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Nanostructuring materials can radically change their properties. Two interesting
examples highlighted here are nanoscale porosity inducing biodegradability,
and nanoscale confinement affecting the physical form of an entrapped drug.
Mesoporous silicon is under increasing study for drug-delivery applications, and
is the topic of this review. The authors focus on those properties of most
relevance to this application, as well as those recent studies published on small
molecule and peptide/protein delivery.
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1. Introduction

Improving drug efficacy and as a result, patient safety and quality of life, are the key
clinical goals of novel drug delivery systems. A key commercial benefit to large
pharmaceutical companies is the extension of the industrial life of approved
proprietary drugs. Drug delivery is already a multibillion market and is predicted to
grow rapidly over the next decade. Therefore, it is not surprising that there are in
excess of 200 drug-delivery companies and dozens of materials and technologies
already available for this purpose. However, from a large pharmaceutical company
perspective, drug delivery is yet to fulfil its potential. This is reflected in its fairly low
percentage (< 20%) of the total pharmaceutical market of > $500 billion. There
remain significant opportunities in achieving radically improved efficacy in a
cost-effective way.

Nanotechnology has received much attention in recent years with regard to its
medical potential in various areas, especially in the continuing battle against cancer [1].
Mesoporous silicon is a nanostructured material with closely spaced 2 — 50 nm wide
pores throughout its volume. The material was first made in the 1950s [2] and, thus, is
not a new nanomaterial, but one whose nanostructure and remarkable properties
remained undiscovered for decades.

Since the striking luminescent properties of porous silicon were published in 1990,
the nanostructural, optical and electronic properties of the material have been
subjected to in-depth scrutiny by physicists and electronic engineers, in thousands of
academic papers. However, other properties are of prime importance for biomedical
applications, and only recently have the biochemical and mechanical properties
started to receive substantial scrutiny by pharmaceutical scientists, biochemists,
biologists and biomedical engineers. The first in vitro study of nanostructured silicon
in 1995 demonstrated significant dissolution in physiological fluids and hence
potential in vivo biodegradability 31. Subsequent studies initially focussed on in vitro
applications, such as biosensing [4 and bioreactor technology 5, but have
subsequently evolved to include in vivo use and drug delivery, driven in part by
interest in biomedical applications of microelectromechanical systems [e].

Porous silicon microparticles, with the phosphorus-32 radiosisotope incorporated
into the silicon lattice, have been shown to induce tumour necrosis in preclinical
studies [71, and are now being evaluated in the clinic for the treatment of both
primary liver cancer g1 and, more recently, pancreatic cancer. These constituted the
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first-in-man trials of this new biomaterial. Drug delivery
using mesoporous silicon is at the preclinical evaluation phase.

2. Fabrication

There are a number of electrochemical techniques for rendering
semiconducting silicon highly porous, but the most widely used
for electronic or optoelectronic purposes is anodisation
(versatile and ideally suited to processing standard wafers). In
this process, silicon is present as the anode of electrochemical
cells containing hydrofluoric acid based electrolytes (Figure 1A).
The passage of current densities of 10— 200 mA/cm? are
typically required for an array of mesopores to spontaneously
nucleate on the surface and propagate at speeds of microns per
minute into the bulk of the wafer. For a detailed review of
silicon electrochemistry and pore formation, the reader is
referred to the book by Lehmann o). Silicon is preferentially
removed at the pore tips according to the coupled equations:

Si(s) + 2H,0(l) + 4h* — SiO, (s) +4H*
SiO, (s) + BHF(l) — H,SiF, (I) + 2H,0(l)

The h* refers to electronic carrier (hole) injection into the
valence band of the semiconductor, as a result of current flow
across the silicon—electrolyte interface. Semiconductors, as a
result of doping with specific impurities, are either p-type, with
conductivity due to the flow of positive holes or n-type, with
negative electrons. Common dopants are boron and
phosphorus, for p-type and n-type semiconductors, respectively.

