACTH at a concentration of 1 nM. This peptide mixture is typically used to calibrate the LDI instrument at lower mass-to-charge ratios
and is useful to measure benchmark performance. SALDI performance was tested and compared to the performance of a regular
matrix on a steel target plate, and on commercial porous silicon (DIOS) [66]. The performance of the SiNP substrates in the lower
mass range (< 1500 Da) was comparable to that of the DIOS substrate, but stronger signals were obtained on the nanopillars for the
peptide with a mass of 2500 Da (ACTH fragment). The conventional matrix caused strong background noise in the lower mass range
(< 700 Da), obscuring the signal from at least one of the peptides in that range. Similar nanopillars with lower aspect ratios produced
by Ag catalysis were tested against a standard peptide mix and the small drug molecule methadone [67]. The authors varied the
diameter, length, inter-nanopillar spacing, and surface roughness and found optimal SALDI performance for 450 nm diameter,
450 nm length, and a spacing of 100 nm. The substrates were successfully used to measure methadone in clinical samples of urine,
blood plasma, and saliva down to a concentration of 32 ng/mL (100 nM).

In summary, MACE has been used to prepare mesoporous/microporous surfaces with pore sizes of 3–300 nm, random SiNWs, and
patterned nanowires/nanopillars for SALDI. The performance of the patterned nanopillars was similar to the performance of random
SiNWs for detecting bradykinin (at 10−7 M), while the porous surfaces showed superior sensitivity (10−18 M). While the exact
mechanism of SALDI is still debated [182], and it is hard to judge how different silicon nanostructures affect the efficiency so
strongly, MACE readily gives access to all of these nanostructures and can be a powerful tool for investigators.

Fig. 21. Schematic showing a MACE-structured SALDI substrate. Analyte adsorbed on the surface is exposed to soft ionization facilitated by the
absorption of UV irradiation by the substrate and a transfer of energy. The ionized analyte molecules are separated by their mass/charge ratio in a
TOF detector.
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4.2. Cell–material interfaces

Several cellular processes such as adhesion, migration, proliferation, and differentiation are affected by interactions between cells
and the topography of the substrate they populate. Nanostructured silicon has recently received considerable attention as a cell
substrate, and SiNW arrays have been fabricated as smart and functional nano–bio interfaces for ex vivo or in vivo use [183–185].
Porous vertically aligned SiNW arrays have become a promising platform for guiding and orchestrating key aspects of cell behavior.
Their key advantage lies in their enhanced interaction with cells (as compared to flat substrates) due to their small diameters and high
AR, enabling access to and interfacing with the intracellular environment that was not directly possible before.

This enhanced interaction at the cell–silicon nanomaterials interface has been shown to directly influence three distinct cellular
behaviors: High-AR nanostructures such as random SiNWs have been shown to promote cellular adhesion and attachment to the
substrate, which was used to capture specific cell types in a homogenized mixture of various cells. The second behavior is differ-
entiation, where the nanostructures provide the necessary mechanical or physical cues in the extracellular environment to direct stem
cell fate [186]. Third, the direct intracellular access of high-AR nanostructures to the cell interior has facilitated delivery of gene
sequences or other bioactive molecules into it, as well as probing the intracellular environment, enabling exquisite non-destructive
control over cellular processes. The next sections will discuss each of the three aspects of cell–nanostructure interactions in more
detail.

4.2.1. Attachment and adhesion
Cell-surface attachment begins with the sensing of mechanical cues as the cell binds to the nanostructured surface through

integrins, a family of transmembrane proteins that modulate cell attachment within minutes and generate and convey biochemical
signals to the cells’ migratory and proliferative machinery. The specific nanotopography modulates integrin clustering and focal
adhesion formation, which in turn alter the forces within the cell that guide both cytoskeletal extension and organization of complex
transmembrane receptors. The signals transduced from these cues merge with other intracellular signaling pathways, including those
activated in the presence of soluble growth factors [186].

The relation between this signal cascade and MACE-fabricated nanostructures has been studied over the last decade. In 2009, Qi
et al. [187] investigated the adhesion of immortalized human hepatic cells (LX-2) and human hepatoma cells (HepG2) on MACE-
derived random SiNW arrays. Biocompatibility and cell adhesion were good; the SiNW provided attachment points that increased the
adhesion force significantly compared with flat surfaces. The adhesion was measured by counting the number of detached cells after
applying centrifugal force, and the results were compared with flat silicon. On average, twice the number of cells detached from flat
silicon compared with SiNWs under the same centrifugal force. Furthermore, cell spreading was reduced on SiNWs compared with
flat silicon, but cell filopodia extended to attach to surrounding nanowires. The cells formed globular shapes due to the decreased
surface area available for their attachment compared with flat surfaces. Chen and co-workers [188] tracked the reversible selective
capturing of T lymphocytes on aptamer-modified random SiNW arrays through fluorescence labeling. Release was triggered by a
solution of exonuclease I for 50 min. Capture efficiencies on this surface were two orders of magnitude greater than on flat surfaces,
and release efficiency reached 97%. Piret et al. [189] observed the growth and attachment of confined Chinese hamster ovary (CHO)
cells to pre-patterned regions on substrate of random SiNW arrays. The authors used photolithography to define 40 × 40 µm2 hy-
drophilic regions of SiNWs surrounded by 20 µm wide stripes of hydrophobic SiNWs. The CHO cells were confined exclusively to the
hydrophilic areas.

Neuronal networks that grow on nanopatterned surfaces in a guided manner, and the subsequent outgrowth of neurites and
formation of synaptic junction that are addressable electrically, are of interest for developing individual neuron stimulators, neural
networks, and silicon–neuron junctions, also known as neuron-on-chip (NOC). Kim et al. [190] investigated neurite development on
patterned SiNWs and found that neurite development and elongation depended on the SiNW height (Fig. 22j). They attributed this
effect to mechanobiological interactions between the neuron and the nanotopography through neuron cone–substrate coupling, while
maintaining minimum penetration of the neuronal internals to avoid affecting any metabolic or signaling processes and to minimize
interference.

Capture of specific cells using the nanostructures produced on the surface can be useful to isolate circulating tumor cells (CTCs)
found in the blood stream for further diagnosis. Once CTCs are captured and isolated from other cells, analyzing them provides much-
needed information about the state of cancer metastasis, which can lead to better tailored treatments. Fig. 23a shows the working
principle of a passive SiNWs-based capture device that can concentrate CTCs from the blood. Wang et al. [191] explored the capture
efficiency (expressed as the number of CTCs per mL of peripheral blood) of MACE-fabricated SiNWs with immobilized CTC-specific
antibodies. The authors used self-assembled colloidal masks to pattern the nanopillars and fabricated diameters of 120–1100 nm and
lengths of 35–800 nm and observed a linear relationship between surface area (that scaled inversely with nanopillar diameter) and
capture efficiency for wires with diameters> 100 nm. The highest capture yield was reported for inter-nanowire spacings of
120–200 nm, at around 80%. A different group used Ag-catalyzed random SiNW arrays to capture A549 epithelial cells [192]. The
authors reported a capture efficiency of 96.6 ± 6.7% using SiNWs functionalized with a biotin-streptavidin molecule, while biotin-
streptavidin functionalized flat silicon captured<2%.

Some MACE-patterned surfaces can selectively detach and release cells depending on temperature. By growing a thermo-re-
sponsive polymer layer on the surface of SiNWs, surface-bound cells can be reversibly detached by switching the state of the polymer
layer through a slight increase in temperature (Fig. 23b). Liu and co-workers [193] used Ag-catalyzed random SiNW arrays capped
with the thermo-responsive polymer poly(N-isopropylacrylamide) (pNIPAM). The pNIPAM’s interaction with biotin-bovine serum
albumin (biotin-BSA) depended on temperature, and it could be reversibly adsorbed/desorbed. A biotinylated cell capture antibody
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(biotin-anti-EpCAM) was connected to the biotin-BSA through a streptavidin linker. This multilayered system reversibly captured
cancer cells at 37 °C and released them at 20 °C. Taking this concept one step further, Cui et al. [194] exploited the SiNWs’ near-
infrared (NIR) absorption properties to heat the cell capture substrate. MCF-7 cancer cells were captured and released 20 times
without measurable decay in capture performance, while the cells remained viable after each capture and release cycle. Such ma-
terials may find applications in the isolation of a specific cell strain from homogenized tissue.

4.2.2. Differentiation
The extracellular matrix (ECM) provides structural cues for cellular differentiation in tissues. Typically, these cues are composed

of structural, mechanical, geometrical, and biochemical signals, which dictate fate in stem cell differentiation. The cues can be
replicated using nanostructured surfaces that mimic natural features of the ECM. They can perform the role of the collagen, fibrin,
and elastin proteins comprising the ECMs by mimicking their natural arrangements in complex specific architectures. For example,
mesenchymal stem cell differentiation into osteoblasts can be triggered without biochemical intervention by growing mesenchymal
cells within a nanoengineered scaffold that mimics bone tissue [195]. This concept can be applied to many other cell types as
summarized in Fig. 24.

Many technologies now allow precise control of surface topography on silicon [196,197]. Nanostructured silicon surfaces have
been frequently used for pluripotent cell reprogramming and guided differentiation has experienced a surge of interest over the last
two decades [198]. A limited number of studies utilized MACE as the primary fabrication technique for ECM-replicating structures.
This might be due to the popularity of DRIE and other dry-etching techniques for testing experimental nanostructural designs as
compared to MACE. Here we describe the few examples of MACE-derived structures used for cell differentiation in the literature.

Fig. 22. Growth of neurons on MACE-derived SiNW arrays. Panels (a–h) represent SEM micrographs of rat embryonic (E18) hippocampal neuronal
cells grown on silicon nanocolumns with a fixed diameter and varying length of 300 nm (a, e), 900 nm (b, f), 1300 nm (c, g), and 2000 nm (d, h).
Panels (a–d) show insets that contain zoomed-in views of the nanocolumns. Panels (e–h) show zoomed-in views and false coloration of tips of neurite
growths from the cells depicted in panels (a–d). (i) Depicts a schematic drawing of morphologically unpolarized vs. a polarized cell with a neurite
growth. (j) Plot of the ratio of polarized vs. non-polarized neurons on the different samples depicted in panels (a–d). The blue trace shows the longest
neurite measured per nanocolumn height per sample. Figure reprinted with permission from Springer, Nano Research, Kim et al. [190] Copyright
(2018).

H. Alhmoud, et al. Progress in Materials Science xxx (xxxx) xxxx

29



Brammer et al. [5] looked at the effects of random SiNWs from MACE and other nanoengineered substrates on the osteo-dif-
ferentiation of MSCs in vitro. Compared with micro-pillars fabricated through DRIE, random SiNWs led to reduced cell adhesion and
proliferation, but triggered more osteo-differentiation and osteogenic mineralization. The bed-of-nails geometry of the random SiNWs
may force cells grown on top to change conformation and reduce total surface area, triggering cell-signaling pathways that promote
osteo-differentiation. Kuo and co-workers [6] used random SiNW arrays to promote the osteogenic differentiation of human

Fig. 23. Illustration of MACE-structured cell substrates. (a) Nanostructured substrates can be functionalized with specific capture moieties that help
capturing certain types of cells such as CTCs from homogenized fluids or blood. (b) Nanostructured surfaces can be designed with collapsable
polymers to detach adhered cells through an external trigger such as temperature or pH change.

