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selection, and is a timely reminder that we have much to learn 
from evolutionary technologies which potentially provide a 
rich source of 'smart' multi-purpose structures. Once the 
purpose is known, then rational choices may be made about 
the merits of technology transfer to the factory floor. Likewise, 
the ability to visualize and quantify in real space and time, and 
in vitro, structures and processes at the cellular and biomolecular 
levels may give us direct access to bio-chemical regulation of 
Ii fe processes. 
Arlicle s11bmilled by J. A. Blach-Walson. G S. Watson. and S. Myhra . 
School of Sc ience. Griffith Un iversity. Na !h an , Queensland 4111 , 
A11s1ralia. For further iliformation on 1his technology and/o r enquiries 
concerning the commerc ializalion or exploitalion contact in the first 
ins tance should be made with the corresponding author: S. My hra, 
Phon e: +6 17-387 5- 7 546, Fax: +617-38 7 5-765 6 E-ma il: 
s.my hra@g riffith.edu.au The original version of 1he paper fi'om which 
I his article was abstracted, including fit! / ref erences and fi1rther details, 
can be oblained from the authors. Some of the work described above 
has been s upported at Griffith Un ivers ity in par/ by granls .fi·om the 

Australian Research Council and fi'om US DOD DARPA . 

A Biological Perspective of 
Particulate Nanoporous Silicon 

P rous silicon has become a highly investigated ma~e.rial 
or its numerous unique and desirable qualities. 

Chemical and optical sensors, electronics, solar cells, 
and photonics comprise just a few of the fields that porous 
silicon has recently enthralled. Biomedical applications of 
porous silicon also appear to be within view and inevitable. 
With a biomedical perspective, we review the major techniques 
currently available to create porous silicon, as well as the 
methods used to construct particulate porous silicon. 

Unifying the maturing field of molecular biology with the 
rapidly emerging porous silicon discipline has the synergistic 
appeal of merging the superior specificity of biomolecules and 
the superior control over the surface and properties of this 
material with emerging clinical and diagnostic porous silicon 
products. This union comprises the fledging field of porous 
silicon nanobioengineering, and we focus on the particulate 
subdomain of this discipline in the present review. 

The rapid oxidation that porous silicon undergoes during 
light, chemical treatment, or even prolonged exposure to 
ambient conditions has stalled its otherwise inestimable use 
in technological applications. Thus, numerous chemical 
functionalization techniques have been recently advanced to 
combat this obstacle, yielding a broad variety of methods that 
were originally developed for applications in sensors and other 
systems but have increasingly apparent relevance in 
biomedical applications. These important advancements, in 
addition to biological derivatization procedures, are briefly 
reviewed here. 

Mot. Tech. 16 
2004 18.4.JJ .32. 

We comment here on the technologically intriguing 
photoluminescent, electroluminescent, and chemiluminescent 
capabilities of porous silicon, which allow countless 
possibilities in sensing (e.g., based on color changes that vary 
predictably and detectably due to analyte binding, local 
chemical changes, or local electrical variations). However, the 
luminescent properties of porous silicon have prolifically been 
reviewed elsewhere so we focus on porous silicon's other 
interest ing properties such as its high degree of 
biocompatibility and stability, capacity to be surface 
functionali zed, high specific surface area, and its rapid and 
reversible responses to stimuli (which fuels many sensing 
applications). 

Porous Silicon Formation And Particulates 
Film Fabrication 

Porous silicon is a convenient material to be used in 
microelectromechanical (MEMS) systems, not only because 
of its physical and chemical properties, but also because it is 
highly compatible with microelectronics. Our aim is to use the 
physical structure of porous silicon as a platform in order to 
harvest, deliver, and sieve biomolecules and for attachement 
to biomolecules. 

Porous silicon can have many different physical structures 
and morphologies, depending on the fabrication technology 
employed. Pores may be long or short, straight or branched, 
oriented along the crystal orientation or randomly through the 
material. A II depends on the fabrication methods and 
parameters chosen to create porous silicon . During fabrication, 
essentially every property of the silicon has an influence on 
the structure and size of the pores: type of conductivity, dopant 
and doping level , crystal orientation, etc. 

