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The rational and directed delivery of genetic material to the cell is a formidable 

tool to investigate the phenotypic effects of gene expression regulation and a promising 

therapeutic strategy for genetic defects. RNA interference constitutes a versatile approach 

to gene silencing. Despite the development of numerous strategies the transfection of 

small interfering RNA (siRNA) is highly dependent on cell type and conditions. Direct 

physical access to the intracellular compartment is a promising path for high efficiency 

delivery independently of cell type and conditions. Silicon nanowires grant such access 

with minimal toxic effects, and allow intracellular delivery of DNA when actuated by 

atomic force microscope. These findings reveal the potential for porous silicon 

nanostructures to serve as delivery vectors for nucleic acids due to their porous nature, 

elevated biocompatibility, and biodegradability. 
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This dissertation illustrates the development a novel platform for efficient siRNA 

transfection based on an array of porous silicon nanoneedles. The synthesis of 

biodegradable and biocompatible porous nanowires was accomplished by a novel 

strategy for electroless etch of silicon that allows anisotropic etch simultaneously with 

porosification. An ordered array of cone shaped porous silicon nanoneedles with tunable 

tip size, array density and aspect ratio was obtained coupling this strategy with patterned 

metal deposition and selective reactive ion etch. This process also granted control over 

porosity, nanopore size and flexural modulus. The combination of these parameters was 

appropriately optimized to ensure cell penetration, maximize siRNA loading and 

minimize cytotoxic effects. Loading of the negatively charged siRNA molecules was 

optimized by applying an external electric field to the nanoneedles under appropriate 

voltage conditions to obtain a tenfold increase over open circuit loading, and efficient 

penetration of the siRNA within the porous volume of the needles. Alternative surface 

chemistry modification provided a means for effective siRNA loading and sustained 

release. siRNA transfection was achieved by either imprinting the nanoneedles array chip 

over a culture of MDA-MB-231 cells or allowing the cells to self-impale over the 

needles. The procedures allowed the needles to penetrate across the cell membrane 

without influencing cell proliferation. siRNA was successfully transfected and was 

effective at suppressing gene expression. 
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Chapter 1: Background and Significance 

OVERVIEW 
Cancer is a genetic disorder of somatic cells, where an accumulation of genes’ 

mutations result in the disruption of cellular regulatory pathways and determines the 

insurgence of malignant phenotype1. An improved comprehension of the biology of 

cancer is supported by constant progresses in the understanding of cellular functions and 

the effect that genetic mutations have on them. A crucial component to the investigation 

of cellular functions is the possibility to induce specific and controlled perturbation to 

cells2. The rational and directed delivery of genetic material to the cell is, at the very 

least, a formidable tool to investigate the effects of controlled genetic perturbation, if not 

a promising therapeutic strategy3-7. While delivery of replicating DNA is capable of 

restoring tumor suppressor genes or to study the effect of the introduction of an 

oncogene, it does not allow gene silencing8. Genetic knockout (KO) and gene silencing 

through antisense technology are two major strategies currently available to assess the 

effects of gene silencing9,10. Genetic knockout is an ex-vivo technique that provides 

permanent silencing of target genes without requiring sustained intervention. Its 

realization involves genetic engineering of cells, requiring complex strategies to achieve 

KO of multiple genes, or localized KO and not allowing transient silencing, or deletion of 

genes necessary for cell or organism survival. Thus, while KO has played and plays a 

fundamental role in the study of the effect of genetic deletions, it is laborious and 

severely limited in assessing emergent effects from combined or lethal mutations. 
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Antisense technologies, on the other hand, rely on the ability of nucleic acid 

sequences to target specific genetic material involved in the transcription and translation 

process to silence gene expression11. This mechanism allows antisense strategies to act 

transiently on gene expression, to suppress expression of cell survival genes, and to 

suppress multiple genes with a minimal increase in effort over single gene suppression. 

Among antisense strategies, antisense DNA oligonucleotides can be employed to either 

hybridize with complimentary mRNA to prevent translation through catalytic cleavage or 

to target complimentary DNA12. While this approach finds applications in specific 

experimental settings, its wider adoption is limited by poor efficacy and lack of 

specificity. Catalytic RNA constructs (ribozymes) also provide a strategy to silence gene 

expression, through a combination of activities including binding to mRNA, activation of 

RNAase through double stranded RNA recognition and their own catalytic activity13. The 

susceptibility of ribozymes to ribonuclease activity that they elicit for mRNA degradation 

constitutes a major limit to their stability and ultimately to the applicability of this 

strategy. Strategies that exploit RNA interference have recently emerged as promising 

improvements over antisense techniques10. These strategies exploit the RNA interference 

mechanism of eukaryotic cells, combined with the presentation of exogenous double-

stranded RNA, such as small interfering RNA, to provide gene silencing with high 

potency and very specific targeting over a wide library of genes.  

The promise that RNA interference based strategies in silencing gene expression 

is limited by their ability to reach the target action site5. Among the barriers en route to 

the site of molecular interaction, the cell membrane poses a major obstacle to the 
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intracellular localization of exogenous anionic molecules such as RNA strands. Despite 

the development of numerous biological, chemical and physical strategies to cross the 

plasmalemma, successful intracellular and nuclear delivery of nucleic acids remains 

highly dependent on cell type and conditions. This inherent variability in delivery 

efficacy constitutes a major barrier towards the precise control over cell function 

necessary to improve its understanding. Drawing from the strengths and shortcomings of 

physical delivery approaches such as patch clamping, electroporation and the gene gun it 

appears that direct, continuous and minimally invasive physical access to the intracellular 

compartment across the cell membrane can be a promising path to achieve higher 

delivery efficiency with more consistency over a wider range of cell types and 

conditions14. Growing cells over arrays of silicon nanowires can grant such access with 

minimal and controllable toxic effects15,16. Furthermore silicon nanowires, actuated by 

atomic force microscopy can delivery DNA to the nucleus of mammalian cells resulting 

in its expression17.While bulk silicon short term biocompatibility in a purely cellular 

environment is sufficient not to induce significant cytotoxicity, porous silicon (pSi) 

biocompatibility in the long term and its complete and harmless biodegradation process 

suggests an advantage over its solid counterpart for application in more complex 

environments18-22. Furthermore the porous matrix of pSi can mediate controlled release of 

payload, allow for its protection and preservation from the environment and through 

volumetric loading improve density of delivery payload23-26. The combination of these 

findings reveals the potential for porous silicon nanoneedles to serve as superior means to 

delivery nucleic acids across the cell membrane.  
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The remainder of this chapter provides a deeper understanding of the foundations 

on which the development of porous silicon nanoneedle arrays for delivery of siRNA is 

based.  

RNA INTERFERENCE 
RNA interference is a conserved biological response to gene sequence 

homologous double stranded RNA (dsRNA) that results in highly specific translational 

suppression of gene expression10. RNAi was first discovered in C. Elegans through the 

observation that introduction dsRNA ― in the gonad, by feeding or through bacteria 

engineered for its expression ― induced an epigenetic inheritable gene suppression 

tenfold higher than that of either sense or antisense single strand RNA11. The RNAi 

process has since then been observed in plants, fungi, unicellular organisms, metazoans 

and mammals, and biological pathways underlying dsRNA mediated transcriptional 

suppression are present in many eukaryotic organisms27-29. These observations lead to the 

understanding that apparently differing homology dependent gene silencing mechanisms 

observed across eukaryotic kingdoms share the same underlying biological process at the 

cellular level30. The currently known physiological functions of RNAi include (i) 

antiviral response, through targeting of viral RNA for destruction29; (ii) post-

transcriptional regulation of gene expression and31; (iii) epigenetic regulation of DNA 

resulting in control over chromatin expression32 and (iv) DNA elimination33.  

The mechanism for post-transcriptional gene regulation underlying RNAi 

response mediated by dsRNA is fairly well understood and requires at least two steps 

(Figure 1)30,34. In the first step the DICER RNase enzyme recognizes the dsRNA and 
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cleaves it into its active form: small interfering RNA (siRNA) constituted of double 

strands of 20 to 25 nucleotides in length with 2-nucleotide 3’ overhangs. The second step 

involves the action of the multiprotein RNA Induced Silencing Complex (RISC) 

composed of the Argonaute-2 catalytic site for siRNA, complexed with the Gemin-2 

helicase and the DICER ribonuclease. RISC separates the siRNA strands and selects the 

strand with the least thermodynamically stable of the 5’ to complex with Argonaute to 

form the mature RISC.35 The guide strand attached to Argonaute is used to recognize the 

target complimentary mRNA while the anti-guide siRNA strand is degraded by RISC36. 

Once the target mRNA has been recognized by RISC, ribonucleases proceeds to its 

degradation. Tapping the RNAi mechanism has demonstrated superior silencing potency, 

efficacy and specificity compared to exploiting antisense nucleotides10,37.  
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Figure 1 Schematic depiction of the process of RNA Interference. dsRNA is presented 
within the cell cytosol and recognized by DICER that cleaves it to the active 
siRNA form. RISC recognizes siRNA leading to the assembly of the mature RISC 
complex including the sense siRNA strand. The mature RISC complex recognizes 
the target mRNA and induces its degradation. Reproduced with permission from38 

Non specific silencing in RNAi 
Aside from the desired specific silencing effects, the use of long dsRNA in 

mammalian cells has been observed to activate sequence-independent immune response 

leading to non-specific inhibition of protein synthesis mediated by Protein Kinase R 
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(PKR) that overshadows the sequence-specific response39. PKR is a central component in 

the interferon defense pathway endogenously activated for antiviral response. Activation 

of PKR by autophosphorylation following dimerization is mediated by dsRNA acting as 

docking site for multiple PKRs40(Figure 2). The minimum length of dsRNA strands 

necessary for docking of multiple PKRs is 30bps. This finding suggests that employing 

siRNA strands typically 20-25 bp in length instead of long dsRNA will prevent docking 

of multiple PKR copies and mitigate interferon immune response. 

 

Figure 2The mechanism of PKR autopsphorylation activating the interferon cascade. 
Reproduced with permission from 41 courtesy of NPG 

Nonetheless siRNA has been observed to activate non-specific interferon 

response in a cell type dependent manner indicating that the RNA fragment threshold 

length that induces interferon response is not universal and most likely not uniquely 

dictated by the ability to dock multiple copies of PKR but is also related to specific 

sequences, motifs in the RNA strands as well as the mechanism of siRNA synthesis42. 

Chemically synthesized siRNA without immunogenic motifs administered to mice that is 

internalized by cells and shows detectable gene downregulation does not elicit an 

immune response43.  
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Small interfering RNA 
While endogenous siRNA can result from the activity of DICER on dsRNA 

originating from physiological gene expression, exogenous siRNA can be made available 

in the cell cytosol to mimic the effects of the endogenous one bypassing DICER. The 

efficacy of exogenous siRNA has been established in mammalian cell cultures for several 

days following a single administration44. Since DICER activity elicits non-specific 

downregulation of genes, exogenous siRNA is preferrable over cleavage of endogenous 

or exogenous dsRNA to mediate sequence-speficif gene regulation45,46. Exogenous 

siRNA can be made available to induce RNAi by the introduction of plasmid, viral 

vectors or synthetic duplexes47,48. Plasmids and viral vectors that express short harpin 

siRNA ultimately constitute an endogenous form for the expression of exogenous siRNA, 

while the direct delivery of synthetic siRNA is completely exogenous. Either intracellular 

expressed or exogenously delivered siRNA for specific targeting of a wide array of genes 

are available49. Viral or plasmid expression of shRNA is preferred for long term studies 

that require selectability through antibody targeting50. On the other hand synthetic siRNA 

is preferred for studies requiring direct visualization through labeling51. Furthermore 

synthetic siRNA can act following delivery into the cytosol, while viral and plasmid 

vectors require more complex and less efficient nuclear delivery strategies5. 

Double stranded synthetic siRNA is more potent than single strands at gene 

suppression11. Among single stranded siRNA, delivery of the sense strand resulted in 

silencing of target gene, while the anti-sense sequence alone did not activate the RNAi 

pathway. These results suggest that preservation of structural integrity of the double 
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stranded siRNA molecule is a more appropriate measure to evaluate its bioactivity than 

simply considering cytosolic residence time. The first synthesized siRNA were double 

strands of 21 nucleotides with 3’ overhangs of two nucleotides linked through 

phosphodiester bonds48. Since then chemical functionalization of the siRNA molecules 

has been widely explored to improve its stability by delaying or avoiding splicing leading 

to degradation due to the innate self-hydrolytic activity of RNA and the action of 

degrading enzymes52. These studies led to the understanding that the 5’ phosphodiester 

linkage on the antisense strand and the 5’ phosphate group on the sense strand, are 

necessary features for siRNA to induce mRNA silencing53,54. On the contrary the 3’ end 

of the antisense strand is susceptible to modifications without changes in activity, as well 

as the addition of a limited number of phorphorothiolate and boranophosphoborate 

linkages to substitute phosphodiester bonds55. Methylation, deoxylation, or fluorination 

of multiple 2’ residue, are tolerated and result in improved stability of the double 

stranded molecule in serum55. Fluorination and deoxylation have also been shown to 

improve affinity towards target mRNA55. Finally conjugations leading to increase in 

siRNA lipid partition coefficient, such as conjugation to cholesterol or dinitrophenol, 

maintains efficacy while resulting in more efficient delivery across cell membrane56.  

microRNAs (miRNAs) are another class of endogenous RNAs, that were 

discovered in C. Elegans to induce RNAi response57. While miRNA structure does not 

differ significantly from that of siRNA its ultimate acting methodology (Figure 3), its 

evolutionary origin, its formation and processing mechanism, and the set of genes that it 

endogenously target are drastically different58. Differently from siRNA, miRNAs 
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originate from long stem-loop structures (pri-miRNA) of RNA expressed from introns, 

exons or anti-sense of protein genes regions in the DNA59. These structures are spliced 

into pre-miRNA by the DROSHA enzyme RNase inside the nuclear compartment, and 

the exported in the cytosol where DICER converts them into miRNA, that eventually 

complexes with RISC and proceeds to target and arrest translation of mRNA. 

Furthermore, while siRNA sequence has exact complementarity with the target sequence, 

miRNA usually presents mismatch up to 4 bps. Most importantly while siRNA action 

results in the degradation of mRNA, the action of miRNA results in the arrest of mRNA 

translation, but not in its degradation, owing to the mismatch between miRNA and the 

target mRNA. The deeper understanding of miRNA origins and functions has provided a 

substantial contribution to the comprehension of the RNAi interference response and its 

role in cellular and developmental biology. 
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Figure 3 miRNA principle of action in comparison to dsRNA silencing mechanism. 
Endogenous expressed pri-miRNA is spliced into pre-miRNA by DROSHA, and 
exported from the nucleus, where it is recognized by DICER that cleaves it into 
miRNA. miRNA associates with RISC and induces translational repression of 
mRNA by targeting the 3’-UTR region. Reproduced with permission 
from60.courtesy of NPG 

GENE DELIVERY 
RNAi has proven to be an effective strategy to modulate gene expression and 

could be an important tool to investigate the inner working of cells by modulating gene 
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expression or for therapeutic intervention through silencing of dominant gain of function 

mutations5. However the introduction of foreign genetic material into a cell constitutes an 

act of aggression towards its genetic integrity, against which cells have evolved 

extremely effective countermeasures (among which RNAi). Delivery of genetic material 

is opposed in the extracellular compartment by the action of nucleases that rapidly 

degrade them into non-coding nucleic acids and that of immune system cells that 

recognize, uptake and degrade both long and short nucleic acid strands61,62. Another 

formidable barrier to delivery of genetic material is the cell membrane63. The strong 

anionic nucleic acid strains exhibit a low lipid partition coefficient, and thus cannot 

diffuse passively through the membrane. Needless to say, cells have not developed any 

active mechanism for internalization of genetic material. Due to the existence of such 

effective barriers, the unassisted delivery of naked double stranded RNA is extremely 

inefficient, requiring the adoption of delivery strategies to attain reliable cell uptake of 

exogenous genetic material. 

Viral Delivery 
Viruses have long been proposed as nanoparticle vectors suitable for drugs, 

vaccines and gene therapy, exploiting their unsurpassed receptor-binding ability and 

infection efficiency64. Since the evolutionary process has optimized viral vectors 

specifically to deliver foreign genetic materials within cells, they are a primary candidate 

for delivery of RNAi activating strands. The viral life cycle can differ among virus types, 

but is generally recognized to comprise six steps65. The virus initially attaches to the cell 

through specific recognition of membrane proteins, a mechanism evolved so that viruses 
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will infect only cells where they are replication competent. Viral attachment induces 

changes in the viral envelope leading to its fusion with the cell membrane. The virus then 

penetrates the cell by receptor mediated endocytosis and sheds its viral capsid through the 

action of either viral or host enzymes, resulting in the release of the viral nucleic acids. 

Replication then begins, with the formation of viral messenger RNA leading to the 

expression of viral proteins. The exact process of replication depends on the class of virus 

involved, but always requires interaction and hijacking of the cellular gene expression 

mechanism. This very ability of the viral construct to induce expression of its genes by 

the cell is what is exploited for the endogenous expression of exogenous nucleic acids in 

viral mediated delivery. Following replication the newly created viral structures assembly 

into new viruses and induce their release from the cell. Viruses have evolved different 

mechanisms for escaping cells following replication, ranging from cell lysis, to budding 

from the membrane. Replication defective viruses are employed for transduction that 

prevents spreading of infection and viral mutations. Furthermore viral capsids 

glycoproteins can be appropriately selected to attain cell recognition specificity to the 

vector, increasing its targeting potential. Oncolytic viruses have been engineered to 

replicate selectively within cancer cells and induce toxic effects such as cell lysis and 

apoptosis66. Adenoviruses are the most commonly used therapeutic models since their 

cell receptor binding mechanisms have already been actively investigated and their 

protein structure is well known67. Phase II clinical trial using DNA deleted adenovirus 

demonstrated a selective response in most patient with protein p53 mutant cancers68,69. 

Major limitations of the commonly used adenoviral vectors, capable of expression in 
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non-replicating cells, include transient expression, elevated immunogenicity, toxicity in 

high concentration, and residual expression of viral genes that could lead to replication-

competent viruses8. Different approaches employing retroviral vectors are limited to 

replicating cells, and by regeneration of replication competency, induction of insertional 

mutagenesis leading to carcinogenesis, and transient exogenous gene expression. 

Several different nanoassembled structures have been proposed that include the 

use of viruses, thanks to their regular geometries, well characterized surface properties 

and nanoscale dimensions70. Icosahedral plant cowpea mosaic Virus (CPMV) and Insect 

Flock-house Virus (FHV) are currently studied as suitable candidates for rapid dispersal 

within tumors thanks to their extremely small size great stability at various temperatures 

and pH and ease of extraction and purification. Virus assemblies such as CPMV-gold are 

studied for addressable nanoscale building blocks, CPMV-cysteine mutants gold 

attachment, fluorescein bound and biotinylated CPMV, CPMV chimeras as unique 

expression systems, and pegylation of CPMV for reduced immunogenicity application. 

Large scale network assembly of Quantum Dots (QDs) and Carbon Nanotubes 

(CNTs) with CPMV and mutant FHV have also been proposed71. Virus-CNT conjugates 

have shown enhancement of protein uptake without affecting cell toxicity, suggesting that 

such a network would be endocytosed more effectively. A major drawback to this 

approach is the severely limited loading capacity of viruses68. Networking different virus 

classes together may allow targeting different cells with different active principles within 

the same pathogenic site subsequently to a single receptor binding event from only one of 

the viral species.  
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Despite extensive investigation of viral vectors for drug delivery, and promising 

results in clinical trials, the FDA has not approved any virus-based therapeutics because 

of extreme toxicity widely reported in gene therapy66. Many retrovirus based vectors 

have proven to mutate and activate proto-oncogenes or inactivate tumor-suppressor 

genes. RNA based viruses have also shown high mutation rate which remove target 

specificity and lead to nonspecific cytotoxicity and enhanced side effects upon delivery. 

Moreover a virus delivery efficacy is directly proportional to its virulence in human 

tissues, which increases safety concerns. Most importantly, even though viruses are 

capable of delivering their payload efficiently to the cell nucleus, they are limited 

delivery of encoding material that will then endogenously express exogenous siRNA, and 

cannot delivery synthetic siRNA.  

Synthetic vectors 
Synthetic materials show promise as non-viral transfection mediators for 

siRNA72. To date the most successful synthetic vectors for in-vivo delivery are either 

lipid based, cationic polymer constructs or siRNA conjugates (Table 1) 

Table 1 List of synthetic vectors for in-vivo siRNA delivery. Reproduced with 
permission from 5. Courtesy of NPG 
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Lipid Vesicles 
Lipid nanodelivery systems include liposomes, the fist FDA approved 

nanovectors together with other structures such as lipid nanotubes73 and lipid 

nanospheres74. Liposomes are lipid bilayer nanoshells which form an inner separate but 

permeable compartment that can host and transport nucleic acids or drugs insulated from 
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the external environment. Liposomes may be synthesized through several different routes 

75(Figure 4) 

 

Figure 4 Schematic representation of liposome synthesis strategies. (1) Hydration with a 
buffer solution of intermediate pH. (2) Addition of strong acid to an alkaline 
micellar soap solution. (3) Addition of soap micelles into a buffer solution of 
intermediate pH. (5) Hydrolysis of water insoluble, non-bilayer forming fatty 
anihydirdes by a strong base or by an appropriate concentrated buffer solution of 
intermediate pH. (6) Extrusion of Multilamellar Vescicles to form Large 
Unilamellar Vescicles or sonication to form Small Unilamellar Vescicles. 
Reproduced with permission from75. Courtesy of CRC press. 

The concentration of fatty acids in solution is key to the formation of liposomes 

instead of micelles or lipid layers. Extrusion through polycarbonate membranes forms 

liposomes larger than 70nm with high monodispersity and good stability, while 
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sonication allows the formation of liposomes as small as 40-50nm but with increased 

polydispersion. sonicated liposomes tend to coalesce and revert back to larger size within 

hours of their formation. Liposomes stability is also extremely dependent on 

environmental pH: high pH induces liposomes conversion into micelles, while low pH 

tends to form oil droplets. Only a narrow region at intermediate pH allows for stable 

existence of liposomes.  

Several liposome carried drugs are already approved for clinical use in the US. 

Most of the liposome formulations approved for human use contain the lipid 

phosphatidylcholine with fatty acyl chains of varying lengths and degrees of saturation, 

as a major membrane building block76. A fraction of cholesterol (30 mol%) is often 

included in the lipid formulation to modulate rigidity and to reduce serum induced 

instability caused by the binding of serum protein to the liposome membrane. Several 

parameters affect liposome efficacy as delivery system. Surface charge can vary 

depending on the head group composition and pH77. The nature and density of charge on 

the surface of the liposomes influences stability, kinetics, biodistribution, as well as 

interaction with and uptake of liposomes by target cells. Liposomes with a neutral surface 

charge have a lower tendency to be cleared by cells of the reticuloendothelial system 

(RES) after systemic administration and the highest tendency to aggregate. Negatively 

charged liposomes reduce aggregation and display increased stability in suspension but 

are characterized by a higher nonspecific cellular uptake, RES uptake and 

immunogenicity78. Liposome surface is extremely important in its interaction with 

surroundings. Functionalization techniques to reduce aggregation and RES sequestration 
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have been developed78. The most successful and commonly used method is PEGylation. 

Poly(ethyleneglycol) (PEG) chains of different lengths are chemically conjugated to the 

terminal amine of phosphatidylethanolamine. Under these conditions, liposomes can 

encase both lipophilic and hydrophilic molecules in a stable manner, while avoiding RES 

uptake. Unfortunately PEGylated liposomes are also characterized by a lower target 

recognition capability80.  

Liposome membranes exhibit a well-ordered or gel phase below the lipid phase 

transition temperature (Tc) and a disordered or liquid phase above the Tc. The maximum 

membrane leakiness is observed at Tc81. Tc varies depending on the length and nature 

(saturated or unsaturated) of the fatty acid chains. Bilayers fluidity can be controlled by 

selection and combinations of lipids. For instance, incorporation of cholesterol at a low 

concentration into the bilayer leads to an increase in the transmembrane permeability, 

whereas incorporation of higher amounts (>30 mol%) of cholesterol can eliminate phase 

transition and decrease the membrane permeability at a temperature larger than Tc82. 

Liposome clearance and systemic distribution is also influenced by liposome size. 

RES uptake increases with increase in size83. The upper size limit for long circulating 

liposomes is found to be 150-200nm84. Moreover larger particles tend to remain in the 

middle of blood vessel thus both reducing their chances of target encounter and 

recognition and their distribution to smaller vasculature85. 

Several studies are trying to develop efficient methods for liposome active target 

recognition, most of them relying on the use of chemically coupled ligands expressed on 

the liposome membrane such as antibodies, growth factors, cytokines, hormones, and 
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toxins76. Initial targeting experiments using antibody expressed on PEGylated liposomes 

demonstrated that PEG may interfere with target cell binding83. Additional studies 

suggested that PEG length is a crucial parameter for active targeting liposomes86. 

 Lipids structures for gene delivery can be assembled with either nucleic acid as 

the internal payload or dispersed among the lipids. Over 20 years ago, the first purely 

cationic lipid constructs, such as those based on N-[1-2,3-dioleyloxypropyl]-N,N,N-

trimethlylammonium chloride (DOTMA) were successfully employed for the delivery of 

DNA or RNA into mouse, rat and human cells. Other cationic liposomes formulated 

starting from 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP) are currently 

widely employed for siRNA delivery in-vivo. DOTAP formulations have shown to 

enhance delivery to tumor in-vivo and specificity towards both primary and metastatic 

cancers87. Over time DOTAP based formulations have been substituted by other cationic 

lipids that increase transfection efficiency while reducing toxicity. In fact cationic lipid-

siRNA constructs have been shown to elicit systemic interferon response while 

administration of the liposome or siRNA alone only resulted in low levels of serum 

interferon88. 

More recently, neutral liposomes, such as those based on dioletyl-glycero-

phospadylcholine (DOPC) were successfully employed to delivery siRNA in vivo. 

Neutral liposomes can be loaded with up to 65% with siRNA and maintain stability for 

over a month89 and result in a 10-fold increase in delivery efficiency over cationic 

liposomes, and 30-fold improvement over naked siRNA. Sustained delivery of siRNA in-

vivo was achieved over a period of a month through a multi-stage delivery system based 
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on porous silicon vectors containing DOPC liposomes loaded with EphA2-siRNA for 

treatment of advanced ovarian cancer. This system also exhibited tumor burden reduction 

comparable to that of multiple daily injections of DOPC-siRNA24. 

More complex formulations are represented by stable nucleic acid lipid particles 

(SNALPs): liposomes formed by combination of neutral and cationic lipids liposomes 

complexed with siRNA. These vectors exhibited encapsulation efficiency over 90%, and 

targeted the spoB gene for treatment of hypercholesterolemia. The silencing effect of 

SNALPs encapsulated siRNA was a 100-fold improvement over cholesterol-conjugated 

delivery.90 

Liposomes to date remain the most popular delivery agents for siRNA, even 

though concerns about their safety remain. Cationic lipid particles have shown toxic 

effects both in vitro and in vivo88,91, and synthetic lipids have been able to induce their 

own gene signature contributing to non-specific siRNA gene silencing92,93. 

Polymers 
Polymer materials exhibit several valuable properties for nucleic acid delivery use 

among which biocompatibility, biodegradability and ease of functionalization. 

