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1.1 Motivation and Background  

The ability to nano- and microstructure materials is attracting a 

crescent interest from the scientific community. In a biomedical context, 

we should keep in mind that the complex functions occurring in our body 

take place in a scale that ranges from macro- to the micro- to the nanosize. 

Therefore, modulating the architectural features of the material to the 

nanoscale may bring huge benefits in controlling the physico-chemical 

interactions with living tissues or achieving biomimetic environments. 

Biomaterials are being increasingly needed for a range of applications. 

They can be used for short-time purposes such as surgical operations, or 

implanted for days to decades in long-term applications. In the 

pharmaceutical industry there is also a growing interest in developing drug 

delivery systems that are efficient for the treatment of multiple diseases, 

with minor side effects. Nano- and micromaterials are being currently 

explored in applications such as diagnostics, sensing or bone engineering.  

Today, many researchers with multidisciplinary backgrounds are 

combining their efforts to develop advanced biomaterials and drug delivery 

systems. There have been important advances in these fields during the 

last few years. However, there are still numerous challenges to translate 

these systems from bench to bedside. Various questions about the possible 

risk to health and in vivo behaviors have arisen.  

In this framework, silicon (Si) and its dielectric, silicon dioxide (SiO2), 

have rapidly emerged as biomaterials with numerous potential benefits. 

Silicon is the second most abundant element on earth and is present 

everywhere in our daily life in the form of electronic devices. In 

biomedicine, silicon appears in multiple commercially available 
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equipments including pacemakers, neurostimulators and many others. The 

biocompatibility of Si and SiO2 is generally accepted. Silicon oxidizes to 

form SiO2, and SiO2 dissolves in physiological fluids into orthosilicic acid, 

which is the natural form of Si found in the body. Orthosilicic acid is not 

only non-toxic, but also it has been recently recognized as beneficial to the 

bone health. In addition, silicon is the most traditional material for 

microfabrication due to its use historically in integrated circuit 

development. The precision with which it can be micromachined surpasses 

all other materials. By adapting microfabrication techniques to biomedical 

needs, novel devices for drug delivery, tissue engineering and biosensing 

can be engineered for in vivo use.  

The porosification of silicon has received much interest because of its 

versatility to create architectures that range from sponge-like structures 

formed by pores of a few nanometers to tubular ordered arrays of several 

micrometers in diameter. Porous silicon is typically produced by the 

electrochemical etching of silicon in hydrofluoric acid based electrolytes. 

The material thus obtained is highly controllable in porosity, exhibits a 

convenient surface chemistry and is compatible with conventional silicon 

microfabrication technologies. Making the most of these unique features, 

porous silicon has found application in biomedicine, e.g. as drug delivery 

carrier, implantable device or biosensor.  

Porous silicon with pores around the micron diameter size is 

commonly known as macroporous silicon (macro-pSi). This material is of 

particular interest because it can be processed following many standard 

techniques developed by the microelectronics industry for silicon wafers. A 

variety of techniques can be applied to manipulate the as-produced 

features of macro-pSi. Thermal oxidation of macro-pSi is a common 
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technique to modify the macropore shape, but also to produce a variety of 

novel structures in silicon. Uniform SiO2 arrays such as pillars, tubes or 

needles can be fabricated via thermal oxidation. The resulting silicon 

dioxide microstructures possess a number of favorable properties that 

make them relevant to the field of biomaterials and drug delivery. These 

properties include in vitro and in vivo compatibility, and adjustable 

structural and functional properties. The flexibility of the chemical 

functionalities that can be attached onto SiO2 surfaces enables the 

straightforward coupling of bioligands and the improvement of the surface 

stability. These characteristics have also motivated the use of SiO2 

materials in bioimaging, providing an opportunity for further application in 

simultaneous diagnosis and therapy (theranostics). 

The association of porosification of silicon with microfabrication 

techniques has been explored for drug delivery applications due to their 

ability to combine several features such as precise shape and size into a 

single delivery vehicle. Clever combinations of different kinds of functional 

materials or multiple chemical functionalities will enable the development 

of multifunctional medical platforms for multimodal imaging or 

theranostics. As an example, combined with smart materials, 

microengineered platforms can be designed to be stimuli responsive. 

Furthermore, microparticles have shown advantages in dealing with the 

issues of hydrophobic drugs and undesirable pharmacokinetic profiles. In 

addition to delivery devices, microstructuring technologies offer exciting 

opportunities to create biomimetic models or flow patterns.  

The field of tissue engineering has also emerged to address the need of 

regenerating tissues at the cellular level with the help of synthetic three-

dimensional (3D) scaffolds. The matrix surrounding cells is on the micro- 
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and nanoscale. Therefore, in order to obtain biomimetic tissues, we must 

pursue the development of tunable micro-scaled architectures that are able 

to regulate the cell behavior. Macro-pSi and its derived structures, such as 

micropillars, are particularly attractive materials for this purpose due to 

their adjustable 3D microarchitecture and the possibility to easily process 

them. Micromachining these materials also allows giving arbitrary 

topographies that may lead to contact guidance. 

Throughout this thesis we aimed the application in drug delivery and 

tissue engineering of 3D microstructures based on versatile macro-pSi. The 

adjustability of the chemical functionality was one of the foremost concerns 

for further design of multifunctional materials. Achieving capabilities of 

controlling the drug release and also of targeting specific tissues were main 

goals. Finally, we considered of crucial importance testing the feasibility 

and non-toxicity of the system in vitro. 

1.2 Summary 

The major aim of this thesis is the development of SiO2 microstructures 

based on anodically formed macro-pSi with a focus on their application in 

biomedicine. The electrochemical etching of silicon allows the production 

of 3D tubular structures in the micrometer size. This, combined with 

microfabrication techniques such as lithography, enables the development 

of ordered cylindrical arrays in the form of pores, tubes and hollow pillars. 

Thermal oxidation of silicon generates silicon dioxide, which is of great 

interest in biomedical applications due to its biocompatibility. The 

flexibility of the SiO2 surface chemistry makes it possible to attach a variety 

of functionalities via the ubiquitous silanol chemistry, of special 

importance towards the conjugation of bioligands including proteins, 
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enzymes or antibodies. Tunable 3D structures, together with biomolecule 

conjugation, make SiO2 substrates a friendly and stable material capable of 

interfacing and interacting with living cells. In addition, the particular 

architecture of hollow micropillars allows the differential functionalization 

of the internal and external sides. The ability to create multifunctional 

microstructures has been especially attractive for application in stimuli-

responsive and targeted drug delivery. 

The thesis is organized as follows: 

Chapter 2 presents the fundaments and a literature review as an 

introduction to the main techniques applied throughout this thesis. The 

current state-of-the-art of the electrochemical etching of silicon, reaction 

mechanisms and physics of the pore formation are described. A review on 

the possible physical forms of porous silicon for application in tissue 

engineering and drug delivery is also presented. The functionalization 

techniques for chemical modification of silicon dioxide are discussed.  

Chapter 3 introduces the experimental techniques for fabricating 

random and ordered macro-pSi from low doped p-type Si. Methodological 

studies to acquire a basic understanding of the etching process and the 

influence of the process parameters are described. Several ordered 

macroporous structures obtained after optimization of parameters are 

presented. The fabrication techniques of inverted structures such as 

micropillars and microtubes from preceding macropores were described. 

Chapter 4 is devoted to the chemical modification of SiO2 surfaces 

towards bioligand conjugation. Silanization protocols to obtain an optimal 

silane layer with available functional sites are determined after infrared 

(IR) spectroscopy analysis. Post-treatments were applied to aid the 
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hydrolysis and condensation of the lateral alkoxy chains in order to obtain 

a good polymerization between neighboring silanes and avoid non-

covalently bonded molecules. The terminal functionality behavior towards 

further crosslinking binding was also monitored. 

Chapter 5 describes the methods to create dual-functionalities on the 

nanometrically separated sides of SiO2 micropillars. Selective silanization 

reactions followed by fluorescent labeling with two different dyes allowed 

fluorescent microscopy to be used. A detailed fluorescent imaging study is 

presented to prove the differential inner/outer functionalization without 

cross-contamination. 

Chapter 6 explores the use of SiO2 micropillars as drug carriers 

combined with polyelectrolyte multilayers. These hybrid organic/inorganic 

delivery systems are capable of responding to external stimuli such as pH. 

We investigated the effect of the medium pH in the drug loading and 

release. The influence of the number of polyelectrolyte layers in the 

pharmaceutical release rate is also assessed.  

The use of three-dimensional SiO2 platforms (macro-pSi and ordered 

and random micropillars) for interfacing with living cells is detailed in 

Chapter 7. An adherent cell line of human aortic endothelial cells (HAEC) 

was used to prove the biocompatibility of the substrates. Cell adhesion and 

growth studies performed onto 3D microstructures are presented. 

Measurable results on the cell spreading and cell morphology induced by 

the substrates are also described.  

Chapter 8 presents the application of multifunctional SiO2 micropillars 

as targeted drug delivery systems. The ability to perform a dual-

functionalization of the micropillars is exploited to externally conjugate a 
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specific antibody able to recognize cancer cell receptors, and to load the 

internal volume with an anticancer drug. Results to demonstrate the 

differential functionalization are presented. The targeting ability of the 

antibody functionalized micropillars is assessed with cancer cells. Studies 

to evidence selective and efficient cell killing conclude the chapter. 

Finally, Chapter 9 concludes the thesis by summarizing the overall 

achievements of this research. 
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Porous silicon has received increasing interest within the scientific 

community in the last few decades. With its unique properties, porous 

silicon has emerged as a very powerful material in a number of potential 

applications. The demonstration of its biocompatibility in the mid 1990s 

opened a world of possibilities in biomedicine. Its unique features, 

including versatile and controllable pore sizes, flexible surface chemistry 

and compatibility with microfabrication technologies, has lead to 

promising advances in biotechnological and biomedical applications. There 

has been a particular emphasis on the applicability of porous silicon-based 

microstructures in drug delivery and tissue engineering.  

This chapter presents a literature review and the fundamentals of 

(macro) porous silicon for biomedical applications, with the aim to provide 

an insightful background for the following chapters. The first part reviews 

the basics of the electrochemical etching of silicon, with a particular focus 

in macroporous silicon and its formation mechanisms. Several micro and 

nanostructured forms of porous silicon for application in biomedicine are 

presented. The last part of the chapter focuses on the surface modification 

of porous silicon by thermal oxidation and functionalization methods 

towards the bioconjugation of ligands.  
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2.1 Basics of the Porous Silicon Formation Process  

2.1.1 An overview 

Uhlir and Turner of Bell Laboratories accidentally discovered porous 

silicon (pSi) in 1956 [1] while developing a technique for polishing silicon 

(Si) wafers using hydrofluoric acid (HF). Under certain electrochemical 

conditions, it was found that a black, red or brown film was formed on the 

silicon surface. Therefore, the silicon did not dissolve homogenously and 

fine pores appeared instead, propagating primarily in the <100> direction. 

In the 1950s those findings were not taken further, but in the 1970s 

and 1980s porous silicon attracted a significant scientific interest due to its 

high surface area, which was thought to be useful as a model of the 

crystalline silicon surface in infrared spectroscopy [2, 3], as a precursor to 

produce thick silicon oxide layers [4] and as an electrical insulator in 

capacitance-based chemical sensors [5]. 

However, it was not until the early 1990s when the porous silicon 

research was seriously launched. First, Lehmann and Gösele reported a 

quantum confinement effect in the absorption of porous silicon [6], and 

almost simultaneously Leigh Canham observed bright red-orange 

photoluminescence properties from the material [7]. The results 

demonstrated efficient, tunable, room-temperature light emission at 

energies well above the silicon bandgap.  

The photoluminescence of porous silicon stimulated the theoretical and 

experimental research on creating silicon-based optoelectronic devices. 

However, the poor chemical and mechanical stability of the material and 

the low electroluminescence efficiency led to a weakening interest in the 
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mid 1990s. At the same time, the discovery of the material unique 

characteristics —large surface area, flexible surface chemistry and 

compatibility with standard silicon microfabrication technologies— 

motivated the application of porous silicon beyond optoelectronics in a 

variety of fields such as sensing, optics, biomedicine and electronics [8-11].  

The vast majority of published research on porous silicon is based upon 

the porosification of silicon by electrochemical etching. This process is 

generally referred to as “anodization” and it occurs when crystalline silicon 

is anodically biased in a HF-based electrolyte solution under certain 

anodization conditions. The final pore morphology, thickness, density and 

specific surface area vary in a wide range depending on the anodization 

conditions (electrolyte composition, current density and time of current 

applied), and the properties of the silicon (doping, resistivity and 

orientation). Therefore by varying these parameters it is possible to 

precisely tune the structural features of porous silicon, which makes this 

material advantageous in many applications. 

2.1.2 The Electrochemical Etching of Silicon  

In an electrochemical reaction, two electrodes are needed. One supplies 

electrons to the solution (the cathode) and the other removes electrons 

from the solution (the anode). In the case of porous silicon formation, the 

silicon wafer acts as the anode, and the chemical being oxidized is the 

silicon itself. A platinum wire, conducting and HF-resistant, constitutes the 

cathode. The reaction occurring here in the cathode is basically the 

reduction of protons to hydrogen gas. When the current flows between 

anode and cathode, a pore growth on the top of a wafer takes place. A 

schematic of a two-electrode cell for etching silicon, with the relevant half - 

reactions, is shown in Figure 2.1. 
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Figure 2.1. Scheme of the single-tank anodization cell used for the fabrication of 

porous silicon layers. Adapted from reference [12]. 

The current-voltage (I-V) characteristic of the semiconductor-

electrolyte contact is determined by both the semiconducting nature of the 

electrode and the ionic species present in the electrolyte. The current 

density at the electrode for a certain potential is limited by the reaction 

kinetic at the interface, or by the charge supply from the electrode or the 

electrolyte [13]. 

Some of the understanding of pSi formation can be extracted from its I-

V curve, shown in Figure 2.2. The curve displays characteristics common to 

the electrochemical semiconductor/electrolyte system: the current 

increases exponentially with increasing the applied potential that reaches 

a, decreases somewhat, and then increases slowly at increasingly positive 

potentials. For simplicity, the I-V curves can be divided into three distinct 

regions: the porous silicon formation region, a transition region and the 

electropolishing regime.  

The dissolution and porosification of silicon occurs under low anodic 

overpotentials passing through the silicon electrode. There is an initial 

exponential rise in current with applied potential that breaks off at larger 

overpotentials, exhibiting a peak. Porous silicon is not formed at potentials 

more positive than the potential corresponding to the maximum slope of 
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the I-V curve. The current at this point is called electropolishing current 

(JPS). Porous silicon forms in the exponential region at current densities 

below JPS. This characteristic current point is assumed to divide the 

experimental conditions into two domains: porous silicon formation and 

electropolishing. The hydrogen evolution simultaneously occurs in the 

exponential region and its rate decreases with potential, and ceases above 

the current peak. If the current exceeds the electropolishing threshold 

current, the anodization results in a progressive, complete removal of 

silicon.  

 

Figure 2.2. General current-voltage (I-V) characteristics for electrochemical 

etching of silicon, showing the regimes for porous silicon formation and 

electropolishing. Adapted from reference [14]. 

The quantitative values of the I-V curves, as well as the values 

corresponding to the electropolishing peak, depend on the etching 

parameters and wafer doping. More details about the characteristics of the 

curves I-V are extensively explained in references [13, 15]. 
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2.1.3 Electrochemical Reactions in the Dissolution of Silicon 

In the previous section we have already mentioned that there are two 

regions in the current-voltage characteristic where anodic dissolution of 

silicon occurs.  

The simplest reaction occurring in the anodic dissolution of silicon in 

fluoride-containing solutions is the 4-electron oxidation (Equation 2.1). 

The electronic holes      in the silicon valence band are used as oxidizing 

equivalents. The electrons provided by Si at the anode must be balanced by 

a reduction half-reaction that consumes electrons at the cathode. The 

electrochemical process carried out by these electrons is usually the 

reduction of water to hydrogen gas. The reaction product silicon 

hexafluoride ion      
    is a stable dianion that is highly soluble in water 

and stays in the solution. 

Anode:                    
       (2.1) 

This reaction, however, is predominant when the dissolution of silicon 

is occurring under electropolishing conditions and no porous silicon is 

being formed. It takes place at the more positive overpotentials depicted in 

Figure 2.2.  

The direct dissolution of silicon atoms and reaction valence of two is 

the 2-electron process, which predominates at low applied potentials. 

Water is spontaneously reduced by silicon although the kinetics of the 

reaction is slow for Si in its elemental form (oxidation state 0). However, 

when silicon presents its +2 oxidation state, the reaction with water occurs 

rapidly producing the liberation of hydrogen and silicon in oxidation state 

+4. The 2-electron oxidation process is represented in two steps in 

Equations 2.2 and 2.3. At low overpotentials, the two-electron process 
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presented is the predominant and therefore the porous silicon formation is 

mainly governed by the half-reaction presented in Equation 2.4. 

Electrochemical step:                      (2.2) 

Chemical step:                     
       (2.3) 

Net:                      
        (2.4) 

It should be noted that the exact chemistry of the silicon anodic 

dissolution is not yet completely understood. From all available data, it 

appears that the reaction in the 2-electron process is the main chemistry 

behind the formation of porous silicon. However, while this simplified 

chemistry can explain the dissolution of silicon atoms, it does not account 

for the spatial selectivity of the reaction, which results in porous formation. 

In effect, the resulting pore morphology does depend on the type of silicon 

electrode, its doping level, process conditions, etc. In the next section we 

shall describe some of the several models that have been proposed to 

explain this rich and complex morphology of porous silicon.  

2.1.4 Mechanisms of the Electrochemical Dissolution and Pore 

Formation 

A number of mechanisms have been proposed to explain the 

electrochemical etching of silicon in fluoride solutions. Although many 

details of the porous silicon formation still remain unclear, a few 

statements can be made. In the pore formation, Si dissolution competes 

with oxidation and subsequent dissolution of the oxide. Therefore, the 

electrolyte has to be able to dissolve silicon dioxide (SiO2), and in the case 

of silicon hydrofluoric based solutions are mandatory. Another 
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prerequisite for the pore formation is the existence of electronic holes since 

the reaction is initiated by hole capture at the surface [16]. In addition, as 

previously mentioned, the current must be kept between zero and the 

electropolishing current JPS. 

According to different models, initiation of the pore growth could begin 

at micro-cavities, structural defects, mechanically strained areas, or local 

perturbations [17, 18]. The dissolution takes place preferentially at the 

pore bottoms, where the curvature of the surface is largest, the intensity of 

the electric field is higher and enough holes are available. Thus, the etching 

of porous silicon proceeds in depth with an overall directionality which 

follows the anodic current paths inside silicon. The pore walls become 

passivated and the dissolution mainly occurs at the porous 

silicon/crystalline silicon interface. In addition, when adjacent pores meet 

each other the current flow is suddenly pinched off and further etching is 

blocked, avoiding pore collapse or redistribution. The practical 

consequence of all this is that, in stationary conditions, the porosity 

remains approximately constant, whereas the overall thickness of porous 

silicon layer grows essentially linearly in time.  

The etching process leads to a self-adjusting pore growth, and a wide 

range of pore geometries and morphologies are accessible by modifying the 

electrochemical parameters and the characteristics of the silicon wafers. 