Fig. 24. Schematic showing the possible differentiation pathways of MCS cells grown on nanostructured silicon by responding to the mechanical
and structrual cues provided by the surface.
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mesenchymal stem cells (hMSCs) through cytoskeleton remodeling. The expression of integrin heterodimers and the focal adhesion
molecules pFAK and vinculin changed depending on the aspect ratio of the SiNWs. Ha et al. [199] triggered expression of the
fibroblast activation protein (FAP) by growing fibroblast cells on random SiNW arrays as an alternative to currently used growth
factors or chemokines. In a later study, Piret et al. [200] studied other phenotypic alterations in mouse retinal cells grown on high
aspect-ratio porous random SiNW arrays. While the retinal cells demonstrated good adhesion and proliferation, they underwent
undesirable phenotypic changes observed by means of immunochemistry. Many characteristic retinal cell biomarkers were absent, as
was neurite formation. When the arrays were functionalized with fluorosilanes, these phenotypic changes were no longer observed.
Cell viability dropped noticeably, attributed to the trapping of toxic chemicals like HF and fluorosilanes in the pores of the SiNWs and
releasing in the culture medium over time. A more successful geometry was reported by Kim et al. [201] who used flat-top nano-
columns fabricated through lithography and MACE to produce 3D spherical colonies of mouse pluripotent stem cells with high
potential for self-renewal and differentiation. The formation of these spherical colonies was quantified as a function of nanocolumn
length (Fig. 25a and b) and spatial density (Fig. 25c and d).

In typical ECMs or ECM-mimicking scaffolds, interaction with intracellular organelles can only be accomplished indirectly, by
triggering signal cascades through perturbation of the cell membrane. Alternatively, Hansel et al. [202] observed that high-AR
nanoneedles fabricated through MACE not only cause phenotypical changes in cells by interacting superficially with cell membrane,
but can lead to changes in intracellular organelles such as the nucleus and cytoskeleton directly at the points of nanoneedle im-
pingement in hMSCs. For example, they observed a reduction in cytoskeleton tension. The cytoskeleton also formed dense actin rings
around the nanoneedles. Additionally, the authors observed a remodeling of the nuclear envelope. These changes are different from
what could typically be induced by stimulating the cell membrane alone. The ability of MACE-fabricated high-AR nanostructures to
interact with intracellular organelles directly and not only through the cell membrane opens up opportunities to study the me-
chanosensory responses of those organelles in greater detail and to purposefully induce desired phenotypical changes in large cell
populations simultaneously.

Given the early stage of research in this field, the relationship between structure geometry and stem cell differentiation is not yet
well understood. The situation is complicated by other physiological and biochemical factors involved in the process of differ-
entiation, and deconvolution is difficult. MACE-fabricated SiNWs clearly have the potential to trigger mesenchymal cell differ-
entiation, but in certain cases SiNW porosity was referred to as a disadvantage because they trapped toxic chemicals released upon
incubation with cells. We believe that comprehensive washing might eliminate this problem and that the pores could be used to store
chemokines and other biological factors that help promote more specific differentiation pathways.

4.2.3. Intracellular sensing and delivery
Intracellular delivery of bioactive agents has become a key technique in emerging genome-editing approaches, ex vivo cell-based

therapies, and advanced cellular studies. Many methods or vectors of gene delivery have been developed for various types of cells.

Fig. 25. The relationship between silicon nanocolumn length (a, b) and the number of spherical mouse stem cell colonies (≥200 µm in size) per unit
area. (c, d) The number of spherical colonies per unit area as a function of nanocolumn spatial density. Figure reprinted with from Kim et al. [201]
Copyright (2016), Royal Society of Chemistry.
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Among these, the micropipette is considered the gold standard for its excellent transfection efficacy while maintaining cell viability;
but the micropipette approach can treat only one cell at a time, which limits its throughput.

Research to improve these methods and vectors has shown that 1D nanomaterials such as SiNW, nanostraws, hollow nanoneedles,
carbon nanotubes, and nanofibers grown on a surface can deliver agents directly to mammalian cells that settle on the nanoengi-
neered surface [195,203]. A simplified schematic of the uptake process is shown in Fig. 26a where the cells adhere to a nanos-
tructured silicon substrate. The interaction of the cellular membrane with the nanostructures allows for the uptake of biomolecules
loaded onto the nanostructures through passive adsorption. The interaction with the nanostructures also enables sophisticated
methods of probing the cell interior: either through fluorescence-based assays (Fig. 26b), or through electrochemical sensing
(Fig. 26c). Transfection of cells with DNA strands or plasmids injected from SiNWs have been reported, but most published studies are
based on SiNWs fabricated using methods other than MACE [62,204–207]. There has been increasing interest in using MACE SiNWs
for the same purpose, mainly because the porous structure of MACE SiNWs can increase the loading capacity of bioactive agents in
the nanostructures, as opposed to solid SiNWs produced by other methods where the bioactive molecules are mainly physisorbed on
the outer surface of the SiNWs.

Pan et al. [208] first reported on MACE fabricated SiNWs used for plasmid DNA transfection. In this case the authors did not rely
on structural porosity to load the plasmids, but instead used polyethyleneimine (PEI) to increase the amount of plasmids on the
surface. The random SiNWs reported by the authors were produced by a single-step etch in HF/AgNO3 solution, had high aspect
ratios (~200) and small diameters (~50 nm), and were easy to fabricate. The first reported use of structural porosity to load
biomolecules was Chiappini et al. [16], where the authors demonstrated that biodegradable porous SiNW arrays are capable of high-
throughput, localized, and parallel co-delivery of plasmid pDNA and siRNA into HeLa cells, achieving transfection efficiencies as high

Fig. 26. (a) Schematic representation of cellular transfection using SiNWs. The biomolecule is first deposited on the surface, followed by cell seeding
and incubation over the surface. Uptake occurs through several possible mechanisms such as endocytosis and is followed by transfected cell
harvesting. Interaction of SiNWs with cells can also be used for complex forms of probing through either (b) fluorescence based assays or (c)
electrochemical measurements.
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as 90% and high cell viability in a range of cell types, both in vitro and in vivo. This required the use of conical SiNWs with average
dimensions of 600 nm base diameter, 50 nm apical diameter, and 5 µm length, at densities of 25 million per cm2 (Fig. 27b and c).
These dimensions were chosen to confer the SiNW elements with (i) sufficient mechanical strength to withstand the dynamic me-
chanical forces exerted by the cells, by having a large base, (ii) the ability to penetrate cell membranes, (iii) low cytotoxicity, and (iv)
sufficient loading capacity. The SiNWs were biodegradable due to their high porosity and tended to dissolve in media over time. A
porosity of 45–70% enabled the team to tune the SiNWs degradability over time and to increase the payload volume 300-fold
compared with solid non-porous SiNWs. Degradation then enabled the researchers to predetermine the interface time between the
SiNWs and the cells in a range of 1–36 h, (Fig. 27e).

The optimized degradable SiNWs array was used as a tool to transfect HeLa cells with fluorescent label siRNA, (Cy3-glycer-
aldehyde-3-phosphate-dehydrogenase (GAPDH)-siRNA), and GFP plasmid to monitor gene regulation. The fluorescent signal was
significantly reduced for cells to which GAPDH siRNA had been delivered by effectively silencing 80% of fluorescent signal from
DAPDH compared with controls and with cells nanoinjected with scrambled siRNA.

Further results by Chiappini et al. [16] on this material demonstrated in-situ delivery of an angiogenic gene, human VEGF165
plasmid DNA, into the back muscles of mice, resulting in a six-fold increase in sustained neovascularization and formation of
functional blood vessels in the mouse back muscles. Histological analysis revealed no inflammation or other harmful effects. In
summary, degradable SiNW arrays can be used for the localized delivery of nucleic acid targeting specific areas in a tissue, for
example to form a localized vascular network, paving the way for biocompatible long-term implants.

Elnathan et al. [209] employed porous SiNWs fabricated with MACE of various diameters, inter-nanowire spacing, and lengths for
the transfection of human foreskin fibroblasts (HFF), HeLa, HEK 293, and human dental pulp stem cells (hDPSC) cells with green-
fluorescent protein (GFP) plasmids. The SiNWs ranged in length from 400 nm up to 6300 nm, with diameters of 330, 400, and
600 nm. The diameter and inter-nanowire spacings were coupled such that as the diameter of the SiNWs decreased, the inter-
nanowire spacing increased. The authors found that for all cell types tested, smaller diameters of SiNWs ≤ 400 nm (~1200 nm
spacing) performed better than larger diameters of 600 nm. SiNWs with 3.5 µm lengths showed the best transfection performance for
HeLa, HFF, and HEK cells, while SiNWs 3.5 and 1.5 µm long performed equally well for hDPSC cell transfection.

There has been intense debate on whether nanowires and nanoneedles deliver their payloads by accessing the cytosol directly, or
by triggering signaling cascades that cause payload uptake through regular cell mechanisms such as endocytosis. Gopal et al. [210]
reported that SiNW arrays in fact do not penetrate the cell membrane of hMSCs, but instead trigger endocytosis. Their litho-
graphically defined substrates were etched in Ag catalyzed HF/H2O2 solution to produce porous SiNWs with 600 nm diameters, 2 µm
length, and 2 µm inter-nanowire spacing. The SiNWs were further sharpened using DRIE. Using focused ion beam electron micro-
scopy and scanning ion conductance microscopy, the authors observed that the cell membrane remained intact along the entire
length of interaction with the SiNWs but was mechanically stretched especially along the SiNW tips, where the greatest curvature in
the membrane occurred. As a result, they observed clathrin-coated inward bulges in the membrane that were surrounding the SiNW
tips, indicating that clathrin-mediated endocytosis was taking place. Their imaging methodology also confirmed the presence of

Fig. 27. (a) Schematic representation of biodegradable porous SiNWs fabrication using MACE and DRIE. (b) High resolution SEM micrographs
depicting the porous SiNWs and (c) their porous structure. (d) SEM characterization of the degradation of porous SiNWs over the period of 24 h in
cell culture media at 37 °C. (e) ICP-AES quantification of silicon release in media as a result of degradation. Reprinted by permission from Springer
Nature, Nature Materials, Chiappini et al. [16] Copyright (2015).
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caveolae and clathrin-coated endocytotic vesicles. But they concluded that further studies are necessary to map out the various other
geometries that could trigger endocytosis-based or other uptake mechanisms in cells, given that each cell type responds differently to
external geometrical features.

MACE-structured porous SiNWs have also been shown to be suitable for intra-cellular biosensing due to their ability to access the
cytosol. This can be used to continuously probe the cell interior in real time [198]. Chiappini et al. [14] demonstrated this concept
with a fluorescent probe-tagged biosensor for mapping local cathepsin B (a solid-tumor biomarker) in vitro and in vivo. The authors
combined the fluorescent probe with tapered nanowires that penetrated cancerous tissue sections, gave access to individual cell
interiors, and provided fluorescence-mediated detection of biomarkers at the single-cell level.

In summary, MACE is an excellent method for fabricating scalable nanostructures for intracellular access. It can provide the
necessary geometric features to access the cytosol in one step without patterning steps. The porosity of the MACE-derived structures
has been shown to be important for loading of greater amounts of transfection agents and fluorescent probes, which makes it equal
and, in some cases, better than alternative methods such as DRIE or VLS.