With the anodisation technique, electrical bias promotes
etching, so layer morphology is highly dependent on the
uniform current flow and electrical properties of the wafer, but
also electrolyte composition. A surfactant such as ethanol is
often added to suppress the effects of hydrogen gas evolution
within the growing layer, which can adversely affect uniformity.

In the 1990s, this technique was developed into high volume
manufacture (e.g., 10,000 wafers per month) 1. A second
technique, stain etching (113, has now also received industrial
attention (Figure 1B), producing microparticles of low porosity to
GMP standard at the tens of kilograms level. Here, a chemical
oxidising agent is added to the hydrofluoric, acid-based
electrolyte, removing the need to apply electrical bias.

Other electrochemical techniques, such as galvanic
etching 121 are in their infancy, but have significant
potential for specific uses. This review focuses on the two
techniques that have been utilised to make the submicron or
micron-size biodegradable particles that are needed for
delivery of therapeutic agents.

Figure 2 shows how both techniques can be used to generate
porosified particles for drug delivery. With anodisation, thick
(> 100 um), fully porous films are electrochemically lifted off
wafers by applying a high current pulse, and large batches of
these membranes are then mechanically milled and classified
into microparticle form. With stain etching, silicon feedstock,
already in the required microparticle form, is subjected to
porosification in batch processing.

Wafer
spinner

Figure 1. A. Anodisation cell for porosification of silicon
wafers B. stain etch apparatus for porosification of silicon
powders.

3. Structure and surface chemistry

A wide range of techniques have been used to characterise the
nanostructured forms of this material. For detailed information
the authors refer the reader to the reviews of Cullis et al. and
Bisi etal. [13,14]. Electron microscopy has been particularly
useful in revealing the diverse morphologies that can result
from electrochemical etching. Figure 3A illustrates how
high-porosity material from anodisation retains the crystallinity
of the original wafer, even after milling into microparticle form.
Figures 3B and 3C shows typical mesopore size distributions
and the directionality of porosity in heavily doped, p-type
silicon films on wafers.

The surfaces of freshly etched mesoporous silicon are
terminated with a monolayer of covalently bonded hydrogen
atoms, in the form of SiH, SiH, and SiH, surface groups. This
type of surface is similar to that manipulated by the
semiconductor industry, where highly planar wafers are
exposed to hydrofluoric acid during chemical cleaning. This
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Figure 2. Fabrication of mesoporous silicon particles by
anodisation or stain etching.

imparts electronic passivation (there are very few surface
defects, referred to as dangling bonds), hydrophaobicity, and
makes it metastable in air, undergoing gradual oxidation at
room temperature. Fourier transform infrared analysis is one of
the most versatile techniques for monitoring chemical bonding
of the internal surface during storage and subsequent process-
ing of mesoporous silicon. Other surface analysis techniques,
such as X-ray photoelectron spectroscopy or auger electron
spectroscopy, are of lesser value in revealing inner pore wall
chemical bonding. Thermoporometry [151 and NMR
spectroscopy [16] are examples of techniques that, with further
application, could provide detailed structural information.

4. Properties

Table 1 summarises some properties of the mesoporous and
microporous forms of silicon, and emphasises their tunability.
Of most relevance to drug delivery are specific structural,
chemical and mechanical properties. Examples of structural
parameters that influence drug payloads include pore
diameters, porosity and the internal surface areas achievable.
The mechanical strength of the nanostructure can be
important for physical methods of particle size reduction and
classification. Drug-loading techniques and biodegradation
are strongly influenced by wetting and, thus, hydrophobicity.

5. Biodegradability

Biodegradable or bioerodible polymers are increasingly being
used in medical therapy, for controlled drug delivery and
tissue engineering. The primary advantage of a biodegradable
implant over a permanent one is that it can help the body to
heal itself, but avoids the potential for chronic foreign body
responses. It also does not need eventual surgical removal
or revision.

Prestidge, Barnes, Lau, Barnett, Loni & Canham

Figure 3. Nanostructure of A. mesoporous microparticles
after jet milling B. mesoporous silicon film plan view
C. mesoporous silicon film cross-sectional view.