Therapeutic molecules can be incorporated through functionalization and structural 

manipulation of the polymer. Such encapsulation or entrapment allows for a greater 

control of pharmacokinetics allowing the payload can be released with a more ideal, zero 

order kinetic profile in contrast to the usual first order kinetics observed for orally 

administered drugs94. Comparison of an orally taken anti-inflammatory agent release 

using a macroporous copolymer versus a nanochannel endowed microporous copolymer 
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show in the first case an initial release burst followed by a first order kinetics, while the 

nanocarrier steadily releases the drug in near zero-order fashion95.Molecules are usually 

coupled to polymers through sequestering, conjugation and micelle formation.(Figure 5) 

 

Figure 5 Different strategies for drug-polymer interaction. Reproduced with permission 
from 95, courtesy of NPG. 

Biodegradable polymer nanoparticles are now being produced through mold 

replication, colloidal lithography, interfacial polymerization, nanoprecipitation, multiple 

solvent emulsion evaporation, nanoimprinting and electrospinning94. A number of 

different polymers, both synthetic and natural, have been used to formulate biodegradable 

nanoparticles. While synthetic polymers have the advantage of sustaining the release of 

the encapsulated therapeutic agent over a period of days to several weeks compared to 

natural polymers which have a relatively short duration of drug release, they are in 
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general limited by the use of organic solvents and relatively harsher formulation96. 

Nanoparticles, typically made of polylactic acid (PLA), polyglycolic acid (PGA) or 

copolymers of PLA and PGA (PLGA) are being investigated for the delivery of proteins 

and genes, vaccines, anticancer drugs ocular drugs and cytokines. As polyesters in nature, 

these polymers undergo hydrolysis upon implantation into the body, degrading into 

biologically compatible and metabolizable molecules: lactic acid and glycolic acid, which 

are removed from the body through the citric acid cycle. They have been tested for 

toxicity and safety in several animal models, and are currently used in humans for 

resorbable structures, bone implant and screws, and contraceptive implants 97,98 The 

payload entrapped in PLGA matrix is released through diffusion in the polymer matrix99. 

Changing the block copolymer composition and its molecular weight allows varying the 

polymer degradation rate, and thus the release of the encapsulated therapeutic agent in a 

range spanning from days to months.   

Environmentally sensitive smart polymers have recently been used to achieve 

delivery in the cytosol through pH or temperature dependent remodelling processes 

following endocytosis by designing a polymer that has monomers which change their 

wettability when exposed to the acidic condition present in the endosome. Human 

Erythrocytes membrane disruption has been shown by poly(acrylic) based polymers in an 

hemolytic assay, demonstrating endosomal distruption100. Enhanced oncogenes silencing 

gene transfection efficiency has been proved in an enzymatic assay using 

poly(ethylacrylic acid) incorporated into liposome carriers thanks to its pH-sensitivity101. 
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Cationic polymers constitute viable vectors for the delivery of siRNA. Their 

efficiency as transfection agents is due to their ability to bind and condense nucleic acids 

into stable particles102,103.Cationic polymer also stimulate nonspecific endocytosis and 

endosomal escape acting as a proton sponge that buffers the low pH in the endosomes 

leading to an increased osmotic pressure that causes endosomal rupture104,105. Both 

synthetic such as dendrimenrs, polylisine and polethylenemine as well as natural 

polymers such as chitosan and atelocollagen have been successfully employed for 

systemic siRNA delivery. Atelocollagen (ACOL) derives from pepsin treatment of type-I 

collagen, resulting in lowered immunogenicity, while preserving biodegradability and 

high biocompatibility. 1:1 siRNA:ACOL complexes systemically delivered resulted in 

80-90% inhibition of gene expression in a mouse model of metastatic bone106. A delivery 

system based on cyclodextrin containing polycations (CDP) also showed effective siRNA 

delivery. CDP was complexed to transferrin through PEG linkers in order to target 

transferrin receptors. siRNA was added to the complex at a charge ratio of 3:1 +/- in the 

presence of glucose. In a metastatic mouse model employing TC71 cells, this system 

demonstrated targeting towards the tumor, resulting in reduced expression of EWS-FL1 

gene and tumor growth inhibition. Non-targeted complexes on the contrary were unable 

to influence tumor growth rate. CDP systems are safe and induce low immunogenicity 

without interferon response, even in the presence of immunostimolatory siRNA motifs107 

Polethylenemine (PEI) is the most employed synthetic polymer for the delivery of nucleic 

acids. Its transfection efficiency can be modulated controlling its structure and molecular 

weight, as well as the amine to phosphate ratio (N/P, +/-) within the polymer, and the 
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quantity of complexed nucleic acids. PEI is frequently employed for local siRNA 

delivery. Intrathecal complexes of PEI and siRNA can selectively silence pain receptors 

in rats over the course of 7 days108. Subcutaneous tumors in mouse models have also been 

treated by intraperitoneal administration of siRNA complexed to PEI. Small interfering 

RNA was delivered intact to the tumor and resulted in reduced tumor growth and 

suppression of HER2 expression109. PEI toxicity at high doses and with increasing 

molecular weight as well as its non-specific interaction with serum components poses 

serious concerns about its viability as siRNA delivery system110-112 

Physical delivery methods 
Physical methods for delivery of nucleic acids include electroporation, particle 

bombardment (gene gun), micro- and nano-injection, and the recently developed strategy 

of impalefection113-116.  

Electroporation 
Electroporation is the transient increase in cell membrane permeability due to the 

application of an external electric field. It is an established technique for in-vitro 

introduction of molecules across the cell membrane117. Transient formation of pores 

within the membrane occurs when an externally applied voltage exceeds a threshold 

(usually 0.2-1V depending on cell)115. Electroporation allows the use of naked siRNA 

eliminating the side effects associated with delivery vectors. E Neumann in 1982 first 

demonstrated DNA introduction into cells by means of an applied electric pulse117.  Cells 

in suspension mixed with free DNA were placed in a custom made tank and the desired 

voltage pulse applied. Later standard gel electrophoresis systems were employed to 
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deliver a short-circuit exponentially decaying electric pulse through a similar DNA and 

cell suspension, that could effectively induce transient pore formation118. Square wave 

pulses and more complex strategies were then developed en route to the currently most 

popular electrotransfer method. Several microfluidic systems are under development for 

high throughput electroporation of single cells119, or to reduce the amount of nucleic 

acids necessary for efficient transfection. Recently a microelectrode array system have 

been employed for localized, patterned siRNA delivdery through electroporation, as a 

strategy for the realization of RNAi screening microarrays119. While electroporation, 

analogously to other physical methods is largely independent of cell type and can deliver 

a large library of nucleic acids, it is associated with elevated cytotoxicity resulting from 

the increased membrane instability that could lead to its loss of integrity and rupture. 

Furthermore the increased membrane permeabilization is associated with free flow of 

ions resulting in a potentially fatal loss of the homeostatic ionic ratio 120 

Ballistic delivery 
The technology for particle bombardment delivery of nucleic acids originated as 

physical gene transfer methods in plants, where the cell membrane constitutes an 

impermeable barrier to viral or chemical delivery systems113. It has then developed as a 

successful strategy for gene delivery to bacterial and mammalian cells in vitro, ex vivo or 

in vivo121,122. As with all physical strategy, it seeks the direct delivery of naked nucleic 

acids into the target cell. Nucleic acids are conjugated or associated to the surface of 

micro- or nano- particles that are accelerated at high velocity to penetrate across the cell 

membrane, thus delivering naked biomolecules to the intracellular compartment, without 
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requiring endosomal escape. The commonly employed Sanford gun consists of a 

pressurized upper chamber divided from a lower chamber at ambient pressure by a 

diaphragm123. Within the lower chamber a projectile is present in front of a membrane 

that supports metal nanoparticles coated with the genetic material. When the diaphragm 

is torn, it propagates a shock wave from the upper chamber that hits the membrane on the 

lower chamber, projecting the projectile towards the nanoparticle supporting membrane, 

and propelling the nanoparticle forward towards the target cells. The particles velocity is 

sufficient to puncture the cell membrane and penetrate the cell, where the payload is 

released and eventually diffuse into the nucleus if necessary. Helium driven guns are now 

capable of delivering genes in-vivo to the skin layer or the layers immediately beneath124. 

Gold micro- and nano-particles are the preferred delivery projectiles due to simple, 

reproducible and controllable synthetic process, coupled with their elevated 

biocompatibility125.  Bombardment allows for high throughput localized delivery of 

nucleic acids but the DNA entry pathway is difficult to control through this strategy, 

limiting its application mostly to adherent cell cultures14. Ballistic systems also allow 

directed and localized delivery, and are thus employed when targeting exclusively a 

subset of cell cultures. Among in-vivo applications, systemic use is not well suited to this 

delivery mechanism but localized, high throughput delivery can be advantageous and is 

widely employed in DNA vaccination to the skin or muscle layers, that requires limited, 

local expression of the delivered plasmids to achieve the required immune response124,126. 

Ultimately, the metal nanoparticles employed for the delivery do not degrade within cells, 

and pose concerns about their potential toxicity and mutagenicity in the long term.127 
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Injection 
The direct injection of naked nucleic acids into the nucleus of a cell is the most 

conceptually simple approach to gene delivery. Microinjection, while being extremely 

precise and allowing for elevated transfection efficiency, is a sequential approach 

requiring treatment of one cell at the expense of throughput128. While microinjection is 

nonetheless appealing for delivery of recombinant nucleic acids or for production of 

transgenic organisms, where successive natural or induced cell expansion can offsets the 

low throughput of the system, it is not a viable strategy for delivery of synthetic siRNA to 

cell cultures and is even less suitable for in-vivo delivery113,129. A MEMS based approach 

allowed the realization of an integrated microinjection system capable of deliverying 

dsRNA to D. Melanogaster embryos130. Such system provided efficiency comparable to 

standard microinjection approaches while increasing throughput and eliminating 

operator-dependent variability from the process. Integration of piezoelectric actuation 

into MEMS microinjectiors allowed reduction of the force necessary to penetrate cells 

from hundreds of µN to few µN, with and associated reduction in cell deformation during 

penetration, that can potentially reduce the cytotoxic effects associated with 

microinjections131. Other hollow microneedles systems have been realized for 

microinjection to adherent cells with success rates comparable to human operators, and 

capable of injecting 25 cells per minute in semi-automatic fashion132. In general 

microinjection systems relying on hollow channels for payload delivery have been 

limited by the high rate of channel clogging. Recently, nanoinjection, through solid 

silicon nanoneedles actuated by atomic force microscope, has successfully delivered 
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plasmids to mesenchymal stem cells17,133. The advantage of this approach over 

microinjection lies in the reduced cell mortality rate due to the smaller membrane 

disruption and the significantly lower force required for penetration (2nN). The 

nanoneedles system also provides simpler manipulation of small, flat cells that are hardly 

accessible through microinjection. Nonetheless, the payload to be delivered is 

temporarily associated to the surface, and its release kinetics in cell culture requires 

operating times shorter than 3 minutes, severely limiting the range of applications. 

Furthermore biofouling of the needles with intracellular material occurs, requiring 

cleaning after each injection. 

Impalefection 
A further step along the road of direct nucleic acid injection within cells is the 

impalefection strategy115,134. While microinjection strategies attempt to delivery  Arrays 

of carbon and silicon nanowires have been employed to deliver nucleic acids within cells, 

cultured upon the array structure. Efficient delivery was achieved, with associated 

cytotoxicity determined by the size of the wires15. Wire diameter was inversely correlated 

with cytotoxicity, with smaller wires leading to reduced cytotoxicity. A cytotoxicity 

threshold around 400nm was established for silicon nanowires. Array density was not 

shown to affect cytotoxicity, but did determine whether the cells would grow atop the 

nanowire forest or at the base15,16 . In many cases while delivery proved efficient, 

expression or ultimate efficacy was significantly limited due to the necessity to 

covalently link the biomolecules to the wire structure in order to avoid their release in 

solution before transfection could occur. 
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BIOMEDICAL APPLICATIONS OF SILICON 
The processing and manufacturing technology of silicon in the field of electronics 

has long reached a mature stage where (i) production is replicable with high fidelity and 

yield on a large scale (ii) characterization is sophisticated, reliable, straightforward and 

comprehensible, and (iii) the nanotechnology milieu has been reached and pushed to its 

extremes. This technological maturity in the field of electronics has already been 

successfully translated in more application-neutral devices realizing an expansive set of 

modular sensors and actuators at the micro- and nano- scale135,136. The scalability, 

precision and reproducibility that characterize silicon manufacturing possess an innate 

value in the translational process from experimental settings to the clinic. These, among 

many other reasons, explain the great interest in designing and realizing silicon based 

devices for biomedical applications and strenuous research efforts are undertaken to 

improve the understanding of the interaction between silicon based system and biological 

environments. 

The initial exploration of silicon based sensors and Micro Electro Mechanical 

System (MEMS) ex vivo dates to the beginning of the 1980s and resulted in the 

realization of prototypical systems for pressure sensing, analytical tools for blood 

chemistry determination, miniaturized systems for flow cytometry, and electrophoresis 

devices137. Following these efforts, the term ‘BioMEMS’ was coined to describe the 

combinatorial library of silicon based tools developed for the exploration, understanding 

and manipulation of biological systems138. Exploiting and combining the basic toolset 

provided by the translation of silicon technology in bioengineering extremely 
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sophisticated devices have now been made available: microcantilevers capable of 

specifically detecting and quantifying analytes at picomolar concentrations in high noise 

environments as well as the several ‘Lab-on-a-Chip’ devices capable of scaling into a 

compact chip format the entire collection of protocols required to extract meaningful and 

quantitative information from a biological sample with significant reduction of time, cost 

and resources requirements over conventional biological assays 139. 

Silicon is also widely investigated for the realization of implantable and 

transdermal devices for sensing or drug delivery applications. Subcutaneous arrays of 

individually-addressable microreservoirs for metronomic release of drugs have been 

realized and are undergoing pre-clinical testing140,141. Silicon chips equipped with drug 

reservoirs feeding into hollow microneedle arrays have shown promising clinical trial 

results for transdermal delivery of drugs142. Notwithstanding the great progresses made in 

conceiving and realizing sophisticated silicon based devices that show great promise for 

in-vitro, in-vivo and ex-vivo applications, major hurdles to their successful application 

are posed by the limited biocompatibility of silicon and its lack of biodegradability143. 

POROUS SILICON 
In the mid 1990s, a seminal study hinted at the possibility of improving silicon 

biocompatibility and controlling its bioactivity and biodegradability by making it 

porous144. Canham et al. reported that porous silicon, (pSi) depending on its porosity, 

either dissolved in simulated physiological conditions, or induced the nucleation of 

hydroxyapatite crystals, in a process analogous to that of bone formation. Porous silicon 

results from porosification of bulk silicon by means of electrochemical etch, stain etch or 
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the recently observed process of metal assisted etch145-147. Ulhir and Turner 

independently, first observed the formation of porous silicon by electrochemical etch 

some 50 years ago, while experimenting improved conditions for electropolishing of 

silicon surfaces148,149. Unknown to them, the anodic electrochemical processing of silicon 

in an organic solution of Hydrofluoric acid (HF) resulted in the porosification of the 

silicon surface, instead of its polishing. Porous silicon technology remained undeveloped 

for lack of apparent applicability until 1990, when Canham discovered its 

photoluminescence properties, and shortly thereafter electroluminescence and 

chemoluminescence were observed150. These discoveries raised enormous interest in the 

optoelectronic community as a potential solution to the search for a fully silicon 

compatible photonic material. Nowadays, more than 20 years following its discovery pSi 

performance remains too limited for employment into any functional optoelectronic 

device. Chiefly no viable solutions have been found to overcome pSi poor optical 

efficiency and long-term instability. 

Electrochemical etch of bulk silicon wafers is the most developed and employed 

method for the realization of porous silicon structures. The alternative approach of stain 

etch is relegated to niche and fundamental science applications, where the purely 

chemical and significantly slower process can provide an advantage allowing the 

realization of films as thin as 25Å147. In stain etch, the silicon substrate is exposed to a 

dilute solution of HF or nitric acid, or combination thereof that slowly catalyzes the etch 

of silicon. Major disadvantages of this approach include lack of reproducibility, and 
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uniformity in the porous structure caused by the sustained porosification and etch across 

the entire porous network.  

During electrochemical etch pSi forms by anodic dissolution of silicon in a 

solution containing HF151. In a typical procedure a bulk silicon wafer is immersed in a 

tank containing an aqueous or organic solution of HF. An HF resistant cathode, usually 

made of a noble metal, is placed in solution while the silicon wafer acts as the anode152. 

Porosification occurs for the entire duration of the anodic etch. The properties of the 

porous structure: (i) pore size, (ii) pore length, (iii) pore morphology, (iv) pore orientation 

and (v) porosity are determined by three main parameters: (i) current duration and 

intensity, (ii) doping type and concentration of the Si substrate, (iii) composition and ratio 

of the solution. Most commonly an aqueous solution of HF, H2O and ethanol is 

employed. The role of ethanol in this solution is simply to act as a surfactant, reducing 

surface tension and allowing penetration of the solution into the newly formed pores, 

while allowing escape and evolution of the gases formed by the etch process.  

The details of the mechanism by which silicon is etched and porosified are still 

widely debated153. Nonetheless a general and basic understanding of the anodic 

dissolution process of silicon in the presence of hydrofluoric acid in aqueous solution has 

been reached. All currently accepted dissolution mechanisms evidence the presence of 

two steps. An initial electrical steps, which requires excess positive charge carriers 

(holes) to be supplied from the substrate, is followed by a chemical step where the 

substrates in solution react with the silicon surface activated during the electrical 

step145(Figure 6). In aqueous solution the anodic dissolution of silicon can proceed along 



 34 

two competing pathways. The initial electrical step is shared by both pathways and 

results in the substitution of two H terminal atoms at the Si surface with fluoride ions 

originating from the solution. In this step, for each H atom substituted with an F- at the 

surface a hole must be provided from the semiconductor for charge neutralization and 

stabilization of the SiF bond. Following the electrical step, the chemical dissolution step 

for the first possible pathway (pathway 1) consists in the cleavage of the Si-SiF2 bond by 

direct reaction with HF in solution. This process results in the fluorination of a Si atom to 

form SiF4, which is then stabilized in solution into silicon hexafluoride ions [SiF6]
2-. This 

pathway is described as the direct dissolution path, since the Si atom at the surface reacts 

directly with the HF in solution. Alternatively the chemical step in the second possible 

pathway (pathway 2) consists in the oxidation of the Si-SiF2by reaction with H2O, 

resulting in Si-O-SIF2bonds that can be attacked by HF to form SiF4 that again stabilizes 

in solution as [SiF6]
2-

. To compensate these reactions, formation of H2 occurs which 

escapes to the surface in gaseous form. The first pathway leads to the direct dissolution of 

silicon, while the second one is an indirect dissolution process. Pathway 2 forms a 

passivated Si surface whose removal rate is heavily determined by the concentration of 

HF in solution. It is proposed that the final properties of the porous structures are 

determined by the relative ratio between the two pathways, with pathway 1 begin reaction 

limited, faster and leaning towards smaller pores and faster etch rates, while pathway 2 

being diffusion limited and slower leans towards larger pores and slower etch rates. 

Theoretical models suggest holes supply depletion within the porous structure due to 

quantum confinement of the Si structures leading to an increase in resistivity154. This 
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depletion represents a limiting factor for the electrical step in the porosification process 

and thus result in almost absent porosification of the already porous structure. 

Experimental data supports this hypothesis, indicating that porosification occurs almost 

exclusively at the interface between the bulk and porous structure, and pore enlargement 

or pore branching are minor, residual effects. 

 

Figure 6. Competing dissolution mechanisms for porous silicon electrochemical etch in 
aqueous solution. Following the initial shared electrical step, chemical pathway 1 
leads to the direct dissolution of Si by hydrofluoric acid, while the indirect 
pathway 2 results in its oxidation followed by HF attack. Adapted from 145 

While the basic understanding of the dissolution process of Si in HF has been 

understood, the currently proposed models widely disagree over the reason for pore 

formation over polishing and the factors determining the characteristics of the porous 
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structure. Quantum confinement, local curvature of the surface, anisotropies of the 

crystalline lattice, size of surface space charge or combination of the former, together 

with many other effects have been proposed as the factors determining pore formation, its 

morphology, density of pores and their mutual orientation145. So far none of these 

theories has gathered sufficient experimental evidence to achieve a consensus. 

Since valid models for the porosification process are lacking, there are no 

overarching predictive guidelines to assess the porous structure that will result from a set 

of specified etch parameters. Nonetheless several rules guided by experimental evidence 

have condensed into a set of guidelines, which coupled with iterative trial and error 

processes allow obtaining structures with specified porous morphology151. However 

challenging it may be to reach the suitable set of parameters that provide the desired 

porous structures the electrochemical etch process does not possess any inherent 

instability and once the desired parameters have been assessed, batch to batch 

reproducibility is absolute. 

Silicon doping character (dopant type and concentration) is one of the three key 

parameters influencing pore size, structure and porosity155. As previously mentioned only 

heuristic rules can be provided. The first fundamental distinction is between p-type and n-

type doped silicon. P-type silicon is doped to achieve an excess of positive charge 

carriers (holes) which are exactly the ones required for the dissolution process, while n-

type silicon is doped to achieve an excess of negative charge carriers (electrons) which 

readily recombine with free holes that are transiently formed, resulting in a low density of 

holes. In fact the porosification process of p-type silicon is indifferent to the 
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photogeneration of holes at the surface, and the resulting structures are identical 

regardless of the illumination state of the silicon wafer. Contrary, n-type silicon is highly 

susceptible to the formation of holes by photon absorption, and UV illumination can 

significantly alter the porous structure. As a general rule n-type wafers of same doping 

concentrations and etched under the same conditions tend to have lower porosity than 

their p-type counterpart. Furthermore, independently of the details of the etch process (be 

it electrochemical, stain or metal-assisted) the width of pore size distribution increases 

with increasing average pore size155,156 

The crystalline orientation of the surface exposed to the solution is another crucial 

factor that determines the morphology of the porous structure145. There are two observed 

pore formation regimes: (i) crystal oriented pores and (ii) current lines oriented pores. 

Crystal oriented pores grow along the (100) direction of the Si crystal lattice, while 

current line oriented pores grow towards the source of holes, along the direction of 

current lines. When (100) wafers are employed to form continuous porous layer, the 

(100) orientation is also the direction of current lines, and thus usually no conflict occurs, 

and pores oriented orthogonal to the surface are observed. However when the wafer 

surface differs from the (100) pore orientation depends on the detailed etch conditions, 

with pores orienting either along the (100) direction, along the direction of current lines, 

or switching repeatedly between those orientation, originating chaotic, branched porous 

layers. In general higher current densities lead to a prevalence of current oriented pores, 

as it induces a higher anisotropy in the distribution of holes than the one determined by 

the spatial anisotropy of the valence and conduction bands. 
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Once the selection of wafer doping type and concentration roughly determines the 

accessible pore size and porosity range for the resulting porous structure, the HF 

concentration determines a sub-range of accessible parameters. Generally lower 

concentrations of HF form pores of larger diameter145,151. Current density is the last of the 

three key parameters that influence pore morphology. This parameter is the most flexible 

and simple to tune, and while it is impossible to change dopant characteristics during the 

etch, and inconvenient to change the composition of the solution, current density can, and 

often is, varied during the etch process. When all other parameters are fixed, current 

density is positively correlated with pore size. Uniform layers with uniform porous 

structure are obtained when a constant current density is applied for the entire duration of 

the etch process. In contrast, it is often desirable to produce multilayer porous silicon 

structures that exhibit emergent photonic properties for sensing applications, or for drug 

delivery applications, that are optimized for specific payloads and have different inherent 

degradation rates 23,26,157. Those multilayered porous structures are obtained modulating 

the current density during the etch158. Since porosification occurs exclusively at the 

interface between the porous layer and the bulk material, the local porous structure is 

exactly determined by the current density applied when the interface crossed the position 

of interest. For every set of doping properties and solution composition there is a 

characteristic current-voltage profile that share some common features145 (Figure 7). The 

formation of stable porous silicon layer is obtained in the initalexponential region, 

followed by an intermediare regime until the highest current density level (J1). In this 

intermediate regime the formation of highly porous, discontinuous and unstable layers is 
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observed. For voltages higher than that associated with J1 current density drops to an 

almost constant level (J2) and a purely electropolishing regime is established whereupon 

instead of pore formation, removal of entire silicon layers occurs. The presence of these 

three regimes is often exploited in the formation of release layers, either through 

electropolishing or unstable layers that allow detachment of the porous silicon film from 

the bulk silicon substrate. 

 

Figure 7 Typical current–voltage curve for pSi electrochemical etch. Reproduced with 
permission from 145 

The electrochemical etch process thus shows great versatility in the selection of 

the characteristics of the desired porous structure. Porosities in the range from 20% to 

over 90% are accessible with this methodology as well as pores ranging from the 

microscale (few Armstrong) to the mesoscale (nanometers) and eventually to the 

macroscale (tens of microns). Even though the absence of predictive rules to establish the 

outcome of applied etch parameters at first can appear as a major drawback of 
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electrochemical etch, the phenomenological guidelines can very act as starting point for 

the exploration of the parameter space and limit the amount of iterative trials required to 

obtain the desired structures. Furthermore the total reproducibility of the structure, once 

the desired parameters are set, in the long run offsets the necessary preliminary 

exploration. 

Metal assisted electroless etch 
The field of metal assisted electroless etch (MAEE) of silicon is relatively 

young159. The MAEE process consists in the wet anisotropic etch of Si underneath metal 

nanoparticles, when placed in an oxidizing solution of HF. The first report on the ability 

to anisotropically etch silicon by means of metal nanoparticles was published in 1997. 

Since then a vast library of silicon nanostructures have been realized by metal assisted 

etch146,160-162. MAEE allows to obtain silicon nanowires and associated structures at a 

fraction of the cost of the most commonly employed method of vapor-liquid-solid (VLS) 

deposition, and in less extreme environmental conditions. Furthermore MAEE allows 

selection of several parameters of the resulting silicon structure that cannot be controlled 

by VLS. Since MAEE is an etching technique while VLS is a deposition technique, by 

simply selecting a silicon substrate with desired crystalline orientation, doping type and 

concentration, those characteristics will be translated into the resulting nanostructures. 

Furthermore in MAEE a wide selection of shapes for the Si nanostructure is possible, 

since the etch replicates the shape of the particles deposited on the silicon while VLS is 

mostly limited to circular cross sections. In MAEE the Si substrate is covered with a 

discontinuous film of noble metal usually either by physical vapor deposition (Sputter 
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coating, evaporation) below the continuous layer threshold or by nucleation of noble 

metal nanoparticles by galvanic displacement on the Si surface163-165. The substrate is 

then transferred to a solution of HF and an oxidizing agent (usually hydrogen peroxide) 

where the metal catalyzes etching of the silicon lying underneath it. At, or in close 

proximity to the metal site, the electrochemistry is accelerated by the catalytic effect of 

the metal. Thus the regular process of stain etch of Si in HF, is accelerated by the 

presence of the metal. The metal acts as both anode and cathode to mediate the 

electrochemical etch of Si. The most accepted cathode reaction involves the reduction of 

hydrogen peroxide 159,166 ���� + 2�� → 2��� + 2ℎ. This reaction provides excess 

positive charges, which can be employed to oxidize the metal atoms into metal ions, 

capable of mediating the anodic reaction of silicon dissolution. Analogously to the 

electrochemical etch process, in the anode reaction instead HF is involved, leading to the 

dissolution of Si that enters the solution in fluorinated form. The most widely accepted 

anode reaction is 
� + 4ℎ + 4� → 
�� + 4�� followed by the stabilization of silicon 

in solution into silicon hexafluoride 
�� + 2� → ��
��
167. The role played by the 

metal in this process is that of catalyzing the charge transfer of holes from the solution 

into the silicon168. The side of the metal nanostructure exposed to the solution act as 

catalytic site for the cathodic reaction, while the anodic reaction occurs in proximity of 

the metal structure surface exposed to the silicon. Even though the electrochemical 

potential of hydrogen peroxide is much higher than the valence band of Si and direct hole 

injection from solution could occur (and does occur), the kinetic of this process is 

extremely slow, while the reduction reaction of H2O2 illustrated earlier is kinetically 
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favored at the metal surface169. The reduction of hydrogen peroxide on the metal surface, 

leads to injection of holes into the metal The metal, due to its electrochemical potential 

still higher than that of the valence band of silicon, can in turn inject the holes deep 

within the Si valence band162. These considerations do not take into account the valence 

band bending that occurs at the surface, in the presence of a semiconductor/metal 

interface. The exact details of this bending depends on the doping type and concentration 

of the silicon, and on the details of the silicon/metal interface, and have not been 

evaluated in the literature. It can be suggested that the details of the valence band bending 

are responsible for the differences observed in the etch rates and resulting nanostructures 

as a function of silicon doping type and concentration, as well as depending on the size 

and density of metal nanoparticles, that will be discussed in detail in the next chapter170. 