4.3. Therapeutic delivery

Nanomedicine offers targeted drug delivery platforms for both therapy and diagnostics. Engineered micro- and nanoporous
materials – including nanoparticles, nanowires, and thin films – allow for high drug payloads and sustained drug release from the
pores over time. Porous materials can also help with the delivery of very hydrophobic drugs that suffer from poor solubility in
biological fluids [211] and cannot be administered through conventional methods. Nanoparticles< 300 nm in diameter can be
designed to take advantage of the enhanced permeability and retention effect (EPR), which allows the leakage of nanosize particles
through blood vessels surrounding tumor cells for effective drug delivery [212].

Silicon-based porous nanoparticles have traditionally been fabricated by the breakdown of porous silicon films obtained through
anodic etching. Breakdown of the porous films occurs using ultrasonication or ball milling [12,213]. One of the earliest reports
describes preparation of silicon nanoparticles through ultrasonication of porous silicon films in organic solvents [214]. Porous silicon
nanoparticles were also prepared through reduction of silicon tetrachloride SiCl4 or tetraethyl orthosilicate Si(OEt)4 salts in solution
[215] and through vapor-phase synthesis [216]. But anodic etching and subsequent breakdown of porous silicon films remains the
most common method with many successful demonstrations in vivo [12,213]. The physical dimensions of the fabricated nanoparticles
play an important role in their behavior in vivo (Fig. 28a and b). Chemical modifications of the silicon surface can be used to enhance
the resistance of the nanoparticles towards dissolution in aqueous medium and provide control over release of drug payloads, provide
targeting moieties, control degradation rate, and increase biocompatibility (Fig. 28d). Such modifications include silicon–polymer
hybrids [217] and silicon–alkyl functionalities generated via hydrosilylation [9,218]. Careful tuning of the pore size and pore shape is
important to control the payload capacity and the rate of payload release (Fig. 28c). Fig. 28e depicts the typical cycle of therapeutic
loading into porous silicon nanoparticles, which is then followed by the optional encapsulation with a chemical group, a polymer, or
a targeting moiety. Fig. 28f shows the three main modes of payload release: (1) passively through Brownian motion, (2) through the
gradual degradation of the silicon nanoparticle, causing the content of the pores to be released, and (3) through a triggered-release
system where polymer-encapsulated nanoparticles can be exposed to an external factor such as heat or pH change in order to open the
pores, allowing the contents to diffuse through the encapsulation layer.

Porous silicon particles can also exhibit self-reporting photoluminescence due to quantum confinement effects under specific
etching conditions, eliminating the need to co-load reporter molecules as required in liposomal and polymeric delivery systems
[139,140,219]. Porous silicon implants have already been demonstrated successfully as a platform for sustained and controlled
delivery of a given therapeutic over extended periods of up to days, with the ability to promote tissue adhesion, and to dampen the
host’s immune response [220].

The size distribution of silicon nanoparticles generated by the breakdown of anodically etched porous silicon films are typically
wide, with particle sizes ranging between 50 nm and several micrometers. They usually require additional size selection steps such as
centrifugation or filtration, which reduces total yield. MACE has been used successfully to prepare porous nanoparticles with a high
level of control over size and shape. Patterning of the catalytic metal layer in MACE enables control over shape and the etch duration
can be used to control the size. MACE parameters such as oxidizer concentration and substrate doping are used to control the
resulting pore shape and size.

The first porous nanoparticle synthesis with MACE was reported by Xue and co-workers [221] who etched random arrays of
porous SiNWs that were 200–400 nm long and 100–200 nm in diameter as drug-loaded scaffolds (Fig. 29). The authors harvested the
porous SiNWs off the surface using ultrasonication and derivatized them with a pH-responsive cyclodextrin-based nanovalve that
closed at pH 7.4 and opened at pH < 6. The SiNWs were loaded with cargo and successfully endocytosed by human pancreatic
carcinoma PANC-1 cells. The lysosomal acidity within the cells released the loaded cargo into the cells. In 2013, Peng et al. [222]
reported fabrication of porous SiNWs using MACE as nanovectors for the delivery of the anticancer drug doxorubicin (DOX) with a
very high loading capacity of 20.8 g/g. The authors tested the SiNWs–DOX complex in vivo using mouse models, showing complete
tumor growth inhibition for up to 30 days. Osminkina et al. [102] similarly fabricated photoluminescent random SiNWs and detached
them from the surface. The free-floating SiNWs were incubated with CF2Th cells and their uptake was confirmed using confocal
microscopy before the SiNWs were used as focal points for sonodynamic therapy. Cells containing SiNWs and exposed to ultrasound
showed a 40% decrease in viability after 10 min of exposure compared to the control culture. More recently, Alhmoud et al. [223]
developed disc-shaped and antibody-coated porous silicon nanodiscs (pSiND) that actively target tumor cells through binding to cell-
surface receptors. The discs were defined through self-assembling nanosphere lithography and etched using Ag-catalyzed MACE. The
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Fig. 28. Porous silicon nanoparticles can have (a) different shapes, including the common irregular, discoidal, and cylindrical geometries, and (b)
different sizes. (c) The pores can have different structures (i.e. surface level or fully penetrating) that determine the payload capacity and release
rate. (d) The nanoparticles can have different surface chemistries and coatings that increase biocompatibility, manipulate degradation rate, and
attach biotargeting moieties. (e) Typical therapeutic loading procedure where the therapeutic is loaded first, followed by the application of surface
modifications like chemical groups, polymers, and antibodies. (f) Three main modes of therapeutic release from porous silicon nanoparticles: (1)
Brownian motion, (2) degradation of the nanoparticle which releases the payload trapped in the pores, and (3) trigger (heat, pH) if the nanoparticle
was capped with a responsive polymer.

Fig. 29. Schematic representation of the preparation of pH-triggered drug release systems based on porous silicon prepared by means of MACE.
Reprinted with permission from Xue et al. [221] Copyright (2011), American Chemical Society.
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pore size was also varied by changing the etchant composition. The pSiNDs successfully delivered the anticancer drug camptothecin
to neuroblastoma cells, causing 95% reduction in viability. Later on, Alhmoud et al. reported on porous silicon nanopillars decorated
with nanoscale clusters of Au fabricated through MACE [224]. The Au-decorated nanopillars showed excellent absorption in the
infrared region of the electromagnetic spectrum, and caused localized heating upon irradiation with an infrared laser in solution. The
nanomaterial was successfully used to target and kill bacterial cells in vitro using antibody recognition and hyperthermia.

MACE was also used to porosify low-quality metallurgical-grade silicon and prepare cheap porous nanoparticles for biomolecule
delivery. Loni et al. [109] used a metallurgical-grade silicon powder in metal-assisted stain etching with HF/FeCl3 and produced
porous nanoparticles in large amounts (~10 g per batch). Li et al. [225] deposited Ag nanoparticles on metallurgical-grade silicon
substrates and etched them in a solution of HF/H2O2 to produce highly porous random SiNWs. More recently, Wareing et al. [226]
used MACE to fabricate high-surface-area porous silicon nanoparticles from metallurgical-grade silicon powder to deliver a reporter
plasmid to HEK293 cell lines. The nanoparticles were chemically grafted with an aminosilane to electrostatically bind the reporter
plasmid and allow for better interaction and uptake by cells [226]. No cytotoxic effects were observed during the use of the na-
noparticles. Further work by Kozlov and co-workers [144] expanded this concept by generating photoluminescent porous silicon
nanoparticles from recycled metallurgical-grade silicon priced at US$10 per kg vs. US$10,000 for semiconductor-grade silicon.
Sonication formed ~60 nm nanoparticles with a highly porous structure that exhibited photoluminescence; cellular uptake of the
nanoparticles was successfully realized in Hep2 cell lines.

In summary, MACE has potential when it comes to engineering porous silicon theranostics delivery nanoparticles: it can provide
nanoparticles with a narrow size distribution, though control over porosity is not as fine-tuned as in anodic etching. Porous nano-
particles produced by MACE can be photoluminescent and easy to detect with optical microscopy; and nanoparticle shape can be
defined using standard lithography and masking techniques to produce discs, rods, spheres, etc, for various applications including
shape-dependent targeting of certain organs through passive accumulation. Therapeutic cargo that can be loaded into MACE-pro-
duced nanoparticles includes chemical and biological molecules as well as photothermal or sonodynamic agents. Surface chemical
modification of the nanoparticles provides ample opportunity to tune degradation and cargo diffusion kinetics, and to include pH and
temperature triggered valves or active targeting agents such as antibodies.

5. Conclusion

The MACE process has been finessed and optimized to the extent that a broad range of nanostructures can now be ‘dialed in’ to
suit a range of applications. This has led to strong representation of this fabrication process in biomedical research for developing
sensing devices, tissue engineering scaffolds, and therapeutic delivery platforms. But challenges remain: there is still incomplete
understanding the galvanic reaction that governs the MACE reaction and the mechanism at the cathode. We expect that future
progress in the study of the mechanisms will lead to more predictably etched structures and will greatly simplify the design process.

The biomedically relevant palette of structures currently accessible via MACE includes random and patterned vertically aligned
silicon nanowires and nanopillars, high aspect-ratio trenches, nanocones, and random and ordered holes and pores. Combining MACE
with lithography – particularly colloidal lithography – enabled ordered arrays of structures and has afforded increased level of control
and multi-level structuring. Most of the structure classes accessible traditionally by DRIE have now been implemented with MACE.

MACE-produced materials have been explored in biomedicine for development of biosensors, drug delivery, and cell-material
interfaces. Electrochemical sensors based on MACE materials have detection sensitivities that match state-of-the-art sensor devices
based on other materials. MACE’s main strength is in the simplicity of its one-step reaction, which is capable of forming functional
sensors without complex lithographic procedures. For MACE-fabricated SERS devices, though it is possible to produce random SiNW
substrates with high sensitivity to analytes (up to 10−18 M) due to structural density, structural randomness has resulted in poor
signal reproducibility. In contrast, the regular nanowire structures patterned using multi-step, lithographically enhanced MACE
provided very good signal reproducibility. MACE can provide access to several nanostructures suitable for SALDI-MS: meso- and
micro-porous surfaces, random SiNWs, and patterned nanowires and nanopillars. These structures are accessible with other fabri-
cation techniques such as DRIE and anodic etching, and while MACE offers no advantage for SALDI-MS substrates in terms of signal
enhancement or increased sensitivity, it may simplify the fabrication of devices when the process is scaled up.

Tissue engineering scaffolds made using MACE have been used to study cell adhesion and capture, stem-cell differentiation, and
intracellular sensing and delivery. We conclude that intracellular sensing and delivery can profit from MACE owing to the porosity of
the structures, which adds to the capacity for loading cargo to be delivered to the cell cytosol. This distinguishing advantage is not
found in high-AR structures fabricated by DRIE or VLS. MACE also has potential in therapeutics delivery through highly porous and
shape-defined nanoparticles. Not only are those particles capable of delivering chemical and biological therapeutic molecules to the
interior of cells, they can deliver photothermal and sonodynamic therapy agents. An additional strength offered by MACE is the
ability to etch the cheaper and more widely available metallurgical-grade silicon into biocompatible porous nanoparticles, which is
not possible with either anodic etching or metal-free stain etching due to its limited etch depth (as opposed to metal-assisted stain
etching and MACE)

The MACE-derived nanostructures most commonly applied in biomedicine so far are SiNWs and porous silicon. Their porosity is
affected by substrate resistivity, choice of catalyst, and oxidizer concentration during MACE. The effects of resistivity and oxidizer
concentration are relatively well understood, but the effect of different metal catalyst species requires further study in our opinion.
The generation of anisotropy via substrate crystallography and doping type has not been fully explored, either.