According to the IUPAC nomenclature for porous materials, structures with 

a pore width below two nanometers are called microporous [19]. The 

mesoporous structures range from 2 to 50 nm. Bigger pores are referred as 

macropores. These different features are the result of different pore 

formation mechanisms. Table 2.1 summarizes the types of silicon, the 

morphologies and the apparent operative mechanisms for the main types 
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of pSi formation conditions. Note that in the literature the term 

‘nanoporous’ is frequently used for the microporous size regime, and 

‘macroporous’ typically refers to pore diameters close to, or in, the 

micrometer size scale. 

Table 2.1. Main pore sizes, morphologies and proposed formation mechanisms. 

Pore type Silicon 

type 

Size range Morphology Mechanism 

Micropores p 2-4 nm Sponge-like Crystallographic face 

selectivity, enhanced 

electric field, tunneling, 

quantum confinement 

Mesopores p+, p++, n+ 2-50 nm Branchy Enhanced electric field, 

tunneling 

Macropores n+, p+, n, p 50 nm-100 μm Tubular Space-charge limited, 

minority carrier 

collection, thermionic 

effect 

 

Many mechanisms are thought to contribute to the electrochemical 

pore growth process and the final morphology. These formation 

mechanisms can be divided into chemical and physical phenomena. 

Amongst the chemical factors governing the electrochemical 

dissolution of silicon, the band holes that act as oxidizing equivalents play a 

crucial role. These band holes are driven to the surface by the applied 

electric field, which tends to concentrate in sharp tips. Sharp pore tips 

generate electric fields that enhance the migration of holes to these areas. 

When a valence band hole reaches a Si atom on the surface, the atom is 

susceptible to nuclephilic attack by fluoride ions, and water [14]. 

At the silicon surface interface the species involved in the 

electrochemical etching (Si-O, Si-F and Si-H) compete to form new bonds. 

When a silicon wafer is immersed in an HF-based solution, the oxide 
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dissolves and the surface becomes terminated with hydrogen [20]. The 

dissolution of a surface Si atom involves first the replacement of a surface 

hydrogen atom with a fluoride ion    (Figure 2.3). The replacement of 

hydrogen with    requires a hole which results in a neutralized Si-F 

bonding. If the Si-F bond is established due to the polarizing effect of the 

bonded F, another ion    can attack and bond under generation of an H2 

molecule and injection of one electron into the electrode. The silicon 

backbonds between the silicon atoms are weakened due to the large 

electronegativity of fluorine, so that the backbonds can be broken by 

reacting with HF in a 2-electron oxidation process (Figure 2.4A). The 

silicon atom is removed from the surface. The reaction product SiF4 is 

unstable; it reacts with 2HF and becomes H2SiF6 (Equation 2.4), which 

dissociates into SiF62- in the solution. The remaining surface silicon atoms 

are again hydrogenated. 

Figure 2.3. Simplified mechanism for electrochemical etching of silicon in fluoride 

containing solutions. Adapted from reference [6]. 

The backbonds of Si-Si-F can also be broken by reacting with H2O, 

resulting in Si-O-Si bonds which are not stable in HF and the dissolution of 

which results in an indirect dissolution path (Figure 2.4B) through the 

formation of anodic oxide [21]. Si-O bonds are dissolved by   , and 

significant amounts of Si-O are only formed when the diffusion of    to the 

silicon surface is much slower than the delivery rate of valence band holes. 

This is the case, for instance, of the electropolishing conditions, which 

occurs either when a large current density is applied or when the 
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concentration of HF is low. Under low concentrations of HF, the Si-O bonds 

are formed too rapidly to be dissolved by fluorine ion and H2O molecules 

become the nucleophile. The insulating oxide impedes propagation of the 

pore since Si-O bonds cannot be dissolved due to the lack of   . The 

valence band holes have to move into the porous silicon matrix to oxidize a 

Si atom that is accessible to the fluoride ions in the electrolyte. As a result, 

the silicon filaments become thinner at the pSi/bulk Si interface, 

undercutting the porous silicon layer. 

 

Figure 2.4. Proposed dissolution mechanism of crystalline silicon in hydrofluoric 

acid solutions. The two different reaction paths illustrate the possible 2-electron 

(A) and 4-electron (B) chemical dissolution paths associated with two 

experimental regimes: porous silicon formation and electropolishing, respectively. 

Adapted from reference [21]. 

The morphology of porous silicon is also influenced by physical factors 

such as the electronic properties of the semiconductor: band structure, 

type and concentration of the dopants, and quantum confinement effect. 

However, the most determining factor in the porous silicon formation is the 

availability of valence band holes. The doping amount plays a key role, but 

also the illumination (for n-type Si etch), HF concentration and applied 
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current density. Pores growing in the crystal direction are mainly formed 

under low current densities, whereas current-line-oriented pores tend to 

grow perpendicular to the surface plane of the wafer.  

In highly doped p-type Si, the large number of valence band holes 

available never limits the etch. In contrast, in n-type silicon the shortage of 

h+ limits the density of pores. The pore and wall size in n-type silicon is 

determined by space-charge region (SCR), an area near the Si/electrolyte 

interface where the valence band holes are highly depleted. For low doped 

p-type silicon, the availability of holes is restricted and the SCR also plays a 

key role. The mechanisms of pore formation in this type of substrate are 

discussed in the following section in further detail, as it is a major concern 

throughout this thesis.  

2.1.5 The Physics of Macropore Formation on Low Doped p-Type 

Silicon 

Although the formation of macroporous silicon (macro-pSi) in n-type Si 

under front illumination was first reported in the 1970s, it was not until 

1994 that Propst and Kohl discovered the formation of macropores on low 

doped p-type silicon in organic HF solutions [22]. Later on, same 

phenomenon was also observed when aqueous HF solutions were used. 

Macropore formation on p-type silicon came as a surprise at first because, 

in contrast to n-type silicon, p-type electrodes are under forward 

conditions. Wehrspohn et al. postulated that a necessary condition for the 

formation of macro-pSi on low doped p-type Si is a higher resistivity of the 

substrate than that of the electrolyte [23]. This idea was later invalidated as 

macro-pSi was also found to form in electrolytes with much higher 

resistance than that of silicon substrate [24]. In this work, Lehmann and 
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Rönnebeck proposed that the macropore formation in low doped p-type 

silicon was governed by the thermionic emission effect, which is sensitive 

to the Schottky barrier height rather than the barrier width [24]. This leads 

to a local increase of the diffusion current, which dominates charge transfer 

at low doping densities. Alternatively, Lust and Clement reported a study of 

the conditions for macropore formation on p-type Si in different aqueous 

and non-aqueous solutions, and pointed out the role of the interface 

chemistry in the formation process of macropores [25]. 

 

Figure 2.5. Schematic of the equilibrium charge distribution and the electric field 

around pores in the electrochemical etching of low doped p-type silicon. Adapted 

from reference [24]. 

The basic charge distribution around pores in a p-type electrode is 

shown in Figure 2.5. A p-type electrode is under forward conditions during 

macropore formation and behaves basically like a solid-state Schottky 

diode. The forward current of a Schottky diode is dominated by diffusion, 

or thermionic emission, or tunneling of holes. At zero bias, and under 

forward conditions, the space-charge region is not fully depleted of holes 

and therefore a diffusion current Idiff is caused by the concentration 

gradient of holes, according to Schottky’s theory. With no applied bias, Idiff 
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is compensated by the field current Ifield and Idiff =Ifield is fulfilled at the pore 

walls as well as the pore tip. However, the absolute values of Idiff and Ifield 

are larger at the pore tip, because the concentration gradient of valence 

band holes and the electric field strength increase with decreasing the SCR 

width. If a forward bias V is applied, Ifield decreases while Idiff increases. The 

higher current density values at the pore tip now become decisive. The 

total current density at the tip                         is always higher than 

the current density at the wall. Therefore a depression in the electrode 

etches faster than a planar area, and a pore tip develops. If the distance 

between two neighboring pores becomes less than twice the SCR width, 

their SCRs overlap and the pore wall becomes passivated due to the 

depletion of holes [26]. 

The resulting morphology of macroporous films formed on p-type Si 

substrates can be explained as a consequence of the severe constraint for 

pore wall passivation in low doped p-type Si wafers: pore walls are 

depleted if their thickness is less than twice the SCR width W. W depends 

on doping density and applied bias. The relationship between the average 

pore wall thickness and the p-type doping density follows square root 

dependence, and it will be exemplified in Chapter 3. 

2.2 SiO2 Based Materials for the Life Sciences  

2.2.1 Biocompatibility of SiO2 Microstructures 

The term “biocompatibility” was defined at a consensus conference of 

the European Society for Biomaterials in 1986 as “the ability of a material 

to perform with an appropriate host response in a specific situation” [27]. In 

terms of biocompatibility, silicon dioxide is accepted as “Generally 
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Recognized as Safe” (GRAS) by the United States Food and Drug 

Administration (FDA) [28]. Actually, materials based on silicon and 

particularly its oxide form, SiO2, have been used for decades in macroscale 

medical applications due to its unique physic-chemical properties [29]. For 

instance, SiO2 based materials have been employed in dietary supplements 

[30], catheters and implants [31], dental fillers [32] and contact lenses [31]. 

This has motivated somewhat the development of nano- and micro-sized 

structured scaffolds and particles for other applications including imaging, 

delivery of therapeutics and tissue engineering. However, it is also known 

that materials with features on a sub-micron and micron scale possess 

characteristics that can impose their biological behaviors. Thus, it has been 

necessary to understand the short and long-term effects and potential 

hazards from nano- and micromaterials as they are exposed to the human 

body and the environment.  

The biocompatibility of SiO2 for biomedical applications is definitely a 

consequence of the ability to eliminate the products of the material 

dissolution, although it certainly depends on dosage and body site. Silicon 

oxide can readily dissolve in water promoting the release of silicon-

containing species into solution. The hydrolysis of SiO2 yields several 

soluble forms of silicon acid compounds, with orthosilicate (    
    ion as 

the basic building block. The most common form of this ion is the fully 

protonated specie, the orthosilicic acid, Si(OH)4 (see Equation 2.5). 

Actually, several studies performed with porous silicon and silica 

microparticles have shown release of orthosilicic acid [12, 33-35] 

                  
      (2.5) 
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Orthosilicic acid is a nontoxic small molecule and the natural form of 

silicon in the bloodstream and tissues. Indeed, it is considered to be a 

nutrient for optimum bone health [36, 37]. Several studies have shown that 

silicon acid does not accumulate in the human body. Instead, it is readily 

absorbed by the gastrointestinal tract of humans and excreted in the urine 

at a rate of 1.8 mg silicon per day [35, 38]. However these oxides can be 

toxic in high doses, generally due to precipitation of the silicate ion in the 

kidneys, which leads to renal failure. 

Therefore, since the body can handle and eliminate silicic acid, the 

important issue with SiO2-based drug delivery systems is the rate at which 

they degrade and resorb. This is dependent on the surface area and surface 

chemistry. Porosification dramatically increases the surface area. Thus, 

microporous and mesoporous silicon tends to dissolution and exhibit 

bioactivity when in contact with body fluids, whereas macroporous silicon 

offers higher stability and appears as bioinert material [39]. The pH also 

plays a key role, as the hydrolysis reaction is known to be catalyzed by 

   , being at pH 9 three times faster than at pH 2 [35]. Finally, the dosage 

will be crucial to eventually determine the amount of silicon oxide that the 

body can cope with. 

The possibility of micromachining silicon into platforms of arbitrary 

shape with outstanding precision has motivated the use of silicon and 

silicon oxide based microdevices in biotechnology and biomedicine [40, 

41]. Biocompatibility of silicon and silicon dioxide in micromachined 

devices was not addressed until only a few years ago. A pioneering work 

performed by Kotzar and co-workers demonstrated that neither silicon nor 

silicon oxide were cytotoxic in vitro using mouse fibroblasts [42]. These 
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materials were also classified as nonirritants based on 12-week rabbit 

muscle implantations.  

The use of micromachined silicon as controlled drug-release microchip 

was first introduced by Langer and co-workers in 1999 when they 

designed a silicon-based microchip containing etched cavities. The 

different cavities were capped with different responsive polymers and a 

“sacrificial” gold membrane, thus creating a device capable of pulsatile 

release of its chemical loads by opening various reservoirs on command 

[43]. Also in 1999 Ferrari and co-workers introduced micromachined Si 

membranes for encapsulating pancreatic islet cells [44]. These biocapsules 

allow nutrients and small molecules to pass freely through the membranes 

while isolating transplanted cells from rejection by the patient’s immune 

system. 

The biocompatibility of Si as a material to engineer microreservoirs for 

drug delivery has also been assessed in vitro [45]. After 21 days of 

subcutaneous implant in rats, adherent macrophages and foreign body 

giant cells were measured to determine that both Si and SiO2 were 

biocompatible under the given conditions.  

Si- and SiO2-based technology has also impacted in the development of 

microneedles. This use has been also tested for suitability as neural 

implants [46]. Si microneedles were implanted in rabbit brains for 6 

months and the neuron density around the needle analyzed. It was found 

that the geometry is important since the recording sites must be placed 

along the sides of the needle and not near the tip.  

Porous silicon when implanted in rat abdominal walls for up to 3 

months was found to be more biocompatible than planar silicon [47]. The 
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porosity and pore size of silicon has been observed to affect the bioactivity 

of silicon [48]. Low-porosity microporous films induced hydroxyapatite 

growth in vitro, high-porosity mesoporous films exhibited substantial 

dissolution in vitro, while planar silicon was inert in the same medium [48, 

49]. 

Apart from the use of micromachined Si and SiO2 as a platform for 

interaction with living tissues, the low toxicity and solubility of the 

degradation by-products of SiO2 have generated much interest for its use as 

nano- and micro-sized particles in an array of other biomedical 

applications. Owing to the nature of their composition, SiO2-based systems 

are more stable under various biological environments compared to many 

other biomaterials such as polymers. In this framework, intensive 

investigation has been carried out to apply this type of particles in 

pharmaceutics, particularly in the delivery of drugs.  

However, despite many in vivo and in vitro studies, including some 

animal and tissue models, the understanding of the effect of these systems 

still remain far from complete. It is generally accepted that particle surface 

area, dosage, shape and chemistry play a significant role in the cell and 

tissue behaviors. In addition, the size affects the cell fate and it is known 

that smaller SiO2 particles (<100 nm) induce more harmful effects on cells 

than larger particles [29]. As an example, Li et al. found that the cytotoxicity 

of SiO2 particles in the nanoscale were higher than that on the microscale. 

Nanoparticles (190–420 nm in diameter) exhibited significant cytotoxicity 

at concentrations above 25 µg mL−1, whereas microparticles (1220 nm in 

diameter) showed slight cytotoxicity over a broad concentration range of 

10–480 µg mL−1 [50]. They correlated this fact with the ease to endocytose 

nanoparticles compared to microparticles.  
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Porous silicon microparticles have also been used by Santos and co-

workers to assess the effect of the particle concentration, surface chemistry 

and size in the in vitro cytotoxicity [51]. Smaller particles were found to be 

more toxic to cells, whereas thermal oxidation induced a less harmful effect 

than other types of surface modifications. 

Some in vivo studies have been also conducted. Using SiO2 spheres 

ranging 0.7-5 μm size, Godin et al. demonstrated that as the diameter 

decreased, there was less deposition of particles in the non-

reticuloendothelial system organs [52]. Another relevant in vivo study 

determined that nanoporous silicon particles of 1.6 μm size introduced by 

intravenous administration in mice do not produce obvious changes in 

blood chemistry and cytokines profile [53]. 

Apart from the general conclusions overdrawn for Si and SiO2 based 

scaffolds and particles, different types of cells and tissues respond 

differently towards the microstructured substrates or the presence of 

particles. Therefore, the overall interaction and eventual fate of these 

engineered micromaterials with biological systems are very difficult to 

categorize.  

2.2.2 Useful Forms of Microstructured Silicon in Biomedicine 

One of the challenges relating to Si and SiO2 based microstructures for 

applications in personalized medicine, is obtaining optimal structural 

shapes and sizes capable to adapt to each necessity. The desired but 

exigent forms of the biomaterials applied in biomedical devices include 

spherical microparticles, flexible substrates or three-dimensional (3D) 

architectures.  
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In recent years numerous studies have been conducted to demonstrate 

the feasibility of a number of physical architectures of pSi-based materials. 

As an example, pSi microparticles have been engineered by stain etching in 

pSiMedica labs and tested in brachytherapy [54]. Henstock and co-workers 

have also developed a polycapralactone-pSi composite for orthopaedic 

purposes [37]. 

In addition, adapting microfabrication techniques originally developed 

in the microelectronics industry has enabled the development of novel Si 

and SiO2-based structures for drug delivery, tissue engineering and 

biosensing. The most common microfabrication method is the lithography 

process behind integrated circuits (IC) and microelectromechanical 

systems (MEMS). Lithography and other microfabrication techniques have 

been used in recent years to produce micromachined structures with nano- 

to micrometrical features in applications where 3D architectures or precise 

shapes were required [55].  

Many biomedical applications increasingly require the benefit from the 

continuously improving micro- and nanofabrication protocols that are able 

to produce devices with a high degree of precision and accuracy in the 

semiconductor industry. The ability of producing monodispersed features 

in the nanoscale is crucial for eliminating architectural randomness as a 

source of experimental variation, for incorporating ever advancing 

capability at lower functional cost, for creating personalized treatments 

and, ultimately, for achieving clinical translation [55]. 

Cylindrical structures such as pores, walls, tubes or combination of 

these can be fabricated from silicon employing electrochemical etching. 

Combined with lithography techniques, regular, precisely shaped and 
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monodispersed structures can be produced. These 3D structures grow on 

planar silicon propagating into the substrate, and are characterized by 

their remarkable vertical walls, constant porosity and pore depths (up to 

500 μm). Typically, these architectures have found applications in 

microfluidics [56], photovoltaics [57] and electrochemical sensing [58].  

Post-anodization treatments have widely been used to modify the as-

produced characteristics of these arrays by coating the walls with a film of 

a metal in insulator [59], changing the properties of the inner surface of 

pores [60], obtaining membranes [61] or infiltrating pores with various 

fillers [62]. Compared with micro- and meso-pSi, macro-pSi is the closest in 

its properties to the starting single-crystal material and, therefore, it can be 

subjected to standard technological procedures in microelectronics: 

thermal oxidation, high-temperature annealing, thin-film deposition or 

photolithography. These treatments have enabled the development of 

novel 3D architectures and also endowed macro-pSi with remarkable 

properties that can be exploited in biotechnology and biomedicine. 

Macro-pSi substrates are attractive substrates for a variety of 

bioapplications. As an example, Michaelis and co-workers performed a 

post-anodization sputtering to form a thin gold layer that enabled the use 

of macro-pSi chips as a platform to determine the permeability and 

transport characteristics of 2D tissues using impedance analysis [63]. Cells 

were cultured on the macroporous surface and the pore volume was used 

as femtolitre-size cuvette in which the permeating probe accumulated at 

the site of permeation. In another study, Yoo et al. used 3D macro-pSi 

substrates as a fluorescence quencher platform to detect adenosine [64]. 

The superior protein adsorption capacity together with the effective 

fluorescence quenching enabled the protein to be detected at lower levels. 
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The feasibility of growing a conformal oxide layer around the 

macropores and dissolving the bulk Si by anisotropic etching has enabled 

the formation hollow structures such as microtubes or microneedles [65, 

66]. Rodríguez and co-workers fabricated microneedles based on the 

fabrication of macro-pSi combined with oxidation and anisotropic etching 

[66]. The resulting microneedles of tunable dimensions were assessed for 

flow delivery systems. More recently, Strambini et al. have developed a 

microneedle chip for transdermal injection with integrated reservoirs. The 

performance of the needles was tested in skin-like polymers and with 

different liquids of biomedical interest [67]. A combination of different 

micromachining techniques and the electrochemical etching of silicon were 

used by Tsutsumi and co-workers to produce arrays of SiO2 micropillars 

[68]. They proposed the device for DNA separation.  

2.3 Chemical Modification of Microstructured Silicon 

The electrochemical etching of silicon yields a surface terminated with 

hydrogen. This surface of freshly prepared porous silicon is strongly 

unstable, as the Si-H groups are highly reactive and susceptible to attack by 

hydrolytic species in air or aqueous environments [14, 69]. This limits its 

capability for further application in biotechnology and medicine. 

Frequently, each application will require a different chemical functionality 

and a different level of stability. Fortunately, the hydride-terminated 

surface can be easily modified with a simple oxidation treatment and 

subsequently introduced a variety of functionalities [70-73]. The growth of 

a silicon oxide layer is the most common approach to stabilize and 

passivate the porous silicon surface due to its simplicity and good control 

over the oxide thickness [74]. Starting from an oxidized silicon surface, 
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there are a number of strategies to modify the surface chemistry, but 

undoubtedly silanization is the most popular one. The hydroxyl-terminated 

surface can be modified with alkyl silanes to form a covalently linked 

organosilane layer [75]. Thus, the reactive groups at the functional end 

provide attachment points for biomolecules.  

2.3.1 Thermal Oxidation of Silicon 

Native silicon dioxide forms spontaneously on the bare surfaces of 

silicon when it is exposed to oxygen air or aqueous environments [76, 77]. 

The thickening of this layer by thermal treatment up to a few tens of 

nanometers provides a protective layer that effectively passivates the 

surface and prevents further oxidation. In addition, the possibility of 

exquisitely control the thickness of the SiO2 layer together with the 

simplicity of the method has been pivotal in the outstanding development 

of microelectronics industry in the last decades. Silicon oxidation is a key 

step in the formation of insulating or sacrificial layers involved in the 

fabrication of integrated circuits, microfluidic devices, optical MEMS 

systems  and BioMEMS [78-80].  

Thermal oxidation is the oldest and most commonly used thermal 

method to stabilize the silicon surface. A variety of oxidizing atmospheres 

can be used for this purpose, although the simplest oxidant is air. Air 

oxidation produces different types of surface species, depending on the 

temperature at which the reactions is performed and the humidity of the 

air [77]. Figure 2.6 shows the predominant oxidation reactions at different 

temperatures in air or oxygen. The oxidation rate is also highly dependent 

on the temperature. The lowest temperature process is called back-bond 

oxidation, which takes place at room temperature [76]. A silicon oxide 

layer is formed within a few hours and it continues growing for several 
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months. The back-bond oxidation means that the oxygen atoms selectively 

attack the Si-Si back-bonds of the most superficial Si atoms but do not 

replace hydrogen atoms on the surface (see Figure 2.6A). Higher 

temperatures at around 200 °C promote the formation of oxygen bridges 

between the surface Si atoms and the second atomic Si layer [81]. 

Oxidation at around this temperature also changes the surface properties 

from hydrophobic to hydrophilic, although the majority of the hydrogen 

atoms remain on the surface (see Equation 2.6B). Here, the presence of 

water vapor is a very important factor to determine the extension of the 

surface coverage of hydroxy group [82]. Temperatures above 800 °C yield 

the complete oxidation of silicon, where the hydrogen termination is 

replaced with hydroxyl groups and the thickness of the oxidized layer 

increases [74]. The growth rate is very dependent on the silicon structure 

and can vary from a few tens of minutes to several hours [14, 83].  

 

Figure 2.6. Silicon oxidation reactions at different temperatures. A) Room 

temperature; B) 100-200 °C and C) 300-900 °C. Adapted from reference [14]. 
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In the specific case of macroporous silicon, thermal oxidation is one of 

the most common post-treatments applied to these tubular arrays. It is a 

frequent method used to manipulate macropore shape and generate a 

variety of structures in silicon such as SiO2 micropillars, microtubes or 

microneedles [66, 67, 84]. SiO2 on the surface of macropores has been 

widely used as a sacrificial layer for enlarging the pore diameter or 

smoothing the surface irregularities [26, 60, 85]. 

Temperatures ranging 800-1200 °C and oxygen or water vapor 

atmospheres are commonly used to thermally grow silicon dioxide layers 

[83]. This process goes along with an increase in volume that leads to large 

stresses at the interface Si/SiO2. It follows from the relationship between 

one gram-atom of Si and one gram-atom of SiO2, which occupy a volume of 

12 and 27 cm3, respectively. Therefore, SiO2 suffers a volume expansion of 

2.27 times with respect to that of Si [83]. The arising compressive stresses 

in a silicon dioxide film and tensile stresses in silicon itself relax via viscous 

flow of the oxide at T > 960 °C. Thus, the main factor leading to the 

appearance of stresses in oxidized silicon after cooling to room 

temperature is the difference between the thermal expansion coefficients 

[86]. While these stresses are negligible in the flat silicon oxidation due to 

the expansion of the SiO2 film in the perpendicular direction of the 

interface, they are known to affect the oxidation kinetics of non-planar 

structures [87, 88]. For instance, the oxide thickness has been observed to 

be thinner where the radius of the silicon surface is smaller [89]. These 

results are applicable to macropores [83]. 

2.3.2 Functionalization Methods for Silicon Dioxide  

Many biomedical applications of SiO2 based materials require a surface 

modification that is suitable to interface the biological systems in a 
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controlled way. For instance, in some cases the surface should prevent 

biofouling. Conversely, in other occasions, the surface should provide 

coupling points for the immobilization of biomolecules. For these reasons, 

silicon dioxide surfaces must be appropriately modified with organic layers 

that possess the requisite functionality. Reactive functional groups such as 

primary or secondary amino, carboxyl, hydroxyl, alkyl halogen or azide can 

be introduced onto the SiO2 surface by different routes of chemical 

modification by coupling with functional moieties such as amines, 

carboxylic acids or aldehydes [75]. 

The covalent attachment of functional groups on oxidized silicon 

surfaces is undoubtedly dominated by the ubiquitous silanol chemistry. 

Silanization of SiO2 surfaces allows formation of molecular layers with a 

very high surface coverage that improves the surface stability and reduce 

degradability [90, 91]. The popularity of this method relies on its 

straightforwardness, as it can be performed at moderate temperatures 

with inexpensive equipment. Furthermore, the simplicity to perform 

silanization reactions together with their high reproducibility are 

remarkable advantages over other methods of SiO2 functionalization. 

However, the oxidized silicon is biodegradable due to the possible 

hydrolysis of Si-O-Si bonds, and this makes the silanized SiO2 surface 

moderately unstable in aqueous solutions [14]. 

A silane compound is a monomeric silicon-based molecule containing 

four constituents. The general structure is depicted in Figure 2.7. The 

organic arm normally has a structure that terminates in a functional group 

or reactive component, which facilitates the covalent linkage to another 

organic molecule. The other part consists of the hydrolysable groups 

(typically alkoxy or chlorine groups) attached directly to the silicon atom. 
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Then, in a silanization reaction, the hydroxyl group of the SiO2 surface is 

replaced by hydrolyzed silanols in the organofunctional silane, and a 

covalent Si-O-Si bond is formed through a condensation reaction [92].  

The silanization procedure is the most commonly used method to add 

functional amine groups on the silicon oxide surface, to which different 

biofunctional compounds can be further attached [92-95]. Amino-

functionalized SiO2 surfaces can be conjugated with small organic 

molecules, proteins, peptides, nucleic acid, etc. A standard coupling 

reaction with the commonly used APTES is shown in Figure 2.8.  

 

Figure 2.7. Schematic of the general structure of a silane molecule that includes a 

functional group and a carbon chain spacer and three hydrolysable groups. 

Adapted from reference [92]. 

Figure 2.8. Scheme for the silanization reaction of silicon dioxide surfaces with the 

commonly used aminosilane APTES. 

Besides covalent attachment, functional moieties can also be 

introduced onto SiO2-based surfaces through electrostatic interactions 

UNIVERSITAT ROVIRA I VIRGILI 
SILICON DIOXIDE MICROSTRUCTURES BASED ON MACROPOROUS SILICON FOR BIOMEDICAL APPLICATIONS. 
María Alba Martín 
Dipòsit Legal: T 153-2015



Fundamentals 

37 

[96]. The layer-by-layer functionalization approach can effectively cover 

SiO2 surfaces with controllable thickness by alternative layering of positive 

and negative charged polyelectrolytes on the surface. This usually makes 

use of the negative charges from the free      groups on the silicon oxide 

surface. For example, cationic polymers (such as polyethylenemine) can be 

electrostatically adsorbed onto the SiO2 surfaces to provide nucleic acid 

binding properties [97]. 

2.3.3 Interfacing Silicon Dioxide with Biomolecules 

When choosing a linker for interfacing SiO2 surfaces with a specific 

bioligand, a number of considerations must be taken into account. The first 

consideration is the chemical functionality desired on the surface, which 

will influence the incorporation of molecules in further modification steps 

and also the type of biomolecules able to interact with the surface. 

Furthermore, bioligand conjugation can be performed via direct 

attachment to the surface or through a spacer that links the activated 

surface and the desired biomolecule. Therefore, we should consider the 

strategy to follow for the biomolecule attachment. However, the most 

important concern to be considered is the characteristics of the bioligand 

that should be attached. The possible conjugation sites and chemistries 

must be taken into account along with surface orientation and nonspecific 

binding factors, which may lead to unstable and reversible binding, and 

eventually to protein denaturation and bioactivity alteration. 

One of the strategies to conjugate biomolecules onto SiO2 is their direct 

attachment via silane linkers. Silanes can range in a variety of terminal 

functionalities from simple amine terminated compounds to complex 

silanes designed for highly specific surface functionalizations [71]. The 

appropriate selection of the functional group for a particular application 
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can allow the attachment of proteins, oligonucleotides, whole cells, 

organelles or even tissue sections to substrates in a selective manner, 

which is critical to assure a proper orientation and bioactivity of the 

bioligand [98-102]. The organosilanes used for these applications include 

functional groups such as amino, epoxy, thiol, aldehyde or isocyanate 

groups [92]. 

Among silanes, the most popular coupling agents are NH2-terminated 

molecules, such as APTES or aminopropyltrimethoxy silane (APTMS) [94]. 

The aminosilane-modified surface can be further modified to incorporate 

specific crosslinkers, or be readily used for direct coupling with 

biomolecules. For instance, Ducker et al. have used amino-functionalized 

silica surfaces for peptide synthesis [98]. 

Other very useful silane modification agents are glycidoxy compounds 

containing reactive epoxy groups. Surfaces covalently coated with these 

silane coupling agents can be used to conjugate thiol-, amine- or hydroxyl-

containing ligands. The most frequently used glydicoxysilane is 3-

glycidoxyplopyltriethoxysilane (GOPS), which can be used to link inorganic 

SiO2 surfaces with biological molecules containing any three of these major 

functional groups. One practical example using this type of silane has been 

demonstrated by Voelcker et al. where epoxy functionalized glass was used 

for immobilization of extracellular matrix proteins to create cells 

microarrays [101]. 

Isocyanate groups are extremely reactive toward nucleophiles and can 

attach biomolecules forming linkages with amines and hydroxyls. 

Isocyanate will hydrolyze rapidly in aqueous solution, thus they are 

particularly useful for covalent coupling to hydroxyl groups under non-
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aqueous conditions. Isocyanatopropyltriethoxysilane (ICPTES) contains an 

isocyanate group at the end of a short propyl spacer that is very useful to 

conjugate biomolecules to inorganic substrates under anhydrous 

conditions [91]. For instance, this type of functionalization has been 

employed by Fu et al. to develop a glucose biosensor by immobilizing an 

enzyme on ICPTES.  

 

Figure 2.9. Molecular structure of two alkolxysilanes used as linkers for 

biomolecule attachment to SiO2 surfaces. 

Alternatively, surfaces derivatized with organosilanes can be further 

modified to incorporate specific crosslinkers or spacers compounds. 

Actually, a two-step process is frequently preferred [103]. While the first 

step stabilizes the surface and introduces the desired chemical 

functionality, the second step allows selective and controlled attachment of 

biomolecules through a crosslinker. Crosslinkers or spacers are molecules 

with terminal reactive functional groups that are able to form covalent 

bonds between two compounds. In bioligand conjugation, they act as a 

linker between the functionalized surface and the biomolecule. These 

crosslinkers typically contain functional groups reactive towards amines, 

thiols or carboxylic acids through a covalent bond [91]. 
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The use of heterobifunctional spacers to link thiol terminated surfaces 

with biomolecules is a common route for bioligand conjugation. For 

instance, Tinsley-Brown et al. demonstrated that 3-mercaptopropyl 

trimethoxysilane (MPTMS) can be used for conjugation with the 

heterobifunctional crosslinker succinimidyl 1-4-(N-maleimidomethyl) 

cyclohexane-1-carboxylate (SMCC) to immobilize rabbit IgG antibody 

[104]. This linker can therefore react with thiol functional groups, allowing 

it to be attached to a thiol-functionalized surface and facilitating the 

conjugation of an amine-containing biomolecule such as an antibody. 

Amino functionalized surfaces can also be further modified with spacer 

arms or crosslinkers to create reactive groups for coupling affinity with 

ligands or biomolecules. The aminosilated surface can be used for coupling 

with carboxyl-containing bioligands using a carbodiimide (EDC) reaction 

[102, 105]. EDC activates the carboxylic acid groups and facilitates their 

reaction with amino groups present in the biological molecules. It is 

generically used along with succinimide (NHS) compounds in order to 

enhance the reaction rate and to achieve a better binding. Norris et al. have 

used this chemical modification to develop a silica-based photonic crystal 

biosensor capable of detecting DNA oligonucleotides, proteins and 

antibodies [98]. 

Aminosilanized surfaces also may be activated by use of a 

homobifunctional crosslinker to contain reactive groups for subsequent 

coupling to biomolecules. Amongst the numerous bis-aldehyde reagents 

that have been used for the conjugation of biomolecules, the five-carbon 

glutaraldehyde (GTA) is by far the most popular. By using GTA, proteins, 

enzymes or amino-modified DNA molecules can be irreversibly 
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immobilized on the activated surfaces via the covalent bond between the 

amino group on the  

 

Figure 2.10. Schematic showing the covalent immobilization of biomolecules via 

glutaraldehyde spacer onto amino-silanized surfaces. A) Surface silanization; B) 

activation with GTA; C) binding of biomolecules via amino-terminal groups on 

biomolecule surface and D) imine bond formation between the aldehyde-

terminated surface the biomolecule. 

biomolecule and the aldehyde [105-107]. The basic reaction for 

biomolecule immobilization following this route is schematically shown in 

Figure 2.10. Although it has been repeatedly demonstrated that 

glutaraldehyde is an effective crosslinker, recent studies have found that 

GTA can undergo intra- and intermolecular transformations that may lead 

to undesired crosslinking and aggregation, especially in aqueous media 

[108]. Despite its potential shortcoming, glutaraldehyde is still being used 

to immobilize many different ligands onto a wide range of surfaces and 

UNIVERSITAT ROVIRA I VIRGILI 
SILICON DIOXIDE MICROSTRUCTURES BASED ON MACROPOROUS SILICON FOR BIOMEDICAL APPLICATIONS. 
María Alba Martín 
Dipòsit Legal: T 153-2015



Chapter 2 

42 

particles. For instance, very recently Agrawal et al. have used APTES-GTA 

functionalization to immobilize peroxidase enzyme onto pSi and therefore 

improve its activity [109]. A silicon nanowire biosensor has also been 

developed by Hashin et al. using glutaraldehyde-based chemistry to detect 

single-stranded DNA molecules [110].   
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Macroporous silicon is material wholly convenient for the fabrication of 

tubular structures on the microscale. Starting from bulk silicon, regular 

pores can be formed in an electrochemical etching process. The macropore 

growth propagates in depth to form layers of constant porosity and a 

thickness of up to several hundreds of micrometers. The possibility of 

applying microfabrication technologies such as lithography enables the 

production, on an arbitrarily sized area, of millions of objects identically 

shaped with nanometric precision. The ease of growing a thermal oxide 

makes it possible the manipulation of the macropore morphology and the 

production of a variety of structures such as tubes, needles or pillars.  

This chapter is devoted to the experimental techniques for producing 

random and ordered macroporous silicon from low doped p-type silicon. 

Firstly, we describe the electrochemical etching setup used for the porous 

silicon fabrication. The methods and etching parameters utilized for the 

formation of random and ordered macroporous silicon are detailed. Finally, 

the process sequence and process parameters for the fabrication of 

inverted structures from macroporous silicon, i.e. micropillars and 

microtubes, are presented.  
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3.1 Electrochemical Etching of Silicon. Experimental 

Herein, we describe the elements involved in the experimental etching 

process of silicon (Si). The system has been developed in the Departament 

of Electronic, Electric and Automatic Engineering at the University Rovira i 

Virgili (URV). Some steps of the sample preparation were carried out in the 

cleanroom facility in the Servei de Recursos Científics i Tècnics at URV.  

3.1.1 Set-up  

The porous silicon (pSi) described in this report was fabricated by 

electrochemical anodization of silicon in a hydrofluoric acid (HF) based 

solution. The experimental set-up is shown in Figure 3.1. The main 

component of the system is a customized electrochemical single-tank cell, 

coupled with a current source which is also able to measure the potential 

difference between the two electrodes. The system is computer controlled 

by a program that controls the current density and etching time applied.  

Electrochemical Cell. We used a standard two-electrode configuration: 

working (the Si wafer) and counter (the platinum, Pt) electrodes. A 

schematic diagram of our customized electrochemical cell is shown in 

Figure 3.2A. The cell consists of a cylindrical polytetrafluoroethylene (PTFE 

or Teflon®) body designed to have on the bottom an exposed anodized 

area of 1.54 cm2. This material was used because it is highly resistant to 

acids and organic solvents. The silicon sample is placed between the Teflon 

cylinder and a metal contact, with its polished side facing up. A mechanical 

stirring system is coupled to the cell cap to facilitate the renovation of the 

electrolyte in contact with the silicon electrode. The metal back-side 

contact is a copper disk that enables a uniform contact on the whole area of 

the wafer. Note that it should be cleaned and polished to avoid any oxide 
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film that might cause preferential current flows and thus an inadequate 

anodization. The silicon substrate is sealed and held in place by a 

vinylidene fluoride-hexafluoropropylene (Viton®) O-ring. Eight screws 

fasten together the Teflon cell and the metal contact. 

 

Figure 3.1. Photograph of the electrochemical etching set-up. The wafer is 

mounted in the customized etching cell (A) coupled with a mechanical stirring 

system (B). The voltage-current sourcemeter Keithley 2611A applies the current 

and measures the resulting voltage between the electrodes (C). The system is 

controlled by a home-designed program run in a computer (D). 

The HF-based solution is poured into the etching cell and this is kept in 

the dark by placing a poly(vinyl chloride) (PVC) cap that contains a 

mechanical stirrer and the platinum cathode. The reaction takes place in 
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the dark to prevent photogenerated currents contributing to the pore 

formation process. The stirring system ensures a homogenous anodization 

by renewing the flow of electrolyte and improving the dispersion of the 

hydrogen bubbles from the silicon surface. The rotation velocity is 

controlled by adjusting the DC voltage applied to the motor. 

 

Figure 3.2. A) Schematic diagram of the electrochemical cell used in the pSi  

formation; B) photograph of the customized cell with a view of the stirrer and the 

Pt electrode, and the interior of the cell body with the exposed silicon at the 

bottom  

The Pt cathode should be located not very close to the silicon surface, 

as relatively short distances lead to inhomogeneous pSi formation. 

Excessively large distances will imply the increase of the cell height and 

therefore greater amount of electrolyte to stir and higher resistance. The 

optimum distance of our cell is around 3 cm. Once the HF electrolyte is 

poured into the etching cell, anodization is ready to proceed. 

Current Source and Control Program. The electrochemical process can be 

controlled either potentiostatically or galvanostatically. Normally cells 

operate in galvanostatic mode (i.e. current is the parameter set) since it 

assures reproducibility attaining wide ranges of porosity and thickness of 
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the pSi layer. In this work, we have used a constant current source 

(Keithley 2611A SourceMeter) for the pSi formation. 

A computer program was previously designed in TestScriptBuilder 

(Keithley) to control the operation of the source to fabricate porous silicon. 

The main parameters that need to be set to carry out the anodization are: 

Output file. The name of the forthcoming file, which will be saved in an 

external USB memory stick connected to the source once the anodization 

has finished. This will be a text file which includes applied current (in 

miliampers), time (in seconds) and the measured voltage (in volts). 

 Current. The selected galvanostatic current (in miliampers) we want to 

apply to our sample. 

Time. The time the current will pass through the silicon electrode 

performing the anodization.  

Time between measurements. Time between two consecutive voltage 

measurements.  

Electrolyte. The electrolyte must be an electro-active specie to be 

efficiently transported to the porous silicon-silicon interface where the 

anodization process primarily occurs. Hydrofluoric acid should be diluted 

due to the hydrophobic character of the clean silicon surface. Ethanol is 

frequently added to the hydrofluoric acid to improve uniformity and 

homogeneity of the porous silicon film in depth. Moreover, it is known that 

the addition of some surfactants that increases the viscosity of the 

electrolyte and reduces the surface roughness. In the macroporous silicon 

(macro-pSi) formation, surfactants act as wetting agents by reducing the 

surface tension and thus protecting the sidewalls against dissolution in 

order to obtain deep, regular macropores with smooth pore walls. 
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Surfactants that can be used in the etching of silicon include 

cetyltrimethylammonium chloride (CTAC), dimethylsulfoxide (DMSO), 

dimethylformamide (DMF) or a mixture of them. In our study, unless 

otherwise noted, the electrolyte was prepared by diluting commercial HF 

(40%) in DMF. The preferred electrolyte proportion was 1:10 (HF:DMF) as 

it has been repeatedly reported [1, 2] and it provides smooth surfaces and 

straight walls. 

3.1.2 Sample Preparation. Lithography  

The growth of macropores in silicon is not a self-ordering process and 

would not form a periodic arrangement spontaneously. Nevertheless, the 

sites where pores should grow can be predefined by lithography and 

subsequent anisotropic etching in alkaline solutions such as potassium 

hydroxide (KOH) or tetramethyl ammonium hydroxide (TMAH). The 

resulting etch pits work as nucleation sites for the pore growth. The 

advantage of this method is that the pore arrangement and size can be 

tuned, and it is not restricted to hexagonal arrangements [3].  

In the electrochemical etching of silicon, the resulting pores nucleate at 

random points on the surface. However, for a given doping density, applied 

voltage and electrolyte composition, an average porosity and pore 

diameter will arise, as a result of a self-organizing process. Therefore, the 

lithography has to fit with the intrinsic material parameters. The 

passivation of the pore walls and thus the prevention of the pore walls 

from being post-etched is a consequence of the space-charge region (SCR), 

as we discussed in Chapter 2. For a stabilized pore growth, the remaining 

silicon between neighboring pores should be completely depleted from 

charge carriers. From this requirement, a statement can be derived for the 

lattice constant of the lithography: the interpore distance has to be chosen 
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twice as large as the width of the SCR [3]. It implies that higher doped 

material are preferentially used for smaller interpore distances and vice 

versa. 

 

Figure 3.3. Schematic representation for the sample preparation. A) Wafer 

oxidation; B) photoresist deposition by spin-coating; C) direct-laser lithography; 

D) selective removal of the oxide film by BHF etch and dissolution of the remaining 

photoresist layer; E) TMAH etch for the formation of inverted pyramids and F) 

dissolution of the residual SiO2 layer. 

Essentially, we have adopted the sample patterning procedure that 

Lehmann and Föll first reported in 1990 for producing arrays of ordered 

macropores by electrochemical etching process [4]. A schematic 

representation of the sequence is shown in Figure 3.3. First, the wafers are 

thermally oxidized in order to grow a thin SiO2 layer that will act as a mask 

in the anisotropic alkaline etch (Figure 3.3A). Then, a thin layer of positive 

photoresist is deposited onto the silicon wafer by spin-coating (Figure 

3.3B). Next, the desired arrangement and period is patterned on the sample 

by direct-write lithography (Figure 3.3C). After developing the photoresist, 

the lithographic pattern is transferred onto the oxide layer by etching the 

silicon oxide in buffered hydrofluoric acid (BHF, Figure 3.3D). The etch pits 

on the surface are obtained by anisotropic etching in a TMAH solution 

(Figure 3.3E). The tip of the resulting inverted pyramids will act as nuclei 

A B

C D

E
F
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points for the pore growth. After the TMAH etch, the oxide is dissolved by a 

quick dip in HF 5% (Figure 3.3F). 

Starting Material. Porous silicon samples were prepared on p-type (100) 

silicon substrates various boron doping densities and therefore different 

resistivities: 10-20, 20-30, 40-60, 80-100 Ω cm. This type of silicon is 

considered as low doped p-type silicon. 2 and 4 inch-wafers were used 

with a thickness of 250-300 μm. This substrate is robust and sturdy, and 

allows getting flat and homogenous surfaces of porous silicon layers.  

Oxidation. The wafers were oxidized in synthetic air at 1000 °C for 15 min. 

The thickness of the obtained oxide layer was about 10-12 nm. This 

thickness is enough to serve as a mask and protect the silicon from the 

anisotropic etch due to the high selectivity of TMAH towards Si versus SiO2. 

This oxide layer can be removed by a few seconds dip in BHF etching 

mixture (ammonium fluoride etching mixture HF (6%) + NH4F (35%)) at a 

rate of about 70 nm min-1.  

Lithography. This step is the most critical as any imperfection will be 

extended through the fabrication process and reflected as defect pores. 

Following standard procedures, a thin layer of positive photoresist AZ 

1505 (MicroChemicals) was deposited by spin-coating on the silicon wafer 

at 500 rpm for 10 s then 5000 rpm for 30 s, followed by a soft bake at 100 

°C for 30 s. Then the wafer was patterned by direct-write lithography (DWL 

66FS, Heidelberg Instruments Gmbh). This technique allows the arbitrary 

design of patterns on an area of adjustable dimensions. Next, the 

photoresist was developed by immersing the wafer in the metal ion free 

developer AZ 726 (MicroChemicals) for 45 s. The exposed silicon oxide was 

dissolved by a quick dip in BHF and thus the patterned is transferred into 

UNIVERSITAT ROVIRA I VIRGILI 
SILICON DIOXIDE MICROSTRUCTURES BASED ON MACROPOROUS SILICON FOR BIOMEDICAL APPLICATIONS. 
María Alba Martín 
Dipòsit Legal: T 153-2015



Chapter 3 

60 

the SiO2 thin layer. The photoresist film is not longer needed and therefore 

removed with acetone. 

TMAH Etching of Silicon. The etching of the pre-patterned silicon wafer in 

order to obtain the inverted pyramids was performed in 8% TMAH 

solution at 80 °C for 3-6 min. TMAH etch is an anisotropic process; the 

resulting structure is a lattice of pyramidal pits that will serve as seeds for 

the pore growth, as it can be observed in the scanning electron microscopy 

(SEM) images in Figure 3.4. The pyramid tips must be well-defined to act as 

nucleation points. The time for the TMAH etch to form tipped pyramids 

depends on the size of the lithographic pattern. 

 

Figure 3.4. A, B) Tilted SEM images of the TMAH etch pits with 3 μm lattice 

constant formed at the silicon surface as a sample preparation for the 

electrochemical etching process; C) top-view of patterned silicon with 4 μm lattice 

constant. 

3.1.3 Pore Morphology and Process Parameters  

The morphology of macropores formed on p-type Si can be understood 

as a consequence of the stringent requirement for pore wall passivation in 

low doped p-type substrates: pore walls are depleted if their thickness is 

less than twice the SCR width. This thickness depends on the doping 

density and applied bias, thus a variety of morphologies can be obtained. 

Furthermore, differences in the sample preparation and lithography design 

5 μm10 μm 2 μm

A B C
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can lead to a wide range of shapes and arrangements. Undoubtedly there 

are a number of parameters that influence the pore formation in silicon 

such as type and concentration of dopant, crystal orientation, electrolyte 

composition, temperature and anodization regime, as we discussed in 

Chapter 2, section 2.1.  

Random Macropore Formation in Low Doped p-Type Silicon. Random 

macro-pSi was fabricated from low doped p-type silicon wafers of 

orientation (1 0 0) and resistivity ranging from 10 to 100 Ω cm. 

Galvanostatic conditions with a low current density (5-20 mA cm-2) were 

used for the electrochemical etching. The electrolyte composition was 1:10 

HF (40%)/DMF.  

 
Figure 3.5. Top view SEM images of macro-pSi samples formed in HF:DMF (1:10) 

at 5 mA cm-2 current density on substrates of resistivity A) 10-20; B) 20-30; C) 40-

60; and D) 80-100 Ω cm. 

Using this solution and a current density of 5 mA cm-2, the effect of the 

resistivity in the macropore morphology was analyzed. As shown in Figure 

3.5, the pore morphology and density change with the p-type Si resistivity. 

10 μm
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The average pore wall thickness and the macropore density are dependent 

on the substrate doping density [5]. Actually, the density of macropores in 

a random pore nucleation regime is linearly dependent on the doping 

concentration [6]. It has been also reported that in a substrate with 

resistivity below 2 Ω cm the pore walls become too fragile and a 

roughening of the surface is produced instead of pores [5]. 

 
Figure 3.6. SEM images of macro-pSi samples formed on 10-20 Ω cm p-type silicon 

in HF:DMF (1:10) at a current density of A) 5; B) 10; C) 15 and D) 20 mA cm-2. 

 Using the same electrolyte, different macro-pSi samples were 

fabricated under current densities ranging from 5 to 20 mA cm-2 in a p-type 

substrate of resistivity 10-20 Ω cm. The SEM micrographs shown in Figure 

3.6 were analyzed using ImageJ software (NIH, USA) [7]. The etching rate 

and porosity versus the current density are presented in Figure 3.7 for an 

etching time of 10 min. The results show a pore diameter that ranges 

between 1.1 and 1.3 μm, and porosity between 14 and 35% which 

increases quasi-linearly with the current density. The etching rate was also 

found to increase with the current density, although the linear dependence 

was not observed.  
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Ordered Macropore Growth in Low Doped p-Type Silicon. The previous 

results discussed in the section above were used as an insightful 

introduction to the formation of ordered macro-pSi arrays. They shed light 

on some electrochemical aspects such as etching conditions and lattice 

constant, which may be critical for growing ordered macropores. Thus, the 

substrates used for the formation of ordered macro-pSi were those 

previously investigated in the growth of random macropores: (1 0 0) p-

type Si of resistivity from 10 to 100 Ω cm.  

 
Figure 3.7. Porosity versus current density for samples prepared on p-type Si of 

resistivity 10-20 Ω cm at a current density of 5 mA cm-2. 

The wafers were lithographically pre-patterned following the sample 

preparation procedure described in Section 3.1.2. Once the sample was 

patterned with a suitable lattice constant, the silicon substrate was ready 

for the formation of ordered macropore arrays. It should be noted that the 

pore shape and diameter are not defined by the size of the pyramidal notch 

but by the etching conditions and wafer resistivity. The electrochemical 

etching was performed using a 1:10 HF (40%)/DMF electrolyte under 

galvanostatic conditions. 
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As mentioned above, it is important that the pyramids are well-defined 

after the anisotropic etching in order to obtain the nuclei points for a 

localized pore growth. Figure 3.8A shows a micrograph where an 

incomplete TMAH etch led to truncated pyramids instead of tipped 

pyramids. The resulting macropores tended to grow in the dips of the 

patterned regions, but the nucleation points were not defined (see Figure 

3.8B). Irregular shaped and sized macropores appear on the surface; 

however as the growth in depth progresses, the different superficial pores 

tend to regroup and form pores of very similar diameter and interpore 

distance (Figure 3.8C).  

 
Figure 3.8. SEM micrographs A) patterned Si with truncated pyramids as a result 

of an inadequate TMAH etch; B) macropore formation in the patterned regions; 

and C) tilted view of the macropore formation in depth. 

When the starting material is patterned with well-defined inverted 

pyramids, the electrochemical etching leads to deep and wide pores that 

penetrate into the silicon bulk following the pre-patterning arrangement, 

with nuclei points located at the pyramid pits. However, it may happen that 

the lattice constant is not appropriate for obtaining ordered macropores 

under the given electrochemical conditions and the specific wafer doping. 

This results in the uncontrolled growth of pores in some regions between 

neighboring pyramids, as it can be observed from Figure 3.9A. Pores in the 

interstitial positions appeared whenever the thickness of the wall between 

5 μm 5 μm 5 μm
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two adjacent pores was larger than twice the depletion width of the 

electrolyte/silicon junction [8]. The diameter of the random nucleated 

pores is less than the pore diameter of the pores nucleated in the pits. The 

smoothness of the surface is also clearly affected: pores preferentially grow 

in the crystal direction, although some pores are also initiated on the walls, 

thus creating a highly rough silicon surface (Figure 3.9B). However, when 

we keep previous conditions but the lattice constant is reduced from 4 to 3 

um, no random nucleation is observed in between pyramids, meaning we 

have now reached a lattice constant smaller than twice the depletion width 

(see Figures 3.9C,D). 

 
Figure 3.9. SEM images from A) top view and B) cross-sectional view of ordered 

macroporous silicon formed on patterned p-type Si (4 μm lattice constant) with 

the formation of interstitial pores; C) top view and D) cross-sectional view of 

ordered macroporous silicon with a good adjustment of the electrochemical 

parameters (3 μm lattice constant). 

When the distance between pyramids is adjusted for the particular 

doping density, no random nucleation takes place. Regular ordered arrays 
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can be produced consisting of macropores of identical shape and size, and 

equidistant separation. Figure 3.10 shows SEM images of the macropores 

formed on silicon of resistivity 40-60 Ω cm at 5 mA cm-2 in patterned silicon 

with a lattice constant of 4 μm. As we discussed previously, the macropore 

dimension is determined by the etch pits in the patterned area and by the 

substrate resistivity. In the formation of ordered macropores, variations in 

the resistivity while keeping constant the lattice parameter and etching 

conditions resulted in different pore dimensions. The diameter of the pores 

was found to increase with the substrate resistivity. This is due to the 

dependence of the depletion width with the doping density. 

 
Figure 3.10. SEM images taken from a macroporous silicon sample formed on 

patterned Si (4 μm lattice constant) with 40-60 Ω cm resistivity. A) Top view and 

B) detail in cross-section of the initial pyramids and subsequent electrochemical 

pores. 

It is remarkable the feasibility to etch pores of several hundred of 

micrometers in depth. Thus aspect ratios of 500:1 and even more can be 

obtained without losing the ordering and the defined shape of the pores 

[9]. Figure 3.11 shows a SEM micrograph where the preservation of the 

ordered arrangement imparted by the lithography is kept throughout the 

pore growth. The etching was conducted for 3 h with a constant current 

density of 5 mA cm-2. The rounded-square macropores run all along the 
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depth of the layer (150 μm) without any detectable branching or 

obstruction. Zoomed-in images reveal the remarkable uniformity of the 

macropores, with regular and controlled pore size, and very smooth pore 

walls. 

  
Figure 3.11. SEM micrograph of straight pores 150 μm in depth etched into Si with 

a squared pattern and 4 μm lattice constant (left). Zoomed images at different 

depths display uniform pores in diameter and smooth wall surfaces (right). 

3.2 Silicon Dioxide Microstructures Based on 

Macroporous Silicon 

As we previously described, macro-pSi is a material ideally suited for 

the fabrication of tubular structures on the micrometer size scale. Pores 

can be formed either in a random fashion or in a regular arrangement and 

10 μm

10 μm

10 μm

20 μm

UNIVERSITAT ROVIRA I VIRGILI 
SILICON DIOXIDE MICROSTRUCTURES BASED ON MACROPOROUS SILICON FOR BIOMEDICAL APPLICATIONS. 
María Alba Martín 
Dipòsit Legal: T 153-2015



Chapter 3 

68 

with controlled shape. Using macro-pSi as starting material, it is also 

possible to create three-dimensional (3D) structures by introducing some 

modifications in the standard process. For instance, by varying the pore 

diameter with periodic modulations, highly precise 3D photonic crystals 

can be fabricated [10].  

Starting from macro-pSi, the manipulation of the pore shape or the 

fabrication of novel structures can be performed by taking advantage of 

one of the most precious features of silicon: the ease of growing a 

conformal SiO2 layer by thermal oxidation [11]. This characteristic allows 

the fabrication of inverted structures such as hollow micropillars, 

microneedles or microtubes [12-14]. 

3.2.1 Silicon Dioxide Micropillars 

High-aspect-ratio hollow SiO2 micropillars can be obtained from macro-

pSi formed on low doped p-type Si. Following the formation of straight 

regular pores by electrochemical etching of silicon (Figure 3.12A), an oxide 

layer of thickness between 150 and 300 nm is thermally grown (Figure 

3.12B). The oxidation takes place in a furnace at 1000 °C in ambient air for 

1.5-2 h, depending on the desired final thickness. Next, the silicon oxide 

formed on the backside of the wafer was removed on an arbitrarily sized 

and shaped area (Figure 3.12C). This area can be defined by its selective 

exposure to a BHF solution. Typically, we used a customized Teflon cell that 

encases one side of the sample. It protects the macroporous frontside of the 

wafer from any contact with the solution, while the backside is exposed to 

the BHF on an area that is slightly smaller than the diameter of the 

macroporous region on the frontside. However, smaller, arbitrarily 

designed regions can also be lithographically selected. Finally, the backside 

silicon was etched off in 8-25% TMAH solutions at 85 °C. The conformal 
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oxide grown around the pores acts as a TMAH etch stop. As a result, the 

oxidized pore tips appear protruding out of the wafer backside (Figure 

3.12D). 

 

Figure 3.12. Schematic illustration of the method for the fabrication of silicon 

dioxide micropillars. A) Macropore formation by electrochemical etching; B) 

silicon dioxide growth by thermal oxidation; C) oxide layer removal on an 

unmasked area of the sample backside; D) backside silicon etching in TMAH 

solution to release the micropillars. 

Silicon dioxide micropillars preserve the shape and arrangement of the 

preceding macro-pSi. This means that they can present both ordered and 

random arrangements, depending on whether the starting silicon substrate 

was patterned or not. Nevertheless, the thermal oxidation of silicon 

produces a material of lower molecule density that results in a volume 

expansion. If the volume expansion of the newly formed SiO2 takes place in 

one direction, the thickness of the oxide is 2.2 times the thickness of the 

original silicon [15]. Figure 3.13 shows the differences in morphology 

between a freshly etched macro-pSi sample and oxidized macro-pSi (1000 

°C for 1.5 h in air). It was observed a decrease in porosity of about 20% 
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after the strong thermal oxidation that forms the walls of the future 

micropillars.  

 

Figure 3.13. Macro-pSi sample A) freshly anodized and B) after thermal oxidation 

at 1000 °C for 1.5 h. 

The geometrical characteristics of the micropillars are tunable as well 

as those of the previous macropores were. Modifications in the etching 

parameters change the macroporous silicon features and therefore the 

subsequent micropillars. Figure 3.14 shows SEM images SiO2 micropillars 

after the silicon has been etched. Their geometry is that of the initial 

macropores, with rounded-square sections and almost hemispherical tips. 

Figure 3.14A shows micropillars randomly organized, whilst in Figure 

3.14B ordered arrays were obtained by using lithographic patterned silicon 

substrates. As it can be observed, a remarkable vertical uniformity of the 

pillar was achieved. 

The thermally grown SiO2 that acts as micropillar wall is of constant 

thickness along the pillar axis. This attribute was first observed in SEM 

cross-sectional images (Figure 3.14) and then confirmed by transmission 

electron microscopy (TEM) for a single detached micropillar. Figure 3.15 is 

a cross-section-like dark field TEM image of a single broken micropillar, 

which confirms the hollow architecture and uniform SiO2 walls. The oxide 
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presents a homogeneous thickness (about 200 nm) all along the protruding 

micropillar. 

 

Figure 3.14. SEM micrographs of SiO2 micropillars after TMAH etch of the 

backside bulk silicon fabricated from A) random and B) ordered macro-pSi. 

 

Figure 3.15. Dark-field TEM images of A) a single broken micropillar showing 

uniform SiO2 walls and hollow structure; B) a detail of the micropillar tip. 

As it occurred in the electrochemical formation of macro-pSi, the 

resistivity of the substrate plays a key role in the geometrical features of 

the micropillars. The diameter increases and the pore density decreases 

with the resistivity when keeping constant the rest of electrochemical 

conditions. For the silicon dioxide micropillars shown in Figure 3.16 

(formed from macro-pSi fabricated in 1:10 HF/DMF at 5 mA cm-2), we 

observe an average diameter a little smaller for micropillars formed on Si 

of 10-20 Ω cm resistivity (1.8 μm, Figure 3.16A) than those formed on Si 

40-60 Ω cm (2.0 μm, Figure 3.16B). However, the micropillar density is 
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noticeably higher for resistivity 10-20 Ω cm than for 40-60 Ω cm, with an 

area fraction covered of 38% and of 25%, respectively. All these data were 

obtained by image processing using ImageJ software [7]. 

 

Figure 3.16. SEM top-view images of SiO2 micropillars fabricated using identical 

etching conditions on substrates of different resistivity: A) 10-20; B) 40-60 Ω cm.  

Micropillar arrays in a predefined arrangement can be fabricated from 

ordered macro-pSi. However, as we mentioned above, there are limitations 

in the electrochemical etching of pre-patterned silicon: not any size or 

arrangement can be achieved, but only those that are suitably consistent 

with the doping density and etching conditions. A mismatch in these 

parameters may result in roughly-walled, non-uniform micropillars, as it 

can be observed in the TEM image shown in Figure 3.17. Although high-

aspect-ratio, hollow structures are obtained, the oxide wall presents a very 

rough surface. This indicates the electrochemical conditions were unstable 

during the pore growth, which can lead to branching or obstruction.  

The precise control over the etching parameters, lattice constant and 

wafer resistivity is needed to optimize the process and consequently to be 

able to obtain regular, well-defined micropillars. Figure 3.18 shows three 

micropillar samples obtained from three differently doped substrates. The 

lattice constant was adjusted for the formation of regular macropores 
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whose geometry is transferred into the subsequent micropillars. Thus, for 

very low doped Si (80-100 Ω cm and 40-60 Ω cm, in Figures 3.18A and 

3.18B, respectively) the lattice constant was chosen to be 4 μm in view of 

previous results in randomly formed porous silicon. However, for a 

resistivity 10-20 Ω cm (Figure 3.18C) such a lattice constant would result in 

the irregular formation of pores, as we previously discussed. In that case a 

3 μm lattice constant was chosen. It is also clear that despite having used 

same etching parameters and lattice constant for samples in Figures 3.18A 

and 17B, the resistivity impart a different morphology, which is related to 

the SCR width for a given doping density.  

 

Figure 3.17. TEM micrographs of a single broken micropillar in A) dark field and 

B) bright field modes.  

In the fabrication of SiO2 micropillars based on p-type silicon, the pore 

pattern and diameter are moderately modifiable due to limitations in the 

macropore formation process. Complex phenomena mediate in the 

formation of the preceding macro-pSi, as we discussed in Chapter 2. They 

are influenced by the etching conditions, wafer doping and lithography 

indentation. However, the length can be adjusted from a few to several tens 

of micrometers as it only depends on the TMAH etching time. Actually, they 

can be as long as the thickness of the initial silicon wafer. For the 

anisotropic  etch  in  TMAH  25%  at  80 °C  we found a Si dissolution rate of  
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Figure 3.18. SEM top-view micrographs of ordered SiO2 micropillar arrays from 

macro-pSi formed in HF:DMF (1:10) at 5 mA cm-2 on Si substrates of A) 80-100 and 

B) 40-60 Ω cm resistivity and 4 μm lattice constant; and C) 10-20 Ω cm resistivity 

and 3 μm lattice constant. 

 

Figure 3.19. SEM micrographs of micropillars with identical external diameter 

(1.8 μm) and different length of A) 5-6 μm; B) 10-12 μm; C) 13-15 μm; D) 16-18 

μm; E) 20-24 μm; F) 25-30 μm; G) 35-40 μm; H) 50-60 μm and I) 150-180 μm. 
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about 0.7 μm min-1. Figure 3.19 shows SEM images of micropillars of 

different sizes that were obtained from boron-doped Si, 10-20 Ω cm 

resistivity, patterned with a 3 μm lattice constant. These micrographs 

exemplify the capability of fabricating micropillars in a wide range of 

lengths.  

 

Figure 3.20. Micropillar arrays inside microwells. A, C) Ordered micropillars 

protruding out of a squared area of 190 μm side inside 100 μm deep microwells. B 

,D) random micropillar on an area of 120 μm side inside 100 μm deep microwells.  

The oxide removal from the backside of the silicon wafer is usually 

masked with a Teflon cell that exposes certain area to the BHF etching 

solution (see Figure 3.12D). Nevertheless, these oxide-free windows where 

the SiO2 micropillars will appear protruding out can be arbitrarily selected 

and designed using lithography techniques. We either employed direct-

laser or masked photo-lithography to pattern these areas and thus choose 

the subsequent regions were the micropillars will protrude out of the 
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backside. The oxide acts as a mask and the silicon is only anisotropically 

etched in the oxide-free windows, thus creating microwells with SiO2 

micropillars inside, as shown in Figure 3.20. The dimensions of these 

microwells are easily adjustable by modifying the size of the 

photolithography mask or the direct-laser writing design. The depth of 

these microwells can be also tuned with the TMAH etching time.  

3.2.2 Silicon Dioxide Microtubes 

Microtubes are hollow structures with tip diameters in the range of the 

micrometers. They can be fabricated by combining macroporous silicon, 

oxide growth and dry and wet etching techniques. The dimensions and 

arrangement of these microtubes depend solely on the electrochemical 

etching conditions, within the limits of the macroporous silicon formation.  

The main process sequence for microtube fabrication is illustrated 

schematically in Figure 3.21. The starting material is a sample of high-

aspect ratio silicon macropores (Figure 3.21A). A thermal oxidation is 

performed to grow a silicon dioxide layer on the surface of the 

macroporous silicon sample (Figure 3.21B). Typically, the oxidation is 

performed in a furnace at 1000 °C in ambient air for 1.5 h to obtain an 

oxide layer of about 150 nm thick. Then, oxide on the macroporous side of 

the sample was exposed to octafluorocyclobutane/oxygen (C4F8/O2) 

combining inductively-coupled-plasma and reactive ion etching (ICP-RIE, 

PlasmaLab 80 Plus, Oxford Instruments Plasma Technology) at 18 sccm 

C4F8 and 2 sccm O2, 15 mTorr, 300 W ICP and 100 W HF power to remove 

the 200 nm oxide layer on the frontside surface (Figure 3.21C). The 

equipment is fitted with an endpoint detection system based on laser 

interferometry that measures etch depth and stops the SiO2 dissolutions 

when the oxide layer has been removed. After removal of the protective 

UNIVERSITAT ROVIRA I VIRGILI 
SILICON DIOXIDE MICROSTRUCTURES BASED ON MACROPOROUS SILICON FOR BIOMEDICAL APPLICATIONS. 
María Alba Martín 
Dipòsit Legal: T 153-2015



Experimental Methods 

77 

oxide layer on the frontside, a TMAH etch (8% at 80 °C) is used to obtain 

microtubes with a tunable protruding length, that depends on the 

anisotropic etching time.  

 

Figure 3.21. Schematic illustration of the method for the fabrication of silicon 

dioxide microtubes. A) Macropore formation by electrochemical etching; B) silicon 

dioxide growth by thermal oxidation; C) oxide layer removal on the frontside 

surface with directional plasma ICP-RIE process; and D) bulk silicon removal by 

TMAH etch.  

The main process sequence for microtube fabrication is illustrated 

schematically in Figure 3.21. The starting material is a sample of high-

aspect ratio silicon macropores (Figure 3.21A). A thermal oxidation is 

performed to grow a silicon dioxide layer on the surface of the 

macroporous silicon sample (Figure 3.21B). Typically, the oxidation is 

performed in a furnace at 1000 °C in ambient air for 1.5 h to obtain an 

oxide layer of about 150 nm thick. Then, oxide on the macroporous side of 

the sample was exposed to C4F8/O2 combining inductively-coupled-plasma 

and reactive ion etching (ICP-RIE, PlasmaLab 80 Plus, Oxford Instruments 

Plasma Technology) at 18 sccm C4F8 and 2 sccm O2, 15 mTorr, 300 W ICP 
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and 100 W high frequency power to remove the 200 nm oxide layer on the 

frontside surface (Figure 3.21C). The equipment is fitted with and endpoint 

detection system based on laser interferometry that measures etch depth 

and stops the SiO2 dissolutions when the oxide layer has been removed. 

After removal of the protective oxide layer on the frontside, a TMAH etch 

(8% at 80 °C) is used to obtain microtubes with a tunable protruding 

length, that depends on the anisotropic etching time.  

 

Figure 3.22. SEM tilted micrographs of SiO2 microtubes fabricated from random 

macroporous silicon with a protruding lengths of 9 μm. 

The morphology of the resulting microtubes is given by the preceding 

macropores. Figure 3.22 shows SEM images of the microtubes obtained 

following the procedure outlined above, using silicon substrates of 

resistivity 10-20 Ω cm. Firstly, without any sample preparation, 

macropores were formed and subsequently processed to create the tube 

structure (Figure 3.22A). The microtube density and shape is given by the 

electrochemical conditions. The wall thickness depends on the oxidation. 

We found that 150 nm is enough to give them a good mechanical stability.  

Note that SiO2 layer removal occurs only on the macroporous silicon 

surface, since the etch rate in the direction of the plasma propagation is 

much faster than in the perpendicular one. This effect is more evident at 
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the pore bottom end. The thin oxide layer there is not completely dissolved 

by the plasma etch due to the high curvature of the tip, despite being 

partially parallel to the surface. A further dry etch will eventually lead to a 

complete removal of the tip, yielding SiO2 structures opened at both ends.  

As previously mentioned, the protruding length depends on the time 

the silicon is anisotropically etched in the TMAH solution. The other 

limiting factor is the length of the initial macropores. If the etched depth 

surpasses the macropore length, the microtubes will not have any silicon 

around that keep them anchored to the substrate. Subsequently the 

microtubes will be individually transferred into the solution. Figure 3.23A 

shows a microtube sample where the TMAH dissolved most of the silicon 

acting as a support, thus they are attached to the substrate solely from the 

very tip. If the etching continues, the microtubes lose their anchoring to the 

surface and consequently some of them remain standing or collapsed on 

the substrate, some others may be transferred into the TMAH etching 

solution (see Figures 3.23B and 3.23C).  

 

Figure 3.23. SEM micrographs of microtubes when the TMAH has etched most of 

the surrounding silicon. A) SiO2 microtubes attached from the very bottom on the 

silicon substrate; B) collapsed and standing microtubes; C) detail of a bunch of 

standing microtubes. 
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Figure 3.24. SEM tilted micrographs of SiO2 microtubes fabricated from ordered 

macroporous silicon with a protruding length of 6 μm. 

Starting from ordered arrays of macro-pSi, the same experimental 

procedure outlined above yields well-organized arrays of microtubes. 

Microtubes with a protruding length of about 6 μm were obtained from a 

macro-pSi sample with a lattice constant of 3 μm (see Figure 3.24). We 

have already mentioned that the diameter and geometry of the macropores 

and consequent micropillars is not given by the dimensions of the inverted 

pyramids created via lithography, but by the electrochemical conditions. 

This means that the initiating pyramid is not always embedded in the final 

macropore. When forming microtubes this fact is more evident, as we can 

observe from the SEM micrographs in Figure 3.24. The microtube opened-

end, instead of having the typical square-rounded shape, it presents a 

squared shape, larger than the diameter of the macropore. 

3.3 Conclusions 

In this chapter we have presented the methods to fabricated random 

and ordered macroporous silicon from low doped p-type Si. The 

anodization system has been described in detail, as well as the lithography 

techniques to obtain the pre-etching pits for ordered arrangement. 
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Morphological characterization in SEM revealed a wide size distribution in 

the randomly formed macropores. In contrast, lithographically patterned 

pits act as nuclei points for the pore growth, which results in quasi-

cylindrical pores of identical size organized in an ordered arrangement. 

The matching conditions of lattice constant, resistivity and etching 

parameters were determined in order to obtain straight and stable pore 

growth. Strong thermal oxidation is utilized to generate inverted structures 

such as hollow micropillars made of silicon dioxide. Hollow micropillars 

generally adopted the shape and arrangement of the former macropores, 

i.e. random or ordered organization. Nevertheless, the length of these 

microstructures was found to be highly tunable, depending on the time the 

sample is immersed in the anisotropic etching solution. The 

microstructures developed in this chapter were the base material for 

further application in the following chapters.  
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As prepared nano and micro-structures based on silicon dioxide often 

need surface modifications to make them suitable for applications in 

biosensing, drug delivery, bioimaging and cell culture. The modification of 

the surface chemistry not only helps to control the physico-chemical 

features but also the toxicological and pharmacological properties of the 

material. Furthermore, introduction of various reactive functional groups 

on its surface allows the conjugation of a variety of biological agents such 

as antibodies, proteins, ligands, drugs and genes. Thus, it is possible to 

construct multifunctional and hybrid systems based on porous silicon and 

its derived structures for imaging and therapy. 

In this chapter we describe the functionalization methods employed in 

the following chapters. The silanol chemistry is briefly reviewed, and the 

silanization methods are described. Further attachment of crosslinking 

molecules for subsequent biomolecule conjugation is also detailed. Infrared 

spectroscopy is used to characterize attachment of the organic layers onto 

silicon dioxide surfaces and also to study the hydrolysis and condensation 

of organosilanes. The crosslinking reaction between aminosilane and 

glutaraldehyde is also characterized by infrared spectroscopy. 
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4.1 Introduction  

The hydrophilicity [1] and biosafety [2-4] of as-produced silicon 

dioxide (SiO2) based microstructures make them one of the friendliest 

materials for applications in the life sciences. Despite starting from a 

strongly unstable, hydrogen-terminated surface in the freshly formed 

macroporous silicon (macro-pSi), the oxidation step allows the controlled 

growth of an oxide layer that stabilizes the silicon against any other surface 

modification. Nevertheless, silicon dioxide does not show any chemical 

affinity to biomolecules or cell tissues. Therefore, assorted functional 

groups are often necessary for employing these materials in biomedical 

and biotechnological applications such as biosensing, bioanalysis, 

bioimaging, drug delivery and therapy [3]. For instance, sometimes they 

should stimulate the cell-growth (prostheses) [5] or act as antifouling 

(artificial valves, catheters, etc) [6]. In some other cases, they may be 

specific for the recognition and measure of bioanalytes (disease or 

immunity-related, etc) [7, 8]. These attainments are strongly reliant on the 

surface chemistry and only possible through the grafting of appropriate 

molecules or set of molecules that provide the surface with a suitable 

terminal functionality.  

The following sections discuss the functionalization strategies used to 

obtain SiO2 surfaces covered with different organic molecular layers. 

Porous silicon (pSi) samples were prepared by electrochemical etching and 

subsequently oxidized. pSi of high surface area was employed to obtain an 

enhanced signal gain in the infrared (IR) spectroscopy analysis. Two 

different silanization reactions were investigated and optimized to 

introduce suitable functional groups for the different applications that will 

be described in the next chapters. Silanization with (3-
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mercaptopropyl)trimethoxysilane (MPTMS) was used to study the 

influence of post-treatments in the hydrolysis and condensation of silanes 

and to introduce thiol (-SH) functionality on SiO2 surfaces for further 

coupling in subsequent experiments. Surfaces were also chemically 

modified with the aminosilane (3-aminopropyl)triethoxysilane (APTES) to 

prepare the samples for subsequent bioligand conjugation. The silanization 

reaction and the effect of acid and basic post-treatments were investigated 

by Fourier transform infrared (FT-IR) spectroscopy. Infrared analysis 

showed that these treatments were not only affected the number of 

residual alkoxy groups, but also the equilibrium between –NH2 and –NH3
+ 

which can be of great importance for further modification of the adsorbed 

layer. Thus, a following aldehyde (-CHO) functionalization was performed 

with glutaraldehyde (GTA). The aldehyde groups at the two opposite 

terminals allow condensation reactions aldehyde-amine, forming imine 

bridges and introducing aldehydic functionalities in the ω position to 

enable further coupling reactions with biomolecules [9, 10].  

4.1.1 Silanization 

The immobilization of biomolecules (e.g. proteins or antibodies) on 

silicon dioxide surfaces is of particular interest in biotechnology and 

biomedicine. Si and SiO2 can be easily tailored using conventional silanol 

chemistries to form a covalent Si-O-Si-R bond [3, 11]. The use of alkoxy-

silanes or chlorosilanes as precursors is the most widespread method to 

modify the chemical functionalities of hydroxyl-terminated surfaces [12], 

such as those of silicon dioxide. Silanes contain a silicon atom tetrahedrally 

coordinated to three similar hydrolysable groups (e.g. methoxy, ethoxy or 

chlorine) and to a functional group that introduces the desired chemical 

functionality to the substrate surface, as we thoroughly described in 
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Chapter 2. Silanization reactions are usually performed using organic 

solvents such as toluene, with reaction temperatures ranging from room 

temperature to 100 °C approximately. Oxidized silicon surfaces are often 

silanized with trialkoxy silanes, as they generate more stable layers than 

the corresponding mono- and chloro-silanes.  

Schematically, the mechanism of monolayer formation is considered to 

proceed in four steps [13], which are depicted in Figure 4.1: 1) hydrolysis 

of the alkoxo- or chlorine- chains, favored in an acidic environment; 2) 

condensation of the generated silanols (Si-O-H) forming non-ramified 

polysiloxane chains, favored in basic ambient; 3) formation of hydrogen 

bonds with the surface hydroxyls; 4) final anchoring of the silane to the 

surface. 

 
Figure 4.1. Reaction and bonding mechanism of alkoxysilanes. Adapted from 

reference [13]. 

These processes, though, are hard to evidence and strongly dependent 

on the nature of the radicals. Hence, the reactivity of alkoxy groups to 
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hydrolysis decreases with an increasing number of carbon atoms due to 

steric hindrance factors, leading to incomplete reactions [13]. Likewise, the 

condensation may turn into disordered oligomerization forming non-

covalently bonded aggregates on the surface, especially as the number of 

alkoxy groups increase. An additional challenge in silanization is 

optimizing the amount of water in the reaction ambient, as the deposition 

technique is very sensitive to ambient humidity conditions, particularly 

considering that the surface of any oxide is always highly hydrophobic [14-

16]. In absence of water no hydrolysis occurs and that results in the 

formation of an incomplete monolayer [17], but an overabundance of water 

may favor the disordered agglomeration and oligomerization [18-20]. 

Other parameters that have been shown to influence the degree of 

hydrolysis and condensation include number of alkoxy substituents [21], 

temperature [22], composition [23], time and concentration [24, 25], 

presence of water [26] and catalysts [27], condition of the surface [28] and 

finally the vapor-phase precursors [29-31]. 

It is for these reasons that much research has been undertaken to 

identify surface modification reactions that result in the formation of more 

stable functional SiO2 surfaces, whilst still allowing for specific chemical 

functionality to be incorporated.  

Aminosilanes are the most frequently used alkoxysilanes for the activation 

of surfaces since its terminal amino group is especially attractive for 

additional chemical modifications in the fields of biotechnology and 

biomedicine [3, 32-36]. Amongst the variety of existing aminosilanes, (3-

aminopropylt)triethoxysilane (APTES) is one of the most common for the 

preparation of amine-terminated silicon [3]. It is relatively cheap and easy 

to  essay,  and  its  conjugation  with  silicon  dioxide  produces  surfaces  of  
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Figure 4.2. Schematic representation of the possible configurations for adsorbed 

APTES on oxidized silicon. A) APTES multilayer formation by reaction and/or 

interaction of dissolved silanes with the surface attached APTES; B) electrostatic 

attraction between the positive charged amino groups and negatively charged 

silicon surface amine; C) ethoxy groups are hydrolyzed to form siloxane linkages 

with surface silanols and to polymerize with neighboring silanes; D) hydrogen 

bonding between amines and surface silanols.  

reproducible functional  density and activity. However, the attachment site 

between amino groups and bioligands is often not regio-specific. And 

amino groups do not generally allow for direct conjugation of a bioligand. 

The binding between proteins or other probe biomolecules is usually 

performed either by non-covalent charge-charge interactions or via 

bifunctional crosslinkers [10, 37, 38]. Furthermore the basic character of 

the –NH2 group, which autocatalyzes the hydrolysis and condensation of 

APTES [39], prompts the reaction ambient to be as anhydrous as possible. 

Finally, an additional concern is that the amino groups form hydrogen 

bonds with surface silanols, alkoxy substituents and OH groups. Figure 4.2 

summarizes some of these possible reactions and interactions that result in 
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a variety of configurations for an aminosilane layer. We can assert that the 

particular case of amino-silanes adds its own problematic to those of 

alkoxysilanes, yielding layers (from mono- to multilayers) which are very 

disordered, rather unstable and poorly reproducible. 

When using APTES, water not only influences the alkoxy group 

hydrolysis, but also the amine protonation, before and after grafting. There 

are an enormous number of studies dedicated to the optimization of the 

experimental conditions for APTES grafting. For instance, a pretreatment 

with triethylamine has been reported to double the dose of immobilized 

aminosilanes by enabling the direct nucleophilic attack of surface silanols 

onto APTES silicon atom in an anhydrous environment [39]. It has also 

been demonstrated that APTES in anhydrous organic solvents leads to 

layers predominantly grafted to the surface, while APTES in aqueous 

solutions provides multilayers of electrostatically bonded molecules, which 

are far less stable [19]. The influence of the solvent and curing treatment 

(water, ethanol, temperature) on the film thickness and functionality (the 

equilibrium between the terminal NH2/NH3+ groups in particular) has been 

thoroughly studied [40-42]. In addition, the effective availability of 

terminal –NH2 has been correlated with the reaction time, post-grafting 

thermal curing treatment, water content and silane precursor specie and 

concentration [40, 43-46]. More recently, the complexity of APTES reaction 

has been overcome by either obtaining an amino terminal group through 

the chemical modification of a bromine terminal functionality [47], or 

through vapor-phase grafting [15]. The ultimate topic about APTES 

involves its stability toward aqueous environments, which is particularly 

important for biological applications [15, 20]. 
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Consequently, finding the optimum reaction conditions for preparing 

uniform thin films of aminosilanes is crucial for their successful use as 

surface coupling agents for applications in biotechnology and biomedicine. 

4.1.2 Bioligand Conjugation to Amino-Functionalized Surfaces 

Bioligand conjugation is usually performed through a spacer that links 

the activated surface and the desired biomolecule. Other strategies for 

attaching biomolecules include the direct attachment to the surface 

without a crosslinker. However, this can result in a steric constraint of the 

protein’s reactivity or a limited capability of interaction [48]. It has also 

been reported that the conformal changes in the protein can induce 

denaturation or alter the biological activity [49, 50]. These drawbacks can 

be minimized by introducing a crosslinker between the biomolecule and 

the reactive group on the surface. The linker characteristics can vary in 

chain length, functionality or charge, amongst others [10]. Thus a suitable 

choice of the molecule may potentially allow the attachment of any desired 

reactive group. Such crosslinkers are usually bifunctional, with equal or 

different terminal ends that are able to react with amine groups on surfaces 

generated as previously described.  

One of the most common approaches to conjugate a biomolecule to an 

amino-functionalized surface involves the use of the coupler 

glutaraldehyde (GTA) [9, 34, 37, 51, 52]. The method offers a ubiquitous, 

inexpensive and flexible route for the biofunctionalization of silicon dioxide 

surfaces. GTA is a homobifunctional crosslinker with aldehyde groups at 

both ends with a 5-carbon chain spacer. GTA is highly reactive with amine 

groups at a neutral pH [53] and is more efficient than other aldehydes in 

generating thermally and chemically stable crosslinks [54]. Despite the 

widespread use of this reagent, crosslinking with GTA presents several 
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drawbacks. The simple structure of GTA is not indicative of the complexity 

of its possible reaction mechanisms. For instance, GTA can connect two 

neighboring aldehyde groups, thereby leading to undesired crosslinking or 

loss of the reactivity for further attachment of other biomolecules [10]. 

Moreover, the behavior of this molecule in aqueous environments is very 

complex and can exist as a dimer, trimer or polymer [52, 55]. The potential 

toxicity of GTA has also been reported [56]. 

Starting from an amine-terminated surface, the terminal NH2 group 

from the silane is transformed into an aldehyde prior to conjugation with 

bioligands. GTA-functionalized surfaces can react with proteins, antibodies, 

enzymes or amino-modified DNA via the covalent bond between the 

aldehyde and the amino groups present in the biomolecules [9, 10, 51, 57, 

58]. In the particular case of proteins, the free amino groups is located in 

the lysine side chain [10]. The immobilization efficiency depends on a 

number of parameters including pH value, concentration and reaction time. 

However, the reaction is more or less spontaneous at physiological pH and 

between pH 7.0 and 9.0 it can be considered irreversible [52]. 

Glutaraldehyde activation of an amine-terminated surface has been found 

to yield significantly more biomolecule attachment than observed for 

either active ester or anhydride derivatized surfaces [51].  

The reaction between amines (either in the silane layer or in the 

biomolecules) and aldehydes (i.e. those of GTA) ideally results in the 

formation of an imine bond with the elimination of a water molecule. This 

reaction has been typically proposed to follow a Schiff base mechanism 

upon nucleophilic attack (see Figure 4.3) [3]. However, Schiff bases do not 

present the remarkable stability under acidic conditions and extreme 

temperatures that proteins crosslinked with GTA exhibit, which has 
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motivated the investigation of alternative mechanisms [52, 59]. For 

instance, oligomeric or cyclic GTA derivatives may undergo vinyl addition 

reactions to create stable secondary amine bonds [52]. 

 
Figure 4.3. Schiff base reaction for the formation of imine bond from primary 

amines and aldehydes (adapted from reference [3]). 

The pH value has been found to be a crucial factor in the reaction 

between amines and aldehydes. The APTES-functionalized silicon dioxide 

surfaces have an isoelectric point around pH 9 [60], which means most of 

the available NH2 are protonated at neutral pH and therefore the 

crosslinking reactions may be appreciably reduced [61]. By increasing the 

pH, more amino groups are available for the reaction with aldehydes but 

the polymerization of monomeric glutaraldehyde is also favored under 

alkaline pH [59]. Consequently, in order to obtain an optimized surface 

ready for bioconjugation, an acid or basic treatment to tailor the NH2/NH3
+ 

functionality prior GTA coupling may be preferred over changing the 

medium pH. 
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4.2 Experimental 

4.2.1 Porous Silicon Sample Fabrication 

Vibrational investigation was performed onto nano porous silicon 

(nano-pSi) samples. Nano-pSi was fabricated on p-type (1 0 0) single-

polished Si wafer with resistivity 11 – 16 Ω cm. The anodization was 

performed in aqueous hydrofluoric acid (HF, Sigma-Aldrich) solution 

(25%wt) for 1 h at a current density of 20 mA cm-2. These conditions 

provide a porous layer of a thickness around 20 μm and average pore 

diameter of 5 nm (BET measurements). Prior to any functionalization with 

organic molecules, the samples underwent a light thermal treatment 

consisting in 1 h at 300 °C under nitrogen flux, followed by 1 h at 400 °C 

under dry air. Secondly, the amount of surface silanols were increased with 

a treatment in piranha (H2SO4:H2O2 (30%wt) = 3:1) solution for 15 min at 

80°C, followed by 10 min in aqueous (1 M) HNO3 solution at room 

temperature. This step gives a high silanol surface coverage.  

4.2.2 Silanization 

In view of previous reported works [18-20, 22, 62], we chose to 

perform surface silanization using an anhydrous organic solvent such as 

toluene thus avoiding the water-related oligomerization in liquid phase. 

We performed a series of post-treatments in aqueous solutions at pH 1 and 

pH 13 to maximize the hydrolysis and condensation reaction of the lateral 

alkoxy chains. Finally, a thermal treatment at 120 °C promotes desorption 

of water and non-covalently bonded molecules.  

Samples were exposed to a 5 mM solution of the silane (e.g. APTES or 

MPTMS, Gelest) in anhydrous toluene. The reaction was allowed to proceed 

UNIVERSITAT ROVIRA I VIRGILI 
SILICON DIOXIDE MICROSTRUCTURES BASED ON MACROPOROUS SILICON FOR BIOMEDICAL APPLICATIONS. 
María Alba Martín 
Dipòsit Legal: T 153-2015



Functionalization towards Bioligand Conjugation 

95 

for 3 h at 75 °C under nitrogen flux. At the end, the samples were washed 

with anhydrous toluene and ethanol, and dried under nitrogen. Afterwards, 

the samples underwent a post-treatment solution at pH 1 for 1 h in 

aqueous HCl 0.1 M, in order to assist the hydrolysis of lateral alkoxy chains. 

Their condensation in siloxo-bridges between vicinal grafted moieties was 

promoted by a treatment at pH 13 in NH4OH 0.1 M for 15 min [13]. Finally, 

the samples were thermally cured at 120 °C for 1 h.  

Then, to compare the effect of the different terminal functionality, one 

sample underwent a treatment at pH 1 for 1 h to generate a positively 

charged aminosilated surface, then dried and thermally cured in an oven at 

120 °C for 2 h. 

4.2.3 Glutaraldehyde Coupling  

Two different samples of APTES-functionalized pSi, one with NH2 and 

another with NH3+ terminal groups, were used for GTA coupling. The 

reaction with glutaraldehyde was performed by exposure to 10% (v/v) 

solution in anhydrous ethanol (Electron Microscopy Sciences) for 30 min 

under N2 atmosphere at room temperature. Similarly, the sample was post-

treated with HCl and NH4OH, then thermally cured at 120 °C. 

4.2.4 Infrared Spectroscopy 

Infrared investigation was performed with a Bruker Vertex 70 (Bruker 

Optics), using a DTGS detector and operating in air. Each spectrum is the 

average of 1024 scans, collected in transmission geometry and recorded 

over the range 360–4500 cm-1 with resolution of 4 cm-1. All the absorbance 

spectra were calculated using the spectrum of the empty chamber as 

reference, and applying both the air compensation correction and a 13-
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points smoothing (Savitzky-Golay algorithm) available in OPUS software 

(Bruker Optics).  

4.3 Results and Discussion 

Although most of the studies in the next Chapters are based on 

macroporous silicon and subsequent SiO2 micropillars, electrochemically 

formed nano-pSi films were used for the optimization of the 

functionalization techniques. Due to the reduced size of its pores, nano-pSi 

offers a high surface area that makes it ideal for the surface chemistry 

investigation with transmission infrared spectroscopy. The combination of 

pore density, pore size and layer thickness of macro-pSi or SiO2 

micropillars endows them with a poor gain of internal area, being the 

magnifying factor between 50 and 90, which is far below the 103 factor that 

would provide a reliable signal in transmission geometry. Furthermore, the 

pore size and ordered arrangement of macropores are known to strongly 

reduce the transmitted infrared radiation above 1000 cm-1 [63], which 

rules out the possibility to detect any vibrational absorption. 

In nano-pSi, the combination of thickness and pore size provides a large 

internal area, as demonstrated by the intense clear cut absorptions due to 

surface silicon hydrides (Si-Hx bending modes, , at 600-700 cm-1, 

scissoring mode at 910 cm-1, stretching modes, , at 2000-2150 cm-1 in the 

IR spectrum after anodization (blue line, Figure 4.4), which makes the 

nanoporous samples useful also for very weak signals. After the light 

oxidation, the silicon hydride related peaks practically disappeared, while 

those related to SiOx are very intense ((Si-O–Si) at 460 and 800 cm-1, (Si–

O) large band between 1000 and 1200 cm-1 [64], black line in Figure 4.4), 

being the stretching absorption oversaturated. Since the oxidation is 
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performed via wet chemistry, the spectrum shows also a quite strong (O–

H) band between 2600 and 3800 cm-1, related both to surface silanols and 

water absorbed therein, and the (H–O–H) mode due only to physisorbed 

water around 1630 cm-1. Considering that the thin silicon oxide is stable 

with respect to the silanization conditions, all these signals unavoidably 

appear also in the spectrum after the silanization, flattening the silane 

absorptions. 

 
Figure 4.4. FT-IR transmission spectra of freshly anodized (blue line) and oxidized 

porous silicon (black line). 

4.3.1 Silanization with Mercapto- and Aminosilanes 

Figures 4.5A, B show the analytical regions for MPTMS and APTES 

respectively. In both cases the SiOx hides any absorptions below 1250 

    , and the stretching modes due to the propyl chain overlap with the 

broad OH band. The –SH terminal group from the MPTMS molecule is 

easily recognizable by the sulphur-hydrogen stretching at 2580 cm-1 (inset 

in Figure 4.5A, [65]), which falls in an otherwise clean region. However, the 

analysis of terminal –NH2 of the APTES molecule is considerably more 

complex. Since the N–H bond could participate in hydrogen bonds, its 
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absorptions could be broad depending on the environment (degree of 

molecular condensation, physisorbed water, available –OH groups). In 

addition, both N–H stretching and bending modes overlap with the O–H 

ones. Finally, it must be taken into account the spontaneous formation of 

    
      

  groups when terminal primary amines react with 

atmospheric CO2 upon exposure to humid air [19, 42]. Figure 4.5B and the 

inset therein point to a mixed termination. The two very weak peaks at 

3310 and 3375 cm-1 fall in the regions where the symmetric and 

antisymmetric NH2 have been reported for diluted solution [65]. On the 

other hand, the broad and poorly structured band between 1500 and 1700 

cm-1 contains at least three absorptions (1556, 1595 and 1670 cm-1), 

beyond the one due to physisorbed water (centered at 1625 cm-1), which 

resemble the N-H bending modes [65] (inset in Figure 4.5B). 

Both APTES- and MPTMS-functionalized pSi spectra in Figure 4.5A and 

B show the CHx stretching modes between 2850 and 2990 cm-1, although 

they are strongly distorted by the overlap with the broad OH band. In the 

spectral region between 1200 and 1800 cm-1 there are several bands 

related to the CHx bending and scissoring modes. Between 1400 and 1470 

cm-1 at least three bands appear due to the aliphatic CHx bending modes. 

The CH2 wagging bands in propyl chains are spread over the range of 1200-

1400 cm-1. 

4.3.2 Post-Silanization Treatments  

Although the presence of the terminal group and alkoxy chain features 

is often considered enough to claim the surface silanization, it is rather a 

necessary condition than a sufficient one. The occurrence of grafting is 

univocally demonstrated by the appearance of signals due to the newly-

born bond between the surface atoms and the reactive site at the organic 
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molecules. The silanization of oxidized silicon rules out such a simple 

experimental evidence since the docking site is a silicon-oxygen bond 

whose IR absorptions do not differ from those of the underlying oxide 

layer. However, a successful silanization implies also a good hydrolysis and 

condensation of the lateral alkoxo-chains [66].  

 
Figure 4.5. FT-IR transmission spectra of pSi samples at selected steps of the 

functionalization. A) HNO3-oxidized (black line) and MPTMS-functionalized (pink 

line) sample and B) HNO3-oxidized (black line) and APTES-functionalized (green 

line) sample. Insets shown in panels A and B are expanded along the x- and y-axes 

in the regions of most interest. 
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MPTMS molecule was employed to analyze the post-treatments effect 

on the hydrolysis and condensation of the lateral alkoxy chains. MPTMS, as 

a trimethoxysilane, was chosen over a triethoxysilane, such as APTES, 

because the great diversity of vibrational modes related to the multiple CHx 

groups makes the spectroscopic analysis of the alkoxy chains of APTES 

particularly complex. For instance, the three hydrolysable ethoxy chains 

contain -CH2 groups whose vibration frequencies do not differ from those 

groups in the NH2 functional chain. Thus, the use of MPTMS is motivated by 

the possibility of monitoring the behavior of the hydrolysable methoxy 

chains by analyzing the –CH3 IR signal. Furthermore, the chemistry of the 

MPTMS molecule is well-know and the -SH terminal group is very stable 

[67, 68].  

An acid post-treatment at pH 1 was applied to assist the hydrolysis of 

the lateral chain –OCH3 chains [69]. The infrared evidence of this 

hydrolysis reaction cannot be found in the formation of new Si-OH bonds, 

since their IR characteristics of the O-H stretching are not different from 

those related to adsorbed water (broad band between 2600 and 3600 cm-

1). However, the signals related to the –CH3 group in the lateral chains are 

expected to disappear or at least decrease. The effect of the post-

treatments in the grafted MPTMS layer can be explained from Figure 4.6. 

The comparison between the spectrum after MPTMS grafting (Figure 4.6, 

pink line) and subsequent post-treatment at pH 1 (Figure 4.6, green line) 

show that the silane layer is slightly altered by the treatment. The second 

derivative analysis [70] shown in Figure 4.6B makes more evident these 

differences. In the stretching region, the bands at 2852 and 2985 cm-1 

diminish their intensity, which can be assigned to symmetric and 

antisymmetric vibrations associated to the OCH3 of the unhydrolyzed 

methoxy group [67]. Conversely, the aliphatic CH2 groups give rise to a 
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doublet at 2894 and 2937 cm-1 that we assign to the CH2 symmetric and 

asymmetric stretching modes [67], respectively, and remain unaltered 

after post-treatment at pH 1.  

 

Figure 4.6. A) FT-IR transmission spectra and B) second derivative spectra of 

absorbance of a pSi sample in the C-H stretching region after MPTMS-

functionalization (pink line), post-treatment at pH 1 (green line); post-treatment at 

pH 13 (red line) and thermal curing at 120 °C for 1 h (blue line). Absorption 

maxima appear as minima in the second derivatives 

A condensation reaction between adjacent silanes is advantageous 

since the siloxane forms are more stable and less reactive than their silanol 
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precursors. The –OH broad band (2600-3800 cm-1) hides any significant 

decrease of absorption due to the loss of (Si)OH bonds. The second derivate 

spectrum (Figure 4.6, red line) shows an increase of a weak band at 2985 

cm-1 (assigned to the ν(O)CH3), which might be due to the formation of 

methanol. 

The state of the art advocates that curing the substrate surfaces after 

silanization process promotes cross-linking of adjacent silane molecules, 

reduces the susceptibility of hydrolysis and increases the stability of the 

modified surface [68]. Herein, the curing post-treatment caused a 

noticeable decrease in the peak at 2985 cm-1 (see Figure 4.6, blue line).  

The post-treatments effect on the APTES grafted molecule, apart from 

promoting the hydrolysis and condensation of the alkoxy chains, they were 

observed to alter the functionality of the silane layer. As we discussed in 

the previous section, the equilibrium NH2/NH3+ of the terminal amine 

yields a broad band between 1500 and 1700 cm-1 related to the N-H 

bending modes, close to that of water located at 1625 cm-1. After the acid 

post treatment at pH 1, the bands centered at 1556 and 1595 cm-1 reduced 

drastically its intensity, whereas a dominating vibrational mode arises at 

1515 cm-1. The excess of H+ in the acid environment causes the protonation 

of the terminal –NH2 group, therefore we assign the band centered at 1515 

cm-1 to the symmetric     
  bending mode [22, 43]. The asymmetric 

    
  bending mode typically falls in the 1610-1630 cm-1 region [22, 43], 

therefore overlapping with the broad, intense band at 1625 cm-1 due to 

water. After a subsequent basic post-treatment at pH 13, the two 

vibrational modes previously observed at 1556 and 1595 cm-1 arise again 

although with a reduced intensity. Thus, we relate them to the vibrational 

modes of the –NH2 terminal groups in the silane layer resulting from the 
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neutralization of     
  after basic post-treatment.  The IR band at 1595 

cm-1 may be assigned to the NH2 bending mode [43]. The broad, poorly 

structured band centered at 1556 cm-1 was considerably reduced in 

intensity after post-treatments. We assign this band to the δ(NH2) modes of 

amino groups with strong hydrogen bonding that may be coordinated to 

the Si atom in a cyclic structure (see Figure 4.3D) [43, 71]. The vibrational 

mode around 1670 cm-1 that appeared after thermal treatment at 120 °C 

has been reported to be due to the formation of an imine terminal group 

upon the oxidation of an amine bicarbonate salt and its intensity is related 

to the film thickness [19]. The evident decrease in the bands intensity after 

post-treatment at pH 13 and thermal curing, compared to the initial 

APTES-functionalized sample, may be due to loss of non-covalently bonded 

APTES upon rinsing or thermal desorption. 

 

Figure 4.7. FT-IR transmission spectra in the N-H stretching region of a pSi sample 

after APTES functionalization (green line); post-treatment at pH 1 (red line); post-

treatment at pH 13 (blue line) and thermal curing at 120 °C (yellow line). 
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4.3.3 Generation of Aldehyde Group Using Glutaraldehyde Linker 

Once proved that APTES provides a good amino-functionalized surface 

and treatments affect the equilibrium between –NH2 and –NH3+, the next 

task is monitoring the functionalization of APTES-terminated surface with 

GTA linker for further biomolecule conjugation. The IR evidences of GTA 

successful docking on APTES can be easily drawn from Figure 4.8: (1) the 

IR absorptions related to the primary amine should change into those of a 

secondary amine, or into those of an imine group, depending on the degree 

of dehydration; (2) the signals related to the terminal aldehyde must 

appear; (3) the signals due to the propylic nCH2 should increase. 

 

Figure 4.8. Schematic representation of the GTA reaction onto APTES. A) Partial 

dehydration of the primary amine into a secondary amine; B) complete 

dehydration of the secondary amine into an imine group. 

The comparison between the spectrum after APTES-silanization and 

post-treatments (Figure 4.9, green line) and the subsequent reaction with 

GTA (Figure 4.9, orange line) shows that the weak absorptions at 3310 and 

3375 cm-1, previously assigned to symmetric and antisymmetric NH2, 

extinguish, while a quite strong peak at 1720 cm-1 appears. We assign it to 
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the stretching mode of the carbonyl, as we assign the weak, buried in the 

huge OH band, absorption at 2723 cm-1 to the aldehydic CH. As far as the 

CH2 signal is concerned, the overlap with the overwhelming –OH 

stretching band prevents any reliable calculation of its integral area, both 

before and after the reaction with GTA.  

 

Figure 4.9. FT-IR transmission spectra of pSi samples after functionalization with 

APTES (green line) and subsequent GTA docking (orange line). Inset is expanded 

along the x- and y-axes in the region of most interest. 

The effect of the different functional termination of the APTES layer on 

the GTA coupling was evaluated by performing the reaction either on –NH2 

or –NH3+ terminated surfaces. Two subsequent post-treatments at pH 1 

then at pH 13 led to a mostly –NH2 terminated surface, characterized by the 

two bands centered at 1556 and 1595 cm-1, as shown in Figure 4.10A, 

green line. A following acid post-treatment in pH 1 introduced an –NH3
+ 

surface functionality, identified by the pronounced band centered at 1515 

cm-1, as it can be seen in Figure 4.10B, green line.  
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The difference in GTA coupling between these surfaces mainly arises in 

the already overcrowded region where the bending modes of NH2 and NH3+ 

are located. The IR analysis after GTA grafting onto –NH2 functional 

surfaces, shown in Figures 4.10A, C, resulted in the almost disappearance of 

the band centered at 1595 cm-1, which we assigned to δ(NH2), and the arise 

of a peak at 1720 cm-1, originating from the νC=O mode. A presence of a 

shoulder around 1667 cm-1 is assigned to the stretching mode of imine. 

Conversely, the GTA coupling onto –NH3
+ terminated surfaces generated 

the disappearance of the band at 1515 cm-1, associated to the symmetric 

    
  deformation mode (see Figure 4.10B, D, orange line). The 

characteristic νC=O mode from the aldehyde is present at 1720 cm-1. A 

band arises centered at 1508 cm-1, falling in the region of the secondary 

amine NH (1490-1580 cm-1). In both surfaces, the peak at 1556 cm-1 does 

not seem to significantly change after GTA grafting. We assigned this peak 

to NH2 hydrogen bond forming cyclic intramolecular structures, therefore 

impeding the availability of the amine for reaction with aldehyde groups.  

Being these assignments correct, the charge of the APTES layer prior 

GTA attachment does not induce an alteration in the aldehyde functionality. 

However, the degree of dehydration in the bond formed between amines 

and glutaraldehyde is highly dependent on the of the APTES layer. The 

presence of imines is predominant in the GTA coupling on –NH2 terminated 

surfaces, whereas secondary amine signals dominate the spectrum after 

grafting on –NH3+ terminated surfaces.  
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Figure 4.10. FT-IR transmission spectra (A, B) and second derivative spectra of 

absorbance (C, D) of GTA functionalization of amino-terminated surfaces after 

post-treatment at pH 13 (A, C) and at pH 1 (B, D). 

4.4. Conclusions 
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investigated using IR to obtain optimized surfaces for upcoming bioligand 

conjugations. Nano-pSi was fabricated by electrochemical etching in order 

to obtain a high surface area that enhances the signal gain in transmission 

FT-IR spectroscopy. Two different trialkoxysilanes were used: MPTMS and 

APTES. Anhydrous environments and elevated temperatures (~75 °C) 

were chosen to avoid silane oligomerization. Results for the MPTMS 

surface reaction showed that an acid post-treatment encourages the 

hydrolysis of the methoxy groups; then a basic post-treatment and thermal 
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curing promotes the crosslink through the formation of siloxane bonds and 

the desorption of non-covalently bonded, without loss of the thiol 

functionality. Post-treatments on APTES-functionalized samples not only 

affected the hydrolysis and condensation of the ethoxy chains, but also the 

equilibrium between the terminal functionality –NH2 and –NH3+. The 

protonation of the functional group plays a key role in subsequent 

coupling. Our data indicated that the glutaraldehyde crosslinking is affected 

by the charge of the APTES layer. The covalent bond formed between 

amines and aldehydes is mostly an imine when starting from a –NH2 

terminated surface, whereas secondary amine bonds were observed if 

starting from –NH3+ terminated samples. These results provide valuable 

knowledge on the SiO2 surface reactions. The optimization of these 

chemical modifications enables the use of oxidized pSi surfaces in various 

applications that require bioconjugation properties. 
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In this chapter, we describe an approach for the fabrication and 

selective functionalization of the internal and external surfaces of high-

aspect-ratio hollow silicon dioxide micropillar arrays. The strategy enables 

independent surface reactions with no cross-contamination. The dual-

functionalization is carried out during the fabrication of the micropillars in 

four steps. First, a sample of macroporous silicon is prepared by 

electrochemical etching and then it is thermally oxidized to create a thin 

layer of silicon dioxide on the internal surface of the macropores. Next, the 

internal surface is functionalized with mercaptopropyl trimethoxysilane. 

Following, the micropillars are released anisotropically etching the 

backside of silicon wafers. Finally, the external surface of the micropillars is 

chemically modified in a multi-step biofunctionalization with aminopropyl 

triethoxysilane, glutaraldehyde and bovine serum albumin. The resulting 

structures are characterized by scanning electron microscopy and the 

surface reactions were confirmed by Fourier-transform infrared 

spectroscopy. The internal and external sides were photolabeled with 

tetramethyl rhodamine-5-maleimide and fluorescein isothiocyanate, 

respectively, and analyzed using fluorescence confocal microscopy. The 

peculiar three-dimensional geometry of the micropillars allows these 

double-active surfaces to be imaged at the same time.   
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5.1 Introduction 

Three-dimensional (3D) micro- and nanostructures are promising 

systems for a wide range of applications in electronics [1, 2], photonics [3, 

4] microfluidics [5, 6] and chemical and biological sensing [7, 8]. These 3D 

architectures can be fabricated in a variety of materials including silicon [9, 

10], titania [11], silicon oxide [12], molybdenum alloy [13] and polymers 

[14, 15], and are mainly based on relatively expensive technologies such as 

plasma etching or reactive ion etching. In contrast, high-aspect-ratio silicon 

dioxide (SiO2) hollow micropillars can be obtained from macroporous 

silicon (macro-pSi) produced by the electrochemical etching of silicon [16-

18]. Pre-patterned silicon wafers yield macropores in regular 

arrangements, whose geometrical characteristics can be tuned by 

modifying the anodization parameters. The ease to create a thin oxide layer 

allows the release of inverted structures such as hollow SiO2 micropillars or 

microtubes, as we described in Chapter 3. 

The architecture and biocompatibility of the arrayed SiO2 micropillars 

point to applications in biotechnology and biomedicine. Arrays of 

micropillars can mimic the 3D-architected surrounding that cells 

experiment in their native environment [19]. The interaction between the 

micropillars array and the cell morphology eventually determines the cell 

response [20], thus making the study of in vitro cells as much similar as in 

vivo, increasing the reliability and reproducibility of all the in-vitro assays 

on microorganisms [21]. For instance, vertically aligned micropillars have 

been proposed to investigate the influence of topographical features on cell 

adhesion [22], spreading [23] and migration [24] mechanisms, and the 

mechanics of a single cell-substrate contact [25]. In addition, silicon dioxide 

is nontoxic and biodegradable [26]. The only degradation product of its 
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dissolution in aqueous media is orthosilicic acid, which is harmless for the 

body and can be excreted [27]. Based on this, silicon dioxide has been 

proposed as material in drug delivery [28], cell culture [29] or tissue 

engineering [30], as long as it is suitably surface-modified. In fact, SiO2 itself 

has no chemical specificity towards target species, but it offers a flexible 

surface chemistry [31] to link interesting bioconjugators.  

As far as micropillars are concerned, great attention has been put on 

their spatial organization when used as micro-architectured substrate for 

cell capturing [24, 32-34], but less on their surface functionalization, 

though chemical interactions between the membrane and the environment 

affect the cell microfluidics as much as the topology of such environment 

[35]. In this Chapter, hollow SiO2 micropillars are differently functionalized 

in both the external and internal surfaces without cross-contamination. 

The selective functionalization of nanometrically separated regions is of 

particular interest in the engineering of materials [36-40], but to the best of 

our knowledge it had not been performed in hollow micropillars prior this 

study.  

The peculiar shape of hollow micropillar and its SiO2 wall thickness 

(around 200 nm) allow both the internal and external sides to be 

monitored, at the same time, in fluorescence confocal microscopy over an 

area that can be as small as the size of one micropillar. This makes our 

micropillar layers even more attractive for potential applications in 

biology, since confocal microscopy that has gained popularity in recent 

years, being effective especially in the imaging of in-vitro living biological 

material [41, 42]. 
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We chose to perform the optimized functionalization procedures 

detailed in Chapter 4, and standard photolabeling pathways—the internal 

surface was silanized with mercaptopropyl trimethoxysilane (MPTMS) and 

photolabeled with tetramethyl rhodamine-5-maleimide (rhodamine), 

whose maleimidic group reacts selectively with the thiol termination of the 

mercaptopropylic surface layer. The external surface was silanized with 

aminopropyl triethoxysilane (APTES), whose amine termination then 

underwent a reaction with glutaraldehyde (GTA); the third layer consisted 

in photolabeling with bovine serum albumin conjugated with fluorescein 

isothiocyanate (BSA-FITC): the amine groups on the outer shell of the 

protein react with the free -aldehydes of the GTA layer. The silanizations 

and GTA docking were monitored by Fourier transform infrared (FTIR) 

spectroscopy. The photolabeled samples were investigated by confocal 

microscopy in fluorescent mode, demonstrating the occurrence of the 

docking reactions of rhodamine and BSA-FITC on their respective sides. 

Our approach leads to dual-side differentially derivatized micropillars, 

which opens up the possibility to conjugate an enhanced control on the 

interaction cell-substrate with the development of novel drug delivery 

systems. From a broader point of view, it is the first proof that a layer of 

dual-side differentially functionalized hollow micropillars can become a 

useful research device in biotechnology and biomedicine. 

5.2 Experimental Section 

5.2.1 Fabrication of SiO2 Micropillars 

Macropore Formation. Macro-pSi was fabricated by electrochemical 

etching, as described in Chapter 3 section 1.3. The starting material was a 
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p-type Si wafer of resistivity 40-60 Ω cm. In order to obtain periodically 

arranged pores, we applied the lithographic and indentation processes 

detailed in Chapter 3, section 1.2 with 4 μm lattice constant. Macropores 

were grown perpendicular to the surface by electrochemical etching using 

HF(40%)/DMF 1:10 as electrolyte, under galvanostatic conditions (5 mA 

cm-2 current density). Given our experimental conditions, the pore growth 

rate was 0.85 μm min-1.  

Micropillar Releasing. The process that leads to the release of bare 

micropillars is the one described in Chapter 3, section 2.1. After straight, 

regular macropores were formed, an approximately 250 nm thick SiO2 

layer was grown by thermal oxidation at 1000 °C for 2 h in air. Then, the 

backside of the wafer was etched with buffered hydrofluoric acid (BHF, 

Sigma Aldrich). Finally, the silicon bulk was anisotropically etched in 

aqueous TMAH (Sigma Aldrich) (25%) at 85 °C.  

Scanning Electron Microscopy. Macroporous silicon samples and the 

subsequent silicon dioxide micropillars were morphologically 

characterized by scanning electron microscopy (SEM) using a FEI Quanta 

600 environmental scanning electron microscope (Hillsboro, OR, USA) 

operating at an accelerating voltage between 15 and 25 keV. 

5.2.2 Functionalization  

The dual-side functionalization of the micropillars required that the 

internal surface of the macropores undergoes silanization and 

photolabeling before the releasing of the micropillars, the bulk silicon 

acting as a protection for micropillar external surface (Figure 5.1A). Once 

the functionalization of the internal side was carried out (Figure 5.1B), the 

releasing of the micropillars was performed (Figure 5.1C). Then the 
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external surface was revealed and chemically modified following the 

APTES-GTA-BSA-FITC sequence (Figure 5.1D). In this final step the sample 

was mounted in a customized one-side Teflon reactor. It encases the 

macroporous side, protecting it from any further reaction, while lets the 

micropillar side exposed. 

 

Figure 5.1. Schematic representation of the method for the dual-side 

functionalization. A) Macropore formation by electrochemical etching and masked 

BHF etch of the oxide layer on the wafer backside; B) functionalization of the 

internal side of the micropillars with MPTMS; C) TMAH anisotropic etching of the 

bulk silicon from the backside and D) functionalization of the external side of the 

released micropillars with APTES, GTA and BSA-FITC.  

Internal Functionalization. The micropillar samples were functionalized 

following the optimized procedures described in Chapter 4, section 2. Here, 

briefly, oxidized macro-pSi was treated in potassium hydroxide (KOH) 0.1 

M for 3 min and nitric acid (HNO3) 0.1 M for 10 min to ensure that the 

oxidized macro-pSi have a high silanol density surface [43]. Next, the 

samples were exposed to a 5 mM solution of MPTMS (Gelest) in anhydrous 

toluene [44] for 3 h. Samples were washed with anhydrous toluene and 

ethanol, and dried under nitrogen. Afterwards, the samples underwent 1 h 

A B

CD
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in aqueous HCl 0.1 M, in order to assist the hydrolysis of lateral –OCH3 

chains. Their condensation in siloxo-bridges between vicinal grafted 

moieties was promoted by a treatment in NH4OH 0.1M for 15 min . Finally, 

the samples were thermally cured at 120 °C for 30 min. The internal 

surface was fluorescent-labeled using tetramethyl rhodamine-5-maleimide 

(Sigma Aldrich). The samples were placed for 1 h in rhodamine 100 μg mL-1 

in phosphate buffer saline (PBS, pH 7.4) solution, under ambient 

conditions. Finally, the samples were thoroughly washed with PBS and 

deionized water, and dried under a nitrogen flow. 

External Functionalization. Following the same procedure outlined for the 

internal surface and detailed in Chapter 4, section 2, the external surface 

was hydroxylated and silanized in 5 mM solution of APTES (Gelest) in 

anhydrous toluene for 3 h at 75 °C. Afterwards, the samples were post-

treated with hydrochloric acid (HCl) and ammonium hydroxide (NH4OH), 

and thermally cured. The reaction with glutaraldehyde was performed by 

exposure to 10% (v/v) solution in anhydrous ethanol (Electron Microscopy 

Sciences) for 30 min under N2 atmosphere at room temperature. The 

samples were rinsed in ethanol and dried with nitrogen. Finally, the 

samples were incubated with BSA-FITC (Sigma-Aldrich) 100 μg mL-1 

solution in PBS buffer (pH 7.4), for 2 h. The substrate was thoroughly 

washed with PBS buffer and dried with a nitrogen flow.  

Infrared Spectroscopy. Infrared investigation was performed with a 

Bruker Vertex 70 (Bruker Optics), using a DTGS detector and operating in 

air with resolution of 4 cm-1. Vibrational investigation was performed onto 

nanoporous silicon (nano-pSi) samples.  
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Prior to any functionalization (carried out under the exact same 

conditions as for the micropillars), the samples underwent, first, a light 

thermal treatment consisting in 1 h at 300 °C under nitrogen flux, followed 

by 30 min at 400 °C under dry air. Then, the amount of surface silanols 

were increased with a treatment in piranha (H2SO4:H2O2 (30%wt) = 3:1) 

solution for 15 min at 80 °C, followed by 10 min in aqueous (1 M) HNO3 

solution at room temperature. 

5.2.3 Fluorescence Confocal Microscopy  

The fluorescence images were acquired using a Nikon Eclipse TE2000-

E inverted microscope, equipped with a C1 laser confocal system (EZ-C1 

software, Nikon). 488 nm argon laser and 543 nm helium-neon laser were 

used as excitation sources for BSA-FITC and rhodamine, respectively. The 

emission was collected through the 515 ± 15 bandpass emission filter, 

which gives the so-called green channel, and the 590 ± 30 nm bandpass 

emission filter, which gives the red channel. All fluorescence images were 

captured using a 5-megapixel CCD. 

5.3 Results and Discussion 

SEM was used to image the architectures of macropores and 

micropillars. The freshly anodized macro-pSi samples had a porosity of 

25% with an average pore size of 3.9 μm2. Since the oxide layer grows in a 

conformal fashion, the released SiO2 micropillars maintain the ordering, the 

vertical uniformity and the shape of the initial macropores, i.e. rounded-

squared sections and almost hemispherical tips (Figure 5.2A). The 

precision with which (1) the design is transferred from the porous layer to 

the micropillars, and (2) the micropillar protruding length is determined by 
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the reaction time in the TMAH solution, ensures that the final architecture 

can be quite finely tuned according to different requirements. This is an 

important characteristic of smart platforms for investigating cell behavior. 

Selecting smaller masks to pattern the backside oxide layer, micropillars 

arrays can be released inside microwells due to the selectivity of the TMAH 

etching process, as shown in Figure 5.2B. The dimensions of these 

microwells are easily adjustable by modifying the size of the mask and the 

etching time. Therefore, a large number of remarkably precise 3D 

structures can be fabricated on a single wafer to attain the spatial control of 

cells or proteins, for instance. 

 

Figure 5.2. Tilted-view SEM micrographs of A) silicon dioxide micropillars arrays 

after TMAH etching of backside bulk silicon and B) microwell with released 

micropillars. 

Infrared spectroscopy was used to confirm the functionalization of the 

micropillars. Nevertheless, a detailed characterization and optimization of 

the functionalization of silicon dioxide surface with silanes and GTA linker 

has been previously described in Chapter 4, section 3. Here, nano-pSi 

sample were used due to the limited surface area of macropores and 

micropillars for transmission FT-IR [45]. Nano-pSi was fabricated on p-

type (1 0 0) single-polished Si wafer with resistivity 11 – 16 Ω cm etched at 

a 20 mA cm-2 in aqueous HF (25%) solution for 1 h. However, the use of 

10 μm 100 μm

A B
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nanoporous layers as a tool to monitor the surface functionalization was 

restricted to the small molecules involved in this work (silanes, 

glutaraldehyde), assuming that the nanometric size of the pores would 

have affected the surface reaction of the largest molecules (rhodamine, 

BSA-FITC). As consequence, the grafting of rhodamine and BSA-FITC was 

investigated only by fluorescence confocal microscopy.  

Following same reaction procedures as those to chemically modify the 

internal surface of micropillars, samples silanized with MPTMS carry the –

SH terminal groups which are recognizable by the sulphur-hydrogen 

stretching [46] at 2580 cm-1, as it can be seen from the FT-IR spectra shown 

in Figure 5.3A. Samples treated with APTES (as for the external side 

functionalization) presented two weak peaks around 3310 and 3375 cm-1 

the due to the symmetric and antisymmetric NH2 stretch modes of the 

amino groups [50] (see Figure 5.3B, line i). Both spectra show the 

stretching mode of the propylic methylenes (CH2) between 2800 and 

3000 cm-1. The GTA grafting onto APTES-functionalized was confirmed by 

the appearance of the characteristic bands in the range of 1600-1800 cm -1 

related to the formation of amide bond between APTES and GTA (Figure 

5.3B, line ii). The peak at 1720 cm-1 corresponds to the carbonyl stretch 

group C=O group of the terminal aldehydes [46]. 

The final derivatization on both sides of the micropillars included a 

fluorescent dye to enable the characterization by confocal microscopy: 

rhodamine for the thiol-terminated internal surface, and BSA-FITC for the 

carbonyl-terminated external surface. These two fluorescent probes were 

selected because they are known to be excited at different wavelengths 

(543 nm for rhodamine, 495 nm for BSA-FITC), and to emit at different 

wavelengths (575 nm for rhodamine, 525 nm for BSA-FITC). By irradiating 
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the dual-side functionalized layer of hollow micropillars with the 

appropriate lasers, the collected emission contains contributions from both 

the surfaces—they can be visualized separately, switching the bandpass 

emission filter, or at the same time, relying on the fact that the emissions 

are different. 

 

Figure 5.3. Transmission FT-IR spectra of functionalized nanoporous silicon 

samples A) after functionalization with MPTMS; B) after functionalization with 

APTES (i) and subsequent GTA docking (ii). Insets shown in panels A and B are 

expanded along the y-axes by 20 times in the regions of most interest. 
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In the first place, we imaged the frontside and backside of the arrays of 

hollow micropillars after single-side labeling. The micrograph shown in 

Figure 5.4A was collected exposing the labeled frontside to the laser 

excitation of 543 nm, using a 590 ± 30 nm bandpass emission filter (red 

channel). Red squared-rings were observed reproducing the same pattern 

of the micropillars due to the rhodamine successfully attached to the 

micropillar internal surface (through the mercaptopropylsilane). In 

correspondence of each macropore, the confocal microscope collects the 

signal from all the rhodamine contained in the optical section (around 1 µm 

thick) [47], thus the bright rings; in correspondence of the Si/SiO2 bulk 

between macropores, the signal arrives only from the rhodamine grafted 

on the top flat surface, thus the black surrounding. Different intensities of 

the red rings suggest that the coverage degree may vary from pore to pore, 

sporadically being below the sensitivity of the confocal microscopy where 

the ring lacks. Likewise, when the labeled backside is excited with a 488 

nm laser, and the emission collected through the 515 ± 15 nm bandpass 

emission filter (green channel), strong green fluorescent rings appear 

(Figure 5.4B), deriving from the BSA-FITC immobilized onto the outer 

micropillars walls. The color intensity appeared more uniform than in case 

of rhodamine, suggesting that the coverage degree is more homogeneous 

on the external surface than on the internal surface. Those images in 

confocal microscope are the indirect support that the immobilization of the 

dyes has succeeded. 

When the dual-side functionalization and subsequent labeling were 

performed, the fluorescence patterns from the inner and outer surfaces 

overlapped under the simultaneous excitation of 488 and 543 nm lasers, as 

shown in Figure 5.5A. The bright rings appeared in a range of intensities 

and colors (from green to yellow). Selecting the emission filter for 
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rhodamine (Figure 5.5B), we spotted that the more yellow-ish rings in 

Figure 5A are those in which emission of rhodamine is stronger. Figure 5C 

was collected selecting the emission filter for FITC. The comparison 

between Figure 5B and Figure 5C shows that under 488 nm excitation the 

emission of rhodamine in the green region is not negligible. Actually, the 

pattern of rhodamine in Figure 5B is repeated in Figure 5C, being the 

brighter green rings in correspondence to the brighter red rings. On 

reverse, the red emission from FITC is always negligible with respect to 

that from rhodamine. This emission overlap depends on the specific couple 

of fluorophores we chose, but it does not challenge the possibility to 

monitor at the same time what happens on both sides of the micropillars.  

 

Figure 5.4. Top-view fluorescence images of micropillar arrays A) after the 

labeling of the sole internal surface with rhodamine, excitation laser at 543 nm, 

bandpass emission filter 590 ± 30 nm; B) after the labeling of the sole external 

surface with BSA-FITC, excitation laser at 488 nm, bandpass emission filter 515 ± 

15 nm. 

Figure 5.6 shows the fluorescent images of the longitudinal section of 

detached micropillars revealing a range of orange-ish to green-ish areas 

which correspondingly match the rhodamine inside the micropillar and the 

BSA-FITC outside. As it can be seen in Figure 5.6A, B, the very bottom of the 

pores (total length, 150 μm) were not functionalized, either with the 

A B

10 μm 10 μm
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mercaptosilane or with the subsequent rhodamine. All the analyzed 

micropillar layers showed the same incomplete internal derivatization, 

which could depend on the macropore length. The white square frame on 

Figure 5.6B highlights a region of the sectioned wall where the two 

juxtaposed emission from the external BSA-FITC (green line on top) and 

the internal rhodamine (bright orange line below) are quite well separated. 

The faded orange region at the right-hand side of the square is the emission 

from the internal surface behind the section plane. We underline that the 

orange color is due to the fact that rhodamine under the simultaneous 

excitation of 488 and 543 nm lasers emits both in red and green.  

 

Figure 5.5. Top-view fluorescent image of the micropillars after dual-side 

functionalization under the simultaneous excitation of 488 and 543 nm lasers. 

Emission collected through bandpass filters of A) both 515 ± 15 and 590 ± 30 nm, 

B) 590 ± 30 nm and C) 515 ± 15 nm. 

In order to better appreciate the dual-side functionalization, Figure 5.7 

depicts the fluorescent labeled layer in cross section, including both the 

released micropillars and a small part of embedded macropores. In Figure 

5.7B both the internal and external surfaces of the micropillars are excited 

A B

C
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10 μm

10 μm
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under both 488 and 523 nm excitation wavelengths. We observe that (1) 

where rhodamine and BSA-FITC co-exist the color is yellow-ish, exactly as 

in Figure 5.5A; (2) as in Figure 5.6, the tip of the micropillars appears 

green, since there is no rhodamine at the corresponding bottom of the 

macropores; and (3) where the macropores are still embedded, the color is 

definitely red. If the 543 nm laser is turned off and the red channel closed 

(Figure 5.7C), then the macropore channels barely exhibit any color, 

evidencing that green emission in Figure 5.7B is originated from the 

fluorescein. When exciting with a 543 nm laser and opening the red 

channel (Figure 5.7D), the walls of the micropillars are better defined than 

in Figure 5.7C. 

5.4 Conclusions 

Hollow SiO2 micropillar arrays were fabricated and selectively 

functionalized on their interior and exterior surfaces. The internal and 

external chemical modifications were performed before and after the 

micropillars release respectively, thus avoiding cross-contamination. The 

configuration of the vertically aligned arrays, standing on the backside of 

the wafer with an accessible internal surface through the pores on the 

frontside, made it possible the dual internal-external functionality. Since 

the internal and external surfaces were labeled with two different dyes, 

fluorescence confocal microscopy demonstrated successful dual-side 

functionalization. This approach enables the independent chemical 

activation of two nanometrically separated surfaces, which can be 

simultaneously imaged. 3D arrays of dual-side functionalized micropillars 

are a promising, flexible platform for biotechnological applications. For 

instance, the interior volume can be used as a smart reservoir for hosting 
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biochemical agents able to interact with species grafted onto the external 

side of the micropillars.  

 

Figure 5.6. Cross section fluorescence images of detached micropillars collected 

through both 515 ± 15 and 590 ± 30 nm emission filters. 

 

Figure 5.7. A) Schematic representation of the micropillars cross-section and 

distribution of the fluorophores on the internal and external surfaces. Cross-

section view by confocal microscopy of the micropillars under the excitation of B) 

both 488 and 543 nm; C) 488 nm; and D) 543 nm lasers.   

2 μm5 μm
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B C DA

5 μm5 μm5 μm
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SiO2 Micropillars Coated with 
Polyelectrolyte Multilayers for pH-
Responsive Drug Release 
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Over the past decades, the pharmaceutical industry has been facing 

great challenges in the development of effective and controlled drug 

delivery. Smart combination of different functional materials may enable 

the development of microstructured platforms for controlled release of 

encapsulated drugs that can be triggered in response to internal or external 

stimuli. 

This chapter describes a pH-responsive drug delivery system based on 

polyelectrolyte multilayer coated hollow silicon dioxide micropillars. 

Silicon dioxide micropillars provide additional function such as drug 

delivery system. The polyelectrolyte multilayer is assembled by the layer-

by-layer technique founded on the alternative deposition of cationic and 

anionic polyelectrolytes. The polyelectrolyte pair poly(allylamine 

hydrochloride) and sodium poly(styrene sulfonate) exhibit pH-responsive 

properties, therefore the loading and release of a anticancer drug 

doxorubicin is dependent on the medium pH. The influence of the number 

of layers coating the micropillars is also assessed. 
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6.1 Introduction 

The search for innovative delivery platforms for the controlled release 

of pharmaceuticals has been a topic of extensive research efforts since the 

1960 [1-3]. Although significant milestones have been achieved since then, 

constructing an effective drug delivery system is still one of the most 

demanded challenges in biomedicine. Compared to conventional form of 

dosage, controlled and localized release of drugs has a number of 

advantages, such as reduced release rate, minimized harmful side effects 

and improved therapeutic efficiency [4-6]. Because of these advantages, 

there is a great interest of research focused on developing novel, more 

efficient drug delivery systems. The exceptional progress of functional 

micro- and nano-particles in the last few decades has given them 

remarkable potential to address this challenge.  

The use of microstructures based on the electrochemical etching of 

porous silicon has attracted much attention in medical and 

biotechnological applications owing to its biodegradability, nontoxicity and 

versatile physico-chemical properties, including surface functionality, size 

and porosity [7-11]. The combination of electrochemical etching and 

microfabrication techniques have also enabled the fabrication of neatly 

defined and monodispersed structures with a precise control on particle 

dimensions and shape, which can be critical for eliminating variability, 

improving pharmacokinetics and adapting microscale features in several 

bioapplications [5, 12-14]. Particularly, hollow silicon dioxide (SiO2) 

micropillars exhibit remarkable advantages such as high chemical and 

mechanical stability, tunable size and functional modifiable surface [15]. 

The hollow volume of micropillars can be loaded with active species, such 

as drugs, bioactive agents, enzymes and antibiotics. Furthermore, a 
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differential inner/outer functionalization can activate the external surface 

in order to facilitate the interaction with species grafted on the external 

side.  

In the development of novel drug delivery systems, one of the areas of 

greatest interest is the achievement of controlled delivery and release of 

drugs to avoid the drawbacks related to the premature release of active 

species from the cargo-loaded microparticles. Hence, a triggered and 

prolonged release of guest molecules upon specific stimuli may be desired. 

This stimulus for the drug delivery system can be induced by physical [16], 

chemical [17] or biogenic signals [18]. In this context, polyelectrolyte 

multilayers (PEM) have been widely explored to create coatings on the 

surface of a number of inorganic structures for the controlled delivery of 

drugs [19-23]. The PEM assembly is based on the layer-by-later (LbL) 

approach which involves alternative adsorption of oppositely charged 

polyelectrolytes that will attract one another to create multilayer 

architectures in a conformal manner [24-26]. We refer to ‘bilayer’ as two 

oppositely charged layers. The technique is schematically depicted in 

Figure 6.1. By the incorporation of appropriate responsive polyelectrolytes, 

the PEM can allow the controlled release of active agents on the basis of 

stimuli such as pH [27], temperature [28] or ionic strength [29]. 

Particularly, pH-sensitive systems are of great interest in drug delivery due 

to the variations in pH that the human body exhibits. For instance, the 

gastrointestinal tract exhibits pH ranging from acidic in the stomach (pH 2) 

to basic in the intestine (pH 5-8). And compared to healthy tissues and the 

bloodstream (pH 7.4), most cancer and wound tissues constitute an acidic 

environment (pH 7.2-5.4) [30]. pH-responsive PEM films contain ionizable 

groups which exhibit volume changes in response to variations in pH and 

facilitates drug delivery control [31].  
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Figure 6.1. Layer-by-layer approach to produce thin films by using 

complementary charges. A) Deposition of positively charged polyelectrolyte 

(polycation); B) deposition of negatively charged polyelectrolyte (polyanion); C) 

repeat the sequence until obtaining the desired number of bilayers. 

The polyelectrolyte pair comprised by poly(allylamine hydrochloride) 

(PAH) and sodium poly(styrene sulfonate) (PSS) has been extensively 

investigated for drug delivery applications due to their remarkable 

sensitivity to pH and improved biocompatibility [20, 32]. The deposition of 

the first layer of cationic polyelectrolyte PAH on the internal sidewalls of 

hollow micropillars is favored by the negative charge of the SiO2 surface 

above the isoelectric point (pH 2-3) [33]. Then, the anionic PSS is deposited 

onto PAH by electrostatic attraction. Furthermore, to facilitate the 

infiltration of the polyelectrolytes inside the pores and obtain a uniform 

surface coating without pore blockage, a multivalent salt such as CaCl2 can 

be added to the aqueous polyelectrolyte solution. The presence of 
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multivalent salts causes a much stronger shrinking of the polyelectrolyte 

chain owing to a higher attraction between charged monomers along the 

chain [34, 35]. The infiltration of the drug inside the polyelectrolyte 

multilayer can also be assisted by electrostatic attractive forces. The 

negative charge of the most external PSS layer gives extra electrostatic 

attraction to positively charged drugs, such as doxorubicin hydrochloride 

(DOX). DOX is a chemotherapