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  1. Introduction 
 From the invention of the fi rst transistor in 
1947 [  1  ]  and the fi rst integrated circuit (IC) 
in 1958, [  2  ]  the “top-down” techniques and 
processes used to achieve the highest pos-
sible density of active electronic compo-
nents on a single semiconductor die have 
advanced at a dizzying pace (double the 
transistor and memory bit density every 
18–24 months), while maintaining nearly 
constant areal manufacturing cost. [  3  ]  
According to the  International Technology 
Road Map for Semiconductors , a “fi fteen 
year assessment of the semiconductor 
industry’s future technology require-
ments”, the current (2011) state-of-the-art 
for optical lithography is 24 nm (the phys-
ical gate length of a transistor) leading to 
an incredible 1.7 billion transistors per 
square centimeter. [  4  ]  Although the costs 
associated with the research, development, 
and implementation of the latest IC tech-
nology node can be signifi cant, they are 
offset by continuously increasing demand 
for more advanced integrated circuit (IC) 
designs and architectures. This economic 

 This manuscript constitutes a review of several innovative biomedical technolo-
gies fabricated using the precision and accuracy of silicon micro- and nanofab-
rication. The technologies to be reviewed are subcutaneous nanochannel drug 
delivery implants for the continuous tunable zero-order release of therapeutics, 
multi-stage logic embedded vectors for the targeted systemic distribution 
of both therapeutic and imaging contrast agents, silicon and porous silicon 
nanowires for investigating cellular interactions and processes as well as for 
molecular and drug delivery applications, porous silicon (pSi) as inclusions into 
biocomposites for tissue engineering, especially as it applies to bone repair 
and regrowth, and porous silica chips for proteomic profi ling. In the case of the 
biocomposites, the specifi cally designed pSi inclusions not only add to the struc-
tural robustness, but can also promote tissue and bone regrowth, fi ght infection, 
and reduce pain by releasing stimulating factors and other therapeutic agents 
stored within their porous network. The common material thread throughout all 
of these constructs, silicon and its associated dielectrics (silicon dioxide, silicon 
nitride, etc.), can be precisely and accurately machined using the same scalable 
micro- and nanofabrication protocols that are ubiquitous within the semicon-
ductor industry. These techniques lend themselves to the high throughput 
production of exquisitely defi ned and monodispersed nanoscale features that 
should eliminate architectural randomness as a source of experimental variation 
thereby potentially leading to more rapid clinical translation. 
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balance is usually reserved for the highest levels of computing 
power. Fortunately, many biomedical applications that use 
advanced silicon processing are well suited for non-leading 
edge  lithographic  technology generations (the multi-stage nan-
ovectors described below are on the order of 600 nm or larger) 
meaning higher device yields and lower process cycle demand 
that lead to signifi cantly reduced fabrication cost.  Figure    1   
shows a visual representation of this dichotomy where biomed-
ical devices and other “system-in-package” applications are fab-
ricated with length scales that deviate from traditional trends in 
transistor scaling. [  4  ]  Many of these medical applications require 
and therefore substantially and increasingly benefi t from the 
same continuously improving leading edge capabilities in other 
(non-lithographic) process areas that have been developed for 
advanced ICs, including nanoscale metallization and dielectric 
atomic layer deposition, chemical-mechanical polishing, preci-
sion multi-layer etches, and advanced metrology.  

 Thus with the same “top-down” fabrication processes devel-
oped over the last fi fty years that produce high-performance 
microprocessors and memory chips, the engines of the Digital 
Age, nanoscale constructs for drug delivery, proteomic pro-
fi ling, and bone repair have been manufactured with a high 
degree of both precision and accuracy. This is crucial for elimi-
nating device variability as a source of experimental variation, 
for incorporating ever advancing capability at lower functional 
cost, for tuning nanoscale features for personalized medicine, 
and, ultimately, for gaining regulatory and clinical acceptance. 
As such, we present this overview of several of these innovative 
biomedical nanotechnologies for clinical applications. 

 This review is divided into 8 sections that include this intro-
duction. Section 2 presents the biocompatibility and biode-
grability, as well as the methods used to modify their surface 
properties, of silicon and its dielectrics. This section also covers 
the foreign body response of the in vivo environment to exog-
enously introduced entities. The beginning of Section 3 dis-
cusses implantable devices as they relate to dosing strategies 
and architectural designs and then hones in on the structural 
characteristics, history of development, and modeling of nano-
channel membranes, including an elucidation of representa-
tive fabrication protocols used to manufacture them. This is 
followed by investigating electrokinetic transport as it relates 
to modulating drug delivery. Section 4 details porous silicon 
multistage nanovectors that are comprised of porous silicon 
particles whose shape, size, and surface properties have been 
rationally designed to maximize their loading capacity and 
accumulation in specifi c organs and tissues, especially tumors, 
after intravenous administration. In Section 5, the fabrica-
tion and biomedical applications of silicon and porous silicon 
nanoneedles and nanowires are investigated. Section 6 delves 
into the use of porous silicon inclusions in biocomposites for 
tissue engineering, and more specifi cally bone regeneration, 
in terms of its effects on the mechanical robustness of bone 
replacement scaffolds as well as the ability of these pSi particles 
to deliver important biomolecular cofactors and pharmaceuti-
cals to promote collagen formation, mineralization, and chemo-
taxis. Proteomic profi ling is covered in Section 7 as it relates 
to both biomarker discovery and tumor and metastasis staging. 
Finally, this review concludes in Section 8 with a recap of the 
important topics discussed in the previous sections as well as 
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closing remarks on the economics of developing biomedical 
systems using silicon micro- and nanofabrication.  

  2. The Biocompatibility of Micro- 
and Nanofabrication Materials 

  2.1. Silicon and Its Dielectrics 

 In addition to exploiting their electrical properties to produce 
advanced ICs, highly refi ned silicon, the second most abundant 
element on the Earth’s crust, and its dielectrics (SiO 2 , Si 3 N 4 ) 
have been used extensively for biomedical applications because 
of their previously demonstrated biocompatibility and mechan-
ical stability, as well as the ease with which their surface prop-
erties and chemistry can be modifi ed. [  5  ]  The silanol group can 
be easily activated at the surface of oxidized silicon to bind 
with organosilane molecules, which in turn are capable of pro-
viding diverse functional groups that can mediate a large array 
of specifi c bioconjugation strategies. [  6  ]  Silanes with amine, car-
boxyl, alkyl, epoxy, sulfhydryl, and aldehyde functional groups 
are commercially available, while optimized functionalization 
strategies in both the liquid and vapor phase have been widely 
developed and reported in both the scientifi c literature and for 
well-established commercial applications in very diverse fi elds. 
Once stable mono- or oligo-layers of silanes are formed on the 
silicon surface, then conventional bioconjugation strategies 
are employed to chemisorb or physisorb a wide array of bioac-
tive molecules and nanoparticles on the silicon surface. As an 
example, Zhang et al. [  5e  ]  was able to achieve a 90% reduction 
in albumin adsorption for more than 4 hours on hydrophobic 

methylated surfaces modifi ed with 0.05% 
Tween 20. Self-assembled polyethylene 
glycol (PEG) and monomethoxypoly(ethylene 
glycol) (MPEG) multilayers have also been 
functionalized on silicon surfaces and found 
to be capable of suppressing the adsorption 
of plasma proteins, platelets, fi broblasts, and 
HeLa cells. [  5e  ]  

 While these silicon-based materials are 
generally harmless to the body and do 
not stimulate detrimental encapsulation, 
many are themselves directly degraded by 
the chemical/ionic environment in vivo. 
Implantable devices for long-term drug 
release with micro- and nanofabricated struc-
tures that experience continuous contact with 
body serum, both intravenously and subcu-
taneously, must therefore be fabricated with 
application-specifi c materials, coatings, and 
processes beyond those typically available 
in commercial MEMS fabrication facilities. 
These structural materials and nano-coat-
ings, which include chemical vapor deposited 
silicon carbide and positive-to-negative stress-
graded silicon nitride as well as atomic layer 
deposited oxides, along with their associated 
etch processes are frequently found only in 

advanced IC manufacturing facilities and have been anecdotally 
noted in biochip protection schemes by commercial developers 
of nanochannel devices. [  7  ]  

 Porous silicon is not only biocompatible, but biodegrad-
able as well. This is due to its high surface area that induces 
a rapid oxidation of Si in aqueous solution rendering it readily 
dissolvable. [  8  ]  The degradation product, orthosilicic acid, is a 
compound found naturally within the human body that has 
been shown to promote a number synergistic effects in rela-
tion to bone regeneration (discussed in Section 6.2). Particles 
fabricated out of porous silicon have been shown to be stable 
during storage, and then readily degradable in plasma, blood, 
and tissue. [  9  ]  A variety of cells, including endothelial cells and 
macrophages, also readily internalize porous silicon particles 
in vitro and in vivo with no adverse affects related to cell pro-
liferation and particles partitioning to daughter cells during 
mitosis. [  10  ]  The release of cytokines from treated cells is sim-
ilar to that of controls, [  9a  ,  10  ,  11  ]  suggesting that pSi particles are 
also non-immunogenic. No acute or chronic toxicity has been 
observed in healthy or tumor-bearing mice receiving multiple 
injections of these pSi particles. [  12  ]  Polymer coatings, including 
PEG and agarose, have been used to coat pSi particles to tem-
porarily protect them from cellular degradation while the con-
jugation of antibodies or targeting moieties have facilitated the 
effi cient delivery of payloads loaded in the pores to the right 
place at the right time in the right quantity. [  6a  ,  9a  ,  13  ]   

  2.2. The Foreign Body Response 

 The biocompatibility of a foreign device is dictated by the 
type and extent of the cellular responses that it induces in the 

     Figure  1 .     A representation of the divergence of device scaling between high performance com-
puting and environmental and biological sensing application. Taken from “Semiconductor 
Industry Association. The International Technology Roadhmp for Semiconductors, 2009 Edi-
tion: Executive Summary, SEMATECH Austin, TX, 2009.”  
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surrounding tissue, a reaction typically referred to as the for-
eign body response (FBR). Implantation is an invasive proce-
dure that causes localized tissue injury and initiates both acute 
and chronic infl ammatory cascades that result in increased 
localized vascular permeability and the extravasation of a variety 
of proteins and immune cells, including albumin, complement 
factor 3, IgG, fi brinogen, fi bronectin and vitronectin, intended 
to remove dead cellular debris. [  14  ]  These proteins adsorb to 
foreign bodies and act as identifi cation tags for orchestrating 
the response of host cells, including infl ammatory cells and 
fi broblasts. The rate and extent of protein adsorption on the 
surface of an implant is therefore one of the primary factors 
in determining its biocompatibility. [  15  ]  Studies have shown that 
specifi c adsorption of proteins like fi bronectin and vitronectin 
on the surface of implants mediates cellular interactions, with 
surface topographies that are more receptive to these proteins 
also being more conducive to protein/cellular adhesion. [  16  ]  The 
types of protein molecules secreted at the implant surface also 
promote haptotaxis of polymorphonuclear cells (neutrophils 
and lymphocytes) towards the implant site and drive alterations 
in their morphology. [  17  ]  Various chemokinetic and chemotactic 
factors determine the rate and extent of this process, including 
various complement factors, bacterial fragments, leukotrienes, 
lymphokines, and fi bronectin. [  14  ]  Once extravasated, neutro-
phils and lymphocytes start to accumulate at the tissue/implant 
interface and attract monocytes to the implant site. [  18  ]  These 
monocytes also respond to similar mediators as the polymor-
phonuclear cells, and, under their infl uence, mature into tissue 
macrophages that recognize the implant as a foreign body and 
try to engulf it. [  14  ]  Activation of macrophages further results in 
the release of various secretory products like superoxide anion, 
fi bronectin, IL-1, extracellular matrix proteins, binding pro-
teins, and coagulation factors that dictate subsequent cascade 
events. [  19  ]  These factors help in the remodeling of connective 
tissues and to regulate the extra-cellular environment. [  20  ]  The 
inability of macrophages to phagocytose the implants results in 
a frustrated state in which they fuse with each other to form 
giant cells resulting in granuloma formation and further pro-
moting fi broblast migration. Proliferation and growth of fi bro-
blasts further leads to the synthesis and deposition of collagen, 
a component of connective tissue and an important compo-
nent in wound healing, and ultimately to fi brous encapsulation 
around the implant. [  21  ]  

 Titanium and its alloys, a material base commonly used 
to fabricate drug delivery implants, have been demonstrated 
to have excellent biocompatibility, corrosion resistance, and 
mechanical strength. Studies performed with polymers coated 
with titanium derivatives (for easier preparation of thin sec-
tions [  22  ] ) in rats showed a fi brous encapsulation that was only 
50–90  µ m thick and decreased gradually with time. [  21b  ]  The 
connective tissue around the implants was found to consist pri-
marily of collagen fi bers forming concentric layers around the 
titanium implants with fi bers oriented parallel to the implant 
surface. [  21b  ]  Furthermore, higher amounts of type-I collagen 
as compared to collagen III (an indicator of higher biocompat-
ibility) was observed. [  21b  ]  The surrounding encapsulation was 
also found to be moderately infi ltrated with infl ammatory cells 
and fi broblasts. [  23  ]  A time dependent decrease in granulocytes 
and lymphocytes was observed at the site of implantation over 

a period of 4 weeks [  23  ]  with almost no detectable populations 
present after 4 weeks. [  22  ]  A similar trend was also reported with 
macrophages and giant cells. [  22  ]  As a result, titanium and its 
alloys have been extensively used for both dental and medical 
applications, [  24  ]  including for artifi cial hips, knees, bone plates, 
as screws for fracture fi xation, pacemakers, dental prosthesis, 
overdentures, bridges, and crowns. [  25  ]  The excellent biocom-
patibility of commercially pure titanium originates from its 
tendency to react with oxygen and form an inert, stable, and 
thin layer of titanium dioxide at its surface. Furthermore, low 
electronic conductivity, high corrosion resistance, low ioniza-
tion, an iso-electric point of around 5-6, and a dielectric con-
stant comparable to water also makes it a biomaterial of choice 
for implants. [  26  ]  

 The rate and extent of the infl ammatory reaction depends 
not only on the composition and structure of a material but 
also on the implant’s surface roughness, size, shape, and sur-
face functionalization, which are usually determined by the 
manufacturing process and can be altered according to the 
intended biological function of the implants. [  22  ]  Various surface 
treatments, including sandblasting and acid etching (SLA), [  27  ]  
plasma spray coating of hydroxyl apatite, [  28  ]  immobilization of 
extracellular matrix proteins, [  29  ]  layer by layer assembly of DNA 
by electrostatic self-assembly, [  30  ]  and electrospray deposition of 
enzymes like alkaline phosphatase, [  31  ]  can be used to further 
modulate the biocompatibility of implantable materials and 
bodies.   

  3. The nanochannel Delivery System (nDS) 
 From ion channels that control the diffusion of specifi c ions 
across the cell membrane [  32  ]  to chaetae rendered iridescent 
through a photonic crystal-like effect, [  33  ]  the natural world is 
replete with examples of organisms manipulating their phys-
ical environments using nanochannels. Nature uses a “bottom 
up” approach to manufacture these structures with an exqui-
site level of precision and accuracy derived from self-assembled 
protein building blocks that require constant maintenance 
to insure proper structure and function. [  3  ]  As of yet, however, 
no similar anthropogenic manufacturing process has suc-
ceeded in producing robust monodispersed nanochannels for 
long-term (greater than 6 months continuously) drug delivery 
using a similar bottom-up approach. Therefore, in this section 
we will limit our discussion to silicon-based nanofl uidic mem-
branes produced using the same top-down fabrication tech-
niques and possessing the same biocompatible characteristics 
alluded to earlier. This discussion will also include a justifi ca-
tion for continuous release and a glimpse into the possibilities 
for electrostatic and electrokinetic control (electroosmosis and/
or electrophoresis) of analyte release, an important prerequisite 
for the realization of a self-regulating “NanoGland”. 