MACE as a fabrication technique offers considerable potential for commercial integration in silicon-based biomedical device
fabrication and is on par with other more conventional fabrication techniques like DRIE, VLS, and anodic etching in terms of potential
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for scalability and development. We concede that our understanding of the process mechanism and all the interconnected parameters
is incomplete, but anticipate that these gaps will be filled by future research – especially to gain a deeper understanding of the role of
metal catalysts – and that with improved understanding, other challenges could be tackled, such as generating comprehensive
parameter selection algorithms for manufacturing, and allowing for process upscaling.
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Appendix A

AAO: anodic aluminium oxide
AgNP: Ag nanoparticles
AR: Aspect Ratio
BBB: blood-brain barrier
CaDPA: calcium dipicolinate
CHO: Chinese hamster ovary cells
CTCs: circulating tumor cells
CV: cyclic voltammetry
DIOS: desorption ionization on silicon
DOX: doxorubicin
DRIE: deep reactive ion etching
ECM: extracellular matrices
EI-MS: electron ionization mass spectrometry
EIS: electrochemical impedance spectroscopy
EN: electronegativity
EPR: enhanced permeability and retention effect
FAP: fibroblast activation protein
FET: field effect transistor
gamIgG: goat-anti-mouse immunoglobulin G
GFP: green fluorescent protein
hDPSC: human dental pulp stem cells
HEK293: human embryonic kidney cells
HepG3: human hepatoma cells
HFF: human foreskin fibroblasts
hMSCs: human mesenchymal stem cells
LDI: laser desorption/ionization
LIL: light interference lithography
LX-2: immortalized human hepatic cells
MACE: metal assisted chemical etching
mIgG: immunoglobulin G
MT: mass transport
NIMS: nanostructure-initiator mass spectrometry
NIR: near infrared
NOC: neuron-on-chip
PDMS: polydimethylsiloxane
PEI: polyethyleneimine
ppb: parts per billion
ppm: parts per million
pSiND: porous silicon nanodiscs
PVD: physical vapour deposition
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R6G: rhodamine 6G
RSD%: relative standard deviation
SALDI-MS: surface-assisted laser desorption/ionization mass spectrometry
SEM: scanning electron microscopy
SERS: surface enhanced ramen spectroscopy
SiNWs: silicon nanowires
TMAH: tetramethylammonium hydroxide
TOF: time-of-flight
VLS: vapour-liquid-solid growth process

References

[1] Jane A, Dronov R, Hodges A, Voelcker NH. Porous silicon biosensors on the advance. Trends Biotechnol 2009;27:230.
[2] Gu L, Hall DJ, Qin Z, Anglin E, Joo J, Mooney DJ, et al. In vivo time-gated fluorescence imaging with biodegradable luminescent porous silicon nanoparticles.

Nat Commun 2013;4:2326.
[3] Li W, Liu Z, Fontana F, Ding Y, Liu D, Hirvonen JT, et al. Tailoring porous silicon for biomedical applications: from drug delivery to cancer immunotherapy. Adv

Mater 2018;30:1703740.
[4] Gultepe E, Nagesha D, Sridhar S, Amiji M. Nanoporous inorganic membranes or coatings for sustained drug delivery in implantable devices. Adv Drug Delivery

Rev 2010;62:305.
[5] Brammer KS, Choi C, Frandsen CJ, Oh S, Jin S. Hydrophobic nanopillars initiate mesenchymal stem cell aggregation and osteo-differentiation. Acta Biomater

2011;7:683.
[6] Kuo S-W, Lin H-I, Hui-Chun Ho J, Shih Y-RV, Chen H-F, Yen T-J, et al. Regulation of the fate of human mesenchymal stem cells by mechanical and stereo-

topographical cues provided by silicon nanowires. Biomaterials 2012;33:5013.
[7] Canham LT. Bioactive silicon structure fabrication through nanoetching techniques. Adv Mater 1995;7:1033.
[8] Joo J, Kwon EJ, Kang J, Skalak M, Anglin EJ, Mann AP, et al. Porous silicon-graphene oxide core-shell nanoparticles for targeted delivery of siRNA to the injured

brain. Nanoscale Horiz 2016;1:407.
[9] Bimbo LM, Sarparanta M, Santos HA, Airaksinen AJ, Mäkilä E, Laaksonen T, et al. Biocompatibility of thermally hydrocarbonized porous silicon nanoparticles

and their biodistribution in rats. ACS Nano 2010;4:3023.
[10] EyePoint Pharmaceuticals, 2018, https://eyepointpharma.com, access date: 11 March 2019.
[11] Arshavsky-Graham S, Massad-Ivanir N, Segal E, Weiss S. Porous silicon-based photonic biosensors: current status and emerging applications. Anal Chem

2019;91:441.
[12] Park J-H, Gu L, Von Maltzahn G, Ruoslahti E, Bhatia SN, Sailor MJ. Biodegradable luminescent porous silicon nanoparticles for in vivo applications. Nat Mater

2009;8:331.
[13] Presnova G, Presnov D, Krupenin V, Grigorenko V, Trifonov A, Andreeva I, et al. Biosensor based on a silicon nanowire field-effect transistor functionalized by

gold nanoparticles for the highly sensitive determination of prostate specific antigen. Biosens Bioelectron 2017;88:283.
[14] Chiappini C, Campagnolo P, Almeida CS, Abbassi-Ghadi N, Chow LW, Hanna GB, et al. Mapping local cytosolic enzymatic activity in human esophageal mucosa

with porous silicon nanoneedles. Adv Mater 2015;27:5147.
[15] Chiappini C, Martinez JO, De Rosa E, Almeida CS, Tasciotti E, Stevens MM. Biodegradable nanoneedles for localized delivery of nanoparticles in vivo: exploring

the biointerface. ACS Nano 2015;9:5500.
[16] Chiappini C, De Rosa E, Martinez JO, Liu X, Steele J, Stevens MM, et al. Biodegradable silicon nanoneedles delivering nucleic acids intracellularly induce

localized in vivo neovascularization. Nat Mater 2015;14:532.
[17] Wang S, Wang H, Jiao J, Chen KJ, Owens GE, Kamei KI, et al. Three-dimensional nanostructured substrates toward efficient capture of circulating tumor cells.

Angew Chem 2009;121:9132.
[18] Carlo DD, Jeong K-H, Lee LP. Reagentless mechanical cell lysis by nanoscale barbs in microchannels for sample preparation. Lab Chip 2003;3:287.
[19] González-Díaz B, Guerrero-Lemus R, Marrero N, Hernández-Rodríguez C, Ben-Hander F, Martínez-Duart J. Anisotropic textured silicon obtained by stain-

etching at low etching rates. J Phys D: Appl Phys 2006;39:631.
[20] Tsujino K, Matsumura M. Helical nanoholes bored in silicon by wet chemical etching using platinum nanoparticles as catalyst. Electrochem Solid-State Lett

2005;8:C193.
[21] Lee C-L, Tsujino K, Kanda Y, Ikeda S, Matsumura M. Pore formation in silicon by wet etching using micrometre-sized metal particles as catalysts. J Mater Chem

2008;18:1015.
[22] Li L, Liu Y, Zhao X, Lin Z, Wong C-P. Uniform vertical trench etching on silicon with high aspect ratio by metal-assisted chemical etching using nanoporous

catalysts. ACS Appl Mater Interfaces 2014;6:575.
[23] Miller K, Li M, Walsh KM, Fu X-A. The effects of DRIE operational parameters on vertically aligned micropillar arrays. J Micromech Microeng 2013;23:035039.
[24] Chen H, Wang H, Zhang X-H, Lee C-S, Lee S-T. Wafer-scale synthesis of single-crystal zigzag silicon nanowire arrays with controlled turning angles. Nano Lett

2010;10:864.
[25] Velez VH, Sundaram KB. Morphology in porous silicon prepared from Si-nanowires grown by electroless etching. ECS Trans 2017;75:169.
[26] Li X, Bohn PW. Metal-assisted chemical etching in HF/H2O2 produces porous silicon. Appl Phys Lett 2000;77:2572.
[27] Hochbaum AI, Gargas D, Hwang YJ, Yang P. Single crystalline mesoporous silicon nanowires. Nano Lett 2009;9:3550.
[28] Lin L, Guo S, Sun X, Feng J, Wang Y. Synthesis and photoluminescence properties of porous silicon nanowire arrays. Nanoscale Res Lett 1822;2010:5.
[29] Chiappini C, Liu X, Fakhoury JR, Ferrari M. Biodegradable porous silicon barcode nanowires with defined geometry. Adv Funct Mater 2010;20:2231.
[30] Canham L. Luminescence bands and their proposed origins in highly porous silicon. Physica Status Solidi (b) 1995;190:9.
[31] Adhila TK, Hemam RD, Nanda KK, Barshilia HC. Effect of inhomogeneous mesoporosity and defects on the luminescent properties of slanted silicon nanowires

prepared by facile metal-assisted chemical etching. J Appl Phys 2018;124:104303.
[32] Chattopadhyay S, Li X, Bohn PW. In-plane control of morphology and tunable photoluminescence in porous silicon produced by metal-assisted electroless

chemical etching. J Appl Phys 2002;91:6134.
[33] Yae S, Kawamoto Y, Tanaka H, Fukumuro N, Matsuda H. Formation of porous silicon by metal particle enhanced chemical etching in HF solution and its

application for efficient solar cells. Electrochem Commun 2003;5:632.
[34] Hadjersi T, Gabouze N, Kooij ES, Zinine A, Ababou A, Chergui W, et al. Metal-assisted chemical etching in HF/Na2S2O8 OR HF/KMnO4 produces porous

silicon. Thin Solid Films 2004;459:271.
[35] Chartier C, Bastide S, Lévy-Clément C. Metal-assisted chemical etching of silicon in HF–H2O2. Electrochim Acta 2008;53:5509.
[36] Asoh H, Arai F, Ono S. Effect of noble metal catalyst species on the morphology of macroporous silicon formed by metal-assisted chemical etching. Electrochim

Acta 2009;54:5142.
[37] Asoh H, Fujihara K, Ono S. Triangle pore arrays fabricated on Si (111) substrate by sphere lithography combined with metal-assisted chemical etching and

anisotropic chemical etching. Nanoscale Res Lett 2012;7:1.
[38] Asoh H, Fujihara K, Ono S. Sub-100-nm ordered silicon hole arrays by metal-assisted chemical etching. Nanoscale Res Lett 2013;8:1.
[39] Brodoceanu D, Fang C, Voelcker NH, Bauer CT, Wonn A, Kroner E, et al. Fabrication of metal nanoparticle arrays by controlled decomposition of polymer