Nanostructuring of silicon can raise its dissolution kinetics
dramatically, thereby making the material biodegradable and
of interest for human therapeutic use. Initial in vitro studies [3]
demonstrated remarkable solubility in simulated human
plasma, which has relevance to soft tissue implantation.
Subsequent in vitro work [17,18] has encompassed a range of
other body fluids, relevant to mesoporous silicon solubility in
the stomach, intestine, lung and urinary tract.

The dissolution of porous silicon via hydrolysis is of
fundamental importance to its invivo applications.
Dissolution of unoxidised silicon can be described as a
simplified two-step process:

Si (5) + 2H,0(l) — SiO,(s) + 2H,(q)
SiO,(s) + 2H,0(l) —» Si(OH), (1)

The oxidative step generates hydrogen gas and is dependent
on both electronic bandgap (controlled by nanostructuring)
and doping. The degradation product is orthosilicic acid,
which is the bioavailable form of dietary silicon that is readily
excreted via the kidneys [19].

Figure 4 illustrates how the dissolution Kinetics of this
nanostructured material can be tunable by a physical
parameter (void fraction porosity), rather than chemical
changes. Table 2 lists other material parameters and the many
environmental factors that will also influence dissolution.

6. Biocompatibility and toxicology

Just because a material is biodegradable, it does not necessarily
mean that it will be useful for medical applications, unless it is
also biocompatible for its intended purpose. Key issues include
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Table 1. Properties of as-anodised mesoporous and microporous silicon compared with non-porous silicon (Properties

of Porous Silicon, IEE 1997).

Property Silicon Micro/mesoporous silicon
Structural Pore diameter NA 1.5 nm-50 nm
Porosity NA 20 - 95%
Surface area NA 100 - 700 m2g?t
Lattice symmetry Diamond Diamond
Lattice constant 0.543 nm 0.543 nm
Density 2.33 gcm3 0.12-1.9 gcm™
Optical Optical Bandgap 1l.1eV 1.1-3.2eV
Infrared refractive index 3.5 1.1-3.0
Photoluminescence efficiency 106 <0.05
(visible)
Electrical Electrical resisitivity 102-10% ohm cm 108 - 102 ohm cm
Electron mobility 1350 cm2v-ist 0.1 -30 cm2vigt+
Hole mobility 480 cm2y-ist 2-6cm2yigls
Static dielectric constant 11.5 2-8
Thermal Thermal conductivity 150 Wm-iK-t 1-100 Wm-K-?
Melting point 1414°C <1414 °C*
Specific heat 0.7 Jg iK1t 0.7 JgiK18
Mechanical Young’s Modulus 160 GPa 1-100 GPa
Hardness 11.5 GPa 1.5-10 GPa
Yield strength 7 GPa <7 GPa*
Fracture toughness 2-3Jm2 <2 Jm2*
Chemical Hydrophobicity 80° 116° -122°

(contact angle)

IEE: Institute of Electronic Engineers; NA: Not applicable.
* Range yet to be quantified.

* Considerable uncertainty over range.

§ Theoretical estimate.

the systemic pathways for removal and toxicity of degradation
products, the mechanical integrity of the material as it degrades,
and the local response of surrounding tissues. The degradation
product of mesoporous silicon can be monitored using the
molybdate blue assay (specific to the monomeric form [20]) tracer
techniques [21], atomic absorption spectrophotometry [22] or
inductively coupled plasma-optical emission spectroscopy [23].
Elemental concentrations in body fluids, such as blood, in
normal healthy individuals are typically 10 umol/l [24,25].

Rosengren et al. have studied the in vivo tissue compatibility of
as-anodised, mesoporous silicon discs [26]. They compared bulk
and mesoporous silicon with control titanium structures in the
rat abdominal wall after periods of 1, 6 and 12 weeks. Both
porous and planar silicon implants elicited a foreign body
response of comparable magnitude to that observed for
corresponding titanium surfaces.

Table 3 compares the pKa values for the monomer degradation
products of the most important biodegradable polymers with

that of mesoporous silicon. Therefore, it provides an indication of
the extent to which the pH of surrounding body fluids may
change as a result of different monomer release. It implies that
pH changes might be significantly less of a problem for
biodegradable silicon, provided only the monomer is involved. In
body fluids of ~ pH 7, a very small fraction of silicic acid is
deprotonated. This could be of particular relevance for protein
delivery, as large pH changes, both widespread and localised, are
known to induce loss of biological activity.

7. Surface modifications

The hydride surface of hydrofluoric acid-etched porous
silicon slowly oxidises in air at room temperature [27]. Interest
in porous silicon for biochemical sensing has led to
considerable development of alternative chemistries, many of
which have potential uses in medical implants and drug
delivery [28-31]. Of particular interest in this regard are surface
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Figure 4. In vitro dissolution of anodised mesoporous silicon wafers as a function of varying porosity in Trizma buffer

(pH 7.4) at 37°C.

chemistries that, for example, impart molecular recognition,
modify biodegradability kinetics, or allow covalent attach-
ment of drug molecules. For detailed information, the reader
is referred to recent reviews [32,33].

8. Drug delivery

The use of porous silicon to deliver therapeutic agents,
including both drugs and peptides/proteins, has received
increasing interest. The large internal surface area and
nanostructuring capability of porous silicon provide unique
opportunities for the delivery of therapeutic agents.
Applications of the technology range from improving the
solubility/bioavailability of drug molecules, to controlled
delivery via a range of delivery routes.

The process of drug loading into porous silicon occurs via
two main mechanisms. First, the mesoporous structure of
porous silicon provides a large internal surface area for drug
adsorption. The extent of drug loading is a function of the
degree of surface area available and the specific affinity
between the matrix and drug. Matrices such as activated
charcoal, with a surface area of up to 1000 m#/g, have been
shown to be able to adsorb compounds to levels of
~ 30% (w/w) [34]. Second, in simple terms, the porous matrix
can be considered to be a sponge-like structure. The
introduction of a drug via either direct melting or from a
solution-phase allows the drugs to be deposited within the
internal structure of the pores, rather than just at the pore

surface. In this case, the extent of drug loading is a function
of the internal pore volume and the concentration of drug in
the loading solution. In practice, drug loading will most
likely result from a combination of the two mechanisms.

Oral drug delivery still remains the major route of choice for
the pharmaceutical industry. However, recent studies have
reported that up to 40% of active pharmaceutical ingredients
(API) being discovered are classified as having low aqueous
solubility and bioavailability [35]. As a result, there is a significant
opportunity for enabling technologies to facilitate the
development of problematic compounds into a viable therapy. A
number of technologies have been developed to address the
problem of reduced solubility, including amorphous
formulations (e.g., solid solutions), particle size reduction
(e.g., nanocrystals), formulation strategies (e.g., cyclodextrins and
lipid formulations), cryogenic techniques (e.g., spray freeze
drying) and supercritical fluid processing [3s-41]. Porous silicon
offers the potential to improve the solubility/bioavailability of
poorly water soluble drugs through a combined effect of
nanostructuring and solid-state modification.

The incorporation of drugs into porous silicon has been
shown to affect the solid-state properties of loaded
compounds. The loading of ibuprofen and antipyrine into
thermally carbonised porous silicon has been shown to
reduce the melting point of the compounds, as a result of
nanostructuring [42). The formulation of indomethacin and
itraconazole with porous silicon was found to render the
drugs amorphous [43]. The API were loaded into the porous
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Table 2. Potential parameters affecting dissolution of
mesoporous silicon in physiological environments.

Table 3. Monomer degradation products of bioerodible
polymers and silicon.

Porous Silicon parameters Biological & environmental Biomaterial Associated pKa
parameters monomer
Skeleton size distribution Body fluid composition & pH Polylactic acid Lactic acid 3.9
Pore morphology Body fluid flow rate and Polylacticglycolicacid  Glycolic acid 3.8
wettability Polycapralactone Lactic acid 3.9
Surface chemistry Protelr_l _adsorptlon & mineral Polyhydroxybutyrate  Hydroxybutyric acid 4.7
deposition
Mesoporous silicon Orthosilicic acid 9.5

Particle size distribution Extracellular enzymatic activity

Crystallinity and doping Phagocytosis and intracellular

activity

matrix by immersing the porous silicon particles into a
concentrated APl solvent solution. The particles were
removed by filtration and vacuum dried. The specific effect of
incorporation of molecules into porous silicon is likely to
depend on the size of the pores, the physiochemical properties
of the drug molecule and the specific interactions between the
drug and porous matrix. Dissolution analysis of the
itraconazole formulation in 0.1M HCI was found to result in
a 25-fold increase in APl solubility compared with the
unprocessed crystalline control (Figure 5).