In nanobioengineering applications, the pore morphology 
and especially diameter can be of great importance. The specific 
method chosen to create the pores should be a function of its 
intended application. Medical applications may include uptake 
and/or binding of biomolecules and release from pores for 
clinical diagnostic purposes (see below). If the pore size can 
be tailored to the dimension of the desired biomolecules, then 
the pores, combined with appropriate binding and release 
chemistries, can be used as a "biomolecular sieve" (see below). 
While pore size determines the size of biomolecule that can be 
loaded, pore depth and volume determine how many molecules 
can be loaded. The surface properties (electrostatic, 
hydrophobic, etc.) govern the force of interaction between 
the biomolecules and the surface, and hence what type of 
molecule can be bound and how strongly it is bound. 

Wet-etching is the principal method for fabrication of porous 
silicon. Porous silicon is created by a mechanism of oxidizing 
si licon and etching this oxide layer in a hydrofluoric (HF) acid 
solution. HF solutions have been known to help create porous 
silicon since the I 950's. 

The most common technique used to fabricate porous silicon 
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is through electrochemical etching in which the oxidation of 
the substrate is perfonned by making the substrate the anode 
in an electrochemical cell. The substrate is immersed in a 
solution of HF and ethanol, and control of the current density 
allows control of porosity, pore size, and other parameters. 

It is also possible to use nitric acid as the oxidator and thus 
perfonn pure chemical etching, or 'staining'. In this technique 
HF can be replaced by other acids such as HBF4 and HSbF6, 

which do not attack photoresist, making the patterning of the 
porous layer easier. Several additives may be included for 
better perfonnance of this 'stain' etching. The concentration 
of all components in the etching solution and the etching time 
determine the final structure of the porous layer in stain 
etching. The set-up parameters of the electrochemical cell are 
of chief importance in electrochemical etching. 

A freshly fabricated layer of porous silicon consists of 
hydrogen-terminated silicon (see below). Drying, pre-, and 
post-fabrication treatment influence the (native) oxidation of 
the porous silicon layer and thus the properties of the porous 
silicon layer. 

Recently, a new method of porous silicon fabrication has 
been patented by Fonash et al United States Patent 6,399, 177, 
in which Electron Cyclotron Resonance Plasma Enhanced 
Chemical Vapor Deposition (ECR-PECVD) was used to fabricate 
porous silicon by a high density plasma deposition tool. This 
method may have advantages in versatility and opportunities, 
but requires very expensive and rare techonology. 

IUPAC guidelines prescribe that pores with a size smaller 
than 2 nm are designated as microporous, pores larger than 2 
nm but smaller than 50 nm are mesoporous, and pores larger 
than 50 nm are macroporous. 

Fabrication Of Nano/Micropartic/es 
Traditional mechanical milling and ultrasonic technologies 

have been used to make porous silicon films into particles. 
After electrochemical etching to fonn a porous silicon film, the 
film can be removed from the silicon substrate by applying a 
current (electropolishing), and the free-standing films can be 
made into particles by mechanical grinding or by ultrasonic 
fracture. This method is simple and inexpensive. Nevertheless, 
the particle size ranges from hundreds of nanometers to 
hundreds of micrometers, and it is hard control the shape of 
these microparticles. 

Well-defined, reproducible microparticles, however, are 
required in many biomedical applications, such as in 
therapeutic drug delivery and image contrast enhancement. 
Superior control and precision is necessary because these 
applications involve injection of particles into the bloodstream. 
Therefore, particles must be in a strict size range, and the sharp 
edges that would arise from processing the particles by 
mechanical grinding or ultrasonic fracture could be clinically 
deleterious. A diagnostic advantage in using microfabrication 
technology is that particles with well-defined shapes and 
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surface derivatization may serve, for instance, as a platform in 
carrying out high-throughput multiplexed binding assays. On 
the other hand, high spatial resolution techniques for thin film 
deposition and patterning have become available from 
semiconductor microfabrication technologies. Porous silicon 
particulates have recently been fabricated using 
photolithographic techniques. 