H. Alhmoud, et al. Progress in Materials Science xxx (xxxx) xxxx

38

http://refhub.elsevier.com/S0079-6425(19)30118-5/h0005
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0010
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0010
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0015
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0015
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0020
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0020
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0025
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0025
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0030
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0030
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0035
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0040
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0040
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0045
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0045
https://eyepointpharma.com
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0055
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0055
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0060
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0060
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0065
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0065
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0070
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0070
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0075
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0075
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0080
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0080
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0085
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0085
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0090
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0095
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0095
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0100
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0100
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0105
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0105
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0110
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0110
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0115
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0120
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0120
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0125
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0130
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0135
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0140
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0145
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0150
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0155
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0155
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0160
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0160
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0165
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0165
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0170
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0170
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0175
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0180
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0180
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0185
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0185
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0190
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0195


particles. Nanotechnology 2013;24:085304.
[40] Brodoceanu D, Elnathan R, Prieto-Simón B, Delalat B, Guinan T, Kroner E, et al. Dense arrays of uniform submicron pores in silicon and their applications. ACS

Appl Mater Interfaces 2015;7:1160.
[41] Smith ZR, Smith RL, Collins SD. Mechanism of nanowire formation in metal assisted chemical etching. Electrochim Acta 2013;92:139.
[42] Peng K, Fang H, Hu J, Wu Y, Zhu J, Yan Y, et al. Metal-particle-induced, highly localized site-specific etching of Si and formation of single-crystalline Si

nanowires in aqueous fluoride solution. Chem Eur J 2006;12:7942.
[43] Bai F, Li M, Song D, Yu H, Jiang B, Li Y. One-step synthesis of lightly doped porous silicon nanowires in HF/AgNO3/H2O2 solution at room temperature. J Solid

State Chem 2012;196:596.
[44] Kolasinski KW, Gimbar NJ, Yu H, Aindow M, Mäkilä E, Salonen J. Regenerative electroless etching of silicon. Angew Chem 2017;129:639.
[45] Kolasinski KW. The mechanism of galvanic/metal-assisted etching of silicon. Nanoscale Res Lett 2014;9:432.
[46] Toor F, Miller JB, Davidson LM, Nichols L, Duan W, Jura MP, et al. Nanostructured silicon via metal assisted catalyzed etch (MACE): chemistry fundamentals

and pattern engineering. Nanotechnology 2016;27:412003.
[47] Li X. Metal assisted chemical etching for high aspect ratio nanostructures: a review of characteristics and applications in photovoltaics. Curr Opin Solid State

Mater Sci 2012;16:71.
[48] Chen C-Y, Wu C-S, Chou C-J, Yen T-J. Morphological control of single-crystalline silicon nanowire arrays near room temperature. Adv Mater 2008;20:3811.
[49] Wang J, Hu Y, Zhao H, Fu H, Wang Y, Huo C, et al. Oxidant concentration modulated metal/silicon interface electrical field mediates metal-assisted chemical

etching of silicon. Adv Mater Interfaces 2018;5:1801132.
[50] To W-K, Tsang C-H, Li H-H, Huang Z. Fabrication of n-type mesoporous silicon nanowires by one-step etching. Nano Lett 2011;11:5252.
[51] Zhang B, Wang H, Lu L, Ai K, Zhang G, Cheng X. Large-area silver-coated silicon nanowire arrays for molecular sensing using surface-enhanced raman

spectroscopy. Adv Funct Mater 2008;18:2348.
[52] Peng K-Q, Wang X, Lee S-T. Gas sensing properties of single crystalline porous silicon nanowires. Appl Phys Lett 2009;95:243112.
[53] Fan R, Wu Y, Li D, Yue M, Majumdar A, Yang P. Fabrication of silica nanotube arrays from vertical silicon nanowire templates. J Am Chem Soc 2003;125:5254.
[54] Hochbaum AI, Chen R, Delgado RD, Liang W, Garnett EC, Najarian M, et al. Enhanced thermoelectric performance of rough silicon nanowires. Nature

2008;451:163.
[55] Shao M, Cheng L, Zhang X, Ma DDD, Lee S-T. Excellent photocatalysis of HF-treated silicon nanowires. J Am Chem Soc 2009;131:17738.
[56] Peng K, Jie J, Zhang W, Lee S-T. Silicon nanowires for rechargeable lithium-ion battery anodes. Appl Phys Lett 2008;93:033105.
[57] Brammer KS, Choi C, Oh S, Cobb CJ, Connelly LS, Loya M, et al. Antibiofouling, sustained antibiotic release by Si nanowire templates. Nano Lett 2009;9:3570.
[58] Lv M, Su S, He Y, Huang Q, Hu W, Li D, et al. Long-term antimicrobial effect of silicon nanowires decorated with silver nanoparticles. Adv Mater 2010;22:5463.
[59] Wang H, Wang L, Zhang P, Yuan L, Yu Q, Chen H. High antibacterial efficiency of pDMAEMA modified silicon nanowire arrays. Colloids Surf, B 2011;83:355.
[60] Fellahi O, Sarma RK, Das MR, Saikia R, Marcon L, Coffinier Y, et al. The antimicrobial effect of silicon nanowires decorated with silver and copper nanoparticles.

Nanotechnology 2013;24:495101.
[61] Li YQ, Zhu B, Li Y, Leow WR, Goh R, Ma B, et al. A synergistic capture strategy for enhanced detection and elimination of bacteria. Angew Chem Int Ed

2014;53:5837.
[62] Kim W, Ng JK, Kunitake ME, Conklin BR, Yang P. Interfacing silicon nanowires with mammalian cells. J Am Chem Soc 2007;129:7228.
[63] Fischer KE, Alemán BJ, Tao SL, Daniels RH, Li EM, Bünger MD, et al. Biomimetic nanowire coatings for next generation adhesive drug delivery systems. Nano

Lett 2009;9:716.
[64] Peng K, Zhang M, Lu A, Wong N-B, Zhang R, Lee S-T. Ordered silicon nanowire arrays via nanosphere lithography and metal-induced etching. Appl Phys Lett

2007;90:163123.
[65] Huang Z, Fang H, Zhu J. Fabrication of silicon nanowire arrays with controlled diameter, length, and density. Adv Mater 2007;19:744.
[66] Wang C, Reed JM, Ma L, Qiao Y, Luo Y, Zou S, et al. Biomimic light trapping silicon nanowire arrays for laser desorption/ionization of peptides. J Phys Chem C

2012;116:15415.
[67] Alhmoud HZ, Guinan TM, Elnathan R, Kobus H, Voelcker NH. Surface-assisted laser desorption/ionization mass spectrometry using ordered silicon nanopillar

arrays. Analyst 2014;6000.
[68] Brodoceanu D, Alhmoud HZ, Elnathan R, Delalat B, Voelcker NH, Kraus T. Fabrication of silicon nanowire arrays by near-field laser ablation and metal-assisted

chemical etching. Nanotechnology 2016;27:075301.
[69] Choi WK, Liew TH, Dawood MK, Smith HI, Thompson CV, Hong MH. Synthesis of silicon nanowires and nanofin arrays using interference lithography and

catalytic etching. Nano Lett 2008;8:3799.
[70] de Johannes B, Nadine G, Jörg VW, Ulrich G, Volker S. Sub-100 nm silicon nanowires by laser interference lithography and metal-assisted etching.

Nanotechnology 2010;21:095302.
[71] Dawood MK, Zhou L, Zheng H, Cheng H, Wan G, Rajagopalan R, et al. Nanostructured Si-nanowire microarrays for enhanced-performance bio-analytics. Lab

Chip 2012;12:5016.
[72] Mai TT, Lai CQ, Zheng H, Balasubramanian K, Leong KC, Lee PS, et al. Dynamics of wicking in silicon nanopillars fabricated with interference lithography and

metal-assisted chemical etching. Langmuir 2012;28:11465.
[73] Quan Lai C, Thi Mai T, Zheng H, Lee PS, Leong KC, Lee C, et al. Influence of nanoscale geometry on the dynamics of wicking into a rough surface. Appl Phys Lett

2013;102:053104.
[74] Chern W, Hsu K, Chun IS, Azeredo BPD, Ahmed N, Kim K-H, et al. Nonlithographic patterning and metal-assisted chemical etching for manufacturing of tunable

light-emitting silicon nanowire arrays. Nano Lett 2010;10:1582.
[75] Chang SW, Chuang VP, Boles ST, Ross CA, Thompson CV. Densely packed arrays of ultra-high-aspect-ratio silicon nanowires fabricated using block-copolymer

lithography and metal-assisted etching. Adv Funct Mater 2009;19:2495.
[76] Huang J, Chiam SY, Tan HH, Wang S, Chim WK. Fabrication of silicon nanowires with precise diameter control using metal nanodot arrays as a hard mask

blocking material in chemical etching. Chem Mater 2010;22:4111.
[77] Seeger K, Palmer RE. Fabrication of silicon cones and pillars using rough metal films as plasma etching masks. Appl Phys Lett 1999;74:1627.
[78] Chen Y, Guo L, Shaw DT. High-density silicon and silicon nitride cones. J Cryst Growth 2000;210:527.
[79] Wei W, Min H, Fung Suong O, Zhiyong L, Williams RS. Cones fabricated by 3D nanoimprint lithography for highly sensitive surface enhanced Raman spec-

troscopy. Nanotechnology 2010;21:255502.
[80] Wysocki G, Denk R, Piglmayer K, Arnold N, Bauerle D. Single-step fabrication of silicon-cone arrays. Appl Phys Lett 2003;82:692.
[81] Bai F, Li M, Huang R, Li Y, Trevor M, Musselman KP. A one-step template-free approach to achieve tapered silicon nanowire arrays with controllable filling

ratios for solar cell applications. RSC Adv 2014;4:1794.
[82] Hung Jr. Y, Lee S-L, Wu K-C, Tai Y, Pan Y-T. Antireflective silicon surface with vertical-aligned silicon nanowires realized by simple wet chemical etching

processes. Opt Express 2011;19:15792.
[83] Jung J-Y, Guo Z, Jee S-W, Um H-D, Park K-T, Lee J-H. A strong antireflective solar cell prepared by tapering silicon nanowires. Opt Express 2010;18:A286.
[84] Tae-Yeon H, Guk-Hwan A, Jae-Hong L, Nosang VM, Yong-Ho C. Morphology control of ordered Si nanowire arrays by nanosphere lithography and metal-

assisted chemical etching. Jpn J Appl Phys 2014;53:05HA07.
[85] Dawood MK, Liew TH, Lianto P, Hong MH, Tripathy S, Thong JTL, et al. Interference lithographically defined and catalytically etched, large-area silicon

nanocones from nanowires. Nanotechnology 2010;21:205305.
[86] Azeredo BP, Sadhu J, Ma J, Jacobs K, Kim J, Lee K, et al. Silicon nanowires with controlled sidewall profile and roughness fabricated by thin-film dewetting and

metal-assisted chemical etching. Nanotechnology 2013;24:225305.
[87] Lin H, Cheung H-Y, Xiu F, Wang F, Yip S, Han N, et al. Developing controllable anisotropic wet etching to achieve silicon nanorods, nanopencils and nanocones

for efficient photon trapping. J Mater Chem A 2013;1:9942.