While dense arrays of noble metal particles tend to etch the Si orthogonally to the 

original surface, single particles or low density particles behave differently depending on 

the metal employed171,172. Ag or Au particles tend to form straight pores orthogonal to the 

surface, while Pt particles either etch straight or in helically. It is also observed that 

during the etch process the noble metal is itself oxidized and dissolves, resulting in a 

decrease in particle size as the etch progresses. The oxidation rate is proportional to the 

concentration of hydrogen peroxide and on the type of noble metal, with Pt and Au being 

more stable than Ag. 

The concentration of oxidant in solution has also been observed to affect the etch 

rate and the morphology of the forming structures. Pt particles formed either straight 

pores, or straight pores surrounded by a porous structure with the shape of a cone, with 
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decreasing concentration of H2O2
172. The important parameter to be considered though 

appears to be the relative concentration of H2O2 and HF. Straight cylindrical pores are 

observed with [HF]/[HF+H2O2] larger than 70%. In this instance H2O2 is the limiting 

factor in the etch that limits hole injection, and all holes are consumed at the Si/solution 

interface. With decreasing values the pores become more and more conical in shape. For 

values lower than 30% the pores are surrounded by a microporous layer159. These 

findings are consistent with an increasing availability of holes than can spread further 

away from the original site of injection and mediate etch along the walls of the nanopore. 

The doping type and concentration of Si also influence the etch morphology. Doping 

types appears to affect the etch rate, with p-type wafers etching slower than the n-type 

counterpart160. Furthermore with increasing doping concentration, etch rate decreases, 

and the roughness of the etched surfaces increases eventually evolving into porous 

nanowires173,174.  

Finally, several masking strategies have been employed to control the cross 

section of the structures formed by metal assisted etch. A widely explored strategy is 

nanosphere lithography, because it allows the formation of cylindrical nanowires with 

nanoscale diameter175. Either polystyrene or silica spheres are deposited in close packed 

monolayers over the silicon surface, by spin coating, Langmuir-Blodgett films, or 

receding evaporation front. The particles are shrunk to the desired size by reactive ion 

etch and are employed as a stencil mask for line of sight evaporation176. While this 

strategy allows for the formation of arrays of cylindrical nanowires, it also has severe 

limitations: (i) array density can only be tuned within a certain range, since the shrinking 
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process of the nanosphere is limited to approximately ½ of their original size; (ii) the 

metal deposition technique is limited to line of sight evaporation, which dictates the 

morphology and thickness of the resulting metal film, in turn limiting the depth and 

morphology of the etch; (iii) formation of nanosphere monolayers over a large scale is 

challenging, and even more so as the nanosphere size diminishes177. Close packed 

monolayers of micron sized particles are now routinely achievable over a full 100mm 

wafer, but for particles 500nm or smaller 100µm becomes the characteristic size for 

monolayer domains, which are usually separated by stacking faults, multilayer domains 

or areas devoid of particles. As the size further reduces below 200nm, the typical 

monolayer domain size is in the few tens of microns leading to an increased density of 

point and size defects. Among the reasons for the formation of these defects is the 

polydispersity in particles size, which increases as size decreases. Other lithographic 

strategies such as masking with layers of porous aluminum oxide, interference 

lithography and block copolymer self-assembly were employed and in all instances the 

metal was deposited by line of sight physical vapor deposition techniques178-180. 

 
 

Porous Silicon Micro- and nano-structures 
While the fabrication of porous silicon layers is longtime established and has 

found florid application in the realization of chemical and biological sensors181, the 

realization of more complex, anisotropic, microstructures, appears to be crucial to the 

successful implementation of local and systemic drug delivery systems based on porous 

silicon157,181. Systemic delivery often requires particles formulation, and it has now been 
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reliably established that control over the physical properties of the vectors crucially 

influences their biodistribution as well as their cellular uptake and trafficking182-185. 

Furthermore, local delivery also requires specific cellular interaction which is mediated 

through the physical, as well as the chemical and biochemical properties of the vectors, 

but may also require engineering specific structures to gain physical access to the 

intracellular compartment186. Differently from the fabrication of porous silicon layer, the 

realization of more complex porous silicon microstructures has not been widely explored 

in the literature. The realization of particles with dimensions of several tens of micron 

originating from photolithography of previously porosified layers has been reported, but 

for the most part shattered and size filtered fragments of porous silicon layers have been 

employed in drug delivery systems25,26.  

The pSi microfragments are usually produced starting with the formation of a 

uniform porous silicon layer25,26,158. The wafer to be porosified is placed in an 

electrochemical etch tank made of polytetrafluoroethylene, aluminum oxide or other HF 

resistant material (Figure 8). The appropriate etch solution is introduced and a facing 

cathode is placed at a constant distance from the frontside of the wafer. The wafer 

backside is contacted to the anode and the desired current is applied to form the specific 

porous layer required. Following an electropolishing layer is formed to release the porous 

layer from the substrate. The detached layer is rinsed, transferred to an organic solvent 

and sonicated or ball milled until is shattered into microparticles of the desired size range. 

If further size selection is required, filtering is usually applied. Microfragments obtained 

through this method are irregular in size and shape to the potential detriment of their drug 



 46 

delivery performance185,187. Size uniformity is a crucial aspect to attain shared 

biodegradation and payload release rate rates. The polydispersity in size of porous 

microfragments negatively affect the uniformity in cellular uptake and 

hemorheology188,189 

 

Figure 8 Schematic representation of a typical etch tank setup.  

The initial part of my doctorate research involved the development of porous 

silicon microparticles with tailored size and shape, to be employed as drug delivery 

vectors for intravenous injection23,156. The crucial findings originated from that research 

acted as precious guidelines in the realization of the ordered nanoneedles array structures 

that mediate siRNA delivery. The process for the realization of tailored microparticles 

involves the initial patterning through photolithography of the desired two dimensional 

array of shapes onto a silicon wafer masked by a sacrificial layer of silicon rich silicon 

nitride. Arrays of three dimensional trenches in the silicon are then formed by reactive 

ion etch with the masking photoresist layer. The selected depth and profile of the trench 
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can be controlled by adjusting several parameters of the reactive ion etch, chiefly etch 

time, gas composition, pressure, and radio frequency power (Figure 9). Following 

removal of the photoresist, the wafer patterned with an array of silicon trenches, 

selectively masked by silicon nitride undergoes electrochemical etch. The nitride mask 

act as etch stop layer for the porosification, and the wafer is only etched in the trenches 

where the Si is directly exposed to the etchant. A typical microparticle is constituted of a 

device layer with desired pore structure, followed by an unstable release layer of high 

porosity that easily shatters upon sonication to release the particle from the substrate. The 

particle’s shape is the result of the initial trench shape, coupled with the effects of the 

quasi-isotropic electrochemical etch (Figure 9). This process is highly reproducible and 

tightly controllable and allows the microfabrication of particles with size larger than the 

minimum lithographically definable feature (0.5µm), with shapes ranging from discoidal 

to hemispherical to tubular, porosities in the 40% to 90% range and pore size from 5 to 

150 nm. 190 
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Figure 9 SEM images of porous silicon particles (PSPs). (a) Digital composition of three 
distinct micrographs showing the nucleation side of 3.2, 1.6, and 0.97 µm PSPs: 1) 
the external corona and 2) the nucleation site. (b) Digital composition of three 
distinct micrographs showing the release side of 3.2, 1.6, and 0.97 µm PSPs. 
Section along the diameter and the lateral view of: a flat-disk PSP obtained by wet 
etching of the masking layer (c, d respectively); a discoidal PSP obtained by trench 
formation by CF4 reactive-ion etching (RIE; e, f respectively); a hemispherical PSP 
obtained by trench formation by SF6 RIE (g, h respectively); a tubular PSP 
obtained by trench formation by a combination of HBr and SF6 RIE (i, j, 
respectively); and an extra large pores PSP (k, l respectively). m) Close-up view of 
the multilayer structure of an extea large pore particle: 1) SP layer, 2) transitional 
layer, 3) extra large pores layer. (c–m) The nucleation side is at the top of the 
image and the release side at the bottom. All scale bars: 200 nm. Figure and 
caption reproduced with permission from 156 

Porous Silicon Biocompatibility and Biodegradation 
The abundance of silicon in the Earth crust is second only to that of oxygen191. 

Soluble silicon does not present in ionic form but as orthosilicic acid, Si(OH)4 resulting 

from the hydrolysis of silica. In nature porous silica structures are employed by diatom 



 49 

algae, and several organisms exploit it in the bone development process. It has been 

observed that silicon implanted in humans contributes to bone growth through the 

nucleation of hydroxyapatite192. Furthermore, silicon is necessary in the formation 

process of cartilage and connective tissue193. Bulk silicon biocompatibility is limited and 

mostly tolerable for cortical tissue while its hemocompatibility has been proven to be 

poor143. 

Several studies indicate that silicon porosification is associated with a significant 

increase in its biocompatibility. Canham studied the behavior of porous silicon thin layers 

in different simulated body fluid (SBF) conditions over a period of 6 hours to 6 weeks194. 

Films with porosity higher than 70% dissolved completely in all SBF conditions, while 

silicon with porosity lower than 70% was degrading at a slower rate, and on occasions 

induced the formation of hydroxyapatite precipitates. The degradation of pSi in SBF was 

also studied by inductively coupled plasma mas spectroscopy, to discover the amount of 

dissolved silicon in solution from layers with 64%, 83% and 88% porosity over the 

course of 24h for different pH (2,4,6,7 and 8). Dissolution was again found to be 

dependent on porosity, but also on pH. Lower porosity films dissolved slower, and lower 

pH also lead to a slower dissolution kinetic, with little or no dissolution observed at or 

below pH4, and complete dissolution at pH8 (Figure 10). 
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Figure 10 Effect of pH on the dissolution of porous silicon. Bulk (non-porous) films: at 6 
hrs is dark blue line (square points), at 24 hrs is superimposed horizontal line 
(triangular points); medium porosity (62%): at 6 hrs is red line (circles), at 24 hrs 
is light blue line (diamonds); high porosity (83%):at 6 hrs is green line (triangles), 
at 24 hrs is purple line (crosses). Reproduced with permission from 194 

Surface modification of pSi layers is also a factor that heavily influences the 

degradation process. 1-dodecyne terminated pSi layers were completely stable for weeks 

both in strong alkaline solution and in simulated plasma195. PEGylation of porous silicon 

structures, which is often employed for stealth purposes in biological environments, also 

altered the degradation kinetics, with longer PEG polymer chain leading to slower 

degradation rates in PBS at 37C 196. 

PEG has also been employed to ‘stealth’ pSi nanovectors and prolong their 

circulation time in the vasculature197. PEG achieves this effect by reducing the surface 

charge and inducing steric hindrance at the surface, both characteristics that interfere with 

the process of recognition, binding and internalization by the cells of the 
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reticuloendothelial system. The lowered surface charge is thought to be responsible for 

the reduction in interaction with serum opsonins that are mediators of the interaction with 

phagocytes. PEGylation though results in an overall lowered interaction with the 

surrounding environment that results in lower conjugation rate for ligands, and lower 

effectiveness of the conjugated ligands, as well as an increased risk of immunogenicity. 

PEG also results in pore occlusion that may reduce loading efficiency and hinder drug 

release at target site. To mitigate these effects, PEG shedding techniques that are 

activated at the target site are studied198. 

The toxicity of the pSi dissolution byproducts is potentially a major concern 

regarding its biocompatibility. The final degradation product of pSi is orthosilicic acid 

Si(OH)4, the natural form in which Si solvates in water. Si is an essential dietary nutrient, 

being required for bone, cartilage and connective tissue formation, and its dietary intake 

in the developed world amounts to 20/50mg daily with a higher range for men than for 

women199; dietary intake decreases with age. The essential dietary role of silicon was 

evidenced in rat studies, where a diet excluding silicon resulted in a 35% reduction in 

animal growth associated with bone deformations200.The level of silicon in serum is 

variable with both age and gender. Average serum concentration was in the range 

between 8 and 11 µM201.  

Several primary and transformed mammal cell lines have been cultured on pSi 

without showing signs of cytotoxicity21,202,203. Rat hippocampal neurons were grown on 

patterned stain-etch pSi substrates. The cells adhered exclusively on the porous region, 

and did not cross the boundary to the bulk area. When pSi long linear trenches were 
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formed the cells migrated and adhered within the trenches. The topology of pSi also 

drastically determined cell density and morphology responding to the presence of 

features at the nanoscale. Neuroblastoma cells grown on pSi gradients (5 to 3000 nm) 

were capable of growing and spreading on either the bulk silicon area or on pores up to 

20nm in size. In the range between 20 and 1000nm cells adapted to the morphology of 

the pores, and showed increased clustering coupled with shorter axons with decreasing 

pore size. Cell density was also negatively correlated with pore size in the 20-1000nm 

range, while it was positively correlated below 20nm, indicating that the cells are capable 

of sensing the surface topology at the nanoscale. Chinese hamster ovary cells and rat 

hippocampal neurons were grown on pSi layers in culture media for up to 4 days. 

Proliferation and viability assays showed that neuron cells behavior on pSi was 

comparable to that on a glass coverslip, and significantly better than on bulk or 

polycrystalline silicon. Ovary cells instead were less viable on pSi than on glass 

coverslip, suggesting that the nanotexture of the extracellular matrix may play a 

significant role in cell proliferation for specific cell types. Primary rat hepatocytes were 

also cultured on pSi either as-is, coated with collagen or treated with fetal bovine 

serum20. Following one day incubation, cell adhesion was evaluated, to show that 

collagen coated surfaces performed better than the other two substrates. However 

following five days of incubation, cell viability on pSi was comparable to that observed 

on polystyrene. The hepatocytes metabolic functions were assessed evaluating their urea 

and albumin production rate, and over 14 days cells cultured over porous silicon were 

comparable to the polystyrene control.  
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The assessment of pSi distribution in vivo is significantly harder. A major 

challenge to the accurate determination of porous silicon properties in-vivo is posed by 

the elevated dietary presence of silicon in mammals. The doses of silicon necessary for 

therapeutic intervention, even in the worst case scenario of systemically administered 

drug delivery vectors are estimated at two orders of magnitude lower than the dietary 

dose. Thus to realize accurate assays it is necessary to employ animals on a silicon 

starving diet185. Such studies have been successfully realized by Ferrari and colleagues on 

the biodistribution of intravenously administered porous silicon microparticles by tail 

vein injection in mice, and indicate that those structures accumulate preferentially in the 

reticuloendothelial system organs (lung, liver, spleen) in a size and shape dependent 

manner. Smaller particles tend to escape filtration by the liver and spleen to accumulate 

in the lungs, as tend to do particles with higher aspect ratio. Sailor and colleagues were 

also able to evaluate the biodistribution of porous silicon microfragments exploiting their 

natural infrared fluorescence26. They also observed preferential uptake in the RES organs 

and in the xenograft model tumor. Studies regarding the biodegradation of pSi particles 

in-vitro evidenced the presence of eroded, but still partially intact particles up to 15 days 

following injection204. The systemic immune response and that at the target tissue, 

following administration of the pSi particles, have been assessed by cytokine panels, 

indicating either no or sub-threshold immunogenicity. Porous silicon has already been 

tested in one clinical trial setting for the treatment of unresponsive, unresectable 

hepatocellular carcinoma22. Radioactive pSi doped with 32P was parenthetically 

administered in the tumor site for brachytherapy. Preliminary animal studies in pigs 
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demonstrated that the radioactive particles were inert, did not induce any systemic 

toxicity, and resulted in minimal distributed radioactivity and leakage. All the 8 subject 

enrolled in the clinical study had a life expectancy of more than 12 weeks, competent 

renal and hepatic function and no previous history of radiotherapy. Up to three tumors 

per patient were treated by radiologically guided intratumoral implantation of the 

radioactive pSi. No patient showed blood radioactivity following the procedure. In the 

24-week follow up there were no therapy related adverse events, indicating that the 

device was safe for clinical use according to the authors. All tumors showed size 

reduction at 12 weeks, with complete regression in two patients. 24 weeks results were: 1 

progression, 3 stability, 2 partial response, 2 complete response. 

Porous silicon payload 
Several strategies allow the insertion of a payload within the pSi matrix. Among 

these the most widely employed is the dissolution of a drug into its appropriate solvent, 

followed by incubation of the particles, and drying205-207. Capillary forces have also been 

exploited to infuse a solvated or suspended payload into dry pSi structures23,208,209. 

Several parameters influence the quality of loading attainable through these 

methodologies, and must all be optimized concurrently for proficient loading: incubation 

time, concentration of particles and payload, pH, temperature, specific and nonspecific 

interactions between the drug, the solvent and the particles. The surface chemistry of pSi 

is often tuned to match the solubility of the drug, by controlling its wettability. The 

surface is made hydrophobic by carbon termination or appropriate silanization when non-

polar payloads are to be loaded, while hydrophilicity is obtained through oxidation or 
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silanization when loading polar payloads. Surfactants are often employed to reduce 

surface tension and improve penetration of the solvent and the payload within the porous 

structure.210 Sailor et al. have pioneered and refined a strategy to trap a solid nanoparticle 

payload within the porous silicon structure by expanding its volume following loading211. 

With this technique they loaded iron oxide nanoparticles within a porous silicon structure 

and immobilized them by expanding the porous network through oxidation of silicon. 

During the oxidative process of silicon, the bulk volume expands 2.2 times to 

accommodate the oxygen atoms within the lattice while maintaining a similar density212. 

This expansion can trap within the pores nanoparticles that have been loaded and have a 

size comparable to that of the pore. Successful entrapment of superparamagnetic iron 

oxide nanoparticles (SPIONs) have been achieved with this technique. Initially the 

SPIONs are loaded from aqueous solution, that is then dried. The dried particles are then 

heated at 200C for 24h to oxidize the porous network. Biomolecules on the contrary can 

be covalently attached to the pSi particles exploiting silane chemistry on the oxidized 

surface23. An initial silane anchor, usually terminating with a functional amine or 

carboxyl group, is followed either by the direct conjugation of the biomolecule or 

employment of intermediate linkers. Conjugation or entrapment of the payload allows for 

more extensive and accurate washing of the porous silicon from payload accumulated 

non-specifically at the surface, which in turns allows for improved control over the 

release kinetics of the payload. In a thorough in-vitro research Salonen et al. studied the 

loading into pSi particles and the subsequent release of five different model drugs25: 

Antypirine, ibuprofen, griseofulvin, ranitidine and furosemide. These drugs were chosen 
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to represent a wide range of solubility as well as different acid/basic character and 

lipophilicity. The porous silicon surface was treated with a two-step thermal 

carbonization process, in order to obtain a chemically stable hydrophilic SiC interface. 

The drugs were loaded in different solutions and conditions due to their different 

solubility characteristics. Characterization of drug loading was performed by several 

concurrent methodologies: thermogravimetry, differential scan calorimetry, He 

pycnometry, N2 adsorption/desorption studies, X ray diffraction and high performance 

liquid chromatography (HPLC). The use of multiple techniques allowed localization of 

the drug within the volume on the surface of the microparticle. The five drugs showed 

different loading capabilities and release profiles, as it should be expected by such a 

different panel of molecules.  In general for highly soluble molecule the pSi loading 

caused a slightly delayed release with respect to the unloaded drug, while for poorly 

soluble ones, their dissolution was significantly improved by loading. In addition, loading 

reduced pH dependence of dissolution. Porous silicon loading and release of a model 

protein was also studied213. Aqueous solution containing Papain in different 

concentrations (1-10% w/w) was incubated with pSi particles which were pre-soaked in 

methanol to enhance loading. The particles were then washed. FTIR was employed to 

characterize the chemical state of the pSi loaded with Papain, monitoring absorbance 

correlated to specific functional groups. FTIR analysis showed a decrease of the Si-Hx 

signal indicating a strong physical binding or chemisorption between the Si-H groups and 

specific functional groups in the Papain. Absorbance at 2100 cm-1 due to Si-Hx stretching 

decreased with increasing Papain solution concentration suggesting an increased loading 
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level. A release study in PBS was also perfomed over the course of 4h. A significant 

burst release was observed indicating the presence of surface bound Papain. Increasing 

the loading level of Papain decreased the initial release percentage indicating that with 

increasing protein loading a greater proportion of Papain loads in the pores. After the 

initial burst a linear relationship between Papain release and time was observed, 

suggesting a zero order release. The effort led by Ferrari to develop a multi-stage delivery 

system based on porous silicon microparticles resulted in the optimal loading of several 

prototypical and functional nanoparticles within the matrix of the porous silicon 

microparticles I developed in the initial part of my doctorate: CdSe quantum dots, single 

walled carbon nanotubes, gadolinium nanotubes, superparamagnetic iron oxide and 

siRNA loaded liposomes23,24,186,214. Surface functionalization with silane chemistry 

allowed optimization of the electrostatic interaction within the porous matrix and the 

nanoparticles. The relative pore to particle size was optimized to induce high density 

volumetric loading resulting in nanoparticle harvesting and concentration from the 

loading solution156. Nanoparticles loading within the porous silicon matrix was capable of 

tailoring release in-vitro23, influence cellular uptake and trafficking215,216, prolong 

efficacy in-vivo24, and enhance their efficacy as contrast agents186,214. 
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Chapter 2: Synthesis and characterization of porous silicon 
nanostructures by metal assisted electroless etch 

INTRODUCTION 
MAEE is emerging in the recent years as a strategy that can compete with 

electrochemical etch for the synthesis of porous silicon and as a complementary 

technique to vapor-liquid-solid deposition for the synthesis of silicon nanowires146,217. 

Furthermore, recent findings indicated that low resistivity silicon could be a potential 

substrate for MAEE synthesis of porous silicon nanowires (pNWs)218,219. Porous NWs are 

a particularly attractive material because they couple the one-dimensional structure of 

nanowires, and the properties emergent from them to the unique characteristics of the 

porous silicon quantum sponge, suggesting a strong potential for the realization of 

biodegradable, flexible, electrically integrated devices that could be employed in the 

biomedical field.  

The sponge structure of porous silicon found valuable applications in drug 

delivery thanks to it permeability to nanoparticles and molecules, to its photonic 

properties originating from quantum confinement effects, and to the large surface area 

available for functionalization that enhances recognition26,157,220-227. The biodegradability 

of pSi, together with its biocompatibility has fostered the realization of implantable 

devices, tissue engineering scaffolds and drug delivery systems22,23,26,144,156,228,229. The 

photonic properties of pSi can be tuned in the visible and infrared region and have been 

exploited in the development of diagnostic reporters both in-vitro and in-vivo.26,181,230 
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Silicon nanowires have also been intensely investigated as biological platforms. 

Their one dimensional nature and mechanical properties have been used to investigate the 

behavior of motor proteins231. Surfaces covered with silicon nanowires have been 

exploited to improve the understanding of the mechanisms underlying cell adhesion16. 

Glucose monitoring, detection of biomolecules (proteins, DNA, durgs) and labeling of 

single viruses have all been realized by means of silicon nanowires based biosensors232-

234. Recently a solid silicon nanoneedle actuated by an atomic force microscope have 

been successfully employed to transfect DNA plasmids within human stem cells, and 

forests of solid silicon nanowires grown by the vapor-liquid-solid methods have been 

employed as cell substrates in the attempt to mediate cytosolic delivery of 

biomolecules133,134. 

In this chapter a deeper understanding of the process of MAEE is sought, and the 

synthesis of multiple silicon structures mediated by metal assisted etch is presented. The 

chapter provides an understanding that pNWs, or any other silicon nanomorphology can 

be obtained over wide ranges of substrate resistivity, since multiple parameters affect the 

outcome of MAEE, and they can be independently controlled. Furthermore the 

biodegradability of the MAEE nanostructures is assessed 

MATERIALS AND METHODS 

Electroless Metal Deposition 
Electroless deposition was used to deposit Ag or Au from precursor metal salt 

solutions 217. The substrates for metal deposition were p-type 100mm (100) silicon wafers 

with different resistivity values: 0.0008-0.001 Ω-cm (Unisill, Korea), <0.005 Ω-cm, 0.01-
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0.02 Ω-cm, 0.1-0.2 Ω-cm, and 1-10 Ω-cm (Silicon Quest, Santa Clara, CA, USA). 

Initially a batch of 25 substrates was cleaned in 2 l of piranha solution (H2O2:H2SO4 1:2 

v/v) for 8 minutes, to strip organic residues and remove surface particulate. The native 

oxide was stripped from the wafers individually by soaking in 10% HF solution for 60 

seconds, immediately prior to metal deposition. The electroless metal deposition occurred 

by galvanic substitution at the silicon surface. For Ag deposition 500ml of 0AgNO3.4M 

stock solution of was prepared from 33.97g of ultrapure AgNO3 (99.9%, Sigma-Aldrich, 

St. Louis, MO, USA) dissolved in DI water. The deposition solution was then obtained 

mixing 5ml of stock AgNO3 solution with 25ml of 49% HF, and 70ml of DI water to 

obtain a 0.02M AgNO3, 2.9M HF aqueous solution. The silicon wafers stripped of their 

oxide were transferred to the deposition solution and allowed to react for a time 

dependent upon the resistivity of the wafers with the aim of obtaining a similar deposition 

thickness for all substrates: 0.0008-0.001 Ω-cm reacted for 20s, <0.005 Ω-cm for 30s, 

0.01-0.02 Ω-cm for 2 minutes, 0.1-0.2 Ω-cm and 1-10 Ω-cm for 4 minutes. The wafer 

was then rinsed with excess water, and spin dried under dry air flow.  

The deposition of Au proceeded analogously to that of Ag with the appropriate 

metal precursor salt solution, and without requiring the process to occur in the dark. For 

Au deposition 50ml of stock solution of 0.04M HAuCl4 was prepared dissolving 0.679 g 

of ultrapure HAuCl4 (99.9%, Sigma-Aldrich, St. Louis, MO, USA) in 50ml of DI water. 

The deposition solution was obtained mixing 5ml of HAuCl4stock solution with 25 ml of 

49%HF and 70ml of water, to obtain 100ml of 0.002M HAuCl4, 2.9M HF aqueous 

solution. 
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Metal-assisted Electroless Etching 
Following the deposition of the metal catalyst by electroless deposition, the 

substrates underwent metal assisted electroless etch (MAEE) in an aqueous solution of 

HF, H2O2 and ethanol. The effects of HF concentration, H2O2 concentration, ethanol 

concentration, Si resistivity and type of metal catalyst on etch rate and etch morphology 

were investigated tuning those parameters individually. HF concentration was studied for 

Ag deposited substrates over the 1.5M to 5.8M range, in 0.2M H2O2 for an etch duration 

of 5 minutes. Two-dimensional parametric phase diagrams for H2O2 and resistivity were 

investigated etching both Au and Ag deposited wafers for 5 minutes, in the H2O2 range 

between 0.05M and 4M, in 2.9M HF. Analogous two dimensional investigation of the 

ethanol-resistivity parameter space was conducted on Ag deposited substrate etched for 5 

minutes in ethanol concentrations ranging from 0M to 13.7M, in solutions of 2.9M HF 

and 0.02M H2O2. 