Figure 1 depicts a process flow to fabricate microparticles 
from deposited thin films. The first step involves the deposition 
ofa solid sacrificial layer (e.g., oxide) onto the substrate. The 
structural layer is then deposited, patterned, and etched to 
fonn the microparticles with a wide variety of highly-controlled 
feature geometries possible. The thickness of deposited layers 
is limited to a few microns, and the material properties strongly 
depend on the deposition conditions and post-processing 
steps. To release the microparticles, the sacrificial layer is 
etched away by either dry or wet etching. The high etch 
selectivity between different layers is a major issue in the 
selection of materials. 

Figure 2 illustrates released porous silicon dioxide 
microparticles, which do not possess many of the properties 
of porous silicon (e.g., lack of good control of pore size, lack of 
photoluminescence, etc.), but are more simply created. Here, 
aluminum was used as the sacrificial layer, while spin-on-glass 
was used to fonn the structural material. The diameter ofbatch
fabricated microparticles was 5 µm with thickness I µm. 

It is important to note that several materials have been 
reported as structural layers for porous microparticles, 
including polysilicon, silicon dioxide, electroplated nickel , and 
single crystal silicon chosen for their physical (density, 
Young' s modulus) or chemical (surface binding) 
properties .Recently Sirbuly et al. have demonstrated a 
microcontact printing method (a soft lithographic technique, 
which employs polymer stamps and silicon master) to pattern 
the porous silicon layer without photolithography and 
sacrificial layer etching. A polydimethysiloxane stamp (having 
features ranging in size from 3-1 OOµm) , cast from a silicon 
master, was brought into contact with freshly etched porous 
silicon film heated to 80 °C. The porous silicon film from the 
areas that make physical contact with the stamp can be peeled 
away, leaving the inverse porous silicon pattern intact on the 
silicon substrate. This method engenders potential applications 
for both the removed and remaining porous silicon. 

Porous Silicon F11nctio11a/izatio11 And Derivatization 
The biomedical utility of porous silicon is intimately tied to 

its chemical, mechanical , and thermal stability and surface 
properties, which in turn are closely linked to its chemically 
tunable surfaces. Indeed, the necessity for biocompatibility, 
non-toxicity, and overall stability in physiological solutions 
has recently driven innovation in many functionalization 
techniques, whose core objectives comprise 
nanobioengineering porous silicon for stable use both within 
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and outside the body. To be sure, a wide variety of 
functionalization techniques are indispensable, for porous 
silicon has novel value both clinically (in vivo) and 
diagnostically (used in vivo and ex vivo) which require differing 
properties that diverse surface modi ftcations can provide. 
Current functionalization approaches can be divided into two 
branches, one old; exploiting porous silicon oxidation utilizing 
subsequent reactions with silane chemistries, and one new; 
utilizing the freshly etched porous silicon surface as in 
hydrosi lylation chemistries reviewed below. It is worth 
mentioning that for many sensor applications , 
photoluminescent, electroluminescent, and chemiluminescent 
stability and quenching are key properties . Therefore, 
functionalizations often aim to protect (and/or even amplify) 
these properties. 

Porous silicon is a hydrogen-terminated material when 
freshly etched by hydrofluoric acid. This material surface can 
be unstable within minutes to oxidation under ambient 
conditions. The native oxide layer may be removed with an 
aqueous solution of ammonium fluoride, which also leaves 
the surface hydrogen-terminated as if it were freshly etched. 
The stability of the Si-C bond is well-known to protect silicon 
from oxidation and corrosion and other severe environments. 
Thus, biomedical usage is an obvious candidate for chemistries 
that facilitate Si-C bonds on porous silicon surfaces. Indeed, 
covalently bonded organic monolayers are often desirable on 
a silicon surface in biomedical applications, e.g., when further 
surface chemistries are required , as Boukherroub et al. 
demonstrate in their stability enhancement studies. 
Hydrosilylation is a common method used to prepare such 
organic monolayers, e.g., for appending alkenes and alkynes 
to a hydrogen-terminated surface. A hydrosilylation reaction 
can be initiated by UV light, heat, or free radical initiators. 
Other reactions also form Si-C bonds on the porous silicon 
surface, such as using alkyllithium or Grignard reagents, and 
various electrochemical reductive and oxidative coupling 
reactions, amongst others. 