H. Alhmoud, et al. Progress in Materials Science xxx (xxxx) xxxx

39

http://refhub.elsevier.com/S0079-6425(19)30118-5/h0195
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0200
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0200
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0205
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0210
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0210
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0215
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0215
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0220
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0225
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0230
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0230
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0235
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0235
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0240
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0245
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0245
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0250
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0255
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0255
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0260
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0265
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0270
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0270
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0275
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0280
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0285
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0290
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0295
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0300
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0300
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0305
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0305
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0310
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0315
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0315
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0320
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0320
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0325
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0330
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0330
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0335
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0335
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0340
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0340
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0345
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0345
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0350
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0350
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0355
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0355
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0360
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0360
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0365
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0365
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0370
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0370
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0375
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0375
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0380
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0380
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0385
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0390
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0395
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0395
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0400
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0405
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0405
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0410
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0410
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0415
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0420
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0420
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0425
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0425
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0430
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0430
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0435
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0435


[88] Zhu M, Zhou L, Li B, Dawood MK, Wan G, Lai CQ, et al. Creation of nanostructures by interference lithography for modulation of cell behavior. Nanoscale
2011;3:2723.

[89] Rykaczewski K, Hildreth OJ, Wong CP, Fedorov AG, Scott JHJ. Guided three-dimensional catalyst folding during metal-assisted chemical etching of silicon.
Nano Lett 2011;11:2369.

[90] Lianto P, Yu S, Wu J, Thompson CV, Choi WK. Vertical etching with isolated catalysts in metal-assisted chemical etching of silicon. Nanoscale 2012;4:7532.
[91] Chang C, Sakdinawat A. Ultra-high aspect ratio high-resolution nanofabrication for hard X-ray diffractive optics. Nat Commun 2014:5.
[92] Dimova-Malinovska D, Sendova-Vassileva M, Tzenov N, Kamenova M. Preparation of thin porous silicon layers by stain etching. Thin Solid Films 1997;297:9.
[93] Kolasinski KW. Silicon nanostructures from electroless electrochemical etching. Curr Opin Solid State Mater Sci 2005;9:73.
[94] Kooij ES, Butter K, Kelly JJ. Hole injection at the silicon/aqueous electrolyte interface: a possible mechanism for chemiluminescence from porous silicon. J

Electrochem Soc 1998;145:1232.
[95] Xia XH, Ashruf CMA, French PJ, Kelly JJ. Galvanic cell formation in silicon/metal contacts: the effect on silicon surface morphology. Chem Mater

2000;12:1671.
[96] Hadjersi T. Oxidizing agent concentration effect on metal-assisted electroless etching mechanism in HF-oxidizing agent-H2O solutions. Appl Surf Sci

2007;253:4156.
[97] Torralba E, Le Gall S, Lachaume R, Magnin V, Harari J, Halbwax M, et al. Tunable surface structuration of silicon by metal assisted chemical etching with Pt

nanoparticles under electrochemical bias. ACS Appl Mater Interfaces 2016;8:31375.
[98] Kolasinski KW. Electron transfer during metal-assisted and stain etching of silicon. Semicond Sci Technol 2015;31:014002.
[99] Huang Z, Geyer N, Werner P, de Boor J, Gösele U. Metal-assisted chemical etching of silicon: a review. Adv Mater 2011;23:285.
[100] Canham L. Handbook of porous silicon. Springer; 2014.
[101] Zhong X, Qu Y, Lin Y-C, Liao L, Duan X. Unveiling the formation pathway of single crystalline porous silicon nanowires. ACS Appl Mater Interfaces 2011;3:261.
[102] Qu Y, Zhou H, Duan X. Porous silicon nanowires. Nanoscale 2011;3:4060.
[103] Backes A, Bittner A, Leitgeb M, Schmid U. Influence of metallic catalyst and doping level on the metal assisted chemical etching of silicon. Scr Mater

2016;114:27.
[104] Yae S, Morii Y, Fukumuro N, Matsuda H. Catalytic activity of noble metals for metal-assisted chemical etching of silicon. Nanoscale Res Lett 2012;7:352.
[105] Dawood MK, Tripathy S, Dolmanan SB, Ng TH, Tan H, Lam J. Influence of catalytic gold and silver metal nanoparticles on structural, optical, and vibrational

properties of silicon nanowires synthesized by metal-assisted chemical etching. J Appl Phys 2012;112:073509.
[106] Chourou ML, Fukami K, Sakka T, Virtanen S, Ogata YH. Metal-assisted etching of p-type silicon under anodic polarization in HF solution with and without

H2O2. Electrochim Acta 2010;55:903.
[107] Zhang M-L, Peng K-Q, Fan X, Jie J-S, Zhang R-Q, Lee S-T, et al. Preparation of large-area uniform silicon nanowires arrays through metal-assisted chemical

etching. J Phys Chem C 2008;112:4444.
[108] Qu Y, Liao L, Li Y, Zhang H, Huang Y, Duan X. Electrically conductive and optically active porous silicon nanowires. Nano Lett 2009;9:4539.
[109] Loni A, Barwick D, Batchelor L, Tunbridge J, Han Y, Li ZY, et al. Extremely high surface area metallurgical-grade porous silicon powder prepared by metal-

assisted etching. Electrochem Solid-State Lett 2011;14:K25.
[110] Mughal A, El Demellawi JK, Chaieb S. Band-gap engineering by molecular mechanical strain-induced giant tuning of the luminescence in colloidal amorphous

porous silicon nanostructures. Phys Chem Chem Phys 2014;16:25273.
[111] Gondek C, Lippold M, Röver I, Bohmhammel K, Kroke E. Etching silicon with HF-H2O2-based mixtures: reactivity studies and surface investigations. J Phys

Chem C 2014;118:2044.
[112] Es F, Kulakcı M, Turan R. An alternative metal-assisted etching route for texturing silicon wafers for solar cell applications. IEEE J Photovolt 2016;6:440.
[113] Cichoszewski J, Reuter M. Metal assisted surface texture for string ribbon solar cells and modules. Energy Proc 2011;8:635.
[114] Megouda N, Hadjersi T, Szunerits S, Boukherroub R. Electroless chemical etching of silicon in aqueous NH4F/AgNO3/HNO3 solution. Appl Surf Sci

2013;284:894.
[115] Zhipeng H, Yin W, Hui F, Ning D, Tianling R, Jing Z. Large-scale Si 1–x Ge x quantum dot arrays fabricated by templated catalytic etching. Nanotechnology

2006;17:1476.
[116] Megouda N, Hadjersi T, Elkechai O, Douani R, Guerbous L. Bi-assisted chemical etching of silicon in HF/Co(NO3)2 solution. J Lumin 2009;129:221.
[117] Hadjersi T, Gabouze N, Ababou A, Boumaour M, Chergui W, Cheraga H, et al. Metal-assisted chemical etching of multicrystalline silicon in HF/Na2S2O8

produces porous silicon. Mater Sci Forum 2005;139:480–1.
[118] Douani R, Hadjersi T, Boukherroub R, Adour L, Manseri A. Formation of aligned silicon-nanowire on silicon in aqueous HF/(AgNO3+Na2S2O8) solution. Appl

Surf Sci 2008;254:7219.
[119] Liu L, Peng K-Q, Hu Y, Wu X-L, Lee S-T. Fabrication of silicon nanowire arrays by macroscopic galvanic cell-driven metal catalyzed electroless etching in

aerated HF solution. Adv Mater 2014;26:1410.
[120] Peng K, Wu Y, Fang H, Zhong X, Xu Y, Zhu J. Uniform, axial-orientation alignment of one-dimensional single-crystal silicon nanostructure arrays. Angew Chem

Int Ed 2005;44:2737.
[121] Huang Z, Shimizu T, Senz S, Zhang Z, Geyer N, Gösele U. Oxidation rate effect on the direction of metal-assisted chemical and electrochemical etching of

silicon. J Phys Chem C 2010;114:10683.
[122] Kim J, Kim YH, Choi S-H, Lee W. Curved silicon nanowires with ribbon-like cross sections by metal-assisted chemical etching. ACS Nano 2011;5:5242.
[123] Huang Z, Shimizu T, Senz S, Zhang Z, Zhang X, Lee W, et al. Ordered arrays of vertically aligned [110] silicon nanowires by suppressing the crystallographically

preferred< 100> etching directions. Nano Lett 2009;9:2519.
[124] Mikhael B, Elise B, Xavier M, Sebastian S, Johann M, Laetitia P. New silicon architectures by gold-assisted chemical etching. ACS Appl Mater Interfaces

2011;3:3866.
[125] Huang ZP, Geyer N, Liu LF, Li MY, Zhong P. Metal-assisted electrochemical etching of silicon. Nanotechnology 2010;21:465301.
[126] Lee J-P, Choi S, Park S. Extremely superhydrophobic surfaces with micro- and nanostructures fabricated by copper catalytic etching. Langmuir 2011;27:809.
[127] Ashkan Vakilipour T, Fırat E, Gülsen B, Raşit T. Nickel assisted chemical etching for multi-crystalline Si solar cell texturing: a low cost single step alternative to

existing methods. Mater Res Express 2018;5:075506.
[128] Chun IS, Chow EK, Li X. Nanoscale three dimensional pattern formation in light emitting porous silicon. Appl Phys Lett 2008;92:191113.
[129] Peng KQ, Hu JJ, Yan YJ, Wu Y, Fang H, Xu Y, et al. Fabrication of single-crystalline silicon nanowires by scratching a silicon surface with catalytic metal

particles. Adv Funct Mater 2006;16:387.
[130] Cruz S, Hönig-d’Orville A, Müller J. Fabrication and optimization of porous silicon substrates for diffusion membrane applications. J Electrochem Soc

2005;152:C418.
[131] Geyer N, Fuhrmann B, Huang Z, de Boor J, Leipner HS, Werner P. Model for the mass transport during metal-assisted chemical etching with contiguous metal

films As catalysts. J Phys Chem C 2012;116:13446.
[132] Li L, Liu Y, Zhao X, Lin Z, Wong C-P. Uniform vertical trench etching on silicon with high aspect ratio by metal-assisted chemical etching using nanoporous

catalysts. ACS Appl Mater Interfaces 2013;6:575.
[133] Canevali C, Alia M, Fanciulli M, Longo M, Ruffo R, Mari CM. Influence of doping elements on the formation rate of silicon nanowires by silver-assisted chemical

etching. Surf Coat Technol 2015;280:37.
[134] Lai RA, Hymel TM, Narasimhan VK, Cui Y. Schottky barrier catalysis mechanism in metal-assisted chemical etching of silicon. ACS Appl Mater Interfaces

2016;8:8875.
[135] Doshi N, Mitragotri S. Designer biomaterials for nanomedicine. Adv Funct Mater 2009;19:3843.
[136] Godin B, Chiappini C, Srinivasan S, Alexander JF, Yokoi K, Ferrari M, et al. Discoidal porous silicon particles: fabrication and biodistribution in breast cancer

bearing mice. Adv Funct Mater 2012;22:4225.

H. Alhmoud, et al. Progress in Materials Science xxx (xxxx) xxxx

40

http://refhub.elsevier.com/S0079-6425(19)30118-5/h0440
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0440
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0445
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0445
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0450
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0455
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0460
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0465
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0470
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0470
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0475
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0475
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0480
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0480
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0485
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0485
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0490
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0495
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0500
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0505
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0510
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0515
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0515
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0520
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0525
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0525
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0530
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0530
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0535
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0535
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0540
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0545
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0545
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0550
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0550
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0555
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0555
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0560
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0565
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0570
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0570
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0575
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0575
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0580
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0585
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0585
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0590
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0590
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0595
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0595
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0600
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0600
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0605
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0605
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0610
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0615
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0615
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0620
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0620
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0625
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0630
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0635
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0635
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0640
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0645
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0645
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0650
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0650
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0655
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0655
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0660
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0660
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0665
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0665
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0670
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0670
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0675
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0680
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0680


[137] Decuzzi P, Godin B, Tanaka T, Lee SY, Chiappini C, Liu X, et al. Size and shape effects in the biodistribution of intravascularly injected particles. J Control
Release 2010;141:320.