Removal of metal etch catalyst 
While certain characterizations required the catalytic metal particles to remain in 

place such as SEM of morphology, or TEM/STEM for detection of metal presence; 

others, such as the degradation study required the removal of catalytic metal. When 

necessary the metal was removed in appropriate metal etchant (TFA etch for Au, TFS 

etch for Ag, Transene, Danvers, MA) by soaking the substrate after MAEE for 10 

minutes. The substrate was then rinsed with excess DI water and spin dried under dry air 

flow. 
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Scanning Electron Microscopy 
The etched samples were analyzed by scanning electron microscopy (SEM) to 

assess their morphology, the MAEE etch rate, and the biodegradation rate. Samples 

prepared for electron microscopy were cleaved from the original substrate to expose a 

fresh edge, mounted on an appropriate SEM mount and analyzed at 0O, 45 O and 90 O tilt 

angle in a ZEISS NEON 40 SEM (Carl Zeiss, Peabody, MA) with in-lens detector, at 

with probe acceleration of 5keV. The acquired images were then analyzed with imageJ 

software. 

Transmission Electron Microscopy 
Transmission electron microscopy (TEM) was employed to analyze the 

crystalline structure of the samples, their morphology, and the presence of metal 

nanoparticles associated with the silicon nanostructures.. The nanostructures were 

mechanically removed from the substrate by means of a metal blade or ultrasonication, 

and collected in isopropanol. The collected samples were directly spotted on lacey carbon 

300mesh TEM grids (Ted Pella, Redding, CA The samples were analyzed by 

transmission electron microscopy and scanning transmission electron microscopy 

(STEM) coupled with energy dispersive X-ray spectroscopy (EDX) for elemental content 

analysis, in an FEI/TECNAI G2 F20 X-TWIN (FEI, Hillsboro, IL) at 120 keV probe 

acceleration.  

Multi-layer silicon nanowires 
Porous silicon nanoneedles with segmented porosity along their major axis were 

synthesized by Ag assisted etch of <0.005 Ω-cm p-type Si varying the concentration of 
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H2O2 during the etch. Ag was deposited on the wafer by electroless deposition in the 

conditions previously described. Nanoneedles with 6 segments of two different porosities 

were obtained repeating three times a two-step cycle: 10 min etch in 0.05M H2O2, 2.9M 

HF, followed by 1 min etch in 0.2M H2O2, 2.9M HF. Nanoneedles with 9 segments of 

three different porosities were etched by the permutation of three etch conditions: (1) 10 

min etch in 0.05M H2O2, 2.9M HF, (2) 2m etch in 0.1M H2O2, 2.9M HF, (3) 1 min etch 

in 0.2M H2O2, 2.9M HF. The sequence employed was: 1,2,3,1,3,2,3,1,2. 

Photoluminescence analysis 
The photoluminescence spectra of porous silicon nanowires, both single and 

multiple-segments were acquired in a Quanta Master C fluorometer (Photon 

Technologies International, Birmingham, NJ, USA) from 4ml of samples dispersed in 

isopropanol loaded into quartz cuvettes. Samples were excited at 360nm with a He lamp 

source and the spectrum in the 400nm to 100nm range was collected. Polystyrene beads 

suspended in isopropyl alcohol were used as negative control and for background 

subtraction. 

Photoluminescence images of the single segment and multi segment samples were 

collected from samples spotted on a glass slide, allowed to dry and sealed with coverslip. 

The samples were analyzed with Leica TCS SP5 confocal microscope (Leica 

Microsystems, Bannockburn, IL, USA). Porous silicon photoluminescence was evaluated 

with an exciting wavelength at 408 nm. 



 64 

Biodegradation 
Porous and solid silicon nanowires synthesized respectively from <0.005 Ω-cm 

and 0.01-0.02 Ω-cm p-type wafers deposited with Ag were MAEE for 5 min in 0.1M 

H2O2, 2.9M HF. The Ag particles were removed in Ag etch as described previously. The 

substrates were cleaved into squares of 1cm x 1cm samples. Both as etched and plasma 

oxidized nanoneedles were used in the experiment, for both the solid and porous types. 

The nanoneedles were plasma oxidized for 90s in a PX-250 Asher, 300mTorr, 300W RF, 

0W DC bias, 50sccm O2 flow (March Plasma Systems, Concord, CA, USA). Each 

sample was placed in a separate beaker containing 50ml phosphate buffered saline 

(Fisher, Waltham, MA, USA) on a rocking plate operating at 20rpm for the entire 

duration of the experiment. Samples were collected at 0, 2, 4, 8, 16, 20, 24, 48, 72, and 96 

hours, rinsed with excess DI water, dried and imaged at SEM to assess degradation 

condition. 
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RESULTS AND DISCUSSION 

Formation of Silicon Nanostructures 
Few crucial parameters determined the different morphologies of silicon 

nanostructures obtained through MAEE. The Au and Ag assisted etch of silicon resulted 
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Figure 11 Silicon nanostructure morphology is a function of the etch parameters. Cross 
sectional Scanning electron micrographs of the different silicon nanostructure 
morphologies obtained by metal assisted etch. The inset is a magnification of the 
sample shown in the cross section focusing on the structure of a single nanowire. 
(a) Solid silicon nanowires (1-10 Ω-cm, Ag, 0. 1 M H2O2, 15 min). (b) Porous 
silicon nanowires (<0.005 Ω-cm, Ag, 0.1 M H2O2, 15min). (c) Thick porous 
silicon nanowires on top of porous silicon layer: (<0.005 Ω-cm, Ag, 0.1M H2O2, 
3.5 M ethanol, 5min). (d) Thin, spaghetti-like porous silicon nanowires on top of 
porous silicon layer (0.0008-0.001 Ω-cm, Au, 0.1M H2O2, 15min). (e) porous 
silicon layer (0.01-0.02 Ω-cm, Ag, 0.1M H2O2, 6.8M ethanol, 5min). (f) polished 
silicon surface (0.1-0.2 Ω-cm, Ag, 0.78M H2O2, 5 min). Reproduced with 
permission from 174. Courtesy of Wiley and Sons. 

in the formation of five distinguishable morphologies, shown in Figure 11: solid 

nanowires (Figure 11 a, sNWs), porous nanowires (Figure 11 b, pNW), porous nanowires 

formed on top of a porous silicon layer (Figure 11  c,d, pNW+PS), porous silicon films 

(Figure 11e, PS) and polished silicon surfaces (Figure 11 4 f). 

Silicon resistivity, H2O2 concentration, the metal constituting the etchant particles, 

and the concentration of ethanol employed as surfactant were the four parameters that 

affected the morphology of the nanostructures resulting from the etch. The concentration 

of hydrofluoric acid instead was only determinant in controlling the etch rate. Figure 12 

presents a series of two-dimensional phase diagrams showing the nanostructure 

morphology resulting from the combined variation of the crucial parameters. All phase 

diagrams indicate an univocal, smooth morphological transition sequence from sNWs to 

pNWs to pNW+PSs to PS if present and finally to polished surfaces. The resistivity 

versus H2O2 concentration diagram indicates that as the resistivity of the substrate 

lowered, the concentration of H2O2 necessary for transition to the next phase also 

lowered. In fact the transition between solid and porous nanowires occurred above 0.4M 
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H2O2 at 1 Ω-cm resistivity, and progressively decreased to 0.4M H2O2 at 0.1 Ω-cm then 

to 0.2M H2O2 at 0.01 Ω-cm, and finally below 0.03M H2O2 at<0.005Ω-cm, while it was 

impossible to observe sNWs or pNWs for 0.0008-0.001 Ω-cm substrates, the first 

morphology observed at 0.02M H2O2 being pNW+PSs. An analogous behavior was 

observed for Au mediated etch, with the difference that <0.005Ω-cm were also unable to 

generate sNWs or pNWs. The pNW+PSs structures obtained for 0.0008-0.001 Ω-cm 

substrates had very thin, spaghetti like pNWs over the porous silicon layer that collapsed 

under their own weight to indicate a low elastic modulus (Figure 11 d). The walls of 

these spaghetti like pNWs were coincident with the skeleton of the porous layer 

underneath, suggesting a common origin. The behavior of n-type silicon substrates was 

similar to that of the p-type shown, with minor variations, to provide the overall 

indication that at first order doping type did not influence the formation of different 

morphologies through MAEE, while it altered the details of the phase diagrams.  

The resistivity branch of the phase diagrams indicated that lowering resistivity 

induced a smooth morphological transition in the direction from sNWs towards polished 

surfaces. At concentrations of ethanol higher than 6M instead a direct, sharp transition 

between sNWs and PS layers occurred when the resistivity dropped one order of 

magnitude between 0.1 Ω-cm and 0.01 Ω-cm. While it may be possible that the pNW and 

pNW+PS phases can present within a very narrow resistivity range not considered in the 

experiments, a likely explanation of this behavior can be found in the reduced etch rate 

resulting from lowering resistivity and increasing ethanol concentration, and will be 

provided later in the chapter. When Ag was employed as etchant metal, polished surfaces 
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were obtained for any resistivity when H2O2 concentration surpassed 2M. Furthermore 

solid wires could be formed for all resistivity values but 0.001 Ω-cm, and porous wires 

could be formed for all resistivity values but 1Ω-cm. When Au was employed as etchant 

metal instead, all resistivity values could form porous wires. Polishing occurred only for 

resistivity values lower than 0.01 Ω-cm and solid wires could be formed only for 

resistivity values higher than 0.01 Ω-cm. 
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Figure 12 Nanostructure morphology as a function of etching parameters. (a) Phase 
diagram of the different morphologies obtained by Ag assisted etch as a function 
of resistivity of the substrate and concentration of H2O2. (b) Phase diagram of the 
different morphologies obtained by Au assisted etch as a function of resistivity of 
the substrate and concentration of H2O2. (c) Si nanowire etch rate as a function of 
H2O2 concentration. Red squares indicate Au assisted etch of 0.01-0.02 Ω-cm 
substrates in 2.9 M HF, 0 M ethanol. Blue circles indicate Ag assisted etch of 0.01-
0.02 Ω-cm substrates in 2.9 M HF, 0 M ethanol. (d) Si nanowires etch rate as a 
function of substrate resistivity. Red squares indicate Au assisted etch in 0.2 M 
H2O2, 2.9 M HF, 0M ethanol. Blue circles indicate Ag assisted etch in 0.2 M H2O2, 
2.9 M HF, 0M ethanol. (e) Phase diagram of the different silicon nanostructure 
morphologies obtained by Ag assisted etch as a function of resistivity of the 
substrate and concentration of ethanol. (f) Si nanowires etch rate as a function of 
ethanol concentration. Red squares indicate Au assisted etch of 1-10 Ω-cm 
substrates in 0.1 M H2O2, 2.9 M HF. Blue circles indicate Ag assisted etch of 0.1-
0.2 Ω-cm substrates in 0.1 M H2O2, 2.9 M HF. Reproduced with permission from 
174 Courtesy of Wiley. 

 

The same smooth transition from sNWs towards polished surfaces was observed 

with increasing concentration of H2O2. Increasing the concentration of H2O2 reduced the 

diameter of the cross section in the porous nanowires, until it identified with the thickness 

of the skeletal structure of the underlying porous silicon layer, and further increase in 

H2O2 concentration made the porous nanowires disappear inducing a transition to 

polished surfaces. With Ag employed as etchant metal, concentrations of H2O2 larger 

than 2M invariantly resulted in the polishing of the substrate, while lower concentrations 

allowed the formation of both solid and porous structures. With Au employed as an 

etchant, the highest H2O2 concentration considered, at 4M, did not allow formation of 

solid structures, but permitted all possible porous nanowires and polishing. At 

concentrations between 0.8M and 2M both solid and porous structures, as well as 
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polishing could be achieved, while for concentrations of 0.4M or lower porous or solid 

structures were accessible, but polishing did not occur. 

Both silicon conductivity and the concentration of hydrogen peroxide were 

positively correlated with the average pore size and the porosity of the pNWs (Figure 13). 

Increasing H2O2 from 0.1M to 0.2M resulted in increased average pore size from 6.6nm 

to 11.4nm for <0.005 Ω-cm wafers with an associated increase in porosity from 47% to 

66%. Increasing conductivity from 0.01 Ω-cm to <0.005 Ω-cm resulted in pore size 

increase from 8.8 to 11.4nm with an associated increase in porosity from 61% to 66%. 

SEM analysis also indicated that as nanowires got thinner and pores got larger they 

became more susceptible to spontaneous bending, suggesting a transition to lower 

flexural modules, in contrast to what observed with other semiconducting nanowires for 

which decrease in diameter below a certain value resulted in increased elastic modulus235.  

Comparing the phase diagrams for Au and Ag the effect of noble metal in the 

position of morphological boundaries could be assessed, as well as the effect on the 

relative dimension of the region associated with each phase. Au used as etchant resulted 

in porous structures for substrates with resistivity as high as 1-10 Ω-cm, while Ag 

assisted etch only formed porous structures for resistivity values up to 0.1-0.2 Ω-cm. The 

space phase regions for sNWs and pNWs were wider for Ag then they are for Au, while 

the polishing space region was wider for Ag. These results indicated that with Au 

mediated etch a variation in the etch parameters had less dramatic effects than with Ag 

mediated etch, but this also implied that more substantial variations in H2O2 was 

necessary to obtain the same resulting change in the etch structure. Thus while Au 
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mediated etch granted more leeway in parameters selection, Ag mediated etch granted 

wider and more precise tunability of the properties characterizing the resulting structure. 
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Figure 13 Pore size and porosity increases as a function of H2O2 concentraion and 
resistivity. (a) N2 absorption/desorption isotherms for  <0.005 Ω-cm porous silicon 
nanowires synthesized in 0.1 M H2O2 (top) and 0.2 M H2O2 (bottom). Pore size as 
measured by BJH model increases from 6.1nm to 11.4nm, associated with an 
increase in BET measured porosity from 47% to 66%. (b) N2 
absorption/desorption isotherms for 0.01 Ω-cm (top) and <0.005 Ω-cm porous 
silicon nanowires synthesized in 0.2 M H2O2. Pore size as measured by BJH model 
increases from 8.8nm to 11.4nm, associated with an increase in BET measured 
porosity from 63% to 66%. Partially reproduce from the supplementary 
information of 174. 

Those crucial etch parameters also influenced the nanowires etch rate. In the 

range from 0.0008-0.001 Ω-cm to 1-10 Ω-cm, siNW etch rate was positively correlated 

with resistivity. Similarly etch rate was positively correlated with the concentration of 

hydrogen peroxide, in the range between 0.05M to 0.8M where the formation of 

nanowires occurred. Contrarily, as the concentration of ethanol increased, the etch rate 

decreased. The type of metal nanoparticles employed did not affect significantly either 

the absolute etch rate or the etch rate behavior as a function of other parameters. A 

phenomenological explanation of the formation of PS in substrates with low resistivity 

during etches at high concentration of ethanol could be found in the observation that both 

increasing ethanol concentration and decreasing resistivitywere factors that reduced the 

etch rate. The combination of these two factors slowed the etch to the point that the 

nanoneedles were not present, while the porous layer was still being formed. 
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Figure 14 The difference in pore structure between porous nanowires and porous 
nanowires on porous silicon film is a result of a different etch mechanism. Cross 
sectional scanning electron micrograph of the base of: (a) Porous silicon nanowire: 
<0.005 Ω-cm, Ag, 0.1 M H2O2, 60min. Porosification occurs after the nanowire 
wall is formed, the porous structure is from the nanowire wall towards its major 
axis and does not fully extend to the base; (b) Porous silicon nanowire on porous 
silicon layer: <005 Ω-cm, Au, 0.4 M H2O2, 15 min. The porous structure is parallel 
to the nanowire wall and extends as continuous pores into the porous silicon film 
beneath. The silicon is first porosified and the nanowires walls are etched in the 
porous layer. The metal nanoparticles are localized at the top of the porous silicon 
film indicating that they do not catalyze porosification. (c) Schematic depiction of 
the etch mechanism for Ci≅Ce. The metal nanoparticles etch into the solid silicon 
while the ions form pores orthogonal to the wall surface exposed to the electrolyte. 
During the elapsed time ∆t the porosification front has moved a distance ∆xp and 
the nanowire etch front has moved a distance ∆xe. (d) Schematic depiction of the 
etch mechanism for Ci>Ce. The metal nanoparticles etch the nanowires into the 
porous silicon layer formed by the ions. Reproduced with permission from 174 
Courtesy of Wiley. 

A remarkable difference was noticed between the porous structure of pNWs and 

pNW+PSs (Figure 14). For pNWs pore growth occurred from the sidewall of the siNW 

towards its core (Figure 14a), while for pNW+PSs the pores grew parallel to the 

nanowire major axis, along the direction of the etch, and they extended as continuous 

structures into the underlying PS layer (Figure 14 b). This evolution of the porous 

structure direction of growth was better evidenced in a model of an enlarged nanowire 

(Figure 15). An array of 5µm disks were patterned into SiN and metal deposited in 

between, to etch 5µm diameter porous pillars. The structure of the pillar showed pores 

running along the direction of the etch towards the top of the porous structure, while as 

the etch progressed and the bottom of the structure was reached, the pores tended to grow 

orthogonal to the sidewall of the pillar. These findings indicated that two alternative 

formation mechanisms for porous wires were possible which resulted in sNWs/pNWs 
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and pNW+PSs/PS respectively. When the rate of porosification was slower than the rate 

of etch of the nanowires, then sNWs or partially porous nanowires were formed. If the 

porosification rate closely matched the etch rate, then pNWs were formed. Nonetheless in 

these cases, the nanowire structure was formed before the porosification occurred, 

resulting in the porosification of the exposed sidewalls that determined the pore 

orientation from sidewall towards the core (Figure 14 a, c). Conversely, for a 

porosification rate faster than the etch rate, pNW+PSs were formed, and in this case the 

porous silicon layer was formed first and then partially etched into by the action of the 

metal nanoparticles (Figure 14 b, d). This second mechanism of action resulted in the 

formation of pores orthogonal to the original Si surface, and thus parallel to the major 

axis of the nanowires. Since these structures were formed before the etch into nanowires 

occurred, they exist as continuous structures both in the nanowire and in the underlying 

porous layer. 
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Figure 15 Pore formation is orthogonal to the surface exposed to the electrolyte. (a) SEM 
micrograph of a fresh cleave through the diameter of a 5mm silicon pillar structure 
showing pores formed during metal assisted electroless etch. (b) Close-up view of 
the pillar showing pores radiating from the top edge due to the porosification 
occurring during the initial phase of the etch when the nanoparticle is still 
anchored to the original Si surface. Arrow indicates the transition point where the 
nanoparticle surpasses the porous structure. Reproduced with permission from the 
supplementary information of 174 . Courtesy of Wiley 

Porosification mechanism 
The exact mechanism by which electroless etch mediates the porosification of 

silicon is at present unclear. A few models have been proposed, two of which have been 

gaining consensus recently. One of them prescribes that while the primary nanoparticles 

initially deposited on the Si surface mediate the formation of the nanowires, secondary 

nanoparticles that re-nucleate at defect sites from the coalescence of the ions shed by the 

primary nanoparticles are responsible for the porosification219. In support of this model, 

transmission electron microscopy images showing the presence of metal nanoparticles 

associated with the lower portion of porous nanoneedles have been observed. The 

alternative model prescribes that the porosification does not require the presence of any 

metal, and is mediated by excess holes that were originally injected at the primary metal 

particle site, were not used to mediate Si etch locally, and diffused within the Si to 

mediate porosification in the surrounding areas. Several observations from numerous 

investigations are compatible with this second model, and the porosification of non-

metalized areas within the Si wafer, together with the formation of nanopores surrounded 

by a conical layer porous layer are the most compelling. Nonetheless the findings 

associated with this investigation of a wide range of crucial etch parameters appears to 

challenge both models and suggest an alternative explanation. The model by which 
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porosification is mediated by re-deposited metal nanoparticles is challenged by the 

complete absence of metal nanoparticles throughout the length of the porous nanowires 

(Figure 16), aside from those seldom observed associated with their bottom terminal, 

whose size is not compatible with the measured pore size, and whose position suggest 

that they are loosely associated with the surface as a result of the nanowire detachment 

from the substrate. This model is also challenged by the observation of pNW+PSs where 

all discernible nanoparticles are situated at the interface between the pNWs and the PS 

layer, and no metal particle is observed at the bottom of the PS layer, suggesting that 

metal nanoparticles cannot catalyze the formation of the PS layer (Figure 11 4 c-e, Figure 

14 b). 
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Figure 16 Scanning transmission electron microscopy mapping energy dispersive x-ray 
spectroscopy (STEM/EDX) analysis indicates the absence of Ag within porous 
nanowires. (a) High angle annular dark field (HAADF) STEM micrograph of a 
typical porous silicon nanowire (0.01 W-cm silicon in 0. 2M H2O2 for 5 minutes) 
suspended on a lacey carbon grid. Red box labeled 1 indicates the EDX analysis 
area (the area was divided into a 15x15 grid, 10s dwell time, 10° takeoff angle); (b) 
HAADF micrograph of with the 15x15 grid resolution. (c) Si k-line intensity map. 
(d) Ag k-line intensity map. (e) Ag l-line intensity map. (d-e) The intensity maps 
for Ag k-line, l-line and the position of the porous wire do not co-localize, 
indicating that the observed signal is merely a fluctuation of the background 
intensity. (f) EDX spectrum in the spot of highest intensity for the Ag l-line (under 
the red arrow labeled 1). No distinguishable peak associated with Ag is present in 
this spectrum. Reproduced with permission from the supplementary information of 
174 . Courtesy of Wiley 
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On the contrary both these observations do support the model by which residual 

holes injected at the metal site, diffuse within the Si and mediate porosification 

elsewhere. To challenge this model it was observed that Si wafers, without metal 

deposited were porosified in a solution containing HF, H2O2 and another separate Si 

wafer that was undergoing MAEE. Similarly wafers were porosified without metal 

deposition in an etchant solution of HF and H2O2 after MAEE occurred in the same 

solution, but no porosification occurred in a pristine solution of HF and H2O2 (Figure 17). 

 

Figure 17 Porosification is catalyzed by metal ions. Scanning electron micrographs of a 
fresh cleave of <0.005 Ω-cm bare silicon substrates. (a) following 30min 
immersion in 0.1 M H2O2, 2.9 M HF. (b) Following 10 min immersion in the 0.1 M 

H2O2, 2.9 M HF solution where a metal deposited <0.005 Ω-cm silicon substrate 
was etched immediately prior. (c) Following 10 min immersion in the 0.1M H2O2, 
2.9 M HF solution where a <0.005 Ω-cm metal deposited silicon substrate was 
being etched at the same time. Only samples in (b) and (c) show porosification, 
and no metal nanoparticles is visible on the surface or within the porous structure. 
Reproduced with permission from the supplementary information of 174 . Courtesy 
of Wiley  

The combination of observations resulting from this study instead suggested an 

alternative model, by which the formation of the silicon nanowires was catalyzed by the 

primary metal nanoparticles, while the porosification was independently catalyzed by 
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free ions in solution that mediated local hole injection inducing porosification. Within the 

framework of this model it was possible to explain the formation of all different 

morphologies observed considering the ratio of the two distinct catalytic activities: that of 

the ions (��) that controlled porosification rate, and that of the primary nanoparticles (��) 

controlling the nanowires etch rate.  

While the ab-initio determination of the catalytic activities is an elaborate 

proposition in this complex and continuously varying system, it is possible to provide a 

simple operational definition of �� and �� in terms of the porosification rate (��) and the 

etch rate (��) respectively: 

�� ≔ �� =
Δ��

Δ��

 

�� ≔ �� =
Δ��

Δ��

 

Where Δ�� is the thickness of the porous layer formed during a porosification 

time Δ�� and Δ�� is the length of the nanowires obtained during an etch time Δ��(Figure 

14 c,d). This allows to simply define the dimensionless index of catalytic activity ratio 

(��) as 

�� =
��

��

=
��

��

=
Δ��

Δ��

 

Since in any real situations the etch and porosification times coincide (Δ�� =

Δ��). 

The independence of the porosification catalytic activity �� from the etch catalytic 

activity �� is supported by the observation that increasing concentration of ethanol 
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appear to reduce �� while apparently not affecting ��. This observation can readily 

explain the morphological transition observed for increasing ethanol concentrations 

(Figure 12 f). 

Another crucial aspect to consider in support of this model is the role that 

hydrogen peroxide has in mataining the pool of solvated metal ions and how this explains 

the morphological transitions for varying H2O2 concentration, since ion concentration in 

solution contributes to determine �� and thus the porosification rate160. Considering for 

simmplicity the anode etch reaction involving Ag: 

4��� + 	
�� + 6" 	 → 4��� + #
��$�" 

It can be seen that the process of etching Si and releasing it in solution reduces 

metal ions (present either on the surface of the metal nanoparticles or solvated in 

solution), depleting the ion pool. Considering exclusively the process involving free 

solvated ions, the etch reaction results in the increase of neutral species in solution, 

potentially inducing precipitation and nucleation of secondary nanoparticles either in 

solution or at favorable nucleation sites. But the presence of hydrogen peroxide in the 

acidic environment allows to replenish the ion pool through the cathode reaction that 

resilts in the oxidation of the solvated neutral species: 

	2��� + 	���� + 2�� 	 → 2��� + 2��� 

If the concentration of H�O� is high, this process of sustained oxidation can 

mantain a low density of neutral species, completely preventing their coalescence and 

inhibiting the formation of secondary nanoparticles to indefinitely sustain the solvated 

ions pool. In these conditions excess ions are formed at the surface of the nanoparticles 
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that cannot be neutralized by mediating a local etch, but are constantly re-oxidized and 

can catalyze multiple sequential etch reactions, leading to substrate porosification. 

Nonetheless as the distance from the metal nanoparticle increases, ion concentration 

diminishes, accompanyed by a reduction in the porosification activity, granting a local 

nature to the porosification activity and allowing formation of segmented nanowires 

where each segment is characterized by a different porosity. Conversely at low H�O� 

concentrations, less species are oxidized and shed and most of the solvated ions react 

only few times, in close proximity to the primary nanoparticle, whereupon they become 

neutralized and can be readily re-incorporated into the original particle, contributing 

neglegibly to substrate porosification and leading to the formation of solid or surface-

roughened nanowires.  

This model is capable of explaining the formation of all nanostructures observed. 

sNWs were the result of �� ≪ 1 where the nanoparticles etched the SiNW quickly while 

the ions porosified the SiNW slowly resulting just in roughening of the SiNW tip. 

Transition to pNWs occurred when �� ≅ 1 and the walls of the SiNWs became 

porosified readily after exposure to the electrolyte (Figure 14c). Transition to pNW+PSs 

occurred when �� > 1 and the silicon was porosified before the SiNWs were formed 

(Figure 14d). The formation of PS layers occurred when �� ≫ 1, resulting from an 

almost complete inhibition of nanoparticles activity (�� ≅ 0) and was only observed at 

low resistivity and high ethanol concentration, two conditions experimentally observed to 

decrease ��. The formation of polished surfaces was due to the combined increase of �� 

and the increase in porosity and pore size associated with higher concentrations of H2O2 
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that induced the complete dissolution of the porous nanowires readily after their 

formation, or in certain instances their autonomous release in solution upon extraction. 