Chemical groups have been appended to porous silicon 
using a diverse, exciting array of practical techniques such as 
electrografting, electrochemical modification, hydride 
abstraction, exciton-mediated hydrosilylation (a unique 
method employing white light to generate excitons for rapid 
hydrosilylation), and Lewis acid-mediated hydrosilylation . 
Other methods include microwave-assisted functionalization , 
light-promoted hydrosilylation, submicron electron beam 
lithography functionalization (coupling the "high specific 
surface of the material with the high resolution typical of e
beam lithography," this technique may be especially useful 
for biosensing applications), silanization, and thermally 
activated chemical vapor deposition. The latter describes a 
method that enables immobilization of amine groups (common 
in proteins, with chemical interactions well-characterized), 
generally only appended onto oxide surfaces, onto the porous 
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(a) 
sacrificial lay"er \ 

Si 

(b) 

(c) 

(d) 

Figure I - Process flow for microparti cle fabrication . (a) depos ition of 
sac rifi c ial laye r, (b) depos iti on of structura l layer, (c) patterning of 
microparticles and (d) release of microparti c les 

silicon surface independent of its composition. It is notable 
that of the techniques tested, these functionalizations do not 
significantly alter the morphology of the porous silicon 
structure. 

A surprising property of porous silicon is that it biodegrades 
into silicic acid (Si(OH)

4
) without detected toxicity. Porous 

silicon functionalization methods can further offer a high degree 
ofbiocompatibility and a high level of control over degradation 
times when porous silicon is in contact with physiological 
solutions. This is particularly useful since the applications of 
porous silicon span the temporal spectrum from hours to years. 
Particulates are generally useful for hours to weeks, while some 
biomedical implants incorporating porous silicon might be 
expected to last close to a year or more. Functionalization 
procedures have thus far been able to facilitate tuning of surface 
chemistries for degradation times from weeks to years. 

Porous si licon devices can thus be controllably 
functionalized such that no surgery is needed to remove 
implanted components and particulates can be tuned to degrade 
once their utility is compromised. The recent advancements 
in functionalization chemistries have increased research 
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Figure 2 -Released silicon dioxide microparticles (5 µm diameter). 

interest in the interface between biology and porous silicon. 
Studies have demonstrated the superior adherence, spreading, 
and function of cells such as 850 rat neuronal cells and rat 
hepatocytes on porous silicon surfaces compared to similar 
surfaces as crystalline silicon, polysilicon, and glass. This may 
be partially due to the well-known phenomenon that cells tend 
to respond better to surface texturing at certain scales, e.g. , 
the nanoscale pores of porous silicon. Further, such studies 
preliminarily confinn the non-toxicity of porous silicon and 
provide the impetus to progress to clinical and diagnostic 
applications . 

At the interface between porous silicon and biology lies 
the field of biomineralization. An alternative to the requisite 
specialized microfabrication facilities and byproducts 
produced by the fabrication methods reviewed above, 
numerous marine organisms possess enzymes (silicateins) that 
catalyze conversion of orthosilicilic acid from seawater to 
amorphous silica used as structural materials (diatom frustules 
and sponge spicules, for example). These and other biogenic 
silicates can be adapted to many technological uses including 
some of the in vivo utilities we postulate for synthetic porous 
silicon particles. Diatom frustules are microscale particulates 
with precisely (genetically) controlled nanoscale porosity that 
might be used as molecular delivery vehicles and 
immunoisolation devices. Pending elucidation of the molecular 
biology, genetics, and biochemistry of silicateins, 
biomineralization may offer an alternative route to precise 
structure porous particulates whose advantages in tenns of 
cost and environmentally sound synthetic methods make them 
potentially attractive. 

While functionalizations offer stability to porous silicon 
devices, they are also invaluable in providing a foundation for 
the attachment of assorted biomolecules to porous silicon 
surfaces. Many groups have attached antibodies to porous 
silicon surfaces mainly as an intermediate molecule for sensor 
devices to recognize and detect bound antigens. However, 
there are other uses for this technique: our group, for instance, 
is working on using antibody immobilization on porous silicon 
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as a method for targeting injected (in vivo) or spread-on (ex 
vivo on cells or tissues) porous silicon particulates to specific 
cells for imaging (e.g. , signal amplification and contrast 
enhancement) and drug delivery applications. 