[138] Justino CIL, Rocha-Santos TA, Duarte AC, Rocha-Santos TA. Review of analytical figures of merit of sensors and biosensors in clinical applications. TrAC, Trends
Anal Chem 2010;29:1172.

[139] Zafar S, D’Emic C, Jagtiani A, Kratschmer E, Miao X, Zhu Y, et al. Silicon nanowire field effect transistor sensors with minimal sensor-to-sensor variations and
enhanced sensing characteristics. ACS Nano 2018;12:6577.

[140] Henri J, Han G, de Meint B, Miko E, Jan F. A survey on the reactive ion etching of silicon in microtechnology. J Micromech Microeng 1996;6:14.
[141] Young-Jin C, In-Sung H, Jae-Gwan P, Kyoung Jin C, Jae-Hwan P, Jong-Heun L. Novel fabrication of an SnO2 nanowire gas sensor with high sensitivity.

Nanotechnology 2008;19:095508.
[142] Hoa ND, Van Quy N, Kim D. Nanowire structured SnOx–SWNT composites: high performance sensor for NOx detection. Sens Actuators B 2009;142:253.
[143] Saldanha C, de Almeida J, Silva-Herdade A. Application of a nitric oxide sensor in biomedicine. Biosensors 2014;4:1.
[144] Halliwell B, Clement MV, Long LH. Hydrogen peroxide in the human body. FEBS Lett 2000;486:10.
[145] Yin J, Qi X, Yang L, Hao G, Li J, Zhong J. A hydrogen peroxide electrochemical sensor based on silver nanoparticles decorated silicon nanowire arrays.

Electrochim Acta 2011;56:3884.
[146] Hyun Jin I, Christopher RF, Pehr EP. Periodically porous top electrodes on vertical nanowire arrays for highly sensitive gas detection. Nanotechnology

2011;22:355501.
[147] Liao J, Li Z, Wang G, Chen C, Lv S, Li M. ZnO nanorod/porous silicon nanowire hybrid structures as highly-sensitive NO2 gas sensors at room temperature. Phys

Chem Chem Phys 2016;18:4835.
[148] Qin Y, Wang Z, Liu D, Wang K. Dendritic composite array of silicon nanowires/WO3 nanowires for sensitive detection of NO2 at room temperature. Mater Lett

2017;207:29.
[149] Qin Y, Liu D, Zhang T, Cui Z. Ultrasensitive silicon nanowire sensor developed by a special Ag modification process for rapid NH3 detection. ACS Appl Mater

Interfaces 2017;9:28766.
[150] Wang J, Li Z, Zhang S, Yan S, Cao B, Wang Z, Fu Y. Enhanced NH3 gas-sensing performance of silica modified CeO2 nanostructure based sensors. Sensors Actuat

B: Chem 2017.
[151] Noh J-S, Kim H, Kim BS, Lee E, Cho HH, Lee W. High-performance vertical hydrogen sensors using Pd-coated rough Si nanowires. J Mater Chem

2011;21:15935.
[152] Zhu LS, Zhang J, Xu XW, Yu YZ, Wu X, Yang T, et al. Room temperature H2 detection based on Pd/SiNWs/p-Si Schottky diode structure. Sens Actuators, B

2016;227:515.
[153] Han H, Kim J, Shin HS, Song JY, Lee W. Air-bridged ohmic contact on vertically aligned Si nanowire arrays: application to molecule sensors. Adv Mater

2012;24:2284.
[154] Hui S, Zhang J, Chen X, Xu H, Ma D, Liu Y, et al. Study of an amperometric glucose sensor based on Pd–Ni/SiNW electrode. Sens Actuators, B 2011;155:592.
[155] Xu C, Song Z, Xiang Q, Jin J, Feng X. A high performance three-phase enzyme electrode based on superhydrophobic mesoporous silicon nanowire arrays for

glucose detection. Nanoscale 2016;8:7391.
[156] Albrecht MG, Creighton JA. Anomalously intense Raman spectra of pyridine at a silver electrode. J Am Chem Soc 1977;99:5215.
[157] Jeanmaire DL, Van Duyne RP. Surface Raman spectroelectrochemistry: Part I Heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized silver

electrode. J Electroanal Chem Interfacial Electrochem 1977;84:1.
[158] Elsayed MY, Gouda AM, Ismail Y, Swillam MA. Silicon-based SERS substrates fabricated by electroless etching. J Lightwave Technol 2017;35:3075.
[159] Radziuk D, Moehwald H. Prospects for plasmonic hot spots in single molecule SERS towards the chemical imaging of live cells. Phys Chem Chem Phys

2015;17:21072.
[160] Gupta N, Dhawan A. Bridged-bowtie and cross bridged-bowtie nanohole arrays as SERS substrates with hotspot tunability and multi-wavelength SERS response.

Opt Express 2018;26:17899.
[161] Sun X, Wang N, Li H. Deep etched porous Si decorated with Au nanoparticles for surface-enhanced Raman spectroscopy (SERS). Appl Surf Sci 2013;284:549.
[162] Qiu T, Wu XL, Shen JC, Peter CTH, Paul KC. Surface-enhanced Raman characteristics of Ag cap aggregates on silicon nanowire arrays. Nanotechnology

2006;17:5769.
[163] Sun X, Lin L, Li Z, Zhang Z, Feng J. Fabrication of silver-coated silicon nanowire arrays for surface-enhanced Raman scattering by galvanic displacement

processes. Appl Surf Sci 2009;256:916.
[164] Bai F, Li M, Fu P, Li R, Gu T, Huang R, et al. Silicon nanowire arrays coated with electroless Ag for increased surface-enhanced Raman scattering. APL Mater

2015;3:056101.
[165] Huang J-A, Zhao Y, Zhu X, Zhang W. Averaging effect on improving signal reproducibility of gap-based and gap-free SERS substrates based on ordered Si

nanowire arrays. RSC Adv 2017;7:5297.
[166] Lin D, Wu Z, Li S, Zhao W, Ma C, Wang J, et al. Large-area Au-nanoparticle-functionalized Si nanorod arrays for spatially uniform surface-enhanced raman

spectroscopy. ACS Nano 2017;11:1478.
[167] Cara E, Mandrile L, Ferrarese Lupi F, Giovannozzi AM, Dialameh M, Portesi C, et al. Influence of the long-range ordering of gold-coated Si nanowires on SERS.

Sci Rep 2018;8:11305.
[168] Bontempi N, Salmistraro M, Ferroni M, Depero LE, Alessandri I. Probing the spatial extension of light trapping-induced enhanced Raman scattering in high-

density Si nanowire arrays. Nanotechnology 2014;25:465705.
[169] Zhang M-L, Yi C-Q, Fan X, Peng K-Q, Wong N-B, Yang M-S, et al. A surface-enhanced Raman spectroscopy substrate for highly sensitive label-free immunoassay.

Appl Phys Lett 2008;92:43116.
[170] Wang XT, Shi WS, She GW, Mu LX, Lee ST. High-performance surface-enhanced Raman scattering sensors based on Ag nanoparticles-coated Si nanowire arrays

for quantitative detection of pesticides. Appl Phys Lett 2010;96:053104.
[171] Yi C, Li C-W, Fu H, Zhang M, Qi S, Wong N-B, et al. Patterned growth of vertically aligned silicon nanowire arrays for label-free DNA detection using surface-

enhanced Raman spectroscopy. Anal Bioanal Chem 2010;397:3143.
[172] Yang J, Li JB, Gong QH, Teng JH, Hong MH. High aspect ratio SiNW arrays with Ag nanoparticles decoration for strong SERS detection. Nanotechnology

2014;25:465707.
[173] Law KP, Larkin JR. Recent advances in SALDI-MS techniques and their chemical and bioanalytical applications. Anal Bioanal Chem 2011;399:2597.
[174] Kruse RA, Li X, Bohn PW, Sweedler JV. Experimental factors controlling analyte ion generation in laser desorption/ionization mass spectrometry on porous

silicon. Anal Chem 2001;73:3639.
[175] Guinan T, Ronci M, Kobus H, Voelcker NH. Rapid detection of illicit drugs in neat saliva using desorption/ionization on porous silicon. Talanta 2012;99:791.
[176] Gao J, Louie KB, Steinke P, Bowen BP, Raad MD, Zuckermann RN, et al. Morphology-driven control of metabolite selectivity using nanostructure-initiator mass

spectrometry. Anal Chem 2017;89:6521.
[177] Tsao C-W, Kumar P, Liu J, DeVoe DL. Dynamic electrowetting on nanofilament silicon for matrix-free laser desorption/ionization mass spectrometry. Anal

Chem 2008;80:2973.
[178] Chen WY, Huang JT, Cheng YC, Chien CC, Tsao CW. Fabrication of nanostructured silicon by metal-assisted etching and its effects on matrix-free laser

desorption/ionization mass spectrometry. Anal Chim Acta 2011;687:97.
[179] Guinan T, Kirkbride P, Pigou PE, Ronci M, Kobus H, Voelcker NH. Surface-assisted laser desorption ionization mass spectrometry techniques for application in

forensics. Mass Spectrom Rev 2014.
[180] Coffinier Y, Boukherroub R. Handbook of porous silicon. Cham: Springer International Publishing; 2014. p. 869.
[181] Tsao C-W, Lin Y-J, Chen P-Y, Yang Y-L, Tan SH. Nanoscale silicon surface-assisted laser desorption/ionization mass spectrometry: environment stability and

activation by simple vacuum oven desiccation. Analyst 2016;141:4973.