 



 85 

Figure 18 Porous silicon nanobarcodes. (a) Scanning electron micrographs of <0.005 Ω-
cm barcodes, The nanobarcodes were obtained by Ag assisted etch (0.05 M H2O2 
for 5 min followed by 0.2 M H2O2 for 1 min, repeated three times)  Left: lateral 
overview as synthesized nanobarcodes showing the alternation of high porosity 
and low porosity segments. Right: Close up view of the high-low porosity 
transition of a single nanobarcode (Scale bar is 100 nm). (b) Confocal microscopy 
images of porous SiNWs; from top to bottom: Bright field image of a <0.005 Ω-
cm 0.1 M H2O2 porous SiNW; fluorescence image of the same nanowire at 500nm 
wavelength emission; Fluorescence image of a <0.005 Ω-cm 0.05 M /0.2 M H2O2 
nanobarcode at 500nm wavelength; bright field image of the same nanobarcode. 
(c) Photoluminescence spectra of porous SiNW suspended in isopropyl alcohol. 
The photoluminescence spectrum corresponding to the 0.05 M /0.2 M H2O2 
nanobarcode agrees well with the spectrum resulting from the superposition of the 
0.05 M H2O2 and the 0.2 M H2O2 spectra. Initial sample concentration is unknown 
thus spectra have been scaled (90% of original 0.05 M H2O2, 50% of original 0.2 M 
H2O2) to minimize the absolute value residuals between the nanobarcode and the 
superposition spectra. Polystyrene beads have been employed as negative control 
and used to subtract background. (d) Reflection Microscopy image of a 0.05 M /0.2 

M H2O2 nanobarcode showing the different colors associated with each segment. 
High porosity: red, low porosity: green. Adapted from174 . Courtesy of Wiley  

 

Porous silicon nanobarcodes 
Since the concentration of H2O2 in the etchant solution determined the local 

porosity of the nanowires, it was possible to synthesize nanowires with segments of 

different porosities, simply by varying the concentration of hydrogen peroxide as the etch 

progressed. These structures were termed nanobarcodes due to their segment dependent 

photonic properties. In fact the photonic properties of porous silicon are determined by its 

porosity, and thus by creating structures with segments of specific porosity along their 

axis, the segments will also acquire specific color and photoluminescence. Higher 

concentration of H2O2 resulted in segments with higher porosity and larger pores, as 

indicated by N2 absorption/desorption isotherms. The Brunauer-Emmett-Teller model 
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indicated that p-type wafers of <0.005 Ω-cm increased their porosity from 41% to 66% 

when the concentration of H2O2 increased from 0.1M to 0.2M in an etchant solution with 

2.9M HF (Figure 13). Analysis of pore size with the Barrett-Joyner-Halenda method 

indicated an associated increase in peak pore size from 6.1nm to 11.4nm under the same 

conditions inducing the porosity increase. Analysis by SEM also showed that the porosity 

transition region between adjacent segments is at most few tens of nanometers wide, 

which taking into account the typical etch rates around 500nm/min indicated a response 

to the change of hydrogen peroxide concentration within less than 6 seconds 

(corresponding to a transition length of approximately 50nm) (Figure 18, Figure 19). 
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Figure 19 Multicolor porous silicon nanopillars. Combining nanosphere lithography with 
variable porosification it is possible to obtain shape defined pillars with variable 
porosity along the major axis. (a) Scanning electron micrograph of a <0.005 Ω-cm 
multicolor nanopillar etched for 20 min in 0.05 M H2O2. (b) Magnification of the 
pillar in (A) showing the transition between low and high porosity segments. 
Reproduced with permission from174 . Courtesy of Wiley 
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When observed under a 3200K white halogen lamp, the nanobarcodes showed 

sharply defined, spatially varying colors, determined by the specific reflection spectrum 

associated to each segment (Figure 18 d). The color of the nanobarcodes was due to thin 

film interference effect, which in turn is determined by the optical thickness of the thin 

film, that results from the combination of the physical thickness of the film and its 

refractive index. Since the physical thickness of the nanobarcodes was uniform, the 

observed segmented colors were uniquely due to the difference in refractive index as 

porosity changes. The refractive index of two-component materials, as porous materials 

are, depends on their porosity and can be determined by through the Bruggerman 

approximation by the refractive index of the two composing materials (silicon and air) 

and their relative volume fraction. 

,-

.-
� − .�

.-
� + 2.�

+ ,0�

.0�
� − .�

.-
� + 2.�

= 0	 

Where . is the refractive index of the porous material, .- is the refractive index 

of the void fraction, .0� that of silicon, and ,-and ,0� are the volume void and silicon 

fraction respectively. Under the angle of incidence of the light microscope high porosity 

segments displayed a red color, while low porosity segments showed a green color. 

Porous silicon also displays photoluminescence, due to quantum confinement 

effects in the crystallites forming in the porous skeleton structure resulting in a widening 

of the Si band gap. Low porosity nanowires, synthesized in 0.05M H2O2, 2.9M HF and 

suspended in isopropanol, exhibited a broad emission peak centered at 450nm. High 

porosity nanowires, synthesized in 0.2M H2O2, 2.9M HF exhibited a broad emission peak 
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centered at 540nm, thus indicating a red shift associated with increasing porosity (Figure 

18 c). The photoluminescence spectrum of bicolor nanobarcodes formed by six 

alternating low porosity, high porosity segments was the result of the superposition of the 

spatially distinct contribution from the two types of segments, and in fact the observed 

resulting spectrum matches the superposition of the individual spectra for low and high 

porosity nanowires (Figure 18 c). Moreover the nanobarcodes emission at 458nm 

observed at the confocal microscope with an excitation laser of 408nm, showed an 

alternation of dark and bright areas, that matched respectively the high and low porosity 

segments (Figure 18 b) as expected by the emission profile of the relative segments. 

Biodegradation of Porous Silicon Nanowires 
A crucial advantage of porous silicon over bulk silicon is that, while partially 

retaining its electronic properties, and improving over optoelectronic properties, it is 

biodegradable and degrades into harmless byproducts. To evaluate the suitability of 

arrays of porous silicon nanoneedles for the delivery of siRNA, it was necessary to assess 

the biodegradability of porous nanowires and their kinetics. To this extent their behavior 

in simulated physiological conditions was observed. Nanowires‘ chips were placed in 

phosphate buffered saline for up to 96 hours and their degradation assessed by SEM 

(Figure 20). Four types of nanowires were considered: porous nanowires synthesized 

from <0.005 Ω-cm substrates, both as etched and oxidized, and solid nanowires 

synthesized from 0.01-0.02 Ω-cm, both as etched and oxidized. The porous nanowires as 

etched degraded completely within 24h, while their oxidized counterpart required 72h to 

degrade. Instead the solid nanowires did not show any obvious sign of degradation within 
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the 96h period. The pNW degradation resulted in a progressive reduction in thickness 

without exhibiting significant shortening. The nanowires became progressively more 

flexible over time, as seen by the increase in their spontaneous bending at later timepoints 

(Figure 20, Porous NW: 48h). Furthermore, porous nanowires degradation resulted in an 

enlargement of their pore size, with as synthesized wires doubling pore size within 16h, 

while oxidized nanowires requiring over 48h to attain comparable results.  

 

Figure 20 Degradation of porous silicon nanowires in simulated physiological conditions. 
Top: Scanning electron micrographs of non-oxidized 0.01-0.02 Ω-cm solid silicon 
nanowires following immersion in phosphate buffered saline; no degradation is 
observed within a 96h timeframe. Bottom: Scanning electron micrographs of 
oxidized <0.005 Ω-cm porous silicon nanowires following immersion in phosphate 
buffered saline; the porous nanowires show significant signs of degradation with 
loss of flexural modulus at 48h without exhibiting shortening; the wires are 
completely degraded after 72h immersion. Figure and caption reproduced with 
permission from174 . Courtesy of Wiley 

CONCLUSION 
In this chapter it was shown that MAEE enables the synthesis of silicon 

nanostructures with different morphologies (solid nanowires, porous nanowires, porous 

nanowires on porous layers, porous silicon layers or polished surfaces) and that the 



 91 

resulting morphology can be controlled by acting on few crucial MAEE parameters, 

namely: silicon resistivity, H2O2 concentration, ethanol concentration and metal 

employed. The structures resulting as the crucial parameters are varied can be predicted, 

and two dimensional phase diagrams to guide the design of the desired structures have 

been presented. The current most widely supported models for porosification during 

MAEE have been challenged under the novel findings here presented, and a new 

mechanism for porosification has been proposed suggesting straightforward guidelines on 

the effects of altering the crucial etch parameters on the rate of porosification and rate of 

etch, thus providing fundamental rules to design desired nanostructure. 

These rules and guidelines were put into practice to design nanobarcodes with 

specified, segmented, porous and photonic properties, by tuning the concentration of 

hydrogen peroxide during the etch. The behavior of the porous nanostructure in 

physiological conditions was compared to that of analogous solid structures, showing that 

the rate of biodegradation could be controlled by porosity and surface functionalization. 

This exploration provides the guidelines and sets the foundation upon which the 

predictable and controllable synthesis of porous silicon nanostructures can be achieved 

by MAEE. The synthesis of porous silicon nanoneedles arrays with tightly controlled 

features would not have been possible without the profound understanding of the MAEE 

process herein provided. 
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Chapter 3: Synthesis of porous silicon nanoneedles arrays 

INTRODUCTION 
Achieving the highest possible control over the physical properties of the 

substrate interfacing with the cells is of primary importance towards the the realization of 

a platform for intracellular delivery of synthetic siRNA. Solid silicon nanowires, grown 

by the liquid-vapor-solid method, as well as other grown semiconducting nanowires, 

have already been employed as cell interface substrate to access the intracellular 

compartment15,236. These reports indicate that the density of the silicon nanowires forest 

determines whether cells seeded on the nanowires chip will attach on top of the forest, or 

be impaled on the nanowires and attach to the underlying silicon substrate. If dense 

arrays are formed, the cells will perceive them as a substrate viable for attachment, and 

grow and spread on top of them. Conversely, sparse arrays result in cells self-impaling 

over the nanowires growing and spreading over the underneath substrate. In this second 

configuration the nanowires are observed to cross the cell membrane. 

The MAEE technology developed in the previous chapter can be employed for the 

synthesis of randomly arranged, high density arrays of porous silicon nanowires, whose 

porosity can be carefully controlled to determine their optical, mechanical and drug 

loading characteristics. En route to the development of a nanoneedle based platform for 

intracellular delivery of siRNA, it is also necessary to attain control over size and shape 

of the nanoneedles, the density of the nanowire array and their arrangement within the 

array. In this chapter a method will be presented that combines standard semiconductor 
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processing technology with MAEE to obtain ordered arrays of porous silicon 

nanoneedles with controlled size and shape.  

MATERIALS AND METHODS 

Nanoneedles through nanosphere lithography 
Nanosphere lithography can provide a simple and straightforward process for the 

realization of arrays of nanoneedles, allowing direct access to patterning of nanoscale 

features.175. A 10% sol water suspension of 160nm polystyrene spheres (Thermo Fisher 

Scientific, Waltham, MA, USA) was diluted to 0.5%, 1%, 2% 3% or 4% sol in DI water 

and 400:1 (v/v) methanol/ Triton1000 (Thermo Fisher Scientific, Waltham, MA, USA) at 

different relative concentrations. The substrate, a <0.005 Ω-cm p-type Si wafer was 

placed on a spin coater and accelerated at speeds between 1000RPM and 5000RPM. 50µl 

of the suspension was dispensed over the rotation axis of the substrate and spinning was 

maintained for 120s to form large patches of nanosphere monolayers. The diameter of the 

polystyrene beads was reduced to approximately 130nm by oxygen plasma reactive ion 

etch for 1 minute and 20 seconds, under a 25sccm flow of O2, 10mTorr pressure and 

100W RF in the Oxford Plasmalab 80 (Oxford Instruments, Abingdon, UK). The size-

reduced polystyrene beads acted as stencil masks for the electron beam line of sight 

evaporation of Ag film of thicknesses 12, 15, 18, 20 and 40 nanometers. The polystyrene 

beads were removed from the substrate by sonication in toluene for 30 minutes. The 

substrate underwent MAEE for the formation of porous silicon nanoneedles in 2.9M HF 

and 0.1M H2O2 aqueous solution for 5 minutes. 
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Nanoneedles through photolithography 

Silicon nitride deposition 
0.01-0.02 Ω-cm p-type 100mm Si wafers were cleaned for 8 minutes in piranha 

etch (1:2 H2O2:H2SO4, v/v) to remove organic contaminants, and dipped for 90 seconds 

in 1:10 HF:H2O to strip the native oxide layer. The wafers were rinsed for 10 cycles in a 

rinse-dump cycler and spin dried under dry air flow. Ten substrates at a time were placed 

on a carrying boat with two dummy substrates on each side. The boat was inserted mid 

way into a low pressure chemical vapor deposition furnace for deposition of silicon rich 

silicon nitride. The furnace temperature was set at 835° C, the pressure was 300mTorr, 

with a SiH2Cl2:NH3 gas relative flow rate of 80%:20% necessary to attain non-

stoichiometric silicon nitride with excess silicon. The deposition time was determined by 

the desired thickness of the resulting layer. The layer thickness was measured by 

spectroscopic ellipsometry at 65°,70° and 75° angles, and fitted with appropriate models. 

Photolitography 
The substrate was coated with Futurrex NR9-250P (Futurrex Inc. Franklin, NJ) 

negative tone photoresist by spin coating with the following recipe: The wafer was placed 

on the spin coater chuck, 3ml of photoresist were dispensed on the center of the substrate 

through a 10ml pipettor, and the chuck was accelerated to 500RPM for 5 seconds with 

1000RPM/S acceleration to aid dispensing of the photoresist over the entire substrate. 

The rotating speed was then increased to 4000 RPM for 40 seconds with 5000 RPM/S 

acceleration to obtain a photoresist film 240nm thick, according to the prescriptions of 

the manufacturer. The chuck was then brought to a stop, the substrate removed and baked 
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for 2 minutes on a hotplate at 70C to evaporate excess solvent and prepare the substrate 

for exposure. The exposure was performed in an MA6 mask aligner (Karl Suss, 

Sunnyvale, CA). The photomasks employed consisted of an array of 600nm diameter 

dark field disks with a pitch of 2µm, 10µm or 20µm. The pattern was transferred to the 

photoresist layer by vacuum contact exposure for 30s with an i-line illumination intensity 

of 7.5mW/cm2. Once the substrate was exposed, post exposure bake for 1 minute at 70C 

on a hotplate was required to induce crosslinking of the photoresist where exposed to UV 

light. The pattern was finally developed in 1:3 H2O:RD6 developer (Futurrex Inc. 

Franklin, NJ) for 8 seconds, rinsed with excess water and dried in a spin drier under dry 

air flow. 

Dry etch pattern transfer 
The desired pattern was transferred from the photoresist to the silicon nitride hard 

mask by means of reactive ion etch in a Plasmatherm 790 series (Plasmatherm, St. 

Petersburg, FL). CF4 gas granted elevated selectivity of silicon nitride etch over silicon. 

Gas flow was set at 15 sccm CF4, pressure was 200 mTorr with 250 W RF Power. The 

etch was calibrated to reach the silicon substrate with minimal overetch with an estimated 

etch rate of 1nm/s. 

Electroless silver deposition 
The patterned substrates were stripped of photoresist by 8 minutes piranha etch 

(H2O2:H2SO4 1:2 v/v), then the native oxide layer was removed by soaking for 1 minute 

in 10% HF aqueous solution. The electroless Ag deposition occurred by galvanic 
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substitution at the silicon surface. The 0.02M AgNO3, 2.9M HF deposition aqueous 

solution was obtained as described in the methods section of the previous chapter. The 

patterned substrate was submerged in the deposition solution for 2 minutes in the dark. 

The substrate was rinsed with excess water, followed by isopropanol, and then hand dried 

under dry air flow  

Metal assisted electroless etch 
Following the deposition silver, the substrates underwent MAEE in an aqueous 

solution of 2.9M HF and H2O2 following the prescriptions determined in the previous 

chapter to obtain porous silicon nanoneedles with substrates of 0.01-0.02 Ω-cm 

resistivity. Hydrogen peroxide concentrations between 0.2 and 0.8M were employed to 

optimize the porous structure and mechanical stability of the resulting nanoneedles: 

Specifically the etch progressed for 10 minutes with 0.2-0.4M H2O2, 8 minutes for  0.5M 

H2O2, and 6 minutes for  0.6-0.8M H2O2. Following deposition the substrates were 

washed with excess water, transferred to isopropanol and dried manually under dry air 

flow. The Ag nanoparticles were then stripped in TSF etch (Transene Corp.) for 5 

minutes, and the substrate was washed with excess water, transferred to isopropanol and 

dried manually under dry air flow. 

Post-MAEE reactive ion etch (nanoneedles shaping) 
To provide shape to the nanoneedles and to remove unwanted nanowire grass in 

the field between nanoneedles, a post MAEE RIE step was necessary. This process was 

performed in an Oxford Plasmalab 80. The patterned and etched substrate was placed in 
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the chamber, and SF6 gas at 20sccm, 100 mTorr was flowed for 5 minutes to allow 

diffusion within the nanowire and nanoneedle layer. The etch was then conducted at 200 

W RF with the same gas conditions as the pre-flow for the time necessary to remove the 

field grass and grant the desired shape to the nanoneedles. 

Packaging of nanoneedles array chips 
A silicon oxide layer was deposited on the substrate, to guarantee electrical 

insulation of the field on the frontside where the needles were not present, and to protect 

the substrate during dicing. A 20nm thick layer of Low Temperature Oxide (LTO) was 

deposited by low pressure chemical vapor deposition in a furnace tube at 450C with 

150sccm SiH4 for 15 minutes. The substrate was allowed to cool and then uniformly 

coated with PR1-1000A photoresist (Futurrex Inc. Franklin, NJ) that planarized the 

surface. The photoresist was baked at 115C for 3 minutes to remove excess solvent. The 

backside oxide and SiN were removed by CF4 dry etch in the Plasmatherm 790 etcher. 

The substrate was placed on dicing tape and diced into 8mmx8mm chips in an ADT 

dicing saw. The photoresist was back etched to expose the nanoneedles but maintain the 

field covered. The frontside oxide was stripped from the collection of nanoneedle chips 

resting on the dicing tape by soaking in buffered oxide etch for 40s. The photoresist was 

removed by means of resist remover solvent RR5 (Futurrex Inc. Franklin, NJ) to expose 

the remaining oxide layer on the field. The chips were manually detached from the dicing 

tape and preserved in air for future studies. All chips were oxidized by aging for 1 month 

in air, followed by 24h at 200C on a hotplate. 
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RESULTS AND DISCUSSION 
In this section the main focus will be placed on the control over size, shape and 

array density granted by the patterning techniques coupled with MAEE. Two competing 

methods to generate nanoneedles with controlled shape will be proposed, and compared.  

Nanoneedles through nanosphere lithography 
The simple MAEE process allowed straightforward formation of porous silicon 

nanowires, but it did not grant control over their shape, size and array density. Yet, to 

realize porous silicon nanoneedle arrays for cell interfacing, control over such parameters 

is fundamental. Solid nanopillars have been realized coupling nanosphere lithography 

with MAEE175.The method works by first depositing monolayers of close packed 

nanospheres, then reducing the size of the nanospheres through etch, so that gaps open 

between neighboring nanospheres, and employing the nanospheres as stencil masks for 

line of sight deposition of metal. The spheres can then be removed by sonication and 

what is left behind is an appropriately patterned metal layer that covers the field between 

hexagonally arranged silicon circles, whose diameter is that of the shrunk nanoparticles 

(Figure 21). While the process is very rapid and straightforward the greatest challenges of 

the nanosphere lithography patterned MAEE process are (i) the formation of uniform 

monolayers over large areas, which becomes more challenging as the characteristic size 

of the nanosphere reduces (ii) the uniform and isotropic shrinking of the spheres, which is 

crucial to obtain detached, and size monodisperse nanofeatures, and (iii) the uniformity of 

the MAEE. 
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Figure 21 Deposition of 20nm of Ag on Si by stencil mask evaporation through 160nm 
polystyrene beads size reduced to 110-120m by O2 plasma etch. The beads were 
removed by sonication in toluene prior to imaging. 

The uniformity and size of the monolayers formed is determined during the 

deposition procedure. Three major deposition strategies have been explored: (i) 

deposition from Langmuir-Blodgett films (LB film), (ii) deposition from solution by 

receding evaporation front and (iii) deposition by spin coating. While LB films have 

shown to provide the most uniform monolayers, they cannot be reliably applied to full 

100mm Si wafers. Among the remaining two techniques, deposition by receding 

evaporation front is subject to environmental conditions parameter difficult to control, 

and thus lacks the required batch to batch reproducibility. Spin coating deposition has 
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been extensively employed to produce full wafer, large scale uniform monolayers of 

polystyrene or silica beads. Monolayers as large as several centimeters have been 

achieved with beads larger than 1µm, while as bead size decreases, the area of uniformity 

dramatically decreases too. At 500nm diameter, few hundreds of micron of uniformity is 

the best achieved result, and below the 200nm mark tens of microns of uniformity 

constitute state of the art177. Nonetheless the presence of point or line defects, which 

usually present as stacking faults in the arrangement of the beads, would not be a major 

drawback for the realization of nanoneedles arrays, while the presence of multilayers or 

of areas not covered with beads present a significant obstacle. Thus in optimizing the 

conditions that control the spin coating deposition of polystyrene beads the 

multilayer/uncovered parameter was used as the guideline. The choice of polystyrene 

beads over silica beads came straightforwardly as size reduction of polystyrene requires 

oxygen plasma that does not etch the silicon substrate, while size reduction of silica 

would etch silicon as well. 

SEM images from the center, midway and the periphery of wafers coated with 

160nm polystyrene beads were analyzed with imageJ to evaluate the multilayer-

uncovered to monolayer ratio (Figure 22). As a general rule it was observed that 

increasing the spinning speed resulted in larger uncovered areas, but reduced the 

formation of multilayers. The optimal value of spinning speed in the range between 

1000RPM and 5000RPM was found to be 2200 RPM. Increasing the concentration of sol 

in solution resulted in larger formation of multilayers, while its reduction, at least above 

2% was found not to significantly affect the size of uncovered areas. And thus 2% sol 
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was determined to be the optimal concentration. Finally the ratio of DI water to 

methanol:Triton1000 solutions for the dilution of the original 10% sol dispersed in DI 

water, was observed to influence the wettability of the silicon surface. Higher 

concentrations of DI water reduced wettability leading to large uncovered areas, while 

higher concentrations of methanol:Triton1000 improved wettability but also the mutual 

interaction between particles, thus leading to higher ratios of multilayers. Nonetheless the 

decrease in wettability by adding even a small amount of water was so substantial that the 

optimal dilution was 100% methanol:Triton1000. In the optimal conditions the substrate 

coverage with polystyrene beads monolayers was approximately 70%, with 25% of 

uncovered areas and 5% of multilayers (Figure 22 b). Preference was given to uncovered 

areas versus multilayers, because uncovered areas would result in the complete etch of 

the area, while multilayers would result in large non etched areas. 

 

Figure 22 Uniformity of 160nm  polystyrene beads monolayer over Si surfaces as a 
function sol concentration. (a) 1% sol, (b) 2% sol, (c) 3% sol. Dilution in 100% 
Methanol:Triton1000, spin at 2200RPM. Lower sol concentration results in more 
uncovered aread, while higher sol concentration leads to more formation of 
multilayers  
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The optimization of the bead shrinking process instead required finding the 

appropriate etch time and chamber conditions that would lead to uniform bead shrinking. 

The optimal chamber conditions were those in which the etch was most anisotropic, so 

that the beads would shrink sideways but would preserve height and curvature, which 

was necessary for the subsequent lift-off procedure, and thus low pressure with high gas 

flow was chosen. Furthermore avoiding melting of the beads due to elevated 

temperatures was crucial to the lift-off procedure and thus low RF bias was chosen, and 

etches longer than 30 seconds were separated into 30 second cycles, with chamber 

ventilation in between. Once the chamber parameters were optimized, the etch time to 

attain the smallest possible bead size while still allowing liftoff was determined. At 1m 

20s etch the bead size was reduced to 130nm, allowing almost complete detachment 

between neighboring beads, with only few beads maintaining thin tendrils joining them, 

and the 65 nm radius allowed for metal depositions up to 40nm to still permit lift-off 

(Figure 23). 
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Figure 23 Size shrinking of polystyrene beads by O2 plasma, followed by e-beam 
deposition of 20nm of Ag. Average particle size is 120nm, resulting from 1min 20s 
plasma etch. 

The thickness of the metal deposition was also crucial to the resulting 

nanoneedles structures. If the metal layer was too thick and formed large connected areas, 

it was prevented from penetrating within the silicon while the etch progressed resulting in 

the formation of porous silicon layers beneath the patterned metal structure (Figure 24). 

Furthermore connected layers covering large areas, even when they were able to 

penetrate within the silicon and thus mediate the etch of nanostructures, tended to pivot 

around any non penetrating point, inducing the formation of semicircular nanostructures 

around the pivot point (Figure 25). Thin layers conversely were rapidly consumed by 
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ionization of the metal nanoparticles surface, and were dissolved in solution, thus they 

could not mediate etch of high aspect ratio structures. Furthermore, layers below the 

continuous monolayer threshold were constituted by small separate islands, that resulted 

in the incomplete etch of structures, yielding large interconnected microstructures 

following MAEE. The optimal Ag film thickness to obtain distinct nanostructures with 

high aspect ratio was found to be 20nm. 

 

Figure 24 Thick Ag deposition over nanosphere lithography patterned Si substrate. The 
large connected layers of deposited metal do not penetrate the underlying Si and do 
not allow lift off of the pSi layer, but mediate its porosification. 
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Figure 25 Thick Ag deposition over nanosphere lithography patterned Si substrate Large 
connected areas of deposited metal pivot around a point that does not penetrate 
within the silicon to form semicircular structures. 

 

Finally even though distinct silicon nanoneedles could be obtained by this 

method, their shape was fixed at cylindrical structures and the array density could not be 

tuned too remotely from that of the originating hexagonally closed packed structures 

(Figure 26). Thus while nanosphere lithography provided a rapid and straightforward 

method to realize nanoneedles, it did not grant the versatility required for this application 
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Figure 26 Porous silicon nanoneedles obtained through nanosphere lithography. Vertical 
ordered structures can be obtained etching <0.005 Ω-cm at 0.05M H2O2 for 30 
minutes. Increasing H2O2 concentration results in loss of etch directionality. 

Nanoneedles through photolithography 
The photolithographic approach to the realization nanoneedles arrays granted far 

superior versatility in terms of selecting array density, which could be determined 

directly through the photolithographic mask. To add more versatility to the technique, 

exploiting post-lithography processing allowed modulating the size and shape of the 

nanoneedles starting from a common lithographic pattern. This strategy enabled the 

synthesis of nanoneedles with 100nm or less tip size, array density between 1µm and 

20µm, aspect ratio up to 50, and shape from cylindrical to conical.  
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The process consisted in the initial low pressure chemical vapor deposition 

(LPCVD) of a silicon rich silicon nitride layer that acted as hard mask for the subsequent 

dry and wet etches (Figure 27 a). LPCVD silicon rich nitride (SiN) was the optimal hard 

mask for several reasons: (i) the interfacial stress between the Si substrate and the SiN 

layer is lower than stoichiometric nitride, because its lattice constant matches that of 

silicon better. The lower interfacial stress prevented stress to be transmitted to the porous 

layers underneath and potentially crack them, furthermore the low interfacial stress 

provided a more conformal coating of the surface with lower pits and pores detrimental to 

wet etch; (ii) LPCVD SiN etch rate in hydrofluoric acid is one order of magnitude lower 

than that of regular Si3N4 and two orders of magnitude lower than that of silicon dioxide, 

making it the optimal dielectric mask for MAEE. Plasma enhanced chemical vapor 

deposition (PECVD) SiN instead, as all PECVD dielectrics, have a lower density and 

higher porosity, resulting in immediate dissolution in HF wet etch, and making it 

unsuitable as etch mask. (iii) The selectivity of CF4 dry etch between SiN and Si allowed 

precise etch stops without excessive overetch, and was also exploited to control the 

nanoneedles shape; (iv) electroless deposition of metal does not occur on SiN, and thus it 

acted as a masking layer for patterned electroless deposition. (iv) SiN could be stripped 

with high selectivity towards Si in 49% HF.  
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Figure 27 Schematics of the pholotipgraphy assisted porous silicon nanoneedles 
fabrication process. (a) LPCVD deposition of silicon rich silicon nitride (SiN). (b) 
photolithography and pattern transfer into the SiN layer, (c) Electroless deposition 
of Ag nanoparticles, (d) Metal assisted electroless etch in HF:H2O2. (e) shaping of 
the porous nanoneedles and removal of grass by SF6 RIE etch, (f) LPCVD 
deposition of low temperature oxide (LTO) to mask the needles. (g) planarization 
by photoresist coating, (h) Photoresist etch in O2 plasma to expose the nanoneedles 
while covering the field, (i) wet etch of exposed LTO in buffered oxide etch (l) 
removal of the photoresist.  