  3.1. Modes of Drug Delivery 

 With most conventional routes of administration, including 
ingestion as well as subcutaneous, intramuscular, and intrave-
nous injections, only a fi nite amount of drug can be delivered 
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at any given time. For pathologies requiring long-term inter-
vention, this limitation necessitates a larger than optimal dose 
to maintain an average drug concentration within the thera-
peutic range. In the case of cytotoxic drugs, a category which 
includes most chemotherapeutics, the maximum tolerated dose 
(MDT) is delivered at intervals that allow for suffi cient recovery 
from adverse side effects. New evidence suggests, however, that 
decreasing the amount and increasing the frequency of dosing 
can enhance the therapeutic index (the ratio of therapeutic to 
lethal dose) of many of these cytotoxic drugs while signifi cantly 
reducing or eliminating systemic toxicity and thus leading to 
better overall clinical outcomes, a dosing regimen commonly 
referred to as metronomic delivery. [  34  ]  In addition, reducing the 
interval between doses may also help to prevent the acquisition 
of drug resistance by the pathologic target, an important con-
cern for many chemotherapeutic regimens. [  35  ]  

 The ultimate extension of metronomic delivery is continuous 
and constant drug release, also referred to as zero-order release. 
The zero-order release rate is carefully balanced with the in vivo 
drug elimination rate to achieve a therapeutic concentration 
while alleviating toxic accumulation. [  35  ]  Recent studies have ver-
ifi ed the signifi cant enhancements to therapeutic effi cacy made 
possible by this drug delivery strategy. [  36  ]  The anti-angiogenic 
agents cyclophosphamide and methotrexate, drugs that many 
cancers have shown the propensity to become resistant to, 
have proven to be more effective inhibitors of tumor prolif-
eration when constantly administered in this fashion. [  37  ]  The 
closest clinically available examples of continuous release are 
IV infusion and infusion pumps. [  38  ]  Unfortunately these meth-
odologies require catheterization which could lead to infection, 
although experimental studies in which insulin pumps are fully 
implanted have been performed. [  39  ]  In addition, IV infusion 
has not proven to be tunable enough to prevent the eventual 
accumulation of toxic side effects and therefore also periodically 

requires lengthy recovery periods. [  34c  ,  40  ]   Figure    2   graphically 
compares and contrasts these different dosing regimens. [  41  ]    

  3.2. Implantable Drug Delivery 

 Delivering drugs from implants offers the opportunity to pre-
cisely control the amount, release rate, and timing of phar-
maceutical administration. Automatic and sustained delivery 
offers the added benefi ts of increasing patient compliance 
and improving quality of life. [  42  ]  Microchips possessing arrays 
of mini-reservoirs micromachined into a silicon substrate and 
capped with gold membranes that can be electrically ruptured 
are capable of the telemetrically controlled pulsatile release of a 
wide range of drug formulations [  43  ]  and have successfully been 
demonstrated in vivo in both a dog model for up to 6 months [  44  ]  
and in humans for up to 20 days. [  45  ]  This very exciting archi-
tecture has one important limitation; it can only approximate 
zero-order release by increasing the pulse frequency. There 
are, however, several promising alternative implantable drug 
delivery architectures capable of achieving long-term zero-order 
delivery using a range of different actuation methods, both 
active and passive. Technologies that use active methods of 
delivery include implantable infusion pumps, [  46  ]  osmotic [  47  ]  and 
electroosmotic pumps, [  48  ]  and galvanic cells, [  49  ]  while passive 
delivery has been achieved largely through diffusive transport 
of analytes from biodegradable and nonbiodegradable poly-
mers, [  50  ]  hydrogels, [  51  ]  porous inorganic materials, including 
TiO 2 , [  52  ]  silica, [  53  ]  and alumina, [  54  ]  and nanoporous (block 
copolymer, [  55  ]  and ion milled [  56  ] ) and nanochanneled nanofl u-
idic membranes. [  57  ]  Many of these alternative methods have 
also already been demonstrated in both animal models [  55  ,  58  ]  
and human preclinical trials, [  45  ]  while a few, including the 
Viadur™ implant based on the DUROS osmotic pump 

     Figure  2.      Profi les of drug delivered and drug concentration of an active pharmaceutical agent (API) in the plasma through bolus injection, infusion, or 
from zero-order release implant. Reproduced with permission. [  41  ]  Copyright 2011, Springer Science & Business Media.  
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(releases leuprolide acetate for up to one year), [  47  ]  as well as 
several versions of implantable polymers, including Implanon 
(birth control, sliastic tubing), [  59  ]  Sandostatin LAR (PLGA), [  60  ]  
and Gliadel® (PCPP-SA) [  61  ]  to name a few, are already FDA 
approved and commercially available. For further reading, good 
reviews on many of these promising implantable drug release 
architectures can be found in these references, [  62  ,  63  ]  and. [  64  ]   

  3.3. The Development of Nanofl uidic Membranes 
for Biomedical Applications 

 To date, nanofl uidic membranes have been fabricated using 
a range of methods [  65  ]  from an array of materials, including 
silicon, [  65a  ,  66  ]  silica, [  65b  ]  alumina, [  67  ]  silicon nitride, [  57  ]  carbon, [  68  ]  
titanium dioxide, [  69  ]  polydimethylsiloxane, [  70  ]  SU-8, [  71  ]  and 
gold. [  72  ]  Silicon represents one of the more attractive material 
bases for manufacturing nanochannels because of the scal-
ability, fl exibility, precision, and accuracy of the processes and 
techniques used to machine it. By utilizing these silicon fab-
rication processes no structural feature of the nanochannels is 
left to chance or process randomness, while the nanochannel 
array’s high degree of order helps to prevent undesirable pro-
tein absorption and mineralization that can be a problem for 
membranes with more chaotic nanostructure. [  73  ]  At least one 
study demonstrated stable in vivo release rates from silicon 
nanofl uidic membranes for up to 6 months with little to no 
effect from fi brotic encapsulation for the molecules tested. [  58  ]  
Silicon nanochannels with depths as small as 2 nm have 
been fabricated using anodically bonded Pyrex to cap 2 nm 
deep nanotrenches [  74  ]  (see  Figure 3   ), while a sacrifi cial metal 
embedded in silicon nitride has been used to fabricate mas-
sively parallel nanochannels of less than 3 nm in depth. [  75  ]   

 The fi rst examples of nanofl udic membranes produced using 
silicon micro- and nanofabrication techniques were reported by 
Kittilsland et al. in 1990 [  76  ]  followed by Chu et al. in 1995. [  65a  ]  
The 1990 report showed the fi ltration of particles as small as 
50 nm while the 1995 work further reduced the threshold, dem-
onstrating nanofi lters possessing monodispersed nanochannels 
with critical dimensions as small as 20 nm. [  65a  ]  These nanofi l-
ters consisted of a 9  µ m thick polysilicon layer supported by 
a silicon substrate with nanochannels that were generated by 
etching a thin sacrifi cial SiO 2  layer embedded within the mem-
brane structure. The effective nanochannel size was therefore 
controlled by tuning the thickness of the oxide layer. Despite 
their thin structure these membranes were shown to be capable 
of withstanding differential pressures of approximately 1.4 atm. 

  3.3.1. Immunoisolating Biocapsules 

 For several decades, cell transplantation has been investigated 
and used in the clinic for the treatment of a number of patholo-
gies. For Type 1 diabetes, pancreatic islets, microstructures in 
the pancreas that contain the body’s insulin secreting cells, 
have been transplanted into diabetic patients in order to restore 
the mechanisms that maintain normoglycemia. Frequently 
these transplanted cells are intravenously infused and directly 
exposed to the bloodstream, but can often trigger an innate 
immune response within the host, including complements [  77  ]  

    Figure  3.      An example of a sequence of process steps for fabricating 
a nanofl uidic membrane. A) The process begins by using a piranha 
cleaning solution of H 2 O 2  and H 2 SO 4  (ratio of 1 to 2) to clean a silicon-
on-insulator substrate (SOI, 30 micron top silicon device layer, 400 nm 
buried oxide layer, 500  µ m bottom silicon handle wafer). B) Mixports 
are then etched into the device layer with a solution of KOH to adjust 
the fi nal length of the nanochannels. C) or D) Trenches with the desired 
nanometer depth are then machined into the device layer using selec-
tive oxidation of the surface through a silicon nitride oxidation mask. 
E) Microchannels through the device layer are then etched down to the 
buried oxide using a Bosch reactive ion etching process (deep silicon 
etch). F) Macrochannels are then etched through the handle wafer from 
the other side of the SOI substrate also with a deep silicon etch followed 
by removal of the buried oxide between the macro- and microchannels 
using HF. G) and H) A Pyrex glass wafer is then anodically bonded to 
the device layer of the SOI substrate to cap the nanotrenches. I) This 
is followed by a lapping procedure to thin the Pyrex wafer to 20  µ m or 
less. J) Finally, outlet micrchannels are then etched through the Pyrex also 
using a reactive ion etch. Reproduced with permission. [  75  ]  Copyright 2010, 
The Royal Society of Chemistry (RSC).  
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offer valuable alternatives to the polymeric approach. A large 
number of ceramic/metal composites are already currently in 
use in the clinic in a range of applications from orthopedics to 
cardiovascular devices. These materials have also shown great 
potential for cell transplantation because of their increased 
biocompatibility, inertness to biological molecules, and signifi -
cant mechanical robustness. Among these ceramics, silicon 
offers a well defi ned and highly reproducible structure, based 
on the top-down methods of fabrication previously discussed, 
ideal for the development of biohybrid capsules. Previously, 
Desai et al. [  92  ,  93  ]  achieved biocompatible encapsulation of pan-
creatic islets by manufacturing immunoisolating capsules 
using a pair of the aforementioned nanofi lters reported by Chu 
et al. (1995). These nanofi lters, possessing 78 nm nanochan-
nels, were bonded back to back using bonding materials that 
were analyzed and optimized by Hansford et al. The bonding 
materials investigated included 2 types of silicones and three 
different methacrylates. [  94  ]  Of these, the low T g  methacrylates 
proved to be the most suitable candidates for biohybrid devices, 
presenting with adequate mechanical adhesion strength and 
maintaining complete inertness with respect to the growth of 
HeLa cells. Once loaded in the nanofi lters and incubated in 
cell culture plates, the encapsulated islets were able to respond 
to glucose stimuli for over 4 weeks while maintaining supe-
rior functionality with respect to unencapsulated islets. It was 
hypothesized that this enhanced functionality and viability was 
the result of the three-dimensional matrix environment pro-
vided by encapsulation, in contrast to the signifi cant dissocia-
tion experienced by the free islets. In following experiments [  95  ]  
with similar capsules presenting 18, 66, and 78 nm nanochan-
nels, Desai et al. also examined the in vivo biocompatibility of 
the immunoisolating capsules loaded with primary islet cells 
and insulinoma cell lines in mice and rat models. After intra-
peritoneal implantation the biocapsules were found free from 
signifi cant fi brotic encapsulation-based channel blockage and 
degradation. Furthermore, the encapsulated cells remained 
viable and maintained glucose- stimulated insulin secretion. 
Later, Smith et al. [  96  ]  confi rmed the results obtained by Desai 
et al., using the same nanofi lters developed by Chu et al. In this 
study, nanofl uidic membranes with 7–50 nm nanochannels 
were employed to perform dynamic perfusion measurements 
and showed superior glucose and insulin diffusion through the 
membrane compared to commercially available immunoiso-
lating membranes. These results were attributed to the physical 
characteristics of the nanofl uidic membranes, including the 
elevated channel distribution density and minimal membrane 
thickness (5  µ m). Recently, novel micro-nanochanneled silicon 
devices have been developed through an academic/indus-
trial collaboration (Fine, Grattoni et al. and NanoMedical Sys-
tems, Inc., Austin, TX) with robust mechanical properties and 
highly selective semi-permeability to be suitable for auto- and 
allotransplantation of pancreatic islets (see  Figure 4   ).  

 Besides silicon, other approaches have been developed based 
on aluminum oxide (alumina). La Flamme et al. [  5c  ]  assessed 
the biocompatibility of PEGylated nanoporous alumina mem-
branes with host tissues. The implantation of such biocapsules 
in the intraperitoneal cavity of rats induced only a transient 
infl ammatory response. These devices also showed the ability 

and coagulation, due to their non-hematological and alloge-
neic origin. This immune response serves as the fi rst-line of 
defense against foreign objects, eliciting a thrombotic and/or 
infl ammatory reaction, referred to as the instant blood-medi-
ated infl ammatory reaction (IBMIR), which destroys the for-
eign cells immediately after their implantation. [  78  ]  Thus, the 
success of transplantation depends on protecting the implanted 
cells from immunorejection and maintaining their viability and 
functionality through neovascularization at the site of implan-
tation, biological stimulation of the cells, and maintenance of 
an appropriate implant morphology. [  79  ]  In the case of pancreatic 
islets, patients are treated with systemic immunosuppressive 
therapy to inhibit immuno- and clotting reactions following 
transplantation. For this purpose, and despite their limited effi -
cacy, drugs such as heparin, [  80  ]  thrombin [  81  ]  or protein tissue 
factor inhibitors [  82  ]  are administered at regular intervals for 
extended durations. These treatments are commonly associ-
ated with signifi cant side effects, including internal bleeding 
and infections. Other methods have therefore also been devel-
oped to protect the cells within the host body to circumvent the 
deleterious side effects of these immunosuppressive regimens. 
Prior to transplantation, cells have been pretreated through 
PEGylation of their surface to avoid direct contact with blood 
components. This process increases the cell viability and bio-
logical activity by preventing the adsorption of proteins and 
the activation of the immunoresponse cascade [  83  ]  through an 
increase of the cellular surface hydrophilicity. 

  Immunoisolation  represents a fascinating alternative to the 
aforementioned transplantation methods. In this technique, 
the transplanted cells are provided with a physical barrier 
capable of protecting them from the host immune system. This 
approach involves shielding cells using a semi-permeable mem-
brane that allows for the diffusion of small molecules, such as 
oxygen, nutrients and hormones, while impeding the permea-
tion of large molecules, such as antibodies or infl ammatory 
cells. [  84  ]  The encapsulation provides the additional advantage of 
confi ning the transplanted cells into a fi nite three-dimensional 
space that more closely mimics their natural environment. Var-
ious materials have been investigated for the fabrication of suit-
able platforms for immunoisolating encapsulation. Most of the 
previously developed strategies have been based on polymeric 
materials. Microcapsules for intravascular implantation [  85  ]  
have been directly injected into blood vessels to promote a fast 
insulin-secretion response and a rapid adjustment to blood-glu-
cose levels and are generally made of hollow polymeric fi bers 
(e.g,. of polyacrilonitrile and polyvinylchloride [  86  ] ). Despite the 
biocompatibility of the materials, such capsules can potentially 
lead to thrombosis and therefore require administration of anti-
coagulants. [  85  ,  87  ]  Other polymers and hydrogels, including algi-
nate, nitrocellulose acetate, Poly(L-lysine)/PEG copolymers, [  88  ]  
agarose [  89  ]  and chitosan, [  90  ]  have also been used for extravas-
cular macro- and microcapsules. Implanted subcutaneously or 
intraperitoneally, these macro- and microcapsules are less likely 
to represent signifi cant risks to patients. Despite the enormous 
research efforts focused on these polymeric and hydrogel-
based biocapsules, however, such materials present limitations, 
including broad pore-size distributions, chemical instability 
and degradation, and limited mechanical strength, all factors 
that may ultimately impede their clinical application. [  91  ]  
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production. [  100  ]  In addition, new targets for cell transplanta-
tion have emerged with the pluripotent possibilities offered by 
bone marrow (mesenchymal) stem cells (MSC) that have been 
shown to differentiate into a variety of tissues, including cells 
that produce insulin. [  101  ]  A promising approach could therefore 
consist of encapsulating devices that could effectively house 
the islets or insulin-producing MSCs to shield them from the 
body’s natural protective defenses while delivering molecules 
such as osteocalcin and VEGF to promote long term cellular 
viability and neovascularization.  

  3.3.2. Nanofl uidic Membranes for Drug Delivery 

 The potential of nanofl uidic membrane devices for drug 
delivery was demonstrated in 2004 with a different nano-
fl uidic architecture than was reported by Chu et al. that was 
used to release glucose and then later interferon alpha. These 
devices had nanochannels that were fabricated with horizontal 
nanotrenches capped with anodically bonded Pyrex in a sim-
ilar fashion to the previously mention 2 nm nanochannels (the 
2 nm membranes were produced several years after these pro-
totypes). [  102  ]  Despite the impressive transmembrane pressures 
these 1 mm thick devices could sustain (500  µ m silicon sub-
strate bonded to a 500  µ m Pyrex substrate), these membranes 
required horizontal microchannels to interface the nanochan-
nels to the inlet and outlet ports resulting in a low nanochannel 
density and thus extremely low release rates. A year later a third 
micromachined nanofl uidic membrane prototype for drug 
delivery was reported that resembled more closely the original 
1995 nanofi lter design. [  57  ]  This prototype had suffi ciently high 
release rates from its vertically integrated nanochannels but was 
mechanically weak. This weakness resulted from both process 
specifi c aspect ratio limitations of the nanochannels as well as 
the fundamental relationship between nanochannel length and 
membrane thickness. As the diffusion time through the nano-
channels is the rate limiting step, the membrane needed to be 
thin to achieve a high rate of drug release. This inherent lack 
of mechanical stability necessitated a fourth design that com-
bined short horizontally machined nanochannels with vertically 
integrated micro- and macrochannels. [  75  ]  These devices coupled 
rapid clinically relevant release rates,  ∼ 30  µ g/day for interferon 
 α -2b [  41  ]  similar to the aforementioned vertical nanochannel 
membranes, [  57  ]  with high mechanical robustness, as demon-
strated by applied transmembrane pressures that could exceed 
400 psi for the initial prototype and 600 psi for the commercial 
product without rupturing the membrane. High mechanical 
robustness is an important feature given the high osmotic pres-
sures the membrane may be subjected to. [  103  ]   Figure 5    shows a 
schematic representation and SEM micrograph of this newest 
membrane architecture (the process fl ow can be found in ref-
erence [  75  ] ).  Figure 6    demonstrates the linear release of several 
analytes in vitro. [  75  ]  Animal experiments to assess the in vivo 
long-term operation of these new nanofl uidic membrane proto-
types are ongoing.    

  3.3.3. Nanoconfi nement 

 Classical diffusion along a concentration gradient can be ana-
lytically described by Fick’s fi rst law:

to support the viability of islets during in vitro experiments. [  97  ]  
Separately, Lee et al. [  98  ]  developed a self-assembled porous alu-
mina array for immunoisolation devices with a fi nal pore size 
of 14.6 nm and coated with polyethylene oxide (PEO) in order 
to reduce surface protein absorption and prevent the elicitation 
of an immune reaction. The fi lter presented high permeability 
to nutrients, excellent mechanical stability, and the possibility 
for tuning geometrical parameters such as porosity, disk size, 
and thickness. 

 Other attempts were made with titanium/titanium oxide 
composites. TiO 2  nanotubular structures fabricated by an ano-
dization process have been developed as controlled drug eluting 
coatings [  24  ]  for cardiovascular stents and implantable medical 
devices. Minjing et al. [  99  ]  developed a Ti supported TiO 2  mem-
brane (600  µ m thick) using a sol gel technique with tetrabutyl 
titanate. The membranes were characterized by quantifying 
the retention rate of IgG, bovine serum albumin, ovalbumin, 
trypsin, and glucose. The retention characteristics showed a sig-
nifi cant dependence on the membrane sintering temperature. 
When sintered at 600  ° C, the membranes could fully retain pro-
teins presenting a molecular weight larger than 156 kDa, while 
allowing for the permeation of smaller molecules. As such, this 
study represents an interesting attempt that requires further 
developments to be applicable to islet immunoisolation. 

 Despite several decades of laboratory work, large human 
trials, and the enormous effort spent on the technological 
advancement of pancreatic islet immunoisolation, no immu-
noisolation approach has been successfully translated to the 
clinic. The 5 year success rate of islet transplantation is under 
20% and the viability of transplanted islets still requires phar-
macology-based immunosuppression. New strategies are 
needed to dramatically increase the viability and effi ciency of 
the encapsulated islets. Recent studies have shown that the 
bone hormone osteocalcin can drive islet growth and insulin 

    Figure  4.      A scanning electron micrograph image of a human pancreatic 
islet on the surface of a silicon nanofl uidic membrane developed by Fine, 
Grattoni et al. and NanoMedical Systems, Inc. (Austin, TX).  
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classical Fickian exponential decay to a saturated concentration 
independent zero-order behavior. [  55  ,  75  ,  105  ]  Membranes that 
incorporate nanochannels can therefore generate a constant 
drug release from a passive device that requires no moving or 
electronic components and can be incorporated into implants 
with a wide range of source reservoir volumes and geometries. 
Early efforts to describe nanoconfi ned diffusive transport 
revolved around the idea of hindered transport in which nano-
confi nement resulted in an adjustment to the diffusion coeffi -
cient. [  38  ]  More recently, these models involved the hierarchical 
application of multiple analytical and computational methods 
over several length scales, including Finite Element Analysis 
(FEA) and Molecular Dynamics Simulations (MDS), as a result 
of the complexity of the molecular interactions and forces that 
dominate in nanochannels. [  106  ]   

  3.3.4. Application Focus: Chemoprevention 

 Carcinogenesis, the process or processes that cause normal 
cells to mutate into cancer cells, requires the cellular acquisi-
tion of several important “capabilities”, including evasion of 
apoptosis, self-suffi ciency in growth signals, insensitivity to 
anti-growth signals, sustained angiogenesis, limitless rep-
licative potential, and tissue invasion and metastasis (from 
Hanahan D, Weinberg RA. “The Hallmarks of Cancer”). [  107  ]  
The carcinogenic cascades that lead to these “capabilities” 
involve a combination of factors, including diet, environmental 

 JA = −DAB∇cA   (3.1)   
where J A  is the fl ux of solute A, D AB  is the diffusion coeffi cient 
of solute A in solvent B, c A  is the concentration of solute A, and 
the negative sign denotes fl ow down the gradient. From Fick’s 
fi rst law, a relation can be derived that describes the quantity of 
mass transferred across a semipermeable membrane between 
two closed fl uid fi lled compartments as a function of time:

 
QA(t) =

!
c0

A1 − c0
A2

" V1V2

V1 + V2

!
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  (3.2)   
with

 
λA = DAB S

V1 L 1 + V1

V2  
 where Q A (t) is the mass of drug, with diffusion coeffi cient D AB , 
released from the source compartment, with starting concentra-
tion c 0  A1  and volume V 1 , to the sink compartment, with starting 
concentration c 0  A2  and volume V 2,  through a membrane of 
thickness L with a total fl uidic channel cross section of S. [  104  ]  

 When solutions are confi ned in nanoscale fl uidic channels 
(nanochannels) with at least one size dimension on the order 
of the size of the diffusing analyte, however, these relations no 
longer hold. Due to the constriction of the available volume for 
diffusion from three dimensions to one or two dimensions, as 
well as signifi cantly increased analyte-to-channel wall interac-
tions, mass transport across nanochannels changes from the 

     Figure  5.      A,B) present schematic representations of a nanoscale delivery system (nDS) membrane. C) is a scanning electron micrograph of the nano-
channel outlet of the nDS. The nanochannel was imaged by fracturing an nDS membrane using a mechanical clamp. Reproduced with permission. [  75  ] 

 Copyright 2010, The Royal Society of Chemistry (RSC).  
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effective at altering hepatic cytochromes as compared to dietary 
curcumin over a 3 month period. [  112  ]  Nanochannel delivery sys-
tems (nDSs) in a chemoprevention setting can not only enable 
continuous administration of such agents, but can also avoid 
fi rst pass hepatic metabolism by direct administration into the 
systemic circulation. Furthermore, due to the monodispersity 
and size of the nanochannels, the drug release is devoid of any 
burst release phenomenon and does not continuously decrease 
in a fashion similar to polymeric implants. nDS implants 
should therefore enhance bioavailability leading to drastically 
reduced effective doses while improving patient compliance for 
treatments requiring months to years of drug administration.   

  3.4. Electrokinetic Control of Analytes from Silicon Nanofl uidic 
Membranes 

 Although one of the primary advantages of passive release 
nanofl uidic membranes is the lack of moving and electrical 
components, to realize the temporal synchronization that is an 
important aspect of chronotherapy [  113  ]  or the self-regulation based 
on biofeedback vital to eventually achieving an artifi cial gland 
requires active control. [  114  ]  In the case of nanofl uidic membranes, 
one of the more effective methods for implementing active 

     Figure  6.      The theoretical and experimental release profi les of the 5 molecules tested using custom designed diffusion chambers. The analytical calcula-
tion for dendritic fullerene 1, fl uorescein isothiocyanate conjugated dextran, and interferon a-2b are based on Fickian diffusion (see Table 2 for diffusion 
constants). For glucose, a numerical calculation based on three dimensional fi nite element analysis is presented. For bovine serum albumin (BSA), 
two starting source concentrations of 20 and 40 mg/mL were used which released 26.11 and 14.76%, respectively, with identical release rates (after a 
stabilization period). By using both starting concentrations, linear release could be demonstrated for up to 63.05% of the total amount of loaded BSA 
from the 40 mg/mL solution with an experimental duration of only 21 days (once the release rates were verifi ed to be equivalent) as opposed to the 
126 days that would be required given the approximate release rate of 30 mg/day. Reproduced with permission. [  75  ]  Copyright 2010, The Royal Society 
of Chemistry (RSC)  

and occupational conditions, and genetic and epigenetic traits, 
that operate in conjunction and may be characterized by long 
symptom-free latent periods ranging from months to years. [  108  ]  
Chemoprevention, a term coined by Michael Sporn over 30 years 
ago, refers to the inhibition, blunting, or reversal of these car-
cinogenic cascades by using natural or synthetic agents. [  109  ]  To 
be effective, these chemopreventive agents must therefore be 
administered slowly and continuously for extended duration or 
as long as the cascade initiator or propagator is present. [  108  ]  Epi-
demiological studies have clearly shown that long-term (years) 
continuous consumption of chemopreventives like turmeric (a 
source of curcumin) in southeast Asia, especially in India, has 
lead to a decreased incidence of a variety of cancers, including 
colon cancer. [  110  ]  However, most of these chemopreventives 
(curcumin, ellagic acid, quercetin) are often water insoluble 
and undergo rapid hepatic metabolism in the body resulting in 
poor bio-availability when administered orally and thus require 
higher doses. [  108  ]  In a series of papers, Bansal et al., showed that 
the continuous low-dose administration of chemopreventives 
like curcumin by polymeric implants not only safely provided 
controlled continuous release into the systemic circulation, [  111  ]  
but also achieved signifi cantly higher plasma concentrations 
as compared to oral doses that were 20–30 fold higher. [  112  ]  Fur-
thermore, this method of administration proved to be more 
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environmental signals, such as ambient lighting conditions. [  119  ]  
As an example: thyroid stimulating hormone (TSH), the growth 
hormone (GH) prolactin, melatonin, and atrial natriuretic pep-
tide are mostly active at midnight; adreno-cortico-trophic hor-
mone (ACTH), follicle stimulating hormone (FSH), luteinizing 
hormone (LH), testosterone, and cortisol are predominantly 
active early in the morning; and serum total proteins and triglyc-
erides are usually synthesized around noon. [  118  ]  Recent studies 
have suggested a similar rhythmic trend in the precipitation of 
various diseases: rheumatoid arthritis, [  120  ]  stroke, [  121  ]  and pul-
monary embolism [  122  ]  more often occur during the early hours 
of the morning; while peptic ulcers and gout are prevalent at 
night. [  123  ]  Therefore, drug delivery systems, including the tele-
metrically controlled pulsatile microchips or electrokinetically 
controlled nanofl uidic membranes described earlier, that can be 
designed to release a drug at the most suitable time of the day 
to mimic normal physiological function, especially in hormone 
defi cient patients, or when pathological conditions are most 
prevalent, allowing for maximal effi cacy with minimal doses, 
would be highly desirable for chronotherapeutic applications.    

  4. Porous Silicon MultiStage Nanovectors 

  4.1. Nanovectors as “Magic Bullets” 

 In the early 1900s, Paul Ehrlich, a recipient of the Nobel Prize in 
Medicine, suggested an avant-garde concept: A “magic bullet” 
in which toxins are co-delivered with targeted agents to selec-
tively kill disease-causing cells. [  124  ]  Since that time, advances 
in the understanding of various pathophysiological mecha-
nisms have facilitated the identifi cation of specifi c molecular 
signatures and transport differentials that can be leveraged to 
treat disease. From a biological perspective, the “magic bullet” 
was fi rst realized with the discovery of molecularly-targeted 
therapeutics, including monoclonal antibodies, small inter-
fering RNAs (siRNAs), and other disease-specifi c agents. 

control is by integrating electrodes directly on the membrane 
to exploit electrokinetic transport phenomena with the applica-
tion of longitudinal and/or transverse electric fi elds. [  68  ,  74  ,  115  ]  
Electrophoresis, the migration of charged particles under an 
externally applied electric fi eld, is attractive as it does not require 
net fl uid fl ow whereas electroosmosis, the net fl ow of the bulk 
fl uid induced by viscous coupling to the ions migrating in the 
Debye layer at the fl uid/nanochannel wall interface, can be used 
to deliver uncharged analytes. [  116  ]  Direct electrokinetic actuation 
of the analyte containing fl uid in the nanochannels also elimi-
nates the necessity of having a separate electroosmotic pumping 
chamber, but with the added restriction that solution formula-
tions cannot be optimized for inducing effi cient electroosmotic 
fl ows and the potential for biofouling is increased leading to an 
inability to maintain a continuous and consistent sheet of charge 
in the Debye layer. [  48  ,  49  ]  Recently, Fine, Grattoni, et al. reported 
a low-voltage electrokinetic nanochannel membrane based on 
the thick anodically bonded horizontal nano-
channel design described earlier. [  117  ]  This 
device was capable of both amplifi cation and 
fl ow reversal of analyte delivery while con-
suming only 104  µ Watts under an applied bias 
of 2 VDC.  Figure 7    shows a schematic of the 
device, while  Figures 8    and  9  show the ampli-
fi cation and fl ow reversal of analyte release for 
fl uorescein isothiocyanate conjugated bovine 
serum albumin and lysozyme. [  117  ]     

  3.4.1. Application Focus: Chronotherapy 

 Chronotherapy is the science of adminis-
tering therapeutics in accordance with cir-
cadian variations in the human body. [  118  ]  
Circadian patterns are regulated by the 
suprachiasmatic nuclei (SCN) within the 
hypothalamus [  119  ]  that maintains homeo-
stasis by regulating the release of a range 
of hormones from endocrine glands in a 

     Figure  7.      A schematic representation of a low-voltage electrokinetic 
device for drug delivery. Reproduced with permission. [  117  ]  Copyright 2011, 
The Royal Society of Chemistry (RSC)  

     Figure  8.      A) Cumulative release data of FITC–BSA. The error bars are calculated from the 
standard deviation of three replicates for each bias condition. B) Cumulative release data for 
lysozyme. Data points from two replicates are included for the active release whereas 5 rep-
licates are included for the passive release. Reproduced with permission. [  117  ]  Copyright 2011, 
The Royal Society of Chemistry (RSC)  
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synergistically to deliver cytotoxic drugs in a 
targeted manner. 

 Therapeutic nanovectors were fi rst intro-
duced to the fi eld of medicine in the mid-
1990s, and continue to be used primarily in 
oncology. Beginning with FDA approval of 
liposomal doxorubicin against Kaposi’s sar-
coma, [  130  ]  a range of nanocarrier-based drug 
delivery systems have reached clinical and 
pre-clinical stages of development. These 
nanovectors feature a variety of chemical 
compositions, physical features, and surface 
functionalities for fulfi lling specifi c tasks 
within the body. [  131  ]  The library of parti-
cles generated to date is very large, coupled 
with an increasing awareness that several 
design considerations are critical for clinical 
success. 

 Nanovectors can be divided into three 
general sub-classes or generations (see 
 Figure    10  ). [  130a  ,  c  ,  131b  ,  132  ]  In this taxonomy, 
fi rst-generation nanovectors act as a simple 
drug encapsulation mechanism. Encapsu-
lation serves to increase drug solubility or 
stability within the blood, and allows drugs 
to accumulate within tumors through a 

passive mechanism called Enhanced Permeation and Reten-
tion (EPR). [  133  ]  Liposomes are the main representatives of this 
generation. [  134  ]  Other nanovectors in this category include 
polymeric particles, [  135  ]  polymer-drug conjugates, [  136  ]  polymer 
micelles, [  137  ]  and dendrimers. [  138  ]  Common surface modifi ca-
tions for 1 st  generation nanovectors include PEGylation [134a,    139  ]  
and altering the zeta potential of the vector through chemical 
modifi cation.  

 Second-generation nanovectors have specifi c modifi cations 
to the nanoparticle surface or the nanoparticle body to provide 
functions beyond passive drug delivery. Such nanovectors pos-
sess the ability to target their therapeutic action through mole-
cule-specifi c recognition, remote activation, or responsiveness 
to the environment. These second-generation nanovectors have 
evolved through progressive enhancements of fi rst-generation 
particles. [  13  ,  131c  ,  134a  ,  140  ]  Common enhancements include the 

 Remarkable progress has been made in fi nding new and effi -
cient therapies against a variety of diseases. Dozens of molecu-
larly targeted therapeutics have been approved by the FDA for 
cancer alone. [  125  ]  Many other molecules have exhibited potent 
therapeutic effects at the cellular and molecular level, but their 
clinical translation has proven challenging. This is primarily 
attributed to: 1) unfavorable physicochemical drug properties 
(e.g. the insolubility of drugs such as paclitaxel in aqueous 
solutions [  126  ] ), 2) instability/degradation within the blood (e.g. 
rapid degradation of siRNA [  127  ] ), and 3) biophysical transport 
barriers en route to the target tissue. [  128  ]  While the fi rst two 
obstacles make certain drugs generally unacceptable for intra-
venous administration in “naked” form, the third obstacle, the 
presence of sequential biophysical barriers, prevents otherwise 
acceptable molecules from reaching their targets. As a result, 
the accumulation of therapeutic agents in disease loci is poor, 
with only 0.01–0.001% of administered mol-
ecules reaching their target tissue. [  128b  ,  c  ]  

 In cancer, for example, biophysical bar-
riers to intravenous drug delivery include 
capture by the reticulo-endothelial system, 
pathological disruptions to blood fl ow, 
enzymatic degradation, endothelial imper-
meability, positive intratumoral pressure, 
cellular and subcellular membrane imper-
meability, and cellular effl ux by molec-
ular pumps. [  128a  ,  129  ]  Each of these barriers 
needs to be overcome to enable optimal 
therapeutic effi cacy. A logical solution is to 
decouple drug transport and drug activity. 
This idea is the driving force behind thera-
peutic nanovectors, which are comprised 
of two or more components that function 

     Figure  9.      Fluorescent microscope images depicting FITC–BSA under both forward and reverse 
bias (3 VDC for both), demonstrating reversibility of the molecular transport. Reproduced with 
permission. [  117  ]  Copyright 2011, The Royal Society of Chemistry (RSC)  

     Figure  10.      A) First-generation nanovectors (e.g., liposomes) comprised of a container and 
an active principle. They localize in the tumor by the mechanism of enhanced permeation 
and retention (EPR) that involves enhanced permeability of the tumor neovasculature. B) 
Second-generation nanovectors possess the ability to target their therapeutic action through 
molecule-specifi c recognition, remote activation, or responsiveness to the environment. C) 
Third-generation nanovectors (e.g. multi-stage vehicles) are capable of more complex func-
tions, such as time-dependent deployment of multiple waves of active nanoparticles across 
different biological barriers and different subcellular targets. Reproduced with permission. [  130  ]   
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lowing relationship:

 
dC̃i (t)

dt
= kint

#
χ − C̃i (t)

$
  

(4.1)
   

where   τ  w   is the wrapping time of the nanovector by the cell 
membrane and is related to the nanovector geometry (size, 
shape) and surface chemistry (zeta potential, specifi c ligands). 
Modeling of receptor-mediated internalization based on ener-
getics has shown that there is a minimal threshold for the par-
ticle radius to enable intracellular uptake. Below this threshold, 
intracellular uptake becomes energetically unfavorable. Simi-
larly, if the particle radius is too large, the particle is only 
partially wrapped and fails to internalize. [  146b  ,  146e  ]  This phenom-
enon favors the uptake of non-spherical particles comprised 
of a long and short axis. The overall rate of internalization is 
dependent on the particle volume and aspect ratio. [  146d  ,  146e  ]   

  4.2.2. Biodistribution of MSVs 

 Modulating physical MSV properties to increase or decrease cel-
lular uptake also impacts their overall biodistribution following 
injection. Particles of different shapes and sizes preferentially 
accumulate in specifi c organs. [  150  ]  This behavior is likely due, at 
least in part, to the ability of non-spherical particles to marginate 
under laminar fl ow conditions. This lateral drift serves to 
increase the probability of particles contacting the vascular walls, 
which in turn increases their probability of adhesion. [  144  ]  For the 
case of  plateloid  vectors, both in vitro and in vivo experiments 
support a role for local blood fl ow conditions in determining 
what sizes of particle will best adhere to the endothelium. [  150b  ]  

 Intravital microscopy studies have revealed that MSV geom-
etry plays a fundamental role in the ability of particles to reach 
and accumulate within tumors. Tumor-bearing mice injected 
with rationally designed particles show a preferential accumu-
lation of plateloid-shaped particles. [  150b  ]  Interestingly, 1000  ×  
400 nm plateloid particles are favored over larger and smaller 
plateloid particles of similar aspect ratio (see  Figure 11   ). The 
ability of these particles to accumulate in tumors increases 
when molecular-specifi c targeting moieties are added to the 
particle surface, with the smallest particles showing the greatest 
increase. These MSVs appear to primarily line the walls of the 
tumor vasculature, rather than extravasating into the tumor 
interstitium. Mathematical modeling of these behaviors sug-
gests that blood shear rates determine the preferential particle 
diameter, while cell-particle interactions (infl uenced by number 
and affi nity of receptors on the endothelial surface) determine 
the number of particles that adhere. [  150b  ]   

 Taken together, these studies suggest that MSV geom-
etry must be considered at multiple biological scales. The 
development of powerful new tools including intravital 
microscopy can allow us to track individual particles as they 
undergo a variety of dynamic events. [  150b  ]  Such quantitative data 
may be used to calibrate and validate mathematical models. [  151  ]  
Future advances in comprehensive multi-scale design maps, 
which consider MSV transport, cell-specifi c recognition, adhe-
sion, and uptake under a variety of physiological/biophys-
ical conditions, will allow us to better identify the key design 
parameters for specifi c applications.   

addition of antibodies, receptor ligands, aptamers, small 
peptides, and phage-display peptides for molecule-specifi c 
targeting. [  9a  ,  141  ]  It is important to note that there are currently 
no such nanovectors approved for clinical use. 

 It is unlikely that a single material or particle will be able 
to overcome all of the biophysical barriers mentioned above. 
For this reason, third-generation nanovectors have been pro-
posed (see Figure  10 C). These multi-compartmental constructs 
are comprised of multiple nanovectors, each of which plays 
a discrete task when injected into the body. Ferrari et al. pro-
vided the fi rst successful demonstration of Multi-Stage Vectors 
(MSVs), [  142  ]  a construct that provides one of the predominant 
emblematic representations of this category. These vectors are 
comprised of porous silicon particles (1 st  stage) that are loaded 
with therapeutic or diagnostic nanoparticles (2 nd  stage). Their 
rational design, fabrication, biocompatibility, and application 
are discussed in further detail below.  

  4.2. Rationally Designed MSVs 

 MSVs are engineered to have multiple, discrete components 
that act in a synergistic and time-sensitive manner. [  142  ,  143  ]  Each 
component (or stage) has a specifi c sequential function in vivo. 
A major strength of the MSV approach is that the size, shape, 
and surface properties of the 1 st  stage carrier vectors may be 
modulated independently of their therapeutic cargo in order to 
improve their ability to reach the disease site and locally deliver 
drugs. With simple changes to their physicochemical and bio-
physical properties, the 1 st  stage vector may be programmed 
to have specifi c functions, such as a long circulation time, [  9b  ]  
tailored intravascular margination behavior, [  144  ]  and controlled 
loading of cargo, including nanoparticles, bioactive molecules, 
imaging agents, and combinations thereof. [  142  ]  By appropriately 
functionalizing the vector surface, particles can be programmed 
for cell uptake [  10  ,  11  ,  145  ]  and intracellular drug release. [  12  ]  Such 
fi rst-stage vectors are rationally designed through the use of 
mathematical models that are calibrated and validated using 
quantitative in vitro and in vivo experiments. 

 The majority of the published work on nanovectors focuses 
on spherical particles, which are the most common product of 
thermodynamically-driven biomaterial self-assembly. Examples 
include liposomes, polymeric micelles, polymeric nanoparti-
cles, and metallic nanoparticles. Recent evidence has shown, 
however, that nanovector geometry is an important design 
consideration that impacts vector behavior at the scale of cells, 
tissues, and organs. Nanovector geometry has been predicted 
to affect vector transport, cell-particle interactions, endocytosis 
and phagocytosis, and vesiculation. [  131b  ,  146  ]  These fi ndings have 
been reported for a variety of nanovector materials, including 
polymeric particles, [  147  ]  carbon and metal-based particles, [  148  ]  
and silicon particles. [  10  ,  11  ,  145  ,  149  ]  

  4.2.1. Intracellular Uptake of MSVs 

 Several mathematical models and design maps were pro-
posed to explain the effect of nanovector geometry on intracel-
lular uptake. The rate of intracellular uptake can be described 
through a fi rst-order kinetic law where the intracellular 
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order of this process fl ow, both hemispherical and discoidal 
porous silicon particles can be fabricated. The geometry of 
the porous silicon particles is precisely defi ned by changing 
the photolithographic mask while the porosity, pore size, and 
pore morphology are controlled by parameters including silicon 
doping, electric current, and concentration of hydrofl uoric acid 

  4.3. Porous Silicon as a Material for MSV Fabrication 

 The MSV concept requires that 1 st  stage particles provide an 
extensive surface area for nesting 2 nd  stage nanometer-sized 
particles such as liposomes, micelles, carbon nanotubes, and 
other organic or inorganic nanoparticles. [  142  ]  Porous silicon was 
selected for the fabrication of 1 st  stage carrier 
particles due to the features summarized in 
 Figure   12 . This material has been explored 
for numerous biomedical applications based 
on its readily modifi able physicochemical 
and biophysical properties. [  8c  ,  152  ]  Its biode-
gradable nature, coupled with the availability 
of sophisticated tools and processes available 
from the silicon semiconductor industry, 
makes porous silicon an ideal material for 
synthesizing injectable MSVs.  

 Precise control over 1 st  stage particle 
size, shape, surface, loading, and release 
properties, enabled by top-down fabrication 
approaches and electrochemical etching, is 
required for clinical translation. [  153  ]  In gen-
eral, the fabrication protocols consist of two 
steps: formation of a nanoporous silicon fi lm 
followed by photolithographic patterning of 
the particles within the fi lm. By altering the 

     Figure  11.      Preferential accumulation of plateloid MSVs in melanoma tumors. A) Time-dependent accumulation of 600  ×  200 nm, 1000  ×  400 nm, and 
1800  ×  600 nm plateloid particles targeted with and without an RGD-4C peptide, as measured using intravital microscopy. B) Independent validation 
of particle accumulation trends using inductively coupled plasma–atomic emission spectroscopy (ICP-AES). Cumulative particle uptake is expressed 
as the percentage of the injected dose normalized by the mass. C) Stills extracted from the intravital microscopy videos reveal that micron-size MSVs, 
such as the 1000  ×  400 nm particles shown here, predominantly accumulate within the tumor vasculature. (scale bar, 25  µ m). Adapted with permis-
sion. [  150  ]  Copyright 2010, Elsevier.  

     Figure  12 .     The reasons behind the choice of porous silicon for MSV fabrication.  
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intact particles into isopropyl alcohol. 
 The protocol for the fabrication of the discoidal parti-

cles involves fi rst preparing a porous silicon fi lm and then 
photolithographically patterning it. [  154  ]  Full wafer porosifi cation 
eliminates potentially distorting effects introduced by non-uni-
form current distribution during the electrochemical etch while 
still allowing for independent control over the porous structure 
(porosity and pore size). A major technical hurdle had to be 
overcome, however, in order to perform direct patterning of pSi: 
photoresist adsorbed within the pores creates non-uniformities 
in the photolithographic micropatterns that disrupt the sub-
sequent RIE. A novel sealing strategy was adapted using Low 
Pressure Chemical Vapor Deposition (LPCVD) of Low Tempera-
ture Oxide (LTO). After the electrochemical etch of the double 
layered porous silicon fi lms (particle and release layers), the 
porous fi lms are sealed by LTO, and an array of circles is pat-
terned on top of the LTO fi lm. A CF 4  RIE is then performed to 
etch through both the LTO and the two porous silicon layers. 
The particles are then washed and released in a similar fashion 
using sonication.   

 4.4. In vitro and in vivo Experiments with 
MSVs 

 MSVs are being developed for a variety of 
applications, including therapeutic, diag-
nostic, and pre-clinical imaging applications. 
As part of the optimization process, studies 
have looked at cell-particle interactions, 
drug loading and therapeutic effi cacy, MSV 
targeting through both passive and active 
means, and the diagnostic characteristics 
of porous silicon particle 1 st  stage carriers. 
Highlights of these studies are described in 
further detail below. 

 In vitro studies were performed to under-
stand the mode of silicon particle interac-
tion with macrophages and endothelial 
cells. Particle internalization involves actin-
dependent mechanisms, including phagocy-
tosis (engulfment of particles with pseudo-
podia-like extensions) and macropinocytosis 
(membrane ruffl e formation). The kinetics 
of internalization are dependent on cell type. 
The t 1/2  of internalization was calculated to 
be around 16 min for endothelial cells. [  149  ]  
Macrophages engulf particles even more rap-
idly, [  155  ]  with t 1/2  decreasing as particle size 
is decreased. [  156  ]  Surface modifi cation of the 
particles results in differential uptake by the 
cells. Silicon particles with negative and posi-
tive surface charge are internalized by both 
macrophages and endothelial cells; however, 
positive particles are preferred by endothelial 
cells. [  10  ]  PEGylation of the particles greatly 
inhibits the internalization process (see 
Figure  14 ). [  145a  ]   

     Figure  13.      Fabrication of 1 st  stage particles: A1: Patterned silicon nitride (SiN) layer and 
trenches etched into silicon. A2: Electrochemically etched particles with release layer. A3: A 
scanning electron micrograph of an example hemispherical particle array on a wafer after 
removal of SiN. A4: A scanning electron micrograph of a cross-section of a hemispherical 1 st  
stage vector (ranging from 900 to 3200 nm in diameter). B1: Photoresist pattern on LTO capped 
porous silicon fi lm with release layer. B2: Particle array on wafer after RIE. B3: A scanning elec-
tron micrograph of an example plateloid S1MP array on a wafer after Low Temperature Oxide 
(LTO) removal. B4: A scanning electron micrograph of a released plateloid S1MPs (ranging 
from 400 to 1000 nm in diameter). C1: A scanning electron micrograph of a silver nanopattern 
etched into silicon forming porous silicon nanowires. C2: Nanowire barcode under white light. 
C3: A scanning electron micrograph of a nanowire barcode. C4: 3-channel confocal micro-
graphs of a nanowire barcode with green Q-dots loaded in the small pore segment and red 
Q-dots in the larger pore segment. Adapted with permission. [  143  ]  Copyright 2011, The American 
Chemical Society.  

(HF) solutions. Multiple protocols were developed by Liu and 
colleagues, allowing the fabrication of particles in a variety of 
shapes and sizes, with external dimensions ranging from 100 
nm to hundreds of microns, and pore diameters in the range of 
5–150 nm.  Figure   13  highlights some examples.  

 The fabrication protocol for the hemispherical particles was 
detailed by Chiappini et al. [  153b  ]  A silicon wafer is coated with 
a dielectric fi lm (silicon nitride) followed by photolithographic 
patterning of an array of circles with an appropriate diameter 
and pitch. The circle pattern is then transferred into the dielec-
tric layer using a Reactive Ion Etch (RIE). A second RIE into the 
silicon defi nes the trenches that nucleate the particles with dif-
ferent topological profi les. Subsequently, a 2-step electrochem-
ical etch process forms the particles with desired porosity, pore 
size, and thickness. The contour of the lateral electrochemical 
etch undercut is determined by the current distribution and 
follows the profi le of the pre-etched trench. The depth of the 
trenches determines the hemispherical particle aspect ratio. A 
highly porous release layer is then formed that is strong enough 
to retain the particles on the substrate, allowing for extensive 
washing to eliminate residues from processing solutions such 
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chitosan-coated SPIONs released from inter-
nalized carriers are capable of escaping the 
endosomes. [  11  ,  158  ]  Interestingly, this phenom-
enon is not observed for freely internalized 
chitosan-coated particles, suggesting that the 
1 st  stage nanovector can provide a “protec-
tive” effect for maintaining the bioactivity of 
the 2 nd  stage nanovectors. The intracellular 
partitioning of such 2 nd  stage nanovectors 
may be leveraged to selectively deliver agents 
to specifi c cellular organelles or to partici-
pate in the cross-talk between cells and the 
microenvironment. 

 The protective effect of the MSV strategy 
is best appreciated in vivo, where a single i.v. 
administration of siRNA-loaded liposomes 
encapsulated in 1 st  stage carriers showed sus-

tained silencing of the EphA2 gene for up to 3 weeks in ortho-
topic ovarian cancer models. [  12  ]  This treatment also decreased 
tumor burden, angiogenesis, and cell proliferation when com-
pared to non-coding control and naked siRNA-loaded liposomes 
(both of which are administered twice a week with an overall 
2-times higher dose) (see Figure  15 ). One of the main hurdles 
in siRNA therapy to date is the inability to deliver siRNA to 
specifi c cells of interest while maintaining its bioactivity. [  127  ]  

 Internalized porous silicon particles are trapped within 
endosomes; however, their cargo may be programmed to 
perform specifi c tasks within or between cells. For example, 
amine-modifi ed Super Paramagnetic Iron Oxide Nanoparticles 
(SPIONs) released from internalized 1 st  stage carriers undergo 
endosomal sorting into multivesicular bodies (MVBs) and are 
secreted from the cell. [  11  ,  157  ]  There is great interest in using such 
MVBs as a means for cell-to-cell communication. Conversely, 

     Figure  14.      Scanning Electron Micrographs of J744 mouse macrophages incubated with 
(A) PEGylated (5000MW PEG) and (B) positively charged porous silicon particles. Reproduced 
with permission. [      ab]  Copyright 2008, The Controlled Release Society.  

     Figure  15.      Nude mice bearing SKOV3ip1 ovarian tumors were randomly allocated to one of six treatment groups: saline, 1 st  stage silicon particles 
(S1MP), nonsilencing control containing siRNA loaded in DOPC liposomes (cont-siRNA-DOPC), S1MP-nonsilencing control-siRNA-DOPC, EphA2-
siRNA-DOPC, or S1MP-EphA2-siRNA-DOPC. A) Evidence of in vivo gene silencing as measured by western blot (i) and desimetric analysis (ii). 
B) Therapeutic effi cacy of sustained EphA2-siRNA-DOPC delivery by S1MP shown as reduction of SKOV3ip1 (i) and HeyA8 (ii) tumor burden. Adapted 
with permission. [  12  ]   Copyright 2010, The American Association of Cancer Research.  
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for example, exhibit 50 times larger relaxivity values as com-
pared to clinically available gadolinium-based contrast agents. 
This phenomenon is thought to be attributed to the geomet-
rical confi nement of the gadonanotubes and their organization 
within the pores. Similarly, silicon particles loaded with gold 
nanoshells show enhanced heating over free nanoshells when 
irradiated with a near infrared (NIR) laser, likely due to surface 
polaron interactions between the tightly packed nanoshells. [  162  ]  

 Fluorescent tagging of the 1 st  stage particles with NIR dyes 
enables monitoring of MSV biodistribution in vivo using optical 
imaging [  9c  ]  (see  Figure   17 ). Higher resolution techniques, such 
as quantitative real-time intravital microscopy, allow individual 
particle dynamics to be tracked as they fl ow through the vascu-
lature, associate with cells, and accumulate in different organs 
(see  Figure   18 ). [  151  ,  156  ]  Using this approach, the effect of modu-
lating particle size and shape on the number as well as the rate 
at which particles accumulate in different organs has been dem-
onstrated. What is particularly exciting about intravital micros-
copy is that the role of each MSV component can be studied 
sequentially with sub-cellular resolution. This has the potential 
to provide fundamental insights into mechanisms that regulate 
nanotherapeutic delivery, uptake, and treatment response.   

 Taken together, these studies indicate that the MSV concept 
is truly starting to be realized. A fl exible biocompatible mate-
rial now exists that can be synthesized with a variety of physical 

Systemically administered MSVs may be a promising solution, 
since they appear to preserve siRNA bioactivity from enzymatic 
degradation for a prolonged period of time.  

 MSVs have also successfully been demonstrated for in vivo 
applications requiring molecular-specifi c targeting. E-selectin, 
also referred to as a “vascular” selectin, is an inducible molecule 
expressed on activated endothelium, as well as constitutively 
expressed on bone marrow and dermal microvasculature. [  159  ]  To 
evaluate the possibility of targeting the bone marrow, thioap-
tamers targeting E-selectin (ESTA) were conjugated onto fi rst-
stage carriers and tested in vivo. Accumulation of up to 20% 
of injected MSVs per gram bone marrow was observed. When 
liposomes containing paclitaxel were loaded inside E-selectin 
targeted MSVs (see  Figure   16 ), a 200 fold higher concentra-
tion of targeted liposomes was delivered to the bone marrow as 
compared to untargeted liposomes. [  160  ]  This work opens up the 
possibility of delivering chemotherapeutics to the bone marrow, 
a common niche for metastases of multiple cancer types.  

 In parallel with these therapeutic applications, MSVs are 
being developed as imaging contrast agents for diagnostic appli-
cations. 1 st  stage porous silicon particles are readily loaded with 
a variety of SPION formulations [  158  ]  and are being investigated 
as potential MRI contrast agents. The packaging of gadolium-
based contrast agents into porous silicon particles also offers 
superior MRI images. [  161  ]  Particles loaded with gadonanotubes, 

     Figure  16.      a) Silicon content analysis by ICP-AES for the evaluation of the biodistribution of E-selectin-thioaptamer 1 st  stage particles (ESTA-S1MP) ∗  
P  <  0.05. b) ESTA–S1MP localization in the bone marrow visualized in a decalcifi ed, paraffi  n-embedded section. c) Fluorescence microscopy images to 
analyze accumulation of Paclitaxel-loaded liposomes in bone marrow tissue after i.v. administration in ESTA-S1MP. Green: Oregon green encapsulated 
liposomes; blue: Hoechst 33342. Adapted with permission. [  160  ]   
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these MSVs will fi nd use as both clinical 
agents and pre-clinical tools for the study of 
diseases requiring innovative solutions for 
biobarrier avoidance.    

 5. Silicon and Porous Silicon 
Nanowires  

 5.1. Silicon Nanowires (SiNWs): Investigating 
Fundamental Intracellular and Intercellular 
Properties and Interactions 

 Nanowires have previously been demon-
strated to aid in the investigation of bio-
logical interactions when employed as a 
controlled system for mimicking the struc-
tural and functional properties of biolog-
ical fi lamentous nanostructures. Silicon 
nanowires (SiNWs) in particular have been 
employed as a f-actin mimics to study the 
behavior of the myosin motor protein, 
showing that in one-dimensional confi ne-
ment myosin possess a ballistic motion 
behavior not seen with two-dimesional con-
fi nement. [  163  ]  When structured to replicate 
the arrangement of the extracellular matrix, 
SiNWs can provide insightful information 
on the optimal architecture to guide cell pro-
liferation, morphology and localization. [  164  ]  
The one-dimensional nature of nanowires 
also allow for interfacing them with cells, 
gaining access to the intracellular compart-
ment with minimal disruption to cellular 
processes thus providing signifi cant advan-
tages for the development of nano delivery 
systems and diagnostic nanoprobes. [  165  ]  
The high aspect ratio of nanowires and 
nanotubes mimic that of naturally occur-
ring fi lamentous phages and act as Trojan 
horses to induce cellular uptake, even for an 
overall size much larger than that allowed 
for spherical objects. [  166  ]  In the so-called 
spearing strategy, colloidal suspensions 
of nanowires and nanotubes can be intro-
duced within cells bypassing the endolyso-
somal system to deliver biolabile molecules 
directly to the site of action, enhancing both 
bioavailability and bioactivity. [  167  ]  

 AFM manipulated SiNW can deliver 
nucleic acids within a large variety of cells, 
with lower cytotoxicity and higher effi ciency 
than conventional physical access approaches 

such as electroporation and patch clamping. [  168  ]  As a further, 
higher throughput step, cells can be grown over arrays of ver-
tically aligned nanowires, which can deliver a large variety of 
bioactive molecules without disrupting their proliferation. [  165a  ]  
Interfacing nanowire electrodes within the cytosol of excit-
able cells is a minimally invasive tool to study triggering and 

features, loaded with therapeutic or diagnostic cargos, and 
functionalized to have specifi c targeting and release kinetics. 
The multi-component nature of the MSVs provides unique 
functionalities such as the protection of sensitive cargos and 
the ability to target specifi c cells. In the future, it is likely that 

     Figure  17.      In vivo NIR imaging following intravenous administration of S1MPs tagged with 
Dylight 750. A) Representative pictures of mice injected with S1MPs and followed for 24 hours 
in a whole-animal imaging study (n  =  5). B) Organs collected after sacrifi cing the animal for 
ICP-AES analysis (time point 2 hours). C) A NIR image of the vial containing the suspension of 
particles injected in each animal. D) Quantifi cation of the fl uorescence in the abdomen (spleen, 
liver, and kidneys) and in the bladder. E) Postmortem evaluation of the accumulation of the 
fl uorescence signal in the different organs and tissues.  Adapted with permission [  9    c]  Copyright  
2011, Decker Publishing, Inc.  
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by introducing silicon dopants in the gas phase. [  172  ]  Several 
variants of this synthetic technique exist, exploiting laser 
ablation, [  173  ]  plasma ions, [  174  ]  and liquid phase [  175  ]  and molec-
ular beam epitaxy [  176  ]  to enhance the specifi city and quality of 
the produced nanowires. This approach grants limited control 
over the direction of the nanowire growth and their axial geom-
etry, along with an inability to determine their arrangement or 
density unless assisted by an independent top-down or bottom-
up patterning technique. [  177  ]  As such, a combination of top-
down and bottom-up fabrication methods are typically used to 
great effect.   

 5.3. Porous Silicon Nanowires (pNWs): Possibilities for 
Extending Nanowire Applicability to Diagnosis and Drug 
Delivery 

 Porous silicon nanowires (pNWs) are poised to combine the 
biomedical relevance of silicon nanowires with that derived 
from porous silicon to develop emergent properties unique to 
these one-dimensional high surface area photonic nanocrystals. 
pNWs delivered or interfaced to cells or introduced in biological 
media can controllably biodegrade into harmless orthosilicic 
acid, differently from their solid nanowire counterparts. [  153a  ]  As 
such, pNWs are advantageous for a wide range of applications 
where disposing or removing the nanowires once they have 
exhausted their function is impractical. Furthermore, pNWs 
inherit the photonic properties of porous silicon, showing a 
porosity dependent refl ectance and photoemission spectrum 
that can be synergistically leveraged alongside the pNW’s 
biodegradability to develop intracellular barcode nanowire 
reporters (see  Figure    19  ). The photonic crystal structure of 
pNWs, analogously to what is routinely done with porous 
silicon layers, can be integrated into biosensing applications 
that employ a change in optical thickness observed upon a 

propagation of action potentials in multiple cells simultane-
ously, providing a viable strategy for neuronal network map-
ping and sustained monitoring of the activity of multiple 
cardiomyocytes. [  169  ]  

 The cytocompatibility and the versatility of SiNW, due to 
their ease and variety of synthetic methods, large availability, 
high reproducibility, facile bioconjugation, direct electronics 
integration, and advanced micro- and nanofabrication toolset, 
has made SiNW the nanowire of choice for most of these 
fundamental and applied investigations. As silicon nanowire-
based biomaterial technologies gain further traction and more 
momentum builds towards developing new strategies that opti-
mize their biological interactions, the performance of SiNWs is 
set to improve as well as cement and expand their current rel-
evance in the biomedical fi eld.   

 5.2. Synthesis of SiNWs 

 Most traditional top-down approaches result in the formation 
of either nanowires or nanopillars (depending on orientation) 
and usually involve lithographic patterning of the desired struc-
tures, followed by a series of etching procedures. Top-down 
approaches grant fi ne control over the geometry, density and 
arrangement of nanowires. These approaches allow for facile 
synthesis of nanowires with specifi ed length and controlled 
geometry that can be varied along their axes, but are challenged 
when forming large arrays of nanopillars with constant diam-
eter. [  170  ]  Among bottom-up strategies, vapor-liquid-solid (VLS) 
interface synthesis is by far the most common. In this approach 
a vapor phase silicon precursor is absorbed into and supersatu-
rates a nanoparticle catalyst deposited on a surface, inducing 
crystal growth at the nanoparticle-surface interface. [  171  ]  The size 
of the nanoparticle determines the diameter of the nanowire, 
with the possibility of controling its electronic properties 

     Figure  18.  a)     Dynamics of individual 1000  ×  400 nm plateloid silicon particles (shown in red) imaged noninvasively in the microvasculature of the 
mouse ear. The circles and boxes distinguish particles fl owing at different rates. b) Time-dependent uptake of porous silicon particles by macrophages 
residing in the liver of a wild-type mouse, as measured from the time of injection. Adapted with permission. [  151  ]  Copyright 2012, the American Institute 
of Physics.  
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biorecognition event as a reporter. [  178  ]  By forming pNWs with 
variable porosity along their axis, it is possible to encode a 
unique tag within the wire that can be recognized at a later 
stage during biological interactions .  

 The porous matrix of pNWs allows for effi cient loading 
and sustained release of different classes of biomolecules and 
nanoparticles, [  142  ,  145b  ,  152d  ]  as well as pH operated nanovalves 
that can cap the pore openings and trigger environmentally 
responsive release. [  179  ]  Control over the porosity of the nanow-
ires determines their mechanical properties and can be opti-
mized for interfacing in cell culture. [  180  ]  pNWs can also be 
structured into large vertical arrays similarly to SiNWs. [  181  ]  As 
pNWs possess superior drug delivery versatility and are bio-
degradable, they could provide a better platform for localized 
intracellular delivery of bioactive agents intracellularly, and 
perhaps ultimately, intravitally.   

 5.4. Synthesis of pNWs 

 Metal assisted chemical etch (MACE) is a recently developed 
hybrid approach which allows the formation of vertical side-
walls to generate nanowires with aspect ratios in excess of 

     Figure  19.      Porous silicon nanobarcodes. By controlling the porosity 
along the nanowire axis, segments with different photonic properties are 
generated, which can be detected by refl ection, transmission and fl uores-
cence microscopy. (a) SEM micrograph of porous silicon nanobarcodes 
showing multiple segments with different porosity. (b) Fluorescence, at 
500 nm (red), and bright fi eld (greyscale) confocal microscopy images 
of a single segment nanobarcode (top) and a six segment, dual color 
nanobarcode (bottom). (c) Refl ectance microscopy image of the same 
two-color six segment nanobarcode. (d) Comparison of the fl uores-
cence emission spectrum of high porosity nanowires (HP), low porosity 
nano wires (LP), and nanobarcodes composed of high-porosity and low-
porosity segments. The spectrum associated with the nanobarcodes 
matches well with the superposition of the HP and LP spectra. Adapted 
with permission. [  153    a]   

1000. [  153a  ,  181  ,  182  ]  In MACE, anisotropic etching of Si in the 
 < 100 >  direction is mediated by noble metal layers deposited on 
the silicon surface. [  183  ]  As the Si is etched directly underneath 
the metal nanoparticles in an oxidizing solution of hydrofl uoric 
acid, the deposition pattern can be controlled to form vertically 
aligned nanowires and nanopillars with desired cross sections 
and arrangements. Alternatively noble metal nanoparticles can 
be deposited on the surface by electroless deposition resulting 
in a dense forest of randomly arranged, randomly shaped sil-
icon nanowires and nanoribbons. The crystallinity of the sub-
strate is preserved in the resulting nanowires alongside its 
electronic characteristics. By controlling the nature of the noble 
metal employed and the composition of the etchant solution, it 
is possible to determine the sidewall geometry and roughness, 
the etch rate, and the maximum aspect ratio achievable. 

 MACE is the simplest strategy for direct synthesis of porous 
nanowires. [  153a  ]  By controlling the resistivity of the substrate 
and etching conditions, MACE can synthesize solid nanowires 
(sNWs), porous nanowires (pNWs), porous nanowires over 
porous silicon layers (pNWs + PS), or porous silicon layers (PS) . 
A smooth and regular transition from sNWs towards pNWs and 
pNWs + PS results from increasing the concentration of H 2 O 2  in 
an aqueous solution of HF. A similar behavior presents when 
the resistivity of the substrate is lowered given the same etching 
conditions (see  Figure   20 ). This regular and smooth transition 
allows for controlling the porosity of the pNWs by tuning either 
the H 2 O 2  concentration or substrate resistivity. By controlling 
the concentration of H 2 O 2  in the solution over time, it is pos-
sible to synthesize porous silicon nanobarcodes. Porosifi cation 
occurs almost exclusively at the etching front, thus porosity can 
be controlled along the nanowire axis simply by changing the 
etch conditions as the etch front progresses (see Figure 20a).     [  153  ] 

The mechanism of action of MACE is still widely debated, 
but a consensus is forming on the basics of the etching 
reaction. [  183  ]  In the consensus view, the noble metal catalyzes 
the oxidation of silicon underneath to silicon oxide at the 
expense of the oxidizing agent in solution that is reduced at the 
metal interface. Once the silicon oxide is formed it is attacked 
by the hydrofl uoric acid in solution. While the redox reaction 
can occur even in the absence of the metal, its presence facili-
tates charge transfer between the semiconductor and the solu-
tion, inducing preferential etch at its interface. The mechanism 
by which porosifi cation occurs alongside the etch is even more 
debated. Initially, models were proposed whereby the primary 
deposited metal (in nanoparticle or layer form) was respon-
sible for the bulk etch and secondary particles nucleating at 
defect sites by re-deposition of ions shed by the primary par-
ticles were responsible for the porosifi cation. [  182  ]  These initial 
models are now surpassed by the accumulation of confl icting 
experimental evidence: (i) no metal nanoparticles (or metal 
elemental signatures) are observed within the pores throughout 
the nanowires, while some particles are observed at the base 
of nanowires with a size that is not consistent with the pores 
and a location suggesting that they are primarily deposited par-
ticles; (ii) when pNWs + PS are formed, no metal nanoparticles 
are observed within the PS layer and all the visible particles 
are localized at the pNW/PS interface. Thus the formation of 
the PS layer cannot be attributed to nanoparticles, (iii) when 
pNWs + PS layers are formed, straight pores, orthogonal to the 
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injected locally at the metal/semiconductor 
interface, provided they are in excess of what 
is necessary to mediate localized oxidation, 
can migrate within the semiconductor and 
induce preferential oxidation at defect sites, 
thus mediating porosifi cation. [  182  ]  While this 
model provides a more suitable explanation 
of the preferential porosifi cation at the etch 
front which is observed in the formation of 
porous nanobarcodes, it is unable to explain 
the rapid porosifi cation of substrates without 
any metal deposited (i.e. wherein no catalytic 
charge transfer occurs) when placed in a 
solution where metal ions are present due to 
the simultaneous or preceding MACE etch of 
another substrate. 

 We recently proposed an alternative 
model based on our experimental fi nd-
ings and the independent observation that 
porosifi cation, in the absence of nanowire 
formation or any form of etch, can be 
induced and controlled in many HF/oxi-
dant metal salt solutions. [  184  ]  In our model 
porosifi cation and etch are two independent 
processes occurring alongside each other. 
Etch is catalyzed by the metal layer depos-
ited on the surface, while porosifi cation 
is catalyzed by metal ions in solution. 
Assuming a comparable catalytic activity per 
unit mass for the ions in solution and metal 
nanoparticles, the prevalence of etch or 
porosifi cation is determined by the relative 
abundance of ions in solution with respect 
to deposited metal. As ions are constantly 
formed by oxidation of the metal and get 
reduced by interaction with the semicon-
ductor, it can be assumed that the steady-
state concentration of ions in solution is 
determined by the concentration of oxidant 
present, as the available local semiconductor 
surface for interaction can be considered 
constant. In fact with increasing concen-
tration of H 2 O 2 , a shift towards a higher 
porosifi cation rate occurs, as determined by 

the progressive formation of sNWs, pNWs, and pNWs + PS, as 
well as an associated increase in pore size and porosity. Solid 
wires are formed at low ion concentration as most of the ions 
that become solvated interact with the semiconductor in the 
vicinity of the original metal particles and are quickly neu-
tralized and locally recondensed into metal particles. As the 
concentration of H 2 O 2  increases the ions can diffuse further 
away from their site of origin before being neutralized, and 
can be more readily re-ionized to catalyze multiple sequential 
reactions. This is refl ected by the migration towards pNWs as 
H 2 O 2  concentration increases and even further by the forma-
tion of a porous layer up to several microns away from the 
localization sites of the metal particles at very high H 2 O 2  con-
centrations. In principle this model is analogous to the one 

original Si surface are present that run continuously from 
within the tip of the pNWs to the bottom of the PS interface, 
indicating that the porous layer was formed fi rst and then part 
of it was etched into nanowires, suggesting that the two pro-
cesses occur alongside but are independent in nature; (iv) To 
further support the independent nature of the two processes, 
when pNWs or partially porosifi ed nanowires are formed, the 
pores originate from the sidewalls and grow towards the core 
of the wire, indicating that the etch occurs fi rst, and porosifi -
cation afterwards; (v) The addition of ethanol to the etch solu-
tion slows the rate of etch of the nanowires but does not slow 
signifi cantly the porosifi cation process inducing the formation 
of PS or pNWs + PS instead of pNWs, and further supporting 
the independent nature of the two processes. An alternative 

     Figure  20 .     Cross-sectional scanning electron micrographs of the different silicon morphologies 
of silicon nanowires obtained by metal-assisted etch. The inset is a magnifi cation of the sample 
shown in the cross section focusing on the structure of a single nanowire. a) Solid silicon 
nanowires (sNWs). b) Porous silicon nanowires (pNWs). c) Thick porous silicon nanowires 
on top of a porous silicon layer (pNWs + PS). d) A porous silicon layer (PS). Adapted with 
permission. [  153  a]   
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specifi c biological activity both in vitro [  192  ]  and in vivo based on 
specifi c surface reactions that lead to the formation of hydroxy-
carbonate apatite (HCA). This HCA layer helps to form fi rm 
bonds with both soft and hard tissue, [  193  ]  as well as promote 
osteointegration as a result of their high degree of similarity to 
the HCA layer in the mineral phase of bone. [  194  ]  Furthermore, 
their degradation byproducts positively affect gene expression 
and osteogenesis. [  195  ]  As a result, bioactive glasses have been 
predominantly used in bone formation and regeneration appli-
cations in vivo, [  196  ]  where these bioactive glasses have been 
found to accelerate new bone regeneration, especially as com-
pared to synthetic hydroxyapatite (HA). [  197  ]  Additionally, recent 
reports have also demonstrated the usefulness of bioactive 
glasses for soft tissue engineering because of their angiogenic 
potential. Overall, bioactive glass has a unique set of features, 
including controllable degradation rate, the production of an 
HCA-like layer for fi rm bonding to hard and soft tissues, and 
the release of ions during their degradation, which benefi ts 
osteogenesis and angiogenesis. In all cases, however, scaffold 
degradation needs to temporally coincide with host-generated 
tissue formation. 

 Unfortunately, many of these nano-biomaterials still lack 
suffi cient mechanical strength to be used in muscolo-skeletal 
tissue engineering. [  198  ]  Recently, Tasciotti, Decuzzi, Ferrari, 
et al. has introduced a novel blend of composite nano-
biomaterials (biocomposite scaffolds) containing pSi as both 
a bioactive and structural component [  199  ]  able to address both 
the biological and micromechanical needs of bone tissue 
engineering.   

 6.2. Porosous Silicon as a Functional Component for Bone Repair 

 Porous silicon (pSi) is of particular interest among bioma-
terials since its mechanical properties and elastic modulus 
can be tuned as a function of its porosity. [  8c  ]  pSi Micro- and 
nanoparticles, with different sizes, shapes, porosities, aspect 
ratios and surface properties, [  9a  ,  13  ,  142  ,  153b  ,  190  ]  have been incorpo-
rated into a polymeric scaffold to enhance its micromechanical 
stability for use in bone repair. To identify the optimal geom-
etries and material properties of the reinforcing pSi particles, 
mathematical models have been developed to predict the 
impact of variations in the Young’s and shear moduli of the 
composite material. [  200  ]  The equivalent poly-inclusion approach 
(within the effective medium theory) was employed to predict 
the elastic properties of a composite with inclusions of different 
shapes, sizes, material properties, and volume concentrations. 
 Figure    21   shows a schematic representation of the composite, 
made up of a polymer matrix with pores and reinforcing pSi 
particles. The model suggested that the best strategy to opti-
mize the elastic properties of a bone repairing material was to 
generate spherical pores within the polymer matrix and to dis-
perse highly anisotropic and stiff pSi nanoparticles throughout 
the composite.  

 In  Figure 22   B, the elastic modulus  E  of a biocomposite scaf-
fold, Poly(propylene fumarate)-pSi (PPFpSi), is plotted against 
the pSi volume concentration ( α  s ). The original PPF had an 
elastic modulus of 2 GPa, whereas for  α  s   =  1 the elastic mod-
ulus of pSi was obtained. The overall elastic modulus (E) was 

previously proposed whereby the diffusion of excess local 
charges in the semiconductor mediates porosifi cation. In this 
model though it is the diffusion of excess local charge carried 
by the ions in solution that mediates porosifi cation, allowing 
for an extension of the description of the experimental fi nd-
ings from the case when solid metal is present at the semi-
conductor interface to that when solid metal is absent. 

 Alternatively to MACE, solid nanowires can be formed by 
more traditional top-down or bottom-up approaches, and sub-
sequently porosifi ed by either electrochemical or stain etch. 
While this approach may provide more control on the forma-
tion of solid wires as the more traditional strategies are better 
estabilished than MACE, the porosifi cation step is undermined 
by erosion of the wire leading to poor uniformity, breakages, 
and low reproducibility.    

 6. Porous Silicon for Tissue Engineering 
Applications 
 Tissue engineering has become a growing multidisciplinary 
fi eld that utilizes cells, biomaterials, and drug delivery systems 
for the development of tissue constructs to augment, repair or 
replace injured tissues. [  185  ]  There are three main challenges that 
must be overcome to engineer functional three-dimensional 
tissues: the development of biomimetic materials, the achieve-
ment of locally effi cacious levels of bioactive molecules, and the 
induction of cellular metabolism towards an appropriate phe-
notype for tissue growth. [  186  ]  Research on nano-biomaterials 
has introduced a new generation of substrates that can pro-
mote tissue healing through controllable physical and chemical 
properties. [  185b  ,  187  ]  A tissue engineering scaffold should meet 
four major criteria: high porosity while retaining its three-
dimensional structure, biocompatibility and bioresorbability 
with a tunable rate to match tissue growth, appropriate sur-
face chemistries for cellular growth, and mechanical properties 
that are matched to the surrounding tissue. The engineering 
of a three-dimensional construct starts with the choice of a 
nano-biomaterial that closely simulates the properties of the 
tissue to be repaired. The ideal scaffold should mimic the com-
position of the extracellular matrix, promote cell viability and 
enhance cell proliferation, retain controllable degradation rates, 
and have a high degree of immune tolerance. [  188  ]   

 6.1. Possibilities for Biomimetic Materials: Polymers, Hydrogels, 
and Bioactive Glasses 

 Three broad categories of nano-biomaterials extensively 
explored for tissue engineering applications are based on 
polymers, hydrogels, and inorganic ceramics. [  187  ,  189  ]  Polymer 
scaffolds have the advantages of highly tunable chemical and 
physical properties and great fabrication fl exibility, while 
hydrogel compositions more closely match that of the extra-
cellular matrix. [  189a  ,  190  ]  Bioactive glasses have been extensively 
investigated and reported on in the literature because of their 
demonstrated potential to regenerate hard and soft tissue and 
to release ionic biological stimuli that promote cell proliferation 
by gene activation. [  189c  ,  191  ]  They have also been shown to induce 
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described, to obtain uniform micro- and nanocarriers with 
specifi cally designed pore size, high surface area, highly 
interconnected porosity, and functionalized surfaces capable 
of accommo-dating various types of payloads within the bio-
composite and protecting them from degradation. [  73b  ,  201  ]  Addi-
tionally, pSi possesses intrinsic bioactivity in simulated body 
fl uid, with the pSi degradation byproduct, orthosilicic acid, 
able to promote collagen formation and facilitate the depo-
sition of calcium and mineralization, thus stimulating bone 
regeneration. [  190  ,  201a  ,  b  ]    

 6.3. pSi/PLGA Composites 

 To further extend the storage time, stabiliza-
tion, and release of growth and differenti-
ating factors, Fan, et al. adapted the solid/oil/
water emulsion method to encapsulate pSi 
particles with Poly(DL-Lactide-Co-Glycolide) 
(PLGA) (see  Figure 23   ). PLGA is an FDA 
approved biodegradable polymer widely used 
in drug delivery applications. [  201c  ,  202  ]  Its deg-
radation rate and material properties can be 
tuned by changing its constituent monomer 
ratios and/or polymer molecular weight to 
obtain the controlled delivery of pharmaceu-
tical agents. [  203  ]  In the experiments detailed 
here, PLGA was formulated to obtain 

calculated using this approximate relationship of porosity ( α  p ) 
and pSi reinforcement:

 E ≈ 3.23αs− − 2.98αp+2[GPa]   (6.1)    
 Notably, the elastic properties of the biocomposite 

improved with increasing pSi content ( α  s ) and decreasing 
overall porosity ( α  p ). For a porous polymeric scaffold rein-
forced with 10% weight per volume pSi, it was mathematically 
shown and experimentally validated that the optimal mechan-
ical properties could be achieved by dispersing pSi nanopar-
ticles with specifi c aspect ratios and shapes into the scaffold 
complex. In particular, discoidal or platelet-like pSi particles 
showed better enhancement than rod shaped or fi bril-like par-
ticles. The biochemical properties of these pSi inclusions were 
further tuned, using the fabrication techniques previously 

     Figure  21.      Phase diagram showing the different nanowire morphologies 
obtained as a function of H 2 O 2  concentration and Si substrate resistivity 
during Ag mediated etch. Increasing the concentration of H 2 O 2  and 
increasing the Si conductivity are associated with a smooth transition 
from sNWs to pNWs to pNWs + PS to polished surfaces. Adapted with 
permission. [  153    a]   

     Figure  22.      A) A schematic presenting porous silicon (pSi) particles and pores embedded in a 
polymeric matrix. (The pores and pSi particles have arbitrary shapes and are randomly oriented. 
They are not to scale.) B) The Young’s modulus  E  as a function of pSi volume concentration 
within the matrix. Reproduced with permission. [  200  ]  Copyright 2010, Elsevier.  

     Figure  23.      A schematic diagram of PLGA/pSi microsphere fabrication by 
means of the S/O/W emulsion method. A) A PLGA/pSi suspension is 
poured into the water phase. B) The suspension is then emulsifi ed in the 
water phase. C) Surfactants are added to stabilize the structures. D) A 
cartoon depicting the fi nal composition of the PLGA/pSi microsphere 
(components not to scale). Reproduced with permission. [  190  ]   
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the diffusion of the payload from the outer 
PLGA layers, followed by a subsequent long 
time frame phase when the payload was 
released from the embedded pSi particles. 
The acidic degradation byproducts of PLGA 
particles are known to lower the pH of the 
surroundings and have been known to cause 
unexpected infl ammatory responses. [  203c  ]  
The degradation of PLGA/pSi composite 
microparticles was therefore investigated to 
determine the net result of orthosilicic acid 
and PLGA metabolism. It was found that 
the pH values of the composite degradation 
remained within physiological limits for 
four weeks and cre-ated a more biologically 
favorable microenvironment for any cel-
lular response. [  204  ]  It was concluded that the 
silicic acid neutralizes the acidic products 
of the PLGA degradation. pSi particles also 
have the ability to increase mineralization by 
stabilizing both calcium phosphate nuclea-
tion and the osteoac tive mineral phase. [  73b  ]  
To investigate the enhancement of mineral 
deposition from pSi in PLGA/pSi compos-
ites, PLGA/pSi and PLGA microspheres 
were incubated in osteogenic media for 21 
days and confi rmed the uniform deposition 
of minerals only on the surface of the PLGA/
pSi microspheres. This study suggested that 
the pSi contained within the PLGA com-
posite microspheres could stimulate inten-

sive production of a mineralized layer on the surface of micro-
spheres. This phenomenon was validated in an in vivo model of 
bone regeneration (manuscript in preparation) and concluded 
that pSi can be used to further enhance the osteoconductive 

multilayer coatings with tunable properties. The polymeric 
shell was able to seal the pSi pores, thus preventing early pay-
load release, as well as control the degradation of the carrier and 
extend the release of the biomolecules in time (see  Figure 24   ). 
Compared with pSi, a larger quantity of biomolecules could be 
loaded and stored into the pSi/PLGA composite microspheres. 
To enhance the biostability of drug molecules during the for-
mation of the PLGA shell, the pSi particles were lyophilized 
prior to encapsulation. pSi surface chemical properties were 
also optimized to improve loading and stabilization of the 
payload. Depending on the isoelectric properties of the loaded 
molecules, the surface of the pSi was chemically modifi ed in 
order to obtain more stable electrostatic interactions. [  152c  ,  201d  ]  
The loading of biomolecules into the pSi pores prior to PLGA 
encapsulation minimized their hydrolytic degrada-tion in the 
solutions used during PLGA fabrication.   

 Subsequent studies demonstrated that the PLGA coating 
played a signifi cant role in managing molecular release 
kinetics. A higher concentration of PLGA resulted in thicker 
coating layers with higher density and, consequently, slower 
release rates.   Figure 25     shows the release of FITC-BSA from 
pSi particles, PLGA microspheres, and PLGA/pSi composite 
microspheres. In the case of pSi or PLGA microparticles, BSA 
was released with a massive initial burst and then reached 
the plateau within three days. In contrast, PLGA/pSi com-
posite microspheres released their payload at a continuous 
rate for over four weeks. Two release phases were observed: 
a minor fraction was released during the early phase due to 

     Figure  24.      Physical characterization and size distribution of PLGA/pSi microspheres. A) SEM 
image of presorted microspheres. B) An optical microscopy image showing the presence of 
pSi particles enclosed in the larger PLGA spheres. C) Fluorescence microscope image and (D) 
size distribution of PLGA/pSi microspheres displaying a uniform product centered around 25 
 µ m. Reproduced with permission. [  190  ]   

     Figure  25 .     The release profi les of FITC-BSA from different formulations of 
PLGA and PLGA/pSi microspheres over a four week period. pSi particles 
and PLGA microspheres (6%, 10%, and 20%) showed a massive initial burst 
release of protein within 3 days. However, the addition of pSi to the PLGA 
microparticles (6%, 10%, and 20%) signifi cantly reduced the initial burst 
leading to a more sustained release rate. Reproduced with permission. [  190  ]   
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maturation. [  190  ,  207  ]  As a carrier system, pSi has been shown to 
provide sustained release of stimulating factors for osteogenic 
and neurogenic differentiation. [  190  ,  208  ]  pSi was used to deliver 
Bone Morphogenic Protein-2 (BMP-2) to induce the differen-
tiation and proliferation of osteogenic progenitors in conjunc-
tion with amphiphilic peptides in a collagen sponge. The use 
of pSi not only allowed for effi cient release of functional BMP-2 
but also enhanced mineral deposition in the extracellular 
matrix. [  190  ]  Through the control of payload release in a time and 
spatially dependent fashion, not only is differentiation infl u-
enced, but cellular recruitment as well. [  209  ]  The delivery of oste-
ogenic factors for mesenchymal stem cell (MSC) induction has 
also been shown to function in chemotaxis of stem cells to the 
site of injury to aid in repair. Through the localized delivery of 
these factors, the potential for wound healing can be enhanced 
by attracting a greater number of cells with reparative potential 
to the site of an injury. It has been extensively reported that the 
factors released during this process are often multifunctional 
with the ability to induce maturation, proliferation, and chemo-
taxis. [  210  ]  By providing a local biochemical gradient through the 
controlled release of loaded chemical factors from pSi, MSC 
chemotaxis is enhanced. [  211  ]  With increased numbers of MSC 
at the site of repair a greater number of naïve cells can be stim-
ulated leading to enhanced ECM deposition for construct inte-
gration. A fi nal benefi t of the ue of pSi in the manipulation of 
cell fate is the potential for increased cell survival through the 
delivery of proper inductive factors. [  190  ,  212  ]   Figure 27    confi rms 
the uniform distribution of cells and pSi throughout the pore 
network of a collagen scaffold.    

  7. Nanoporous Silica Chips for Exploring Novel 
Biomarkers from Human Blood 
 The complexity of the circulating proteome within the human 
body presents one of the greatest challenges to protein bio-
marker discovery. Many techniques are currently available 
for the detection and identifi cation of proteins of interest in 
blood, including western blot analysis, [  213  ]  immunohistochem-
ical analysis, enzyme-linked immunosorbent assays (ELISA), 

potential of a scaffold, while simultaneously allowing the 
release of bioactive mole cules, thus serving a dual role in bone 
tissue engineering. [  205  ]  Most growth factors and differentiating 
biomolecules function by binding to receptors on the cell sur-
face to start active transmembrane signal transduction. When 
bioactive stimuli are trans-ported by nanoscale carriers, they 
often get internalized either by their primary targets or by mac-
rophages and other cells of the immune or reticulo-endothelial 
system, thus minimizing their therapeutic effi cacy. [  14  ,  206  ]  The 
size of the PLGA-pSi composite microspheres prevented inter-
nalization and provided a hydrophobic barrier to lytic enzymes 
released by the cells. The ability to escape internalization pro-
vides the advantages of releasing the growth factor closer to the 
external cellular membrane where they are naturally active and 
pre-venting exposure of the payload to the lysosomal environ-
ment (see  Figure 26   ). [  190    ,201a,b]     

  6.4. pSi as Molecular Reservoirs for Releasing Stimulating 
Factors in Biocomposite Scaffolds 

 By using a combination of synthetic and natural biomate-
rials able to enrich the microstructural environment (opti-
mizing fi ber diameter, orientation and porosity) it is possible 
to enhance the recruitment of stem cells from the surrounding 
tissues. [  8b  ,  152c  ]  Achieving successful cellular colonization within 
the scaffold and maintaining differentiated cell phenotypes 
through interactions with the scaffold are crucial require-
ments for a successful implant. [  8c  ,  190  ,  199  ]  Early cellularization 
and scaffold infi ltration promote functional integration at the 
cell-material interface and support three dimensional tissue 
formation. [  73b  ]  Mechanical, chemical, or electrical signals are 
crucial to induce the phenotypic maturation of the cells and 
to maintain the development of functional tissue. The optimi-
zation of scaffolds has laid a foundation for the growth and 
integration of mature cells in tissue constructs. The success of 
tissue-engineered constructs rely both mechanically and bio-
logically on proper cell localization, phenotypic maturation, 
and integration. pSi has been used as a vehicle for the delivery 
of differentiating signals that play specifi c roles in osteogenic 

     Figure  26 .     Scanning electron microscopy image (left panel) of an uninternalized PLGA/pSi particle. A schematic diagram of the mechanism of action 
of PLGA/pSi microspheres as compared to pSi (right two panels). Following internalization, pSi is entrapped within lysosomes (#2 and #4) while 
the PLGA/pSi microparticles are not endocytosed and release their payloads outside the cells for maximal bioactivity (B3 and B4).  Reproduced with 
permission. [  190  ]   
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fragments resulting from enzymatic degradation. The 
nanoscale pores discriminate LMW proteins from complex bio-
logical samples via size-exclusion-based depletion. A combina-
tion of a bottom-up sol gel approach with industrially developed 
top-down silicon deposition techniques (spin coating, vapor 
phase deposition, etc.) provide a strategy to precisely engineer 
and control pore size, shape, and morphology to improve the 
fractionation of the smaller proteins and peptides. Addition-
ally, the selectivity of specifi c species (for example phosphoryl-
ated proteins) can be further improved via the modifi cation of 
the surface chemistry of the nanoporous silica thin fi lms, for 
instance to preferentially enrich LMW phosphoproteins. [  216  ]  
A general strategy for performing fractionation is depicted in 
 Figure    28  . The sample fractionation process starts with incu-
bating a complex biological sample on the NSCs, followed by 

nuclear magnetic resonance techniques, x-ray diffraction, and 
mass spectrometry (MS). Because of its relative easy-of-use, 
non-invasiveness, and rapidity, matrix assisted laser desorption 
ionization time-of-fl ight mass spectroscopy (MALDI TOF MS) 
has become the method of choice for the analysis and discovery 
of proteomic patterns from complex biological samples. The 
large number of proteins and peptides that must be screened, 
however, combined with their wide range of size dispersity and 
relative abundance can make processing a major obstacle to 
identifying new biomarkers. 

 To address this problem, advanced separation techniques 
have been introduced to reduce the complexity of the samples. 
Accordingly, protein-based nanotechnology methods, such as 
nanoporous silica chips, have become an essential technique 
for enabling the detection of proteins on the order of zepto-
grams. Highly abundant proteins in plasma 
or serum samples mask the presence of low 
abundant species and hinder their identifi -
cation in MS spectra. Approaches such as 
two-dimensional polyacrylamide gel-electro-
phoresis (2D-PAGE) and shotgun proteomics 
methods are labor-intensive low throughput 
procedures, offering limited suitability for 
enriching low molecular weight (LMW) pro-
tein signatures. [  214  ]  Size selection of proteins 
in pore gradients within silicon and silicon 
dioxide offers tunability over several key fac-
tors, including pore size, shape, and chemical 
functionalization, but has yet to be trans-
formed into a reliable method. [  215  ]  

  7.1. Tailoring Nanoporous Silica Chips for 
Fractionating and Enriching Low Molecular 
Weight Proteins and Peptides 

 Nanoporous silica chips (NSC) containing 
nanoscale pores were developed to achieve 
sample fractionation for the enrichment of 
LMW proteins, peptides, and their associated 

     Figure  27 .     Confocal microscopy images of a collagen bioactive sponge (A) loaded with MSC (green) and pSi microparticles (red) (B). An even distribu-
tion of cells and pSi microparticles was observed throughout the scaffold. After overnight culture, histologically stained sections of the scaffolds showed 
cells attached to and proliferating throughout the scaffold (C). Taken from “Multi-Composite Bioactive Osteogenic Sponges Featuring Mesenchymal 
Stem Cells, Platelet-Rich Plasma, Nanoporous Silicon Enclosures, and Peptide Amphiphiles for Rapid Bone Regeneration” Matthew B. Murphy, Daniel 
Blashki, Rachel M. Buchanan, Dongmei Fan, Enrica De Rosa, Ramille N. Shah, et al. (Figure 5) J. Funct. Biomater. 2011, 2(2), 39-66; doi:10.3390/
jfb2020039. Reproduced by permission of MDPI.  

     Figure  28 .     Left panels: the process of on-chip fractionation. After sample spotting on the sur-
face, low molecular weight (LMW) proteins and peptides are trapped in the pores while the 
larger species remain outside the pores and are removed during the subsequent washing steps. 
The enriched fractions are then eluted and analyzed by MALDI-TOF. Top and bottom panel: MS 
spectra and a histogram plot showing the effi cacy of on-chip fractionation for the enrichment 
of LMW proteins and the removal of large proteins.  
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NSCs presenting with a cubic structure (see Figure  29 , bottom 
panel). The association of the LMW proteins and peptides is 
further mediated either by electrostatic interactions directly 
with the charged silica surface of by ionic or molecular inter-
mediaries, such as metal ions (Zr 4 +   and Ti 4 +  ). Thus, differen-
tially confi gured NSCs can be used either alone or in combi-
nation to enrich the interesting LMW species to improve the 
resolution of detection.    

  7.2. The Staging of Metastatic Breast Cancer after Invasion 
of the Lungs Using NSCs 

 According to the American Cancer Society, cancer mortality 
rates have been steadily declining due in large part to improve-
ments in early detection and treatment, as well as efforts to 
promote prevention. These developments have in large part 
been derived from signifi cant investment towards uncov-
ering the molecular-level alterations of metabolism and cell 

a buffer wash to remove the excluded HMW proteome. LMW 
proteins and peptides captured by the nanopores are then 
eluted with an organic solvent rinse to transfer the sample to a 
MALDI target plate. Potential protein and peptide biomarkers 
are identifi ed from the mass spectrum acquired by MALDI 
TOF MS. The protein profi les can be further refi ned using 
different MS modalities, such as liquid chromatography-mass 
spectrometry (LC-MS), on the LMW enriched samples.  

 The nanotexture of mesoporous silica fi lms, along with their 
functionalized derivatives, can be tailored to selectively har-
vest a range of low molecular weight proteins. [  217  ]  The trans-
mission electron micrographs (TEM) in  Figure   29  illustrate the 
pore size and geometry of different types of fabricated NSCs. 
The NSCs, with pore sizes ranging from 2.0 to 9.0 nm and 
possessing an array of different 3-dimensional internal struc-
tures, have been successfully fabricated to allow for recovered 
fractions with different molecular weight cut-offs and mole-
cular characteristics, as shown in Figure  29  (top-right panel). 
An NSC presenting with a hexagonal pore structure signifi -
cantly enriches ACTH and insulin peptides, while the recovery 

     Figure  29.      The effect of pore size and structure on the selective enrichment of LMW peptides from a complex biological sample. A MALDI spectra (top 
right panel) demonstrates the correlation between pore size and molecular weight cut-off for NSCs of varying pore size. A bar graph of the intensity 
of detection (bottom right panel) illustrates selectivity of the 3-D cubic or hexagonal NSCs for specifi c peptide recovery. Left panel: A transmission 
electron micrograph of the pore size and structure of different NSC confi gurations. Reproduced with permission. [  217    a]  Copyright 2010, The American 
Chemical Society.  
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cytotoxic chemotherapy, including anthracycline and taxane, 
while enduring the substantial burden of adverse side-effects. 
While these conventional chemotherapies coupled with radiation 
therapy are initially effective in controlling this lung metastasized 
breast cancer growth, patients will frequently relapse over time. 

 With the on-chip fractionation technique, unique expres-
sion signatures have successfully been identifi ed that correlate 
with different stages of metastatic breast cancer. [  220  ]  Fan et al. 
analyzed serum samples from nude mice with lung metasta-
sized MDA-MB-231 human breast cancer, a triple negative 
cell line lacking expression of ER, PR, and HER2. The serum 
samples were collected from nude mice without tumor cell 
injection, at breast cancer lung metastasis early stage (BCLM-
ES), and at late stage (BCLM-LS) of disease progression and 
processed on NSCs for LMW protein fractionation. The iso-
lated samples were analyzed by MALDI-TOF MS with the 
generated spectra further analyzed by principle component 
analysis (PCA). As shown in  Figure 30   C, the vertical scatter 
plots for the eight specifi c biomarkers exhibited expression 
level variability from specifi c LMW proteins or peptides that 
distinctly correlate to the three different stages of lung metas-
tasized breast cancer. Further characterization of the variations 
of these possible biomarkers will be required to determine 

signaling pathways that are associated with different types and 
stages of cancer. As tumor cells evolve into larger structures, 
specifi c sets of proteins involved in angiogenesis, extracel-
lular matrix formation, apoptosis, cell growth and invasion are 
shed into the circulatory system, providing opportunities for 
disease surveillance that leads to early therapeutic interven-
tion. [  218  ]  Of particular interest are the low molecular weight 
proteins and peptides that are often obfuscated by larger and 
more abundant species such as immunoglobulin and albumin 
that account for more than 90% of the blood proteome. [  219  ]  
The key challenge has been of a dual nature: highly sensitive 
detection of these low abundance targets with high specifi city, 
and their effi cient separation from complex clinical samples 
(such as blood). pSi can potentially address both challenges at 
once, benefi ting both new biomarker discovery as well as new 
diagnostic applications. 

 The lung is one of the most frequent sites of breast cancer 
metastasis, accounting for approximately 60% of all patients. 
In 21% of these cases, the lung is the only metastatic organ. 
Its aggressive nature, high rate of recurrence, and resistance to 
common targeted therapies is attributed to the lack of estrogen 
receptors (ER), progesterone receptors (PR), and HER2 receptors 
(HER2). Patients in this subgroup must revert to conventional 

     Figure  30 .     Staging of Metastatic Breast Cancer on NSCs. a) The MDA-MB-231 human breast cancer cells were engineered with a luciferase gene. Tumor 
growth was monitored with bioluminescence using a Xenogen IVIS 200 imaging system. b) Principle component analysis (PCA) of control, BCLM-ES, 
and BCLM-LS groups. PC1 and PC2 scores obtained after PCA analysis of the replicated MALDI-TOF MS data sets in three groups. Top: The scores 
plot of PC1/PC2 between the BCLM-LS and control groups; Mid: The scores plot of PC1/PC2 between the BCLM-ES and control groups; Bottom: The 
loading plots specifi c for PC1/PC2 between BCLM-LS and control groups. Highlighted ions clusters represent specifi c peptides for classifi cation into 
these two groups. c) Different expressed biomarker candidates between control and breast cancer-based lung metastase in mouse serum. Eight bio-
marker candidates were detected.  ∗  ∗ represents p-value lower than 0.01,  ∗  represents p-value lower than 0.05. Reproduced by permission. [  220  ]  Copyright 
2012, The Royal Society.  
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the long-term zero-order passive release of analytes from an 
implant with no moving or electrical components. These mem-
branes have been used to deliver therapeutic doses of a variety 
of clinically important molecules in vitro and in vivo, including 
but not limited to interferon  α -2b, Avastin (not shown), and leu-
prolide (not shown). Electrokinetically controlled nanochannels 
for use in applications that necessitate temporal modulation 
have also been demonstrated. Industrially scalable prototype 
manufacturing has been established, including bio-protection 
layers compatible with high-volume semiconductor manufac-
turing. Finally, predictive models of these nanofl uidic architec-
tures have shown great potential for detailing the behavior of 
molecules in nanoconfi nement. 

 The nanochannel membranes produced by NanoMedical 
Systems leverage advanced semiconductor manufacturing by 
targeting 200 mm and larger silicon wafers and utilizing only 
advanced materials and processes that are both silicon and 
biology compatible. This requirement excludes materials that 
constitute electronic contaminates, such as gold and mobile 
ion-bearing glasses like Pyrex, which are often used in bio-
MEMS designs. The number of masks (a key cost driver) is 
also minimized. During volume production, hundreds of drug 
release chips, each with millions of nanochannels identically 
sized down to 3 nm, can be manufactured on 200 mm wafers 
at a production cost of a few hundred dollars. This enables the 
packaging of these chips into injection molded drug delivery 
implants for long-term constant release of high-potency, and 
often high-cost, therapeutics for a net addition of only a few 
dollars per day. [  7  ]  

 The concept of multistage nanovectors is a new frontier in 
cancer therapeutics. Nanovectors act and respond sequen-
tially to circumvent the many biobarriers that exist between 
the delivery point (i.e. injection site) and the therapeutic target 
(e.g., a tumor site). Through the development of a set of math-
ematical tools to guide their rational design, non-spherical bio-
compatible multistage silicon vectors, both hemispherical and 
discoidal, can be fabricated with high precision using top-down 
processing techniques, including photolithography. These nan-
ovectors have unique and favorable margination properties in 
blood vessels to overcome unfavorable hemodynamic forces. 
They can also carry an array of different payloads simultane-
ously which facilitates their use in both diagnostics as well as 
therapy. 

 The combination of established lithographic patterning 
and plasma etching with emerging electrochemical anodiza-
tion techniques (described in Section 4.3) has also provided a 
“sweet spot” of increased yield and reduced costs in the case 
of the porous silicon MultiStage Nanovectors. Advancements 
in processing and manufacturing technology have introduced 
200 mm and 300 mm diameter wafers with 450 mm wafers 
now in development so that increased particle density with 
decreasing areal cost have already dramatically dropped the 
cost per dosage unit over that achieved in 4 inch academic 
research clean room laboratories. [  4  ]  Additional economy of scale 
improvements will further reduce costs once continuous semi-
automated production has been established. Compared to some 
current “advanced” delivery systems that are selling at extreme 
premiums over the basic drugs, [  221  ]  it is apparent that the MSV 

whether these proteins and peptides are truly indicative of 
cancer progression.  

  7.3. Challenges and Perspectives 

 Cancer represents a class of pathologies containing more than 
100 subtypes whose primary distinguishing characteristics 
are their tissue of origin and the type and nature of the spe-
cifi c molecular and metabolic pathway alterations that lead 
to their initiation. Their diagnostic and prognostic classifi ca-
tion is still quite limited and does not refl ect inter-patient and 
intra-tumoral heterogeneity. These limitations impede precise 
histological diagnosis requiring new molecular markers to 
improve diagnosis, prognosis, and predictions of therapeutic 
response. Increasing knowledge of the molecular alterations 
driving disease progression can provide researchers, pharma-
cists, and clinicians with possible molecular targets that can be 
used to generate new diagnostic strategies. 

 There is no doubt, however, that completely defi ning the 
human proteome is going to involve a much different set of 
challenges than sequencing the human genome. Due to the 
lack of a coherent pipeline connecting biomarker discovery 
and well-developed validation methods, the contribution of 
MS-based proteomics methods to clinical applications has 
been disappointing. The need for developing novel pathways 
forward for protein biomarker discovery and integrating the 
advantages from multiple techniques can be a driving force for 
providing the critical bridge between discovery and validation 
while limiting development resources to those biomarker can-
didates with the highest likelihood of success. There is reason 
to remain optimistic that widespread use of evolving technolo-
gies, including microarrays, microfl uidics, and nanopore-based 
assays similar to the platform described herein, could facilitate 
the development of better methods to detect disease at earlier 
and more treatable stages and to evaluate the effects of new 
therapeutic strategies in a timely manner.   

  8. Conclusions 
 This manuscript has detailed several exciting technologies that 
have been developed using the same highly precise and accu-
rate silicon micro- and nanofabrication techniques invented 
and deployed in the semiconductor industry to produce high 
performance ICs. The myriad process technology refi nements 
that have been developed to maintain the rate of transistor and 
memory cell scaling per unit area dictated by Moore’s Law has 
yielded signifi cant benefi ts that can be leveraged for the pre-
cise and accurate manufacture of silicon-based drug delivery, 
diagnostic, and treatment systems possessing advantageous 
nanoscale features. These refi nements not only include litho-
graphy (although 200–500 nm structures with 50-nm overlay 
accuracy are suffi cient for the near future), but metal and die-
lectric deposition (including atomic layer deposition), etching 
(including complex multi-stack and deep silicon plasma 
etching), cleaning, and nanoscale metrology (including ang-
strom resolution ellipsometry, SEM, TEM, and microscale com-
positional analytical methods) as well. 
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platform not only has clinical advantages of reduced toxicity 
and improved performance, but also has the potential to pro-
vide fi nancial benefi ts as well. [  222  ]  

 Silicon and porous silicon nanowires have the potential 
to manipulate cells at the molecular level. These high aspect 
ratio probes can be used to fundamentally investigate intracel-
lular and intercellular interactions as well as deliver molecules 
into the cytoplasm with minimal disruption to normal cellular 
homeostasis. Porous silicon nanowires are also biodegradable, 
a property that may enable their eventual application towards 
drug delivery and diagnostic imaging applications. 

 Porous silicon (pSi) particles of differing size, shape, orienta-
tion, concentration, and physico-chemical properties have been 
incorporated into multi-phase non-homogeneous composite 
biomaterials that consist of an enveloping polymeric matrix 
containing several second phase reinforcements in addition 
to the pSi particles. These variously shaped pSi inclusions not 
only serve to reinforce the matrix, but can also release biologi-
cally active molecules to initiate important recruitment and dif-
ferentiation cascades. With standard industrial silicon micro- 
and nanofabrication technologies, it is anticipated that poten-
tial scale-up and manufacture will not pose insurmountable 
problems. pSi is increasingly seen as a structural alternative to 
hydroxyapatite for bone replacement with many possible uses 
in orthopedic medical implants as bone graft substitutes, scaf-
folds for bone repair and regeneration, pastes for spinal fusion, 
and substrates for controlled drug delivery. 

 Finally, the accurate quantifi cation of low abundance and 
low molecular weight proteins given the high dynamic range of 
both protein quantities and sizes in vivo is one of the greatest 
challenges to the study of the human proteome. With the assis-
tance of MS-based technologies and biostatistical methods, we 
have developed nanoporous silica chips (NSC) for the capture 
and identifi cation of peptides and low molecular weight pro-
teins in complex biological samples, including human serum 
and plasma. NSC-based fractionation facilitates depletion of 
the abundant high molecular weight (HMW) proteins and pro-
motes enrichment of the LMW protein and peptide species. By 
fi nely tuning the pore size and the physicochemical properties 
inside the pores, we have demonstrated substantial control over 
the molecular weight cut-off. 

 The technologies noted in this review will undergird new 
classes of products that represent the vanguard of a new era in 
patient care. As medical researchers and engineers gain access 
to ever more leading edge R&D semiconductor facilities estab-
lished to maintain Moore’s Law, healthcare will join with the 
semiconductor industry in directing and investing in the broad 
advancement of nanofabrication that is already and will con-
tinue to transform society well into the 21 st  century.  
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