H. Alhmoud, et al. Progress in Materials Science xxx (xxxx) xxxx

41

http://refhub.elsevier.com/S0079-6425(19)30118-5/h0685
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0685
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0690
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0690
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0695
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0695
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0700
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0705
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0705
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0710
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0715
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0720
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0725
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0725
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0730
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0730
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0735
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0735
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0740
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0740
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0745
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0745
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0750
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0750
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0755
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0755
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0760
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0760
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0765
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0765
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0770
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0775
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0775
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0780
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0785
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0785
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0790
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0795
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0795
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0800
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0800
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0805
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0810
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0810
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0815
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0815
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0820
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0820
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0825
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0825
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0830
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0830
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0835
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0835
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0840
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0840
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0845
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0845
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0850
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0850
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0855
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0855
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0860
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0860
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0865
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0870
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0870
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0875
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0880
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0880
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0885
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0885
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0890
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0890
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0895
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0895
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0900
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0905
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0905


[182] Picca RA, Calvano CD, Cioffi N, Palmisano F. Mechanisms of nanophase-induced desorption in LDI-MS. A short review. Nanomaterials 2017;7:75.
[183] Harding FJ, Surdo S, Delalat B, Cozzi C, Elnathan R, Gronthos S, et al. Ordered silicon pillar arrays prepared by electrochemical micromachining: substrates for

high-efficiency cell transfection. ACS Appl Mater Interfaces 2016;8:29197.
[184] Elnathan R, Isa L, Brodoceanu D, Nelson A, Harding FJ, Delalat B, et al. Versatile particle-based route to engineer vertically aligned silicon nanowire arrays and

nanoscale pores. ACS Appl Mater Interfaces 2015;7:23717.
[185] Elnathan R, Kwiat M, Patolsky F, Voelcker NH. Engineering vertically aligned semiconductor nanowire arrays for applications in the life sciences. Nano Today

2014;9:172.
[186] Dalby MJ, Gadegaard N, Oreffo ROC. Harnessing nanotopography and integrin–matrix interactions to influence stem cell fate. Nat Mater 2014;13:558.
[187] Qi S, Yi C, Ji S, Fong C-C, Yang M. Cell adhesion and spreading behavior on vertically aligned silicon nanowire arrays. ACS Appl Mater Interfaces 2009;1:30.
[188] Chen L, Liu X, Su B, Li J, Jiang L, Han D, et al. Aptamer-mediated efficient capture and release of T lymphocytes on nanostructured surfaces. Adv Mater

2011;23:4376.
[189] Piret G, Galopin E, Coffinier Y, Boukherroub R, Legrand D, Slomianny C. Culture of mammalian cells on patterned superhydrophilic/superhydrophobic silicon

nanowire arrays. Soft Matter 2011;7:8642.
[190] Kim S-M, Lee S, Kim D, Kang D-H, Yang K, Cho S-W, et al. Strong contact coupling of neuronal growth cones with height-controlled vertical silicon nano-

columns. Nano Res 2018;11:2532.
[191] Wang S, Wan Y, Liu Y. Effects of nanopillar array diameter and spacing on cancer cell capture and cell behaviors. Nanoscale 2014;6:12482.
[192] Lee S-K, Kim D-J, Lee G, Kim G-S, Kwak M, Fan R. Specific rare cell capture using micro-patterned silicon nanowire platform. Biosens Bioelectron 2014;54:181.
[193] Liu H, Liu X, Meng J, Zhang P, Yang G, Su B, et al. Hydrophobic interaction-mediated capture and release of cancer cells on thermoresponsive nanostructured

surfaces. Adv Mater 2013;25:922.
[194] Cui H, Zhang P, Wang W, Li G, Hao Y, Wang L, et al. Near-infrared (NIR) controlled reversible cell adhesion on a responsive nano-biointerface. Nano Res

2017;10:1345.
[195] Dalby MJ, Gadegaard N, Tare R, Andar A, Riehle MO, Herzyk P, et al. The control of human mesenchymal cell differentiation using nanoscale symmetry and

disorder. Nat Mater 2007;6:997.
[196] Scheidegger L, Fernández-Rodríguez MÁ, Geisel K, Zanini M, Elnathan R, Richtering W, et al. Compression and deposition of microgel monolayers from fluid

interfaces: particle size effects on interface microstructure and nanolithography. Phys Chem Chem Phys 2017;19:8671.
[197] Fernández-Rodríguez MÁ, Elnathan R, Ditcovski R, Grillo F, Conley GM, Timpu F, et al. Tunable 2D binary colloidal alloys for soft nanotemplating. Nanoscale

2018;10:22189.
[198] McGuire AF, Santoro F, Cui B. Interfacing cells with vertical nanoscale devices: applications and characterization. Annu Rev Anal Chem 2018;11.
[199] Ha Q, Yang G, Ao Z, Han D, Niu F, Wang S. Rapid fibroblast activation in mammalian cells induced by silicon nanowire arrays. Nanoscale 2014;6:8318.
[200] Piret G, Perez M-T, Prinz CN. Substrate porosity induces phenotypic alterations in retinal cells cultured on silicon nanowires. RSC Adv 2014;4:27888.
[201] Kim H, Kang DH, Koo KH, Lee S, Kim S-M, Kim J, et al. Vertical nanocolumn-assisted pluripotent stem cell colony formation with minimal cell-penetration.

Nanoscale 2016;8:18087.
[202] Hansel CS, Crowder SW, Cooper S, Gopal S, João Pardelha da Cruz M, de Oliveira Martins L, et al. Nanoneedle-mediated stimulation of cell mechan-

otransduction machinery. ACS Nano 2019;13:2913.
[203] Lestrell E, Patolsky F, Voelcker NH, Elnathan R. Engineered nano-bio interfaces for intracellular delivery and sampling: applications, agency and artefacts.

Mater Today 2019.
[204] Yu Q, Liu H, Chen H. Vertical SiNWAs for biomedical and biotechnology applications. J Mater Chem B 2014;2:7849.
[205] Zhang W, Tong L, Yang C. Cellular binding and internalization of functionalized silicon nanowires. Nano Lett 2012;12:1002.
[206] Shalek AK, Robinson JT, Karp ES, Lee JS, Ahn D-R, Yoon M-H, et al. Vertical silicon nanowires as a universal platform for delivering biomolecules into living

cells. Proc Natl Acad Sci 2010;107:1870.
[207] Chen Y, Aslanoglou S, Gervinskas G, Abdelmaksoud H, Voelcker NH, Elnathan R. Cellular deformations induced by conical silicon nanowire arrays facilitate

gene delivery. Small 2019;15:1904819.
[208] Pan J, Lyu Z, Jiang W, Wang H, Liu Q, Tan M, et al. Stimulation of gene transfection by silicon nanowire arrays modified with polyethylenimine. ACS Appl

Mater Interfaces 2014;6:14391.
[209] Elnathan R, Delalat B, Brodoceanu D, Alhmoud H, Harding FJ, Buehler K, et al. Maximizing transfection efficiency of vertically aligned silicon nanowire arrays.

Adv Funct Mater 2015;25:7215.
[210] Gopal S, Chiappini C, Penders J, Leonardo V, Seong H, Rothery S, et al. Porous silicon nanoneedles modulate endocytosis to deliver biological payloads. Adv

Mater 2019;31:1806788.
[211] Farokhzad OC, Langer R. Impact of nanotechnology on drug delivery. ACS Nano 2009;3:16.
[212] Iyer AK, Khaled G, Fang J, Maeda H. Exploiting the enhanced permeability and retention effect for tumor targeting. Drug Discov Today 2006;11:812.
[213] Tasciotti E, Liu X, Bhavane R, Plant K, Leonard AD, Price BK, et al. Mesoporous silicon particles as a multistage delivery system for imaging and therapeutic

applications. Nat Nano 2008;3:151.
[214] Bley RA, Kauzlarich SM, Davis JE, Lee HWH. Characterization of silicon nanoparticles prepared from porous silicon. Chem Mater 1996;8:1881.
[215] Baldwin RK, Pettigrew KA, Ratai E, Augustine MP, Kauzlarich SM. Solution reduction synthesis of surface stabilized silicon nanoparticles. Chem Commun

2002:1822.
[216] Swihart MT. Vapor-phase synthesis of nanoparticles. Curr Opin Colloid Interface Sci 2003;8:127.
[217] McInnes SJP, Voelcker NH. Silicon–polymer hybrid materials for drug delivery. Future Med Chem 2009;1:1051.
[218] Kafshgari M, Cavallaro A, Delalat B, Harding F, McInnes S, Mäkilä E, et al. Nitric oxide-releasing porous silicon nanoparticles. Nanoscale Res Lett 2014;9:1.
[219] Ochekpe NA, Olorunfemi PO, Ngwuluka NC. Nanotechnology and drug delivery part 1: background and applications. Trop J Pharm Res 2009;8.
[220] Low SP, Voelcker NH, Canham LT, Williams KA. The biocompatibility of porous silicon in tissues of the eye. Biomaterials 2009;30:2873.
[221] Xue M, Zhong X, Shaposhnik Z, Qu Y, Tamanoi F, Duan X, et al. pH-operated mechanized porous silicon nanoparticles. J Am Chem Soc 2011;133:8798.
[222] Peng F, Su Y, Wei X, Lu Y, Zhou Y, Zhong Y, et al. Silicon-nanowire-based nanocarriers with ultrahigh drug-loading capacity for in vitro and in vivo cancer

therapy. Angew Chem Int Ed 2013;52:1457.
[223] Alhmoud H, Delalat B, Elnathan R, Cifuentes-Rius A, Chaix A, Rogers M-L, et al. Porous silicon nanodiscs for targeted drug delivery. Adv Funct Mater

2015;25:1137.
[224] Alhmoud H, Cifuentes-Rius A, Delalat B, Lancaster DG, Voelcker NH. Gold-decorated porous silicon nanopillars for targeted hyperthermal treatment of bacterial

infections. ACS Appl Mater Interfaces 2017;9:33707.
[225] Li X, Xiao Y, Bang JH, Lausch D, Meyer S, Miclea P-T, et al. Upgraded silicon nanowires by metal-assisted etching of metallurgical silicon: a new route to

nanostructured solar-grade silicon. Adv Mater 2013;25:3187.
[226] Wareing N, Szymanski K, Akkaraju GR, Loni A, Canham LT, Gonzalez-Rodriguez R, et al. In vitro gene delivery with large porous silicon nanoparticles

fabricated using cost-effective metal-assisted chemical etching. Small 2017;13.

H. Alhmoud, et al. Progress in Materials Science xxx (xxxx) xxxx

42

http://refhub.elsevier.com/S0079-6425(19)30118-5/h0910
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0915
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0915
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0920
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0920
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0925
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0925
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0930
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0935
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0940
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0940
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0945
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0945
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0950
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0950
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0955
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0960
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0965
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0965
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0970
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0970
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0975
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0975
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0980
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0980
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0985
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0985
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0990
http://refhub.elsevier.com/S0079-6425(19)30118-5/h0995
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1000
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1005
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1005
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1010
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1010
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1015
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1015
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1020
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1025
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1030
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1030
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1035
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1035
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1040
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1040
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1045
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1045
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1050
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1050
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1055
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1060
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1065
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1065
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1070
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1075
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1075
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1080
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1085
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1090
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1095
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1100
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1105
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1110
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1110
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1115
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1115
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1120
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1120
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1125
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1125
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1130
http://refhub.elsevier.com/S0079-6425(19)30118-5/h1130

	A MACEing silicon: Towards single-step etching of defined porous nanostructures for biomedicine
	Introduction
	Silicon nanostructures accessible through MACE
	Porous silicon
	Micro/meso-porous silicon
	Holes and pits (macro-porous silicon)

	High-AR nanostructures
	Random SiNWs
	Patterned SiNWs
	Conical SiNWs
	Trenches and grooves


	Guide to generating desired MACE geometries
	A convergent view of the MACE reaction mechanism
	Porosity
	Oxidant concentration and its effect on porosity
	Substrate resistivity and its effect on porosity
	Catalyst species and its effect on porosity

	Anisotropy and etch rate
	Oxidant species and its effect on rate and anisotropy
	Crystallography and anisotropy
	Catalyst effect on the etching rate, direction, and uniformity
	Effects of substrate resistivity and doping on etching rate and anisotropy


	Biomedical applications of MACE-fabricated nanostructures
	Chemo- and biosensing using MACE-structured silicon
	Electrochemical sensing
	Surface-Enhanced Raman Spectroscopy (SERS)
	Laser desorption/ionization (LDI)

	Cell–material interfaces
	Attachment and adhesion
	Differentiation
	Intracellular sensing and delivery

	Therapeutic delivery

	Conclusion
	mk:H1_33
	Acknowledgements
	mk:H1_35
	References