Following the deposition of the SiN masking layer the substrate was patterned 

with an array of 600nm disks, spaced by 2µm, 10µm or 20µm by vacuum contact 

photolithography (Figure 27 b). Each of the 600nm disk ultimately resulted in a 

nanoneedle. To achieve a performance at the limit resolution of the MA6 mask aligner it 

was necessary to couple the use of a 250nm thick negative tone photoresist with vacuum 

contact photolithography. The negative tone photoresist allowed using a dark field mask, 

thus limiting the amount of UV light penetrating across the mask and reducing 

detrimental reflection effects. Furthermore negative tone photoresists allowed for a safe 

overexposure of the pattern without feature loss. While with positive resists overexposure 

would have resulted in excess removal of feature, with negative tone resists, since the 

exposed photoresist is preserved on the substrate, overexposure could only result in 

features larger than desired, a much lesser drawback than their complete. Furthermore 

negative photoresists are more resistant to the developer solution, and thus development 

timing was less crucial. Finally a thin photoresist was necessary to resolve the features. 

Photoresists 500nm and thicker, even when extremely overexposed and underdeveloped 

(a condition that should result in larger features firmly attached to the substrate) were 

detaching from the substrate and could be seen re-depositing following random floating. 
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The reason for this behavior can be twofold: (i) the depth of focus for 600nm pinholes is 

shallow and exposure at the bottom of the 500nm resist could be out of focus and thus 

insufficient, and (ii) small features with aspect ratio close to, or larger than 1 in 

photoresists that are not design to be mechanically stable are often prone to distortion and 

detachment. Finally vacuum contact was necessary to improve the contact uniformity and 

thus the exposure uniformity across the wafer. The combination of the ultrathin negative 

tone photoresist more tolerant towards cross-wafer variability in exposure with an 

exposure approach that attempted to minimize that same variability allowed pushing the 

tool consistently and uniformly beyond the resolution limit certified by the manufacturer 

at 0.7µm. Once the 600nm array of disks was transferred in the photoresist on top of the 

SiN layer, RIE in CF4 gas allowed straightforward pattern transfer into the SiN layer, 

stopping at the SiN-Si interface, to expose the Si surface in the field around the 600nm 

disks (Figure 27 b).  

Following pattern transfer into the SiN layer the photoresist was removed by 

piranha etch, and Ag nanoparticles were deposited on the substrate by electroless metal 

deposition. Electroless metal deposition was the method of choice for depositing Ag on 

the substrate because it allowed the formation of a networked structure of nanoparticles 

that did not cover completely the Si surface between the patterns (Figure 27 c, Figure 28, 

Figure 29). A uniform layer of metal spanning over the pitch between the nanoneedles 

pattern, such as that deposited by line of sight evaporation, would have prevented the 

necessary interaction between the solution and the substrate that is necessary for MAEE 

to occur. Thus the alternative was to either deposit the metal by evaporation below the 
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continuous layer threshold or employ electroless metal deposition. In the section 

regarding nanosphere lithography formation of nanoneedles it was observed that 

evaporating silver below the monolayer threshold did not deposit enough metal to sustain 

MAEE for the time necessary to generate high aspect ratio structures, such as the optimal 

nanoneedles should be. Conversely with electroless metal deposition the amount of metal 

deposited was controlled by the duration of the reaction, and even for depositions of large 

quantities of metal that coverd the entire Si substrate and spanned over the SiN pattern, 

the dendritic structure of the deposited metal did not form a continuous monolayer 

coating on the Si surface, and still guaranteed local interaction between the etch solution 

and the Si substrate to be etched. As a drawback to this non continuous coverage, 

wherever an exposed Si surface was not covered by a metal nanoparticle, etch was not 

catalyzed resulting in the formation of a silicon nanowire. Thus the resulting structure 

following MAEE was that of porous silicon nanopillars with 600nm diameter surrounded 

by a forest of porous silicon nanoneedles with diameter of few nanometers. 
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Figure 28 Patterned electroless deposition of Ag over 2µm diameter SiN rings. Formation 
of large Ag dendridic structures can be observed. 
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Figure 29 Magnified view of patterned electroless deposition of Ag over 2µm diameter 
SiN rings. Ag particles form a discotinuous layer over the Si substrate. Ag particles 
do not deposit on with SiN 

Following the deposition of the metal, MAEE was performed to form the pillar 

structures surrounded by the nanoneedles (Figure 27 d, Figure 30). The optimal silicon 

resistivity was the one resulting in porous nanowires that still granted a relatively high 

etch rate. The higher etch rate allowed forming structures with high aspect ratio before 

excessive consuption of the SiN layer. Consuption of the SiN mask resulted in erosion of 

the pillar tip, that in turn led to nanoneedles with poorly shaped tips and uneven heights, 

both undesirable properties. Observing the phase diagrams reported in the previous 

chapter 0.01-0.02 Ω-cm appeared to be the most suitable candidate substrate for the 
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realization of porous nanoneedles. Etches of 0.005 Ω-cm wafers consistently resulted in 

shallow structures with eroded tips, while etch of 0.1 Ω-cm resulted in limited 

porosification. The other parameter that remained to be tuned was the concentration of 

H2O2 in solution. It was observed in the previous chapter that increasing the 

concentration resulted in higher porosity structures, and faster etch, thus the highest 

concentration of H2O2 that led to the successful formation of porous nanoneedles was to 

be preferred. The formation of viable nanoneedles was not uniquely determined by the 

outcome at the end of the metal assisted etch, as further processing was necessary to grant 

them desired shape and to obtain functional chips out of full wafers of nanoneedles 

arrays. To determine the optimal H2O2 concentration MAEE with concentrations in the 

range between 0.02M and 0.08M with 0.01M step was performed. Within this range, at 

the end of the MAEE step, integral, fully porous pillars, uniformly etched across the 

entire wafer were obtained in the range between 0.03M and 0.06M, and those were 

processed further. 0.02M concentration lead to the formation of only partially porous 

structures, while concentration of 0.07 or higher resulted in significant erosion at the tip 

of the pillars, concurrent deformation of the pillar shape along its length due to lateral 

movement and coalescence of the metal etchant nanoparticles during etch, and uneven 

length of the pillars due to non-uniform etch across the wafer. Another crucial aspect was 

the consumption rate of the SiN masking layer during MAEE, since its residual thickness 

was an important parameter in determining the shape and length of the final nanoneedles. 

For this reason MAEE etched samples with SiN layers of three different deposition 

thicknesses were produced: 90nm, 120nm and 170nm. 
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Figure 30 Porous silicon pillar structures surrounded by a field of porous silicon 
nanowires, resulting from MAEE etch of 600nm diameter SiN disk patterns on a 
0.01 Ω-cm Si wafer in 0.6M H2O2 for 8 minutes. The posous ilicon pillar tips are 
covered by SiN. 

Following MAEE the substrate presented an array of porous cylinders with 

600nm diameter and length up to 7µm, interspersed with porous silicon nanowires of 

random geometry. The desired final structures were porous silicon nanoneedles 

originating from the cylinders, with tip diameter smaller than 400nm, high aspect ratio 

and without interspersed nanowires. Reactive ion etch in SF6 gas of the porous silicon 

pillars interspersed with nanowires resulted in the formation of the porous silicon 

nanoneedles (Figure 27 e, Figure 31, Figure 32 ). 
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Figure 31 SEM overview of porous silicon nanoneedles with 2µm pitch on a 0.01 Ω-cm 
Si wafer in 0.6M H2O2 for 8 minutes following 3m 45s SF6 RIE etch. 
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Figure 32 Close up view of porous silicon nanoneedles with 2µm pitch on a 0.01 Ω-cm Si 
wafer in 0.5M H2O2 for 8 minutes 3m 15s SF6 RIE etch. 

SF6 etch profile is characterized by a larger isotropy than that of the other gases 

employed for Si etch, thus with SF6 vertical surfaces were etched at a rate smaller but 

comparable to that at which horizontal surfaces were. In this particular system the porous 

silicon nanowires interspersed within the nanopillars constituted approximately 15-20% 

of the original bulk silicon surface and their tips were not masked from RIE by SiN. 

Conversely the nanopillars were protected from RIE etch by the SiN dielectric layer and 

the pillar had a smaller surface to volume ratio, thus were more slowly attacked by the 

reactive ion etch. It was observed that the nanowires were mostly etched from the top 
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down, and as they got etched they exposed the vertical walls of the nanopillars to the 

plasma etch. The exposed vertical walls were etched preferentially with respect to the tip 

of the nanopillars (which were SiN masked), and the vertical walls became gradually 

more and more exposed over time as the nanoneedles were shortened by the etch (Figure 

33).  

 

Figure 33 Effect of progressive SF6 etch over the shape of a nanoneedle. As the etch 
progresses the tip of the needle is etched and sharpened. The needle also gets 
shortened as the SiN layer is etched away and etch from the top begins to occur. 
The combination of sideways and top down etch result in the formation of trunk of 
cone or conical nanoneedles. 

The gradual exposure over time of the vertical walls resulted in the sidewalls at 

the tip of the nanopillars to be etched for longer (and thus more) than those at the bottom 
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of the pillar. This phenomenon led to the conversion of the originally cylindrical pillars 

into trunk of cone, or cone structures, which constituted the porous silicon nanoneedles. 

The diameter of the tip of the pillar was determined by the thickness of the SiN layer, by 

the duration of the etch and by the etch rate of the surrounding nanowires. The etch rate 

of the surrounding nanowires in turn was determined by their porosity and the surfacial 

fraction of the original Si surface they occupied. Both those parameters were controlled 

exclusively by the concentration of H2O2 in the MAEE solution, since the amount of Ag 

deposited was fixed as it was the substrate resistivity in order to obtain porous structures 

of desired length. Higher H2O2 concentrations resulted in higher porosity and lower 

coverage of surficial fraction. Both parameters led to a faster etch of the nanowires. Thus 

etch time difference between the tip and the bottom of the nanoneedles reduced as the 

concentration of H2O2 increased. This reduction led to more vertical sidewalls forming 

longer nanoneedles and overall to a higher etch selectivity between the nanoneedles and 

the nanowires, which was desired. The thickness of the SiN layer determineed how long 

the tip was protected from etch. Thicker SiN layers resulted in longer nanoneedles since 

they prevented top-down etch for longer times, but they also preserved the tipmost 

structure from etch, but not the structure immediately underneath which got etched from 

the sidewalls and resulted in hourglass shaped tips for thick SiN layers (Figure 34). Since 

the SiN layer protected the tip from both top-down and lateral erosion it was a crucial 

factor in determining tip size with thicker SiN layers forming larger tips. The balance of 

the SiN layer thickness was thus one of attempting to preserve the longest possible 

nanoneedles while trying to obtain the sharpest possible tip. The etch duration also 
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determined the overall erosion of the nanoneedles structures, while at the same time 

allowing for further sharpening of the tip. The minimal duration for the etch was that 

required to completely remove the nanowires from the field, and since other parameters 

could be tuned to control tip size, that was also the optimal etch duration, leading to the 

longest possible nanoneedles. 

 

Figure 34 Hourglass shaped nanoneedle tips resulting from 170nm thick deposition of 
LPCVD SiN. 

A SiN layer of 120nm coupled with nanostructures formed in 0.06M H2O2 and an 

etch duration of 3m and 15s allowed the formation of 5µm long nanoneedles with 110-

150nm tips (Figure 35 a). Tuning the thickness of the SiN layer and the etch duration it 

was also possible to form nanoneedles starting from the same porous nanostructures with 
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tip diameter up to 400nm (Figure 35). The density of the nanoneedles array did not play a 

role in altering the resulting structures, and the same conditions optimized the realization 

of sharp conical nanoneedles with 2µm, 10µm and 20µm pitch (Figure 36). 

 

Figure 35 Detail of tips from nanoneedles obtaind through different SF6 etch processes 
and SiN masking conditions. 

 

Figure 36 Porous silicon nanowire arrays of different pitch: (a) 2µm, (b) 10 µm, (c) 
20 µm. 

 

Since the loading of the nucleic acid payload within the porous needles structures 

was mediated by an externally applied electric field, it was important that most of the 
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current flowing through the system would flow through the nanoneedles and not the 

underneath silicon substrate. Nonetheless porous silicon structures have higher resistivity 

than the bulk material they originate from, thus a dielectric layer covering exclusively the 

field at the bottom of the nanowires was necessary to improve system. The strategy 

developed to deposit a layer of dielectric only at the bottom of the structures was to 

blanket deposit the dielectric (Figure 27 f), cover the nanoneedles entirely with 

photoresist (Figure 27 g), and back etch the photoresist to expose the nanoneedles again 

(Figure 27 h), while maintaining the bottom field covered (Figure 37). The dielectric 

could then be selectively removed by wet etch (Figure 27 i). LTO was the dielectric of 

choice because (i) it did not to penetrate the porous structure, (ii) it could be deposited at 

low temperature (450C) limiting the oxidation of the porous structure underneath and (iii) 

could be selectively removed with a rapid buffered oxide etch while preserving the 

porous nanoneedles structure (Figure 27 l, Figure 37). Even though the oxidation of the 

porous nanoneedles could be limited through the deposition of LTO, it could not be 

completely prevented, and buffered oxide etch resulted in further shrinking and 

sharpening of the nanoneedles and an associated enlargement of the pores. While 

nanoneedles obtained from MAEE in H2O2 concentrations up to 0.05M could survive this 

process and maintain mechanical stability, etches in 0.06M or higher resulted in bending 

nanoneedles or complete etch of the structures. 
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Figure 37 Porous silicon nanoneedles emerging from the photoresist layer employed to 
mask the field and protect the field oxide from etch. Nanoneedles have been 
stripped of oxide. False colored SEM image showing nanoneedles in blue, 
photoresist in red and silicon oxide in purple. 

Once the nanoneedle arrays were made it was necessary to dice them into usable 

chips for interfacing with cells. Chips 8mmx8mm in size are suitable to be employed in 

standard 24 wells and were the size of choice. It was fundamental for the reliable 

comparison of the behaviors that will be studied in the following chapters that the size of 

the chip be constant, thus dicing was preferred over cleaving. Nonetheless dicing results 

in the re-deposition of large amounts of silicon particulate on the chips, that need be 

protected. By depositing the LTO layer and the planarizing photoresist and not 
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performing the backetch and removal steps until the chips were dices, the structures could 

be appropriately protected. Following dicing the photoresist was back etched, the LTO 

layer selectively removed in buffered oxide etch, and the residual photoresist dissolved in 

organic resist remover. At this step the photoresist could not be stripped in photoresist 

developer, since it being an alkaline solution it would completely dissolve the porous 

nanoneedles. 

The resulting nanoneedles arrays were hydrophobic because SiO2 had been 

actively stripped from the surface by the final buffered oxide etch. Aging for 1 month in 

air at room temperature followed by 24h at 200C provided an hydrophilic oxide 

terminated surface. 

CONCLUSION 
Two potential strategies for the realization of porous silicon nanoneedles have 

been compared. Nanoneedles obtained through photolithography were found to be far 

superior to those obtained through nanosphere lithography both in terms of process 

versatility and quality of the resulting structures. Employing the photolithographic 

technique chips of porous silicon nanoneedles arrays that can be interfaced to cells have 

been realized. The different steps of the photolithographic procedure have been analyzed 

and optimized to obtain sharp, high aspect ratio, robust, porous silicon nanoneedles. The 

crucial parameters that control and direct the successful synthesis of porous silicon 

nanoneedles by the photolithography method are (i) the thickness and stoichiometry of 

the SiN masking layer, (ii) the tone and thickness of the photoresist employed for 

nanostructure patterning. (iii) the concentration of H2O2 in the MAEE solution, alongside 
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with the appropriate selection of etchant metal and silicon substrate and (iv) the 

conditions of the reactive ion etch employed to shape the nanopillars into nanoneedles. 

Mastering the understanding of the combined effects of these parameters was 

fundamental to control the design of porous silicon nanoneedles, necessary to obtain the 

optimal structures for cell interface. The arrays of nanoneedles have been successfully 

realized, and in the following chapters their suitability for loading, release and delivery of 

siRNA will be assessed. 
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Chapter 4: In-vitro characterization of loading and release by porous 
silicon nanoneedle arrays 

INTRODUCTION 
Nanoporous structures are widely employed as drug delivery vectors due to their 

ability to carry and protect the payload until the conditions for delivery arise139. 

Hydrogels are probably the most developed porous delivery systems thanks to their 

simple fabrication process, their low cost, and their predictable properties emerging from 

their mature synthetic chemistry237. Hydrogel structures can be designed to respond to 

environmental conditions and trigger the release of their payload accordingly238. 

Furthermore hydrogels can be designed to incorporate the payload within their matrix, or 

be infused at a later time239,240. Porous silica and silicon structures are also intensely 

explored as drug carriers. The mechanical properties of silicon are suitable to the 

realization of structures requiring mechanical stability and largely independent of their 

release potential241. Furthermore electronic integration on silicon can be easily achieved 

and exploited to mediate a rapid response of the porous silicon delivery system to local or 

even remote stimuli181. Porous silicon structures also have an enviable track record as 

drug delivery systems, having been shown capable of modulating drug solubility and 

release kinetics, loading and sustained release of multiple therapeutic and diagnostic 

agents in molecular or nanoparticle forms, targeting diseased sites, sustained delivery of 

siRNA in vivo exhibiting therapeutic efficacy190. Loading and release from within the 

porous structure of pSi is mediated by controlling its surface properties. Controlling the 

hydrophilic character of the pSi optimizes the loading of water soluble and water 
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insoluble molecules242. Tuning pSi surface charge improves harvesting of charged 

nanoparticles and molecules from solution23,186,211.  

The anionic character of nucleic acid is routnely exploited in gel elecrophoresis 

for their recognition and classification by means of externally applied electric fields. 

Oligonucleotides have been loaded within agarose matrices in the realization of 

electronically integrated DNA microarrays243. Short nucleic acids can be succesfully 

concentrated within porous structures by means of electric fields or electrostatic 

interaction. This chapter develops strategies involving externally applied electric fields 

and electroctatic interactions for loading pSi nanoneedles with molecular and 

nanoparticles payloads, among which siRNA. The payload release kinetics and 

modulation will also be determined to evaluate the potential of porous silicon 

nanoneedles for intracellular payload delivery either through imprinting or impalefection. 

MATERIALS AND METHODS 

Small interfering RNA was acquired from Ambion, Austin, TX. Unless otherwise 

specified reagents were acquired from ThermoFisher, Waltham, MA. 

Assembly of the electrically integrated nanoneedles chip 
The 8x8mm nanoneedles chip was interfaced to an electrical circuit for the 

application of an external electric field to assist loading and release. A 10mm wide, 10cm 

long aluminum foil strip was attached on top of a glass slide by means of a double sided 

scotch tape (3M, St. Paul, MN). A 10mm diameter carbon black tab (Ted Pella Inc, 

Redding, CA) was placed in the center of the glass slide on top of the aluminum strip to 

provide adhesion and electrical contact. The nanoneedle chip was then seated on top of 
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the carbon tab, and the aluminum strip was connected to one electrode of an arbitrary 

waveform generator (LaCroy, Chestnut Ridge, NY). The other electrode of the same 

arbitrary waveform generator was connected to a Ag/AgCl wire whih was mounted on a 

holder allowing careful positioning over the nanoneedles chip. The electrical circuit was 

closed between the two electrodes by dispensing 50µl of the loading solution over the 

nanoneedles chip. The surface tension between the chip and the solution confined the 

solution over the chip, without spreading, resulting in the formation of a solution drop in 

which the Ag/AgCl electrode was immersed (Figure 38). 

 

Figure 38 Electrically assisted loading setup. Left: schematics showing the porous 
nanoneedle chip interfaced with the backside aluminum electrode. A drop of 
loading solution is placed over the chip. An Ag/AgCl electrode is immersed within 
the loading solution. The Ag/AgCl and the Al electrodes are connected to an 
arbitrary waveform generator. Right: Picture of the actual loading setup showing 
the Ag/AgCl electrode mounted on the holder. Z direction movement is provided 
through a linear actuator. XY plane movement is manual.  

Electrically assisted loading 
The setup described in the previous section was employed to assess electrically 

assisted loading of either FITC-BSA or Cy3-siRNA on oxidized nanoneedle array chips. 

50 µl of 100nM FITC-BSA or 100nM Cy3-siRNA in PBS was spotted on the chip. Then 

a constant voltage was applied across the electrodes for the desired duration. Both the 
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applied voltage and the duration of application were tuned to optimize loading. Loading 

efficiency was assessed by allowing passive release of the payload in 100µl of PBS for 

2h and analyzing the release solution by spectrofluorimetry aliquoting 10µl of sample in 

a 384well PCR plate. Standard calibration curve of siRNA and BSA fluorescence as a 

function of molar concentration had been acquired in the 10-10M to 10-7M range (Figure 

39). Experiments run in triplicate. 

 

 

Figure 39 siRNA fluorescence standard calibration curve, showing linearity in the 10-10M 
to 10-7M range. 
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Electrically assisted release 
A nanoneedle chip loaded with cy3-siRNA in optimal conditions was glue sealed 

to the opening of a 24-well transwell where the transwell membrane had been previously 

removed (Figure 40). The needles were facing the lower chamber of the transwell. The 

transwell upper chamber was filled with PBS and an Ag/AgCl electrode was immersed in 

the solution. The transwell was placed in the 24-well that already contained an Ag/AgCl 

electrode. The optimal loading voltage for cy3-siRNA was applied (+0.5V at the upper 

Ag/AgCl electrode) and the lower well chamber was filled with 100µl of PBS. The 

voltage was dropped by 0.1V every 5 minutes until it reached 0V. The circuit was then 

opened and the connections to the arbitrary waveform generator removed. 10µl of 

solution from the lower chamber was aliquoted 30 seconds before and after every step 

down in voltage. The aliquoted sample was analyzed by spectrofluorimetry in a 384well 

PCR plate. The solution replenished and changes in concentration were accounted for in 

the analysis. For each replenishment following aliquoting the concentration was diluted at 

9/10, thus for the n-th sampling the dilution was (9/10)n. The concentration measured by 

spectrofluorimetry was thus multiplied by (10/9)n to obtain the equivalent concentration 

in the original solution, and used to calculate the amount of released siRNA. Experiments 

run in triplicate. 
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Figure 40 Schematic depiction of the electrically assisted release setup. The nanoneedles 
chip is glued to the bottom of a transwell and electrical contact is provided through 
two separate solution on the backside (inside the transwell) and the frontside 
(inside the bottom reservoir) of the chip. The bottom reservoir is the release 
solution.  

Differential loading of quantum dots 
CdSe quantum dots of different size were loaded differentially within porous 

nanobarcodes. The nanobarcodes were realized as described in the relevant method 

section of chapter 2 with 3 cycles of the two step etch in 0.005M H2O2 10 minutes, 

0.02M H2O2 1 minute, to form a six segment, two-color nanobarcode. The nanobarcodes 

were scraped from the substrate with a razor blade and transferred to isopropanol. 100µl 

of 2mg/ml yellow CdSe quantum dots suspended in toluene with 3.3nm diameter and 

peak emission at 560nm (NN-Labs, Fayetteville, AR) were added to 20µl of 

nanobarcodes and incubated for 30 minutes. The nanoneedles were then centrifuged at 

4200RPM for 5 minutes, the surnatant was removed and substituted by 200µl of 2mg/ml 

toluene suspension of red CdSe quantum dots with 6.6nm diameter and 633nm peak 

emission (NN-Labs, Fayetteville, AR). Photoluminescence of this system was collected 
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from samples spotted on a glass slide, allowed to dry and sealed with a coverslip. The 

samples photoluminescence spectrum in the 500nm to 800nm range was collected with a 

leica TCS SP5 confocal microscope under a 488nm excitation laser wavelength (Leica 

Microsystems, Bannockburn, IL, USA) 

Passive loading of biomolecules 
The chips surface was functionalized with 3-aminopropyltriethoxysilane 

(APTES). A solution of 2% APTES in toluene was prepared and the chips were 

incubated in the solution on a rotary plate for 2h. The chips were removed from the 

APTES solution and washed thrice in 1:1 Ethanol:H2O. The chips were then dried and 

preserved in a desiccator until further use. Either FITC-BSA or scrambled cy3-siRNA 

was loaded individually within the APTES functionalized porous structure. 50 µl of 

100nM FITC-BSA in PBS or 100nM cy3-siRNA in PBS were spotted on the nanoneedles 

chip and incubated for 15 minutes. Following incubation the chips were rinsed three 

times with 100µl or DI water. Passive loading within the porous structure was assessed 

by confocal microscopy 

Passive payload co-loading 
APTES functionalized chips, obtained as described in the previous methods 

section, were employed for passive co-loading of the payload. 633nm peak emission Q-

dots together with FITC-BSA (512 nm emission) and scrambled Cy3-siRNA (570nm 

emission) were co-loaded in a two-step process. Q-dots were loaded first by dispensing 

50µl of 2mg/ml toluene suspension over the chip and incubating for 5 minutes. The 
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solution was then removed and the chip rinsed three times in 1:1 ethanol:H2O, and then 

once in PBS. Then 50µL of 100nM FITC-BSA and 100nM scrambled Cy3-siRNA PBS 

was spotted on the chip and incubated for 15 minutes. The chip was then rinsed three 

times in DI water and loading was assessed by confocal microscopy spectroscopic 

imaging over the 500 to 700nm wavelength range with appropriate excitation lasers and 

notch filters. 

Alternatively rhodamine B (540/625 ex/em), FITC-BSA (490/520) and scrambled 

Cy3-siRNA (550/570) were co-loaded simultaneously within APTES functionalized 

nanoneedles. 50µL of 100nM FITC-BSA, 100nM scrambled Cy3-siRNA and 100nM 

Rhodamine Red PBS solution was spotted on the chip and incubated for 15 minutes. The 

chip was then rinsed three times in DI water and loading was assessed by confocal 

microscopy spectroscopic imaging over the 500 to 700nm wavelength range with 

appropriate excitation lasers and notch filters. 