As a result of this nanostructuring and physiochemical
modification, Shabir etal. demonstrated how the in vitro
solubility of a range of APIs was improved following
incorporation into porous silicon particles [44]. Cyclosporin A,
dexamethasone, tamoxifen and paclitaxel were loaded using a
rotary evaporation method, and the extent of dissolution
enhancement was determined in pH 7.4 phosphate buffer. The
results showed that formulation with porous silicon facilitated an
increase in solubility of between 1.5- to 5-times that of the
unprocessed control.

The potential for modifying the surface of porous silicon
through chemical or thermal treatments provides a range of
possible matrices for different drug delivery applications.
Salonen et al. demonstrated how the surface modification of
porous silicon by either thermal carbonisation (TCPSi) or
oxidation can modulate drug dissolution in a range of
physiologically relevant media [45]. The TCPSi particles were
found to provide controlled release when the dissolution rate of
the unloaded compound was high, and increase the rate of
dissolution for poorly dissolving compounds. The extent of drug
loading was dependent not only on the surface chemistry of the
matrix, but also on the chemical properties of the drug and
loading solvent used.

The ability of porous silicon to improve the bioavailability of
cyclosporin A following subcutaneous administration to rats was
demonstrated by Bulpitt and Conner [46]. The study showed that
the porous silicon/cyclosporin A formulations resulted in a
3.8-fold increase in the C,, of cyclosporin A and a 4.6-fold
increase in the total bioavailability, compared with the
unprocessed drug control.

As well as improving the solubility of poorly water soluble
drugs, porous silicon can also be used for controlled delivery
applications. One specific area of interest where the controlled
delivery of a drug is important is the area of chemotherapy. The
use of a controlled-release technology for anticancer agents is
advantageous in terms of both drug toxicity and efficacy [47).
The ability of porous silicon wafers to control the release of
doxorubicin was demonstrated by Vaccari et al. [48]. The release
of the cytotoxic agent was controlled over a 5-h period, and
resulted in the inhibition of adenocarcinoma cells in vitro.

The application of porous silicon for the delivery of
cytotoxic agents was reported by Saffie-Siebert et al. [49). Both
paclitaxel and chlorambucil were loaded into porous silicon
particles and administered into xenograft mice by
intratumoural injection. The porous silicon formulations
were found to significantly retard the rate of tumour growth
and improve the survival rate when compared with controls.

The loading and release of the hydrophobic steroid,
dexamethasone, from Fabry-Pérot films of porous silicon has
also been reported [50). Drug release into phosphate buffered
saline (pH 7.4) from freshly etched films was rapid, and
coincided with matrix degradation. Chemical modification of
the porous silicon films by thermal hydrosilylation with
dodecene improved both the stability of the matrix and reduced
the drug release rate by a factor of 20, compared with the fresh,
porous silicon film. The reduction in drug dissolution rate was
attributed to the predominance of a drug diffusion mechanism
over matrix dissolution.

Due to their large size, complex structure and stability issues,
the delivery of therapeutic proteins and peptides creates a specific
challenge. Parenteral delivery is still the most widely used route of
delivery for proteins and peptides, but achieving a therapeutic
effect can require a strict regimen of daily injections. As a result,
there has been a significant amount of interest in the
development of novel technologies to improve and control the
delivery of biologics. So far, the main technologies available
are biodegradable, polymer  microparticles/implants  (e.g.,
polylacticglycolicacid, polylactic acid) and PEGylation [51].

A recent study by Shabir et al. demonstrated how porous
silicon could control the release of a hydrophilic peptide [52].
A range of formulation options were investigated, including
particles, compressed pellets and implants. A fabricated
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Figure 5. Dissolution performance of itraconazole before and after co-formulation with porous silicon. Porous silicon particles
were loaded by immersion into a concentrated solution of itraconazole dissolved in a mixture of dichloromethane:methanol (1:1),
followed by vacuum drying. Dissolution was performed in 0.1M HCI at 37°C and 100 rpm [43].

implant of porous silicon membranes provided a zero order
release profile, with 40% of the peptide released over 12 days.
A study into the release of insulin from porous silicon
microparticles and subsequent transport across a model
caco-2 cell monolayer has been reported [53]. Freeze drying
was used to load the insulin into the porous silicon particles,
and sodium laurate was used as a permeation enhancer. A
10- to 50-fold increase in insulin transport efficiency across
the caco-2 cell monolayer was achieved from the porous
silicon particles, compared with a liquid formulation controls.

The size of biological molecules and the lack of organic
solvent solubility poses a particular problem when
formulating with mesoporous structures. The penetration of
human serum albumin (HSA) into porous silicon layers with
different pore size and layer thickness has been investigated
using ellipsometry [s4], with particular interest in the depth of
penetration. Loading was achieved by incubating porous
silicon in phosphate-citrate buffer (pH 4.8, 21°C) for 3 h. It
was concluded that HSA could not penetrate pores with a
diameter of < 5.5 nm which was almost double the hydro-
dynamic radius of HSA (~ 3 nm) [s5]. Increasing the initial
loading concentration was observed to increase the amount
of HSA loaded into the pores; ~ 70-times more HSA could
be loaded into the porous silicon layers compared with a
nonporous silicon surface.

Prestidge et al. investigated the application of atomic force
microscopy and time-of-flight secondary ion mass spectroscopy

to gain a better understanding into the effect that protein/
peptide size and hydrophobicity had on loading into porous
silicon wafers [s6]. The results showed that the smaller,
hydrophobic peptide gramicidin A was more readily loaded
within the pores than the larger, hydrophilic protein papain.
However, a significant level of sustained papain release was
observed from loaded porous silicon microparticles [s71. Further
work is required to better understand the effect that protein
size, structure and chemistry has on both loading and release, in
order to further develop the technology.

The observation that co-formulation of drug compounds
with porous silicon renders the compounds amorphous,
raises questions regarding long-term stability. Amorphous
compounds have long been known to be physically and
chemically unstable, hence their lack of widespread application
within the pharmaceutical industry. It has been shown for
porous silica that amorphisation through nanostructuring
results in a formulation that was physical stable, presumably as
a combined effect of surface interactions and confined
mobility [ss]. Future studies are required to investigate the
implication of both nanostructuring and amorphisation on
molecule chemical stability.

9. Conclusions

Mesoporous silicon is the first semiconducting material to be
evaluated for drug delivery applications. Encouraging in vitro
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and in vivo data has been published regarding its potential to
improve the dissolution and bioavailability of hydrophobic
small molecules. More work is required to evaluate the
capabilities of this open, nanoscale, matrix technology for
protein and hydrophilic molecule delivery. Manipulation of
surface chemistry and its semiconducting nature offer short-
and long-term opportunities, respectively, in targeted delivery
and electrically controlled delivery.

10. Expert opinion

Biodegradable polymers have been developed over many decades
for a wide range of medical applications, including drug delivery.
More data on mesoporous silicon is required to comprehensively
assess and compare its performance as a drug delivery vehicle for
specific applications. Nonetheless, there is already evidence that
nanostructured silicon could be particularly useful for poorly
soluble/low bioavailability drugs, of which there are increasing
numbers coming through the drug-discovery pipeline. There are
a range of porous silica-based matrices that have found
application within the pharmaceutical industry, in particular as
thickening agents and tableting excipients [s9]. More recently,
there has been a renewed interest in mesoporous forms of silica
for various drug-delivery applications [ss-62].

From a materials science perspective, it is useful at this stage
to identify differentiating aspects of silicon, and where these
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