Clinical And Diagnostic Applications of Particulate Porous 
Silicon 

The clinical and diagnostic utility of porous silicon is 
principally in the "slow, controllable release of drugs or 
essential trace elements to cells or as an in vivo" or ex vivo 
diagnostic tool. However, as previously alluded to, many 
proposed porous silicon applications make heavy use of 
porous silicon's luminescent properties, which can be 
detectably made to vary based on analyte binding. Particulates 
have been created which make practical use of the ability to 
generate Fabry-Perot diffraction patterns using electrochemical 
etching techniques . These patterns are shifted detectably in 
the presence of analytes, enabling label-free analyte sensing 
and low non-specific binding. 

Pores have been impregnated with enzymes, oxides, metal s, 
receptors, proteins and cell permeation enhancers, and drug 
complexes. Li et al. combined porous silicon 's observed 
nucleation of hydroxyapatite with the loading of anti-cancer 
drugs such as cis-platin within the pores of a porous silicon 
substrate. They characterized the diffusion of these drugs out 
of the pores for delivery to a bone cancer site. Porous silicon's 
ability to nucleate and be incorporated into the mineral 
component of bone, hydroxyapatite , may also lend it to 
orthopaedic usage. 

With this evidence, we believe there is tremendous potential 
in loading porous silicon particles with peptides, drugs, and 
other biomolecules for therapeutic drug delivery. In this vein, 
Foraker et. al. fabricated porous silicon particles and loaded 
them with sodium laurate (a permeation enhancer) and 
tluorescently-labelled insulin using capillary action. They then 
showed successful delivery of insulin across an in vitro cultured 
cell layer mimicking the intestinal gut. Thus, using the described 
functioilalization and derivatization techniques, this provides 
further evidence toward realization of antibody immobilization 
to facilitate targeting of particulates to specific cell sites for 
both drug delivery and imaging. Indeed, for clinical and 
diagnostic applications requiring the direct interface of porous 
silicon with living cells, analyses such as those by Canham et 
al., Mayne et al., and Chin et al. are very promising. 

Recent porous silicon applications include biomolecular 
screening.and identification of gram-negative bacteria, with 
promising results for eventual realization of products. In 
particular, the screening tool may facilitate high-throughput 
screening, bioassays, and in vivo diagnostics by optically 
encoding porous silicon particulates. 

Proteomics is a blossoming field in which knowledge of the 
circulating protein/peptide spectrum in an organism helps to 
determine disease states. Specifically, recent research indicates 
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Figure 3 - SEM of slain-etched (2.5 mi n) porous s il icon 

that information on circul ating low molecular weight peptides 
can be correlated to certain disease states. Exploitation of the 
uni fo m1, small pores and surface functi onali za tion propertie 
enabled by porou silicon particles to extract and enabl e 
analys is of these peptides as suggested by Liotta et al (to 
diagnose the early stages of disease by analys i of the low 
molecular weight proteome using porous silicon particulates) 
is, in our opinion, feas ible and potentially quite powerful. Recent 
research on the penetration, loading, and adsorption of proteins 
into porous silicon, the use of porous silicon as a size-exclusion 
matrix for resolving protein sizes, and exceptional capacity to 
tune the pore size indi cate the potential for clinical use of 
porous silicon in proteomics. . . 

Furthermore, novel, contro llably dual-s ided, symmetric 
hydrophobi c and hydrophilic particul ates of porous _s ilicon 
have been conceived and are being fabri cated (see Figure 3 
for an SEM image of the porous silicon surface) . They are 
prepared from a polysilicon precursor and are precisely size 
monodisperse on the sca le of one micron (d iameter and 
thickness). These particulates may enable unidirectional fl ow 
of transported drugs, proteins/peptides, nucleic ac ids, etc. 
They may also fac ilitate controllably different intraparti cle 
surface chemistries, and therefore potenti ally di fferent types 
of antibodie , proteins, etc., present on the same particle. 

Conc/11sio11 
We have given an overview of the state of the art in the 

nanobioengineering of porous silicon. Nearly all the literature 
in this field has come in the past decade, most in just half that. 
rt is therefore not surprising that true clinica l applicati ons are 
just beginning to emerge as rea listi c objec ti ves. 

We have ex plored porous sili con processes from th e 
micro fabrication of porous silicon films and particulates to the 
functionaliza tion and deri vati zation of their surfaces , with 
assoc iated stability issues . We have desc ribed loadin g 
method s and have tri ed to give an acco unt of th e 
biocompatibility, biogradabili ty potential, and overa ll biological 
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interface provided by porous sili con. Focusing primarily on 
parti cul ate structure , we have also attempted to give a broad 
perspec ti ve on the major clinica l and diagnostic app li ca tions 
of porous silicon, concluding with the potential fo r poro us 
si licon in targeted therapeutic drug delivery, imag ing, and 
proteomics. 
Article s11b111i11ed by 8 . R. Smith. Biomedical E11g i11eeri11g Center: A.J. 
Nijda111 and M.C. Cheng. Dept of 111/emal Medicine. Div. of /-le111a10/ogy 
and Oncology: X. Liu and Dorothy M. Davis /-/earl and Lung Research 
/n s 1i1111 e a 11 d S. C. Lee Chemic al Eng ineering Department and 
Department of Cellular and Molecular Biochemis try , the Ohio Stwe 
Univers i1y, /I OU Davis Heart & Lung Research lnsri1111e. 473 W 12'' 
Ave, Co /11 111b11s , 0/-1 432 10. USA. For .fi1rther information on tl1is 
1echnology and/or e nqu ir ies concerning th e co m111 erciali=a1ion or 
exploitation contac t in the .firs/ instance sho uld be made 11·it!t the 
corresponding author: M. Ferrari: tel:++ I 6 14 247 788. 6/a.r.: ++ I _ 
6 14 247 7799 or e-mail f errari.5 G osu.edu . Th e orig i11al 1•ers1on of 
the paper j i·om which this artic le was abstrac ted . i11cludi11g f ull 
references and .fi1rther deta ils. can be obtained .fi'om the authors. The 
a111hors wish to thank the National Cancer lnsri1111e for supporting this 
work rh rough gram PA R-0 / - / 04 

Recent Advances In Tissue 
Engineering Applications Of 
Electrospun Nanofibers 

N
nobioenginceri~ g. is the a~ pli cati on of n a n ~-sca l e 

sc ience fo r providing solutions and advancmg the 
area of bioengineering. As such, nanobioengineering 

includes nanobiomaterials, nanoparticles fo r drug deli very, 
nanostructured sca ffolds fo r ti ssue engineering, molecul ar 
recogniti on, molec ul ar templ ates, bi ose lecti ve sur faces , 
molec ul ar fi lt ra ti on, DN A nanotec hn o logy, repair & 
meth ylati on, molec ul ar di agnos ti cs fo r di seases, h em ~
compatible materials, biomimetic nanodevices for enz_y mat1c 
reactions, organ & tumor homing reagents, etc. In add1t1 on to 
the abovementioned incomplete li st, practi cal application of 
nanobioengineering involves more that one specific area of 
nanotechnology. In thi s paper, we review the usage of the 
e lec tros pinnin g process to produ ce p o l y m e ri c -_b a~ed 

biodegradable nanofiber. This is fo llowed by the apphc~t1 on 

of the nano fi brous membrane as structu ra l scaffold for ti ssue 
engineering, and its advantages compared to conventional 
micro-fib rous structure. In an attempt to look into the future, 
the review ends with a short report on electrospun nano fi bers 
as matri x material for CaC03 nano-cube parti cle, with poss ible 
application in bone regenera ti on. 

Electrospi11ning Proce.H For Producing Poly m eric 
Nanofiber."i 

There are bas ica lly three components to fulfill the pr~cess: 
a high vo ltage supplier, a syringe or capillary tu~e wllh a pipette 
or needle with small diameter, and a conducti ve collector. In 