Passive payload release 
APTES functionalized chips loaded as previously described with cy3-siRNA were 

employed for passive payload release study. The chips were incubated for 24h in 100µl 

of PBS at room temperature. At fixed timepoints (10m, 30m, 1h, 2h, 4h, 8h, 12h, 18h and 

24h) 10ml of solution was aliquoted for analysis at spectrofluorometer. 10µl of PBS were 

added at each timepoint to preserve solution volume. The change in concentration 

resulting from addition of solution was taken into account in the reported results as 

mentioned in the electrically assisted release section. Experiments run in triplicate. 
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RESULTS AND DISCUSSION 

Electrically assisted loading 
FITC-BSA and cy3-siRNA were loaded within the porous structure of oxidized 

nanoneedles with the assistance of an externally applied electrical field. 100nM PBS 

solutions of either FITC-BSA or cy3-siRNA were spotted over the nanoneedles chip to 

close a circuit formed by the chip as one electrode and an Ag/AgCl wire counter-

electrode (Figure 38). Once the circuit was closed a potential, in the range between -2V 

and +2V at the chip was applied for 3 minutes. The solution was then removed to open 

the circuit and the potential removed. The loaded biomolecules were collected in PBS 

buffer, incubated over the chip, and analyzed by spectrofluorimetry to assess loading 

performance. Loading of both SiRNA and BSA behaved similarly, indicating that the 

details of the biomolecule structure played a marginal role with respect to that of the 

porous structure and of the electrical field (Figure 42, Figure 43). This finding was 

surprising, since even though BSA is anionic at the pH considered, it is a complex 

zwitterionic molecule with multiple anionic and cationic regions, and a tertiary structure 

that should result in a more complex interaction with charged surface than that of the 

anionic phosphate backbone of a short RNA oligonucleotide. Loading efficiency within 

the nanoneedles increased with increasing voltage from -2V to + 0.5V where the 

maximum loading efficiency was observed (12.8nM siRNA, 3.5nM BSA) From + 0.5V 

the loading efficiency steadily and rapidly decreased until +2.0V (Figure 42, Figure 43). 

The current density was positively correlated with voltage in the positive voltage range, 

with a step increase in current at +1.5V. The lowest absolute value for the net current for 
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siRNA loading was observed at -0.25V. A small negative current was observed for 

negative voltages lower than -1.5V that indicated reverse biasing of the Si electrode, a 

larger negative current was observed at -1.5V and -2.0V. These observations suggested 

that the Si electrode-electrolyte interface behaved as a diode. Current intensity decreased 

exponentially over time to reach an asymptotic value different from zero while voltage 

was applied, suggesting accumulation of charged species at the electrodes and resudial 

electrolytic activity at the Si electrode (Figure 41) . 

 

Figure 41 Typical current-time profile for siRNA loading at +0.5V. Initial current sets at 
452nA, asymptotic current value is 234nA. 

Open circuit loading of siRNA was significantly lower than electrically assisted 

loading at any voltage considered. In a test system observed under an optical microscope 

constituted by a pSi electrode facing and Ag/AgCl electrode in a similar configuration to 

the one employed for the experiments it was observed that electrolysis of PBS with gas 

evolution at the anode occurred when a potential above 2.5V was applied, and for this 
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reason the region of interest for the study was limited to the -2.0V to + 2.0V on the actual 

system. Nonetheless the decrease in loading efficiency with increasing positive potential 

raise the attention towards potentially detrimental effects of the electrolysis occuring in 

solution. 

 

Figure 42 siRNA loading as a function of voltage. A bias was applied between a 
nanoneedle chip and an Ag/AgCl counterelectrode. The voltage reported is the 
voltage of the nanoneedle chip. Loading increases with increasing voltage up to a 
maximum at 0.5V. A rapid and steady decrease is observed thereafter. 
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Figure 43 BSA loading as a function of voltage. A bias was applied between a 
nanoneedle chip and an Ag/AgCl counterelectrode. The voltage reported is the 
voltage of the nanoneedle chip. Loading increases with increasing voltage up to a 
maximum at 0.5V. A rapid and steady decrease is observed thereafter. 

It is possible to provide an estimate of the loading efficiency of this mechanism. 

Calculating initially the total number of molecules loaded; for example for siRNA: 

12�345 = #6�71�$ ∙ 9 ∙ � = 1.28 ∙ 10"<= ∙ 10"�> ∙ 6.022 ∙ 10�? � 7.7 ∙ 10AA 

Where #6�71�$ is the concentration of siRNA, 9 is the volume of the release 

solution and � is Avogadro’s number. Once this value is calculated it is neceessary to 

calculate the total number of nanoneedles on a chip: 
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1���BC�2 � D���BC�2 ∙ 
 =
1

4 ∙ 10"<EF�
	 ∙ 0.64EF� = 1.6 ∙ 10G 

Where D���BC�2 is the surfacial density of nanoneedles and 
 is the total surface 

Then the number of molecules loaded per nanoneedles is simply 

. =
12�345

1���BC�2

=
[6�71�] ∙ 9 ∙ �

D���BC�2 ∙ 

=

1.28 ∙ 10"<= ∙ 10"�> ∙ 6.022 ∙ 10�?

A

�∙A�HIJKL
	 ∙ 0.64EF�

=
7.7 ∙ 10AA

1.6 ∙ 10G

= 48176 

To yield approximately 50000 siRNA molecules per nanoneedle.  

The volume of an siRNA molecule is  

� = . ∙ MN ∙ OP� = 25 ∙ 0.32 ∙ O = 25.12.F? 

Where . = 25 is the number of base pairs in the molecule and MN = 0.32.F is 

the lenght of a single base pair and  P = 1.F is its radius. 

The total volume occupied by the siRNA is 

92�345 = . ⋅ � = 50000 ∙ 25.12 = 1.25 ∙ 10�.F? 

and since the payload volume for each cylindrical nanoneedle is 

9�-TCU-B = V
1

3
OP�ℎ = 0.4

1

3
O�600	.F�� ∙ 3000.F = 4.52 ∙ 10<.F? 

The total payload volume occupied can be calculated as 

92�345

9�-TCU-B

=
1.25 ∙ 10�

4.52 ∙ 10<
= 0.29% 

The molar concentration of siRNA within the nanoneedles can also be estimated 

as: 
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#6�71�$ �
12�345

9 ∙ �
=

48176

4.52 ∙ 10"A�> ∙ 6.022 ∙ 10�?
= 1.77 ∙ 10"�= 

With an increase of three orders of magnitude over the siRNA concentration in 

solution. 

Finally the loading efficiency, can be evaluated 

12�345,���BC�2

12�345,2UCZ[�U�

=
2.1 ∙ 10AA

6.0 ∙ 10A�	
= 12.8% 

The analogous calculation for BSA yiels approximately 20000 molecules per 

nanoneedle. calculating BSA volume: 

	9\2- = .
4

3
OP\2-

? = 20000
4

3
O�2.7.F�? = 1.65 ∙ 10�.F? 

The total payload volume occupied then is: 

9\2-

9�-TCU-B

=
1.65 ∙ 10�

4.52 ∙ 10<
= 0.37% 

And the molarity of BSA within the nanoneedles can also be estimated at: 

[]
�] =
1^05

9 ∙ �
=

20000

4.52 ∙ 10"A�> ∙ 6.022 ∙ 10�?
= 0.73 ∙ 10"�= 

With an increase of almost three orders of magnitude over the BSA concentration 

in solution. The loading efficiency becomes: 

1^05,���BC�2

1^05,2UCZ[�U�

=
2.1 ∙ 10AA

6.0 ∙ 10A�	
= 3.5% 

Once the loading voltage conditions had been optimized, the optimal loading time 

was determined. Small interfering RNA was loaded at +0.5V for a time variable between 

10s and 5 minutes. The loading efficiency was examined analogously to what done for 
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optimization of the voltage conditions. A linear relationship between loading time and 

loading efficiency was observed in the range between 10 and 120s, with saturation 

beginning to show at times of 180s and more (Figure 44). the optimal siRNA loading 

conditions leading to the highest efficiency loading of siRNA were realized with a 

voltage of +0.5V applied for 180s.  

 

Figure 44 siRNA loading as a function of time. Linear behavior is observed in until 120s, 
when saturation begins to set in. 

Confocal microscopy analysis of the electrical loading of solid nanoneedles and 

porous nanoneedles indicated that porous needles were uniformly loaded across their 

entire volume, while the solid needles were loaded exclusively on the external surface 

(Figure 45). This observation confirmed the authenticity of the uniform loading of the 
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nanoneedles throughout the porous volume observed by confocal microscopy for all 

loading conditions analyzed in this chapter (passive loading, co-loading, electrical 

loading) and eliminated the possibility of an artifact due to the resolving power limits of 

the confocal microscope. Confocal analysis also showed loading associated with the SiO2 

flat bottom surface of the field between the nanoneedles.  

 

Figure 45 Electrically assisted loading of siRNA within porous and solid nanowires in 
optimal conditions. Porous nanoneedles show uniform loadin throughout their 
volume, while solid nanoneedles show loading exclusively associated with the 
surface. 

Electrically assisted release 
The unassisted release of electrically loaded siRNA from the oxidized 

nanoneedles was completely realized within 30 minutes, and the release profile could not 

be reliably assessed due to high variability. The needles analyzed by confocal microscopy 

at the 30 minutes timepoint did not evidence any residual photoluminescence. This 
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behavior, significantly different from the sustained release that will be described later in 

the chapter from APTES modified nanoneedles can be attributed to the negative surface 

charge associated with SiO2 surface termination resulting in mutual repulsion with the 

siRNA molecules, that are rapidly dispersed in solution. This unfavorable electrostatic 

interaction can also be considered responsible for the extremely low loading levels 

(comparable to blank) observed in open circuit conditions for oxide terminated surfaces.  

The release of the electrically loaded siRNA payload was controlled through the 

modulation of an externally applied electric field. Since different values of the electrical 

potential were associated with different loading efficiencies (Figure 42), it is reasonable 

to suppose that once the maximum loading efficiency is reached, modulating the applied 

potential will result in a partial release of the payload until the loading efficiency 

associated with the new voltage is achieved, and the release profile will follow a rapid 

kinetic similar to that associated with passive release. Nanoneedle arrays were loaded in 

optimal conditions, and transferred to the transwell setup described in the methods 

section. Starting from +0.5V the potential was lowered by 0.1V every 5 minutes until 0V 

were reached, and then the circuit was opened. A sample was collected 30 seconds before 

and 30 seconds after every change in voltage and analyzed by spectrofluorimetry ( 

Table 2, Figure 46). The analysis showed a burst release associated with the initial 

filling of the bottom chamber, probably due to transient current phenomena occurring 

upon closing of the circuit. This initial release was followed by a series of step releases 

associated with drops in potential, with the amount released decreasing as the absolute 

value of the voltage decreased.  
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Table 2 electrically assisted siRNA release 

Voltage 
(V) 

Time 
(min) 

Measured 
concentration 
(M) 

Dilution Corrected 
concentration 
(M) 

Differential 
release 
(M) 

Blank 0 0 1 0 0 
0.5 0.5 4.30e-09 0.9 5.89e-09 9.89e-9 
0.5 4.5 4.82e-09 0.81 5.99e-09 6.00e-11 
0.4 5.5 5.36e-09 0.73 7.35e-09 1.41e-09 
0.4 9.5 4.94e-09 0.66 7.54e-09 1.82e-10 
0.3 10.5 5.44e-09 0.59 9.21e-09 1.67e-09 
0.3 14.5 4.89e-09 0.53 9.20e-09 -9.51e-12 
0.2 15.5 4.45e-09 0.48 9.31e-09 1.12e-10 
0.2 19.5 4.19e-09 0.43 9.75e-09 4.34e-10 
0.1 20.5 3.88e-09 0.39 1.00e-08 2.79e-10 
0.1 24.5 3.57e-09 0.38 1.02e-08 2.18e-10 
0 25.5 3.20e-09 0.31 1.02e-08 -3.11e-11 
open 30 3.08e-09 0.28 1.09e-08 7.07e-10 
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Figure 46 electrically assisted release of siRNA. An initial burst release is observed 
followed by step release associated with the decrease in voltage from 0.5V to 0.4V 
and from 0.4V to 0.3V. 

 

Differential loading of nanoparticle payload 
Quantum dots of two different colors (red, 6.6 nm diameter, 633nm emission, and 

yellow 3.3nm diameter, 560nm emission) were loaded differentially into the segments of 

porous silicon nanobarcodes. Larger red Q-dots loaded preferentially within the 11.4nm 

pores, while the smaller yellow Q-dots loaded preferentially within the 6.1nm pores. The 

emission spectrum of the sample in the range between 500 and 800 nm was analyzed by 

laser scanning confocal microscopy, showing peaks corresponding to the yellow and red 
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q-dots respectively (Figure 47). The absence of the larger q-dots from the small pore 

segments can be easily explained in terms of size exclusion, but the exclusion of the 

smaller q-dots from the larger pore cannot. This exclusion could be due the specific 

surface interaction at the nanoscale between the Q-dots and the curved pore surface. 

Smaller pores can minimize the Q-dots surface energy by conforming better to their 

shape. Within larger pores the Q-dots should cluster in order to achieve equally low 

surface energy, but clustering is forbidden since pore size (11.4nm) is insufficient to host 

clusters of more than a few Q-dots. These behaviors led to the preferential localization of 

q-dots within the porous silicon nanobarcodes based on size, while also showing the 

ability to harvest nanoparticles from solution with size selectivity. 

 

Figure 47 Differential loading of quantum dots. (a) confocal microscopy image of multi-
segment nanowires loaded with 6.6nm (red) and 3.3nm (green) q-dots. From top to 
bottom: Fluorescent signal at 560nm, Fluorescent signal at 633nm, bright field 
signal, superposition. (b) Photoluminescence spectrum of Q-dots loaded 
segmented nanowires showing Q-dots associated peaks at 560nm and 633nm. 
Adapted from 174. Courtesy of Wiley and Sons. 
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Passive payload co-loading 
APTES modified nanoneedles array were able to successfully, uniformly and 

stably load FITC-BSA or cy3-siRNA as established by laser scanning confocal 

microscopy (Figure 48). The positively charged amine termination of APTES was 

capable of harvesting the anionic molecules from solution and retaining them within the 

confines of the porous structure. 
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Figure 48 High resolution confocal microscopy image showing loading of cy3-siRNA 
within APTES modified nanoneedles. 

The combination of nanoparticles, proteins and nucleic acids was successfully 

loaded within APTES modified porous silicon nanoneedles. Laser scanning confocal 

imaging indicated that red (633nm) emitting CdSe q-dots 6.6nm in size loaded from 

organic solution were present uniformly within the volume of the nanoneedles composing 
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the array chip, while at the same time FITC-BSA and cy3-siRNA were uniformly present 

within the volume. The protein and nucleic acids were loaded simultaneously from PBS 

solution (Figure 49, Figure 50). The q-dots were loaded separately and before the 

biomolecules, nonetheless neither their hydrophobic nature, nor their large size compared 

to that of the pores (~15nm) prevented uniform penetration of BSA and siRNA within the 

porous structure. Finally the non-polar nature of the Q-dots did not prevent the cationic 

APTES radical group from attracting the anionic biomolecules in solution. 
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Figure 49 Co-loading of FITC-BSA, Cy3-siRNA and Q-dots within porous silicon 
nanoneedles. Confocal microscopy slice across the half height of the nanoneedles. 
From left to right top to bottom. Overlaid fluorescence signals. Fluorescence signal 
at 545nm (FITC-BSA), Fluorescence signal at 575nm (Cy3-siRNA), Fluorescence 
signal at 615nm (Q-dots) 
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Figure 50 3D reconstruction of co-loading of FITC-BSA, Cy3-siRNA and q-dots. 
Superimposed signal in the center sourrounded by separate channels. 

Alternatively, a small molecule modeling a drug, proteins and nucleic acids were 

also successfully loaded simultaneously within APTES modified porous silicon 

nanoneedles (Figure 51). Analysis by laser scanning confocal indicated that Rhodamine 

B, FITC-BSA and cy3-siRNA were present simultaneously and uniformly within the 

volume of the porous silicon nanoneedles. All three molecules were loaded 

simultaneously from PBS buffer solution within the nanoneedles, and were observed to 

load within the pore volume. 
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Figure 51 Co-loading of FITC-BSA, Cy-3 siRNA and Rhodamine B. From left to right 
top to bottom Z-stack orthogonal projections of. Overlaid fluorescence signals. 
Fluorescence signal at 545nm (FITC-BSA), Fluorescence signal at 575nm (Cy3-
siRNA), Fluorescence signal at 615nm (Rhodamine B) 

 

These findings suggest that the porous silicon nanoneedles platform can be 

employed for co-delivery of multiple therapeutic and diagnostic agents, be them 

nanoparticles, small molecule drugs, proteins or nucleic acids. Further studies will be 
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necessary to assess the preserved bioactivity of the co-loaded agents and whether their 

mutual interaction affect any crucial therapeutic or diagnostic parameter such as their 

release profile. 

Passive payload release 
The release profile for FITC-BSA and cy3-siRNA from the APTES modified 

porous silicon nanoneedles array was assessed by fluorimetry of aliquots collected from 

the releasing reservoir at definite timepoints. The release profile and kinetics of both 

biomolecules was similar, indicating that release was mostly determined by the properties 

of the porous structure and the APTES functionalization than by the properties of the 

biomolecules (Figure 52). An initial burst release lasting until the 30min timepoint was 

observed, that could be attributed to the molecules non-specifically associated with the 

surface of the needles. Sustained release with an exponential decay was then observed 

until 18h, after which no detectable increase in the solution fluorescence occurred. These 

findings indicate that APTES modified nanoneedles were capable of sustained release of 

the payload. The total amount of siRNA released passively from the nanoneedles in the 

24h period was comparable to the total mount of siRNA loaded by electrically assisted 

means, suggesting a similar loading efficiency. 
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Figure 52 Passive cumulative release of siRNA from APTES modified chips in PBS. 

CONCLUSION 
In this chapter the loading and release of different biologically relevant payloads 

from the nanoneedle array structures was studied. Two alternative approaches were found 

capable of loading biomolecules at detectable levels within the porous nanoneedle 

structure, with high uniformity across their entire volume. Electrically assisted loading of 

siRNA payloads was shown to increase over tenfold passive loading techniques without 

requiring any form of surface functionalization, when appropriately optimized. It was 

also shown that a complete rapid release of the payload loaded electrically could be 

achieved simply by immesion in physiological solution, while a stepwise release profile 
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could be obtained modulating the release voltage. Alternatively, chemistry mediated 

loading and release could be achieved. APTES modified nanoneedles array were able to 

load uniformly across the porous volume BSA, siRNA, Q-dots and Rhodamine B, either 

singularly or in combination. The sustained release of siRNA from APTES modified 

chips appeared to be associated with the degradation process of the porous structures, and 

probably determined by the progressive degradation of the porous silicon needles. Finally 

compartmentalized loading of nanoparticles based on size-selection was achieved in 

porous silicon nanobarcodes.  

The versatility of the platform for loading and release of biomolecular and 

nanoparticle payloads was assessed, and important information was gathered to guide the 

experimental design for the most efficient approaches to achieve intracellular delivery of 

the payload, which will be the topic of the next chapter. 
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Chapter 5: In-vitro characterization of porous silicon nanoneedle arrays 
as siRNA delivery system 

INTRODUCTION 
Nanowire forests of different materials have been positively evaluated for their 

suitability as a cell interface biomaterial 244,245 Among these, silicon nanowires, grown by 

the VLS method, have shown potential as a cell growth substrate that could be 

electronically interfaced246. The density of the nanowire forest was observed to influence 

whether cells would adhere atop the nanowires or being impaled by them adhering to the 

underlying silicon substrate15,16. Nanowire forests with density higher than 2nw/um2 

result in cell adhesion atop of the forest, while densities of 0.2nw/um2or lower result in 

impaled cells. In either case cell survival and long term proliferation appears not to be 

influenced by nanowires‘ density. For impaled cells, survival was instead strongly 

determined by the diameter of the nanoneedles, with a cytotoxicity threshold observed 

around 300-400nm15,133. Nanoneedles with diameter smaller than the threshold would 

have minimal cytotoxic effect, while above threshold significant cell death was observed. 

More recently silicon nanowires have been explored as mediators of intracellular 

delivery. AFM actuated silicon nanowires have successfully transfected single 

mesenchymal stem cells133. Silicon nanowire forests have been successful in introducing 

DNA plasmids within the intracellular compartment and delivery of multiple 

biomolecules was shown from silicon nanowires.133,134 

Porous silicon structures have also been employed as cell interface biomaterials. 

Several mammalian primary and transformed cells have been successfully grown on 
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porous silicon, with proliferation rates superior to those of bulk silicon and often 

comparable to those of standard substrates21,202,247,248. Porous silicon surfaces can act as 

tissue engineering scaffolds thanks to their ability to nucleate hydroxyapatite and induce 

osteogenesis 249. Furthermore porous silicon substrates have been proposed for optical 

addressing of single electrically excitable cells and optical data transfer from cell 

interfaces due to pSi photoluminescene and photovoltaic properties247. Finally porous 

silicon substrates as well as a vast array of pSi micro and nanostructures have been 

successfully employed for the delivery of therapeutic payloads23,26,186. Among the many 

therapeutic payloads systemically delivered by means of porous silicon, siRNA was 

successfully delivered in vivo, demonstrating efficacy at silencing gene expression and 

reduction of tumor burden in a murine model of ovarian cancer204. 

Porous silicon nanoneedles are potential candidates for intracellular delivery of 

siRNA. In the remainder of this chapter arrays of porous silicon nanoneedles will be 

employed in the successful intracellular delivery of siRNA capable of silencing the 

expression of the target GADPH gene. Two transfection strategies will be demonstrated 

to effective: (i) the culturing of cells over arrays of APTES functionalized porous 

nanoneedles passively loaded due to the electrostatic interaction between APTES and 

anionic bioactive molecules, and (ii) imprinting of cell cultures, where oxidized 

nanoneedle chips actively loaded with an externally applied electric field were placed 

over the adherent cell culture and allowed to penetrate the cells. Imprinting also 

demonstrate an advantage over impalefection through a more rapid transfection kinetic. 
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MATERIALS AND METHODS 

Small Interfering RNA was acquired from Ambion, Austin, TX. Unless otherwise 

specified reagents were acquired from ThermoFisher, Waltham, MA. 

Cell Culture 
MDA-MB-231 cells were obtained from ATCC (Rockville, MD). Cells were 

maintained in DMEM with glutamax and high-glucose medium supplemented with 1% 

glutamine, 1% penicillin/streptomycin, and 10% FBS. The cells were cultured at 37°C 

and 5% CO2 in a humidified incubator to near confluence (24 well-plate 100kcells/well, 8 

well-slide filled with 50k cells per well, 6 well-plate transwell 100kcells/transwell). 

MTT assay 
Proliferation of cells and nanoneedle treatment toxicity was characterized by the 

colorimetric MTT assay. The MTT assay is based on reduction of MTT by a 

mitochondria succinyl dehydrogenase in viable cells to an insoluble formazan precipitate 

which is then measured spectrophotometrically (13, 14). MDA-MB-231 cells were 

seeded into 24-well tissue culture plates at 20,000 cells/well in 10% FBS and each 

condition was tested in quadruplicate at 4 timepoints (12h, 36h, day 3, 4 and 5). MTT 

assays were performed as follows: at each timepoint MTT reagent (thiazolyl blue 

tetrazolium bromide - SIGMA) was added to each well to a final concentration of 0.5 

mg/mL and incubated for 2.5 h at 37°C. The medium was then aspirated and the reduced 

product solubilized in 400 uI/well of dimethyl sulfoxide (DMSO). Absorbances were 

measured at 560nm in a Synergy H4 Hybrid Reader (BioTek) microplate reader. Cells 

grown on flat silicon substrates were employed as negative control 
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Confocal Microscopy 
Images were collected with a confocal microscope (Leica MD 6000 or Nikon 

A1). Cells were stained with fluorescent phalloidin 555 nm (actin filaments) and DAPI 

(nuclei) after fixation in 4% paraformaldehyde or live stained with CMFDA 517nm 

(Invitrogen). Nanoneedles were dye conjugated with dylight 488 (Thermo Scientific) by 

incubating for 2 hours the APTES modified nanoneedles with DyLight NHS Ester in 

DMSO. After conjugation the nanoneedle chips were first washed 4 times in DMSO and 

then 3 times in DI water. 

Impalefection over nanoneedles array 
APTES functionalized porous silicon nanoneedles array 8mmx8mm in size were 

sterilized by immersion in 70% ethanol for 30 minutes under a sterile hood. The samples 

were allowed to dry under UV irradiation. For the siRNA delivery and silencing 

experiments the chips were loaded with siRNA as described in the passive loading 

section of chapter 4. For penetration studies the needles were functionalized with Dylight 

dye as described in the confocal microscopy section. The chips were then placed at the 

bottom of a 24-well culture plate.MDA-MB-231 cells were seeded over the nanoneedles 

chip and cultured according to the cell culture protocol. 

Imprinting of nanoneedles array: Cell penetration study 
Cells were seeded on a 6-well transwell membrane and cultured for 24h according 

to the cell culture protocol. The medium was removed from the top and bottom reservoirs 

of the transwell. The transwell was transferred over a glass coverslip. FITC 

functionalized porous silicon nanoneedles array chips were placed over the cultured cells 
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and a 20g tungsten cylinder was placed over the chip. After 1 minute the transwell was 

returned to the original 6-well culture plate and fresh medium was added to the top and 

bottom transwell reservoirs. The tungsten cylinder was removed and the culture plate 

returned to the incubator for 30 minutes. At the 30 minutes timepoint the cells were fixed, 

stained and imaged at confocal microscopy. 

Imprinting of nanoneedles array: siRNA delivery study 
For siRNA delivery oxidized porous silicon nanoneedles array 8mmx8mm in size 

were mounted with the electrical loading setup described in chapter 4 and sterilized by 

immersion in 70% ethanol for 30 minutes. The samples were allowed to dry and then 

electrically loaded according to the method described in chapter 4 with scrambled cy3-

siRNA in optimal conditions +0.5V for 3 minutes. The cells employed had been cultured 

according to the described protocol in a 10mmx12mm coverslip cell culture well-slide for 

24h and had reached near confluence. The cells were live stained prior to imprinting. The 

culture medium was removed from the well. The nanoneedle chip was placed over the 

cells and a 20g tungsten cylinder was placed over the chip. After 1 minute fresh culture 

medium was added. Following 30 minutes of incubation the system was live imaged at 

the confocal microscope. The chip was then removed, cells from it trypsinized and 

returned to the original coverslip culture plate and incubated for 24 hours. At the 24 hour 

timepoint the cells were imaged by confocal microscopy to assess siRNA delivery  

Imprinting of nanoneedles array: Silencing study 
For siRNA delivery oxidized porous silicon nanoneedles array 8mmx8mm in size 

were mounted with the electrical loading setup described in chapter 4 and sterilized by 
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immersion in 70% ethanol for 30 minutes. The samples were allowed to dry and then 

electrically loaded according to the method described in chapter 4 with GADPH-siRNA 

in optimal conditions: +0.5V for 3 minutes. The cells employed had been cultured over 

an 8mmx8mm coverslip in a 24-well culture plate for 24h and had reached near 

confluence. The culture medium was removed from the well. The nanoneedle chip was 

placed over the cells and a 20g tungsten cylinder was placed over the chip. After 1 

minute fresh culture medium was added, and 30 seconds therafter the tungsten cylinder 

was removed, and the 24-well returned to the incubator. Following 30 minutes of 

incubation the chip was removed, cells from it trypsinized and re-seeded over the original 

coverlisp transferred within a 10mmx12mm well-slide. At 48 hour after imprinting the 

cells were prepared for the KDalert assay to evaluate silencing efficacy.   

Trypsinization of cells on imprinting chips 
Once the chips were removed from the cell culture they were deposited in a 

pristine culture well in a 24-well plate. 200 µl of 0.25% w/v trypsin in PBS was added to 

the well and it was returned to the incubator for 4 minutes. Then 2ml of medium were 

added. The medium was pipetted to facilitate cell re-suspension, collected in a centrifuge 

tube, and centrifuged at 500RPM for 5 minutes. The surnatant was removed and 500µl of 

fresh medium was added. The cells were re-suspended and re-seeded to the well that they 

originated from.  
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SEM sample preparation and analysis 
Following cell fixation as previously described, the cells were dehydrated in 

increasing ethanol concentrations (30%, 50%, 70%, 100%) for 30 minutes each. The 

samples were dried overnight in a desiccator and sputter coated with a 5nm layer of 

Au/AuPd. They were mounted on an SEM stage and imaged with a ZEISS NEON 40 

SEM (Carl Zeiss, Peabody, MA) at 5keV acceleration.  

Lipofectamine Transfection 

18 pmol of GAPDH-siRNA was diluted in 300µl of serum-free cell culture 

medium and was mixed by pipetting. 100µl of the siRNA rich medium was dispensed in 

each of the three culture well of the triplicate experiment. 1µl of lipofectamine 

RNAiMAX (Invitrogen, Carlsbad, CA) was added to each well containing the siRNA, 

gently pipetted and allowd to incubate for 10-20 minutes at room temperature. Cells 

suspended in 500µl antibiotic-free medium were added to the well to obtain a total final 

volume of 600µl and a final RNA concentration of 10nM. Cells were incubated at 37C 

with 5%CO2 for 48h. 

KDalert GAPDH expression assay 
The KDalert kit was acquired from Ambion (Austin, TX). The KDalert master 

mix was prepared mixing 12.34 ml of solution A with 95 µl of solution B and 65 µl of 

solution C. The mix was placed on ice until further use. Seven serial 1:1 dilutions of 

enzyme in cell lysis buffer were prepared starting from a stock enzyme/lysis buffer 

solution of 0.26 units/ml diluting up to 1:128 of the original concentration. The enzyme 

dilutions were set on ice until further use. The medium was removed from the wells 
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containing the cells, and the nanoneedle arrays were transferred to new wells. One ml of 

lysis buffer was added to each well and incubated for 20 minutes at 4C. The cell lysate 

was mixed with a pipette to homogenize. 10µl of cell lysate from each well, and 10µl of 

each enzyme dilution standard were added to a black, clear bottom 96-well plate. All 

samples were tested in duplicates. 90µl of KDalert master mix was added to each sample 

in the 96well with a 12-channel multipipettor, to minimize processing time. The sample 

was immediately transferred to a spectrofluorometer for real-time kinetic measurements 

over a 4 minute interval, collecting data every minute. Excitation wavelength was set at 

560nm with a 13.5nm slit width, and emission wavelength was at 690 with a 13.5nm slit. 

The increase in fluorescence over time was evaluated from the data collected and 

displayed in the graph. Higher increase in fluorescence indicates a lower gene 

knockdown effect.  

RESULTS AND DISCUSSION 

Cytotoxicity 
Cytotoxicity of the two methods of interfacing cells with the porous silicon 

nanoneedles was assessed by MTT assay over the course of 5 days (Figure 53). 

Nanoneedles with 120nm tip, 5µm length and array pitch of 2µm, 10µm, and 20µm were 

analyzed. Passively loaded APTES modified arrays were used as substrates for cell 

seeding to mediate impalefection of siRNA, while oxidized substrates were used for 

imprinting over cells cultured in standard well plates. Proliferation was monitored over 



 163 

the course of 5 days against negative control samples of untreated cells cultured over a 

flat Si substrate in a standard well plate.  

 

 

Figure 53 MTT proliferation assay. Top: nanoneedle arrays of 2µm, 10 µm and 20µm 
pitch mediating the imprenting procedure. Bottom: 2µm pitch nanoneedle arrays 
for both impalefection and imprint procedure. In all cases proliferation is 
comparable to the negative control. 
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For APTES chips the cells were seeded over the nanoneedle array chip inside a 24 

well plate, and cultured therein for 5 days. These samples showed slower proliferation 

than those cultured in wells at 12h. Proliferation was not dependent on array pitch. For 

longer time proliferation of cells over nanoneedles was comparable to that of the control 

and high confluence resulting in reduced proliferation was reached at day 4 in both the 

sample and the control. These findings suggest that following an initial phase where the 

process of cell adhesion to the nanoneedles arrays delays their proliferation, then 

proliferation becomes independent of the presence of nanoneedles.  

Imprinting was conducted by seeding the cells in a 24 well plate and allowing 

them to adhere to the substrate for 24h. At the 24h timepoint the culture medium was 

removed and the nanoneedles chip array was placed on the cells applying 20g of force. 

The force was removed, the medium replaced and the nanoneedles chip remained over 

the cells for 30 minutes. Following removal, the chip was treated with trypsin, and the 

collected cells were re-seeded in the original well. Proliferation of imprinted cells was 

independent of the array pitch and was at comparable to that of the control over the entire 

course of the experiment. Even the most dense array of nanoneedles did not show 

significant cytotoxicity during the apparently traumatic process of cell imprinting. The 

literature suggest that cytotoxicity of silicon nanowires forests is mostly determined by 

the size of their tip, with 300-400nm being the threshold size for the onset of strong 

cytotoxic effects. The forest density instead, while playing a role in whether the cells 

grow atop the nanowires or on the bottom substrate, does not directly affect proliferation. 
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The densest array density considered was comparable to those conducive to cells growing 

at the bottom of the nanowires, and thus it appears that the external piercing of the cell 

membrane through imprinting did not affect the cell differently than the impalafection 

method by which che cell incorporates the nanoneedles of its own accord. It may indeed 

be that the cell membrane was not pierced by the nanoneedles upon the initial imprinting, 

but that the cells actually incorporated them within the membrane over the incubation 

time. Under this hypothesis the effect of a 30 minute treatment on the nanoneedles would 

be comparable to that of seeding the cells over the array for 30 minutes, trypsinizing them 

and then evaluating their proliferation. Comparison with the seeding procedure, where 

delayed cell proliferation appear to be attributable to the adhesion process, indicates that 

in this instance no difference in the MTT assay with respect to the control should be 

observed, as it is the case. Since the densest array did not induce any significant 

cytotoxicity as compared to control, that was selected for the ramainder of the studies. 

Access to intracellular compartments 
A crucial aspect to the success of intracellular delivery of the payload is the 

assessment of actual intracellular access by the nanoneedles. This aspect was assessed by 

confocal microscopy both for the impalefection and the imprinting delivery methods. 

Fluorescent nanoneedle arrays were prepared by APTES functionalization followed by 

FITC conjugation. For impalefection the cells were seeded on the needles and incubated 

for 12h. At the 12h timepoint the cells were fixed in formaldehyde and treated with 

phalloidin to stain actin fibers and DAPI to stain cell nuclei. Three color confocal 

microscopy showed that the nanoneedles were co-localized with the cellular 
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compartment, and in some cases with the nuclei (Figure 54). The cells adhered at the 

bottom of the nanoneedle arrays and spread over it. In the peripheral area of the cells the 

needles were present above the upper portion of the cell membrane, appearing to cross 

the cell from side to side, while in the nuclear and perinuclear area the needles did not 

emerge on the far side of the cell, since the cell height was superior to that of the needles. 

Cell nuceli were neither deformed nor displaced, and cell morphology appeared to be 

retained. 
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Figure 54 Confocal microscopy image of MDA-MB-231 cells impalafected on FITC 
conjugated APTES nanoneedles showing localization of the dylight functionalized 
nanoneedles (green) within the intracellular compartment (red) and within the cell 
nuclei (blue). Composite image: Blue represents DAPI channel, red represents the 
phalloidin channel and green represents the dylight channel conjugated to the 
APTES nanoneedles. 
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SEM imaging of the impalefection setup was obtained from cells incubated for 

24h on the chips, fixed in formaldehyde, dehydrated and sputter coated with Au/Pd. The 

SEM analysis indicated that nanoneedles were completely degraded at 24 hours and in 

some occasions nanoneedle fragments were observed associated with the cell membrane 

(Figure 55, Figure 56). 

 

Figure 55 SEM image of an MDA-MB-231 cell over a forest of APTES modified porous 
silicon nanoneedles after 24 h of incubation. The nanoneedles have almost 
completely degraded and only their bases are still present.  
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Figure 56 Close up SEM image of an MDA-MB-231 cell over a forest of APTES 
modified porous silicon nanoneedles after 24 h of incubation showing fragments of 
nanoneedles associated with the cell membrane. 

In the imprinting setup cells were cultured on top of a 6-well transwell with 

400nm pores. The cells were incubated for 24h and then imprinted with the FITC 

functionalized nanoneedles. Following 30 minutes of application the cells were fixed in 

formaldehyde and stained with phalloidin and DAPI from the bottom reservoir of the 

well, since the top of the cells was blocked off by the nanoneedle chip. The samples were 

analyzed by confocal microscopy to show that nanoneedles were visible within the cells 

across the nuclear and perinuclear regions, while the cells were adherent to the transwell 

substrate (Figure 57). The cell nuclear region was often sandwiched between the silicon 
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substrate at the bottom of the needles and the transwell, but its shape and location was 

unaltered. Since the overall height of cells was not constant, not all cells were 

sandwiched, and in some instances they were only partially colocalized with the needles. 

In all cells observed, for both impalefection and imprinting, the DAPI signal was 

uniquely localized to the central region of the cell and maintained the regular shape 

observed for cell nuclei, suggesting that genetic material was retained within the nuclear 

region in the presence of the nanoneedles.  

The combination of these findings indicate that at 2µm array density, several (20-

40) nanoneedles are co-localized with the intracellular space for each cell, and some 

nanoneedles (5-10) are co-localized with the nucleus of each cell. These observations are 

strong isuggestions that the nanoneedles are penetrating the cell membrane, to gain direct 

access to the intracellular compartment. 
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Figure 57 Confocal microscopy stack of nanowires imprinted on MDA-MB-231 cells 
showing the nanoneedles (green) localized within intracellular compartments (red) 
and nuclei (blue). Color overlay of z-stack orthogonal projections. Blue is dapi 
channel, red is phalloidin channel, and green is dylight channel associated with the 
APTES modified nanoneedles. 
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Small interfering RNA delivery through impalefection 
APTES modified chips were employed to delivery siRNA through the 

impalefection method. The chips were passively loaded with scrambled cy3-siRNA, and 

cells were seeded on the chips. Samples were live stained after seeding and analyzed at 

30min and 24h. Samples stained with phalloidin and DAPI were analyzed at 24h.  
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Figure 58 Live confocal microscopy of MDA-MB-231 cells seeded over APTES 
functionalized nanoneedles loaded with Cy3-conjugated siRNA, 30 minutes after 
seeding. The image indicates that at 30 minutes following seeding the cells are self 
impaled over the needls, and most of the siRNA is still loaded within the needles. 
Color overlay of z-stack orthogonal projections. Green is the live stain channel; 
orange is the Cy3-siRNA channel. 

 

 

Figure 59 3D reconstruction of APTES functionalized nanoneedles loaded with Cy3-
conjugated siRNA, with MDA-MB-231 cells seeded on top. 30 minutes after 
seeding. The image indicates cells self impale over the needles, and siRNA is still 
associated with the needles. Green is the live stain channel, orange is the Cy3-
siRNA channel. 

At 30 minutes following seeding the cells were already impaled over the needles. 

SiRNA signal was still concentrated on the nanoneedles with no signal visible within the 

intracellular compartment (Figure 58, Figure 59). The absence of siRNA within the 

intracellular compartment may indicate that at the 30 minute timepoint the nanoneedles 



 174 

were not crossing the cell membrane. In the impalefection trategy no active force is 

applied to insert the nanoneedles within the cell, and the cell own weight and density 

(1ng and 1g/cm3 respectively) do not provide the sufficient force in aqueous media to 

induce needle penetration. Active cell processes are thus required for the internalization 

of the needles and they appear to occur on a timescale longer than 30 minutes. At 24 

hours following seeding, the nanoneedles could not be seen by fluorescence microscopy, 

aside from their base, and signal associated with cy3-siRNA was present throughout the 

intracellular compartment for both live stained and fixed cells (Figure 60, Figure 61). 
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Figure 60 APTES functionalized nanoneedles loaded with Cy3-conjugated siRNA, with 
MDA-MB-231 cells seeded on top. Confocal microscopy image 24h after seeding. 
Analysis of the image indicates that the siRNA is mostly localized within the cell 
cytosol, with minimal amounts associated with the nuclei. No signal originates 
from the needles apart from weak signal at the base. Color overlay of z-stack 
orthogonal projections. Blue is associated with dapi channel, green is associated 
with phalloidin channel and orange is associated with cy3-siRNA channel. Yellow 
results from co-localization of green and orange. 
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Figure 61 APTES functionalized nanoneedles loaded with Cy3-conjugated siRNA, with 
MDA-MB-231 cells seeded on top. The siRNA is localized within the intracellular 
compartment. Confocal microscopy image of live cells 24h after seeding. Top 
color overlay of z-stack orthogonal projections. Green is cell live stain and orange 
is cy3-siRNA. Bottom, left: live stain channel, right cy3-siRNA channel. 

These observations are consistent with the release profile associated with APTES 

chips, as described in chapter 4. Aside from the initial burst release, which most likely 

was dispersed in culture media, a significant amount of siRNA is still present on the 
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needles, resulting in the expected fluorescence signal originating from the nanoneedles. 

At 24h instead, siRNA release from the nanoneedles is complete and the entire signal 

originated from the intracellular compartment, as expected for sucessful intracellular 

delivery. 

Small interfering RNA delivery through imprinting 
Electrically loaded oxidized chips were employed to assess cy3-siRNA 

intracellular delivery through imprinting. Cells were seeded in a 10mmx12mm coverslip-

well 24h before the imprinting process took place. Such chamber allowed for confocal 

microscopy of the cell culture directly through the bottom coverslip. Since cell fixation 

and post-fixation staining required times significantly longer than the characteristic 

passive release profiles for the oxidized chips, cells were live stained immediately prior 

to imprinting. The cell media was removed, the chip applied with a force of 20 g and the 

cell media was replaced, following which the force was removed. The 20g of force 

applied resulted in an applied force of 19nN per needle, higher than the minimal 2nN 

force necessary for a 100nm diameter nanoneedle to cross the cell membrane133. The cells 

were allowed to incubate for 30 minutes following the confocal analysis and were 

analyzed at confocal with live stain. The chip was removed from the culture, the cells 

over the chip were trypsinized and re-seeded in the coverslip cell chamber. At 24h the 

cells were again analyzed at confocal microscopy. Following 30 minutes of incubation 

the nanoneedles could not be detected by fluorescence indicating a complete release of 

the siRNA. A strong cy3-siRNA fluorescence signal was originating from within the 

intracellular compartment(Figure 62). A weaker cy3-siRNA signal was also originating 
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from the extracellular compartment, most likely due to the release from nanoneedles 

outside cells. At 24 hours a fluorescent cy3-siRNA signal was still observed within the 

cell (Figure 63). These observations are consistent with the release profile observed for 

oxidized nanoneedles, where the siRNA is completely released within the first thirty 

minutes. The 24h timepoint shows similar features for both the impalefection and 

imprinting approaches, suggesting that the two methodologies exploit a similar 

mechanism for siRNA delivery, which most likely is the direct delivery of siRNA within 

the intracellular compartment. Nonetheless the kinetic of siRNA delivery through 

imprinting is more rapid than that associated with impalefection, potentially due to the 

active application of a force that allows initial penentration of the needles across the cell 

membrane for a short lenght, and is successively further actively incorporated by the 

cells. 
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Figure 62 siRNA imprinting 30 minutes following application. SiRNA is localized within 
the intercellular compartment, preferentially in the cytosol. Top: Color overlay of 
z-tack orthogonal projections. Green is live stain channel, orange is cy3-siRNA 
channel. Bottom: left live stain channel, right cy3-siRNA channel 
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Figure 63 siRNA imprinting 24h following application. siRNA is localized within the 
cytosol. No siRNA is observed in the cell nuclear compartment. Top: Color 
overlay of z-stack orthogonal projections. Green is live stain channel, orange is 
cy3-siRNA channel. Bottom: left live stain channel, right cy3-siRNA channel 
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Gene silencing efficacy 
Ultimately, the effectiveness of a delivery system is judged by the efficacy of its 

payload towards the intended target. GAPDH targeted naked siRNA was employed to 

evaluate gene silencing efficacy through either impalefection or imprinting. GAPDH was 

chosen as target gene for silencing since rapid fluorescent based assays for detection of 

its expression are available. Cells seeded over flat silicon chips were used as comparison 

standard to establish 100% GAPDH expression. Cells seeded on APTES modificed 

nanoneedle chips loaded with scrambled siRNA were used as negative control, while 

cells seeded over empty nanoneedles and transfected with lipofectamine constituted 

positive control. For impalefection, APTES modified chips were loaded with GAPDH-

siRNA, cells were seeded over the chip in a 24-well. For imprinting oxidized chips were 

electrically loaded with GAPDH-siRNA, and they were imprinted over an 8mmx8mm 

coverslip at the bottom of a 24-well plate following removal of the media, applying a 20g 

force. The media was replaced and the force removed. Following 30 minutes of 

incubation the chips were removed, trypsinized and cells were re-seeded. All experiments 

and controls (in triplicates) were incubated in the same 24-well plate for 48h following 

treatment. At 48h the expression of GAPDH from all samples was assessed by 

fluorimetry (Figure 64). Silencing of GAPDH expression was statistically significant for 

all siRNA transfection methods, as compared to control. While lipofectamine transfection 

exhibited the most pronounced silencing effect, GAPDH expression by impalefection and 

imprinting was comparable and significantly lower than that observed in the negative 

control.  
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Figure 64 Expression of GAPDH enzyme as compared to flat silicon substrate. 
Statistically significant difference is observed in GAPDH expression between 
negative control and: impalafected, imprinted and lipofected samples.Statistical 
analysis was performed by t test between the negative control and each other group 
singularly. 

The fluorescent assay employed assessed protein expression and did not quantify 

mRNA degradation, as the most commonly employed quantitative real time PCR does. 

Cells are known to enact mechanisms that compensate for the decrease in mRNA, in the 

attmept to mantain physiologic levels of protein expression. Thus quantitation of GAPDH 

enzyme expression understimateed the actual mRNA degradation effect, but was an 

appropriate representation of the GAPDH gene silencing effect.  

CONCLUSION 
In this chapter the interaction between the nanoneedle array platform and cultured 

cells has been presented. Two different strategies (impalefection and imprinting) of 

nanoneedle application have been shown to co-localize with the intracellular 

compartment, without exhibiting significant cytotoxic effects. Both techniques have been 

proved capable of delivering siRNA to the intracellular compartment, in a manner that 

persists for at least 24h following transfection. The delivered siRNA was capable of 

suppressing the expression of a target gene at 48h following transfection, regardless of 

the transfection methodology. The kinetics of intracellular siRNA delivery through the 

impritning technique is more rapid than that observed through impalefection. This 

difference suggest that access to the intracellular compartment is gained through the 

imprinting technique more rapidly than through impalafection. The imprinting technique 

is in fact designed to apply the force necessary for the needles to cross the cell membrane 
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(2nN per needle133), while the weight (1ng) and density (~1 g/cm3) of a single cell is not 

sufficient to provide the necessary force through the impalefection strategy, probably 

requiring requiring active cell processes to mediate internalization of the needles. The 

combination of these findings indicates that an array of porous silicon nanoneedles is 

capable of intracellular siRNA delivery that can mediate gene silencing and that the 

kinetic of delivery can be improved to timescales more siutable for in-vivo delivery by 

imprinting cells with nanoneedle arrays instead of allowing the cells to self impale over 

the needles.  

 

  



 185 

Chapter 6: Conclusion and Perspectives 

This dissertation supports the hypothesis that an array of porous silicon 

nanoneedles can harmlessly access the intracellular compartment to deliver small 

interfering RNA that mediates gene silencing. The foundation of this work was based on 

a profound understanding of metal assisted electroless etch garnered through its 

systematic investigation. This investigation led to the discovery of novel porous 

nanostructures, and elucidated the interplay between the porosification and etch 

phenomena that occur during metal assisted electroless etch. The findings regarding 

porosification and etch challenged the current understanding of the metal assisted 

electroless etch mechanism, and a novel mechanism was proposed to reconcile the 

current body of knowledge. A deeper understanding of the fundamental and mechanistic 

role of metal nanoparticles as catalyst of the etch process is necessary to extract more 

information on the two distinct processes of etch and porosification. A thorough study 

involving metal deposition of nanoparticles with different, defined size and density is 

warranted for. This study will help understanding the role of metal surface area, total 

amount of metal, and confinement effects due to mutual nanoparticles interaction on the 

etch process. It will also help to investigate the evolution of nanoparticles size during 

etch to elucidate the dynamics of oxidation, reduction and ion shedding, which would 

provide further information to construct a comprehensive model of the etch and 

porosification mechanisms. 

The systematic study of metal assisted electroless etch also provided heuristic 

guidelines to design porous silicon nanostructures with controlled geometry, porosity and 
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density that made the realization of nanoneedle arrays possible. The nanoneedles could 

host nanoparticles and biomolecules as payloads, either separately, concurrently, or in 

separate compartments within the same structure. Loading efficiency could be improved 

by applying an external electrical field. The payloads could be successfully released and 

the kinetics could be modulated either through surface functionalization or by an applied 

electric field. Interfacing of the nanoneedles with mammalian cells, either by seeding or 

imprinting, did not show cytotoxic effects, and both methodologies proved equally 

succesful in deliverying siRNA in the intracellulat compartment to mediate gene 

silencing. Preference over the interfacing methods will depend on the specifics of the 

cells considered (e.g. adherent vs. non-adherent cells) and the experimental context. If 

necessary the nanoneedle chip can act as a mediator of transfection and as a substrate for 

cell growth and proliferation, with the nanoneedles degrading over time and eventually 

providing a flat surface analogous to that commonly employed for cell culturing. The 

tunable electrical field, to attain fine modulation of release, coupled with the ability to 

culture cells over the nanoneedles arrays for a prolonged time can grant the possibility to 

investigate therapeutic dosing and timing strategies. To this extent a thorough exploration 

of the effect of sustained, low power electric fields applied within cells will be necessary. 

Thermal effects, sustained polarization effects or electrophoretic mechanisms within the 

cell cytosol or nucleus could be detrimental to cell survival, but the extent to which those 

are perceivable in the intracellular compartment at the low power conditions employed 

for this system is currently unknown. 
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Alternatively cell imprinting allows culturing cells over the most suitable scaffold 

for their proliferation and organization, and achieving localized delivery by temporarily 

interfacing with the nanoneedles. This strategy is also potentially appealing for in-vivo 

localized delivery of therapeutics such as mucosal or transdermal delivery. Currently the 

length of the nanoneedles is insufficient for practical application in-vivo. As shown the 

needles can only partially penetrate a single layer of cells, and thus in transdermal 

delivery they would exclusively interact with the stratum corneum, composed of dead 

cells without nuclei. In mucosal delivery the current lenght is shorter than the typical 

mucus layer, even though of the same order of magnitude. In other tissues they will only 

interact with the outermost layer of cells, with limited effect on the overall tissue 

behavior. Strategies of mounting the nanoneedles over longer microneedles to expand 

their penetration depth can provide a potential solution to in-vivo application and will 

require the development of improved fabrication processes. 

Both delivery strategies can be potentially employed in a microscale patterned 

fashion enabling the realization of siRNA delivery microarrays for genome wide RNAi 

assessmentwhich could be exploited for target discovery and validation. Microscale 

patterned delivery of genetic material or soluble factors could allow co-culturing of cells 

at different states of differentiations, mimicking tissue arrangement. Furthermore co-

culture of transformed and primary cells, or cells at different stages of transformation in a 

patterned fashion, could help investigate the mechanism of tissue colonization by cancer. 

Protocols for patterning of the nanoneedles array can be directly implemented with the 

technology already developed. 
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This body of results indicates that porous silicon nanoneedle arrays are a 

promising interface for intracellular delivery of payloads. While the technology has been 

demonstrated with siRNA, the principle is applicable to any of the many classes of 

bioactive molecules and nanoparticles have been loaded within the porous structure, to 

potentially develop a universal platform for localized, patterned intracellular delivery. To 

evaluate the extent of universality of the platform, different cell types (primary, 

transformed, adherent, non-adherent, differentiated, progenitor, stem, epithelial, 

mesenchymal, neural, contractile, etc..) should be interfaced with the system and its 

efficacy evaluated. Also while the loading and release of multiple bioactive agents have 

been preliminarily assessed, their delivery and activity still need further investigation.  

The platform here presented belongs a class of recently developed strategies for 

direct injection of bioactive molecules based on large arrays of nanoscale wires or 

needles. These strategies aim to acheive the high reproducibility and the patterning ability 

of injection mediated delivery alongside the high throughput and lower cytotoxicity 

associated with carrier mediated delivery while providing a versatile system for delivery 

of different classes of payloads in a broad range of conditions.  

The nanoneedles realized are 5um long conical structures with 100nm tip 

diameter. Their porosity is controllable in the 40% to 70% range and their pore size in the 

6nm to 20nm range. These physical properties grants them enough mechanical stability to 

be interfaced with cells either through imprinting or impalefection and access the 

intracellular compartment. Porous silicon nanoneedles can host a wide variety of 

payloads, ranging from proteins, to nucleic acids, to small molecules and nanoparticles, 
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across a broad range of sizes/molecular weight, with the only apparent limitation being 

that their characteristic dimension be smaller than pore size. Currently pore size up to 

20nm can be acheived while mantaining mechanically stable needles, capable of cell 

penetration. Such pore dimensions can mediate delivery of most drugs, proteins, short 

nucleic acids and small nanoparticles. The porous structure of the nanoneedles hosts and 

retains the payload, allowing modulation of its release kinetics. These porous needles are 

immune with respect to clogging and do not require specific surface functionalizations to 

acheive loading. Surface functoinalization can instead be optimized to modulate the 

loading profile of the payload which has been tuned from few minutes to several hours. 

The payload compartment fraction for each nanoneedle is in excess of 60% of its volume, 

and approximately estimated at 10<.F?. Given the needles density this yields a potential 

payload of 10"_EF? per EF�of chip area. For siRNA loading in the optimal conditions 

this platform resulted in loading of approximately 5	10� molecules per needle, with the 

potential to deliver 10_ − 10�	molecules per cell. The concentration of payload within 

the structures (100 µM) was improved three orders of magnitude with respect to the 

loading solution.  

The mechanism of nanoneedles interfacing appears to be well tolerated by cells 

both in the impalefection and imprinting strategies. The impalefection strategy employes 

a neglegible force to mediate needles penetration determined by the cell buoyancy. The 

imprinting strategy requires a minimal penetration force of 20nN per needle, known to 

mantain the original cell membrane morphology and prevent leakage of intracellular 

fluid. The cell appears to play an active role in the full internalization of the needles both 
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for the imprinting and impalefection strategies and to remodel around the needles without 

being affected by their presence and by the volumetric displacement caused by them. The 

needles remain interfeced with cells transiently. For impalefection, biodegradation of the 

needles results in their dissolution over the course of few days, while for the imprinting 

strategy, the needles are removed from the cell following 30 minutes of incubation. This 

transient interaction is potentially advantageous to retain standard cell culture conditions 

in the long term. 

The nanoneedle platform allows to inject an entire cell culture in a single passage, 

with a throughput limited by two factors: the size of the chip and most importantly the 

incubation time required for delivery. While the size of the chip can be controlled to 

adapt to the specific requirements, the time required for delivery is determined by the cell 

interfacing mechanism. The active imprinting of porous silicon nanoneedles over the 

cells combines the parallel injection of the impalefection approach with the more rapid 

delivery kinetics obtained by actively penetrating the cells to medate delivery over an 

entire cell culture within 30 minutes of application. Nonetheless as all parallel delivery 

strategies it bears an inherent variability in the amount of payload delivered to each cell, 

due to uncertainty over the number of needles interfacing with each cell and the lack of 

control about the amount injected by each needle.  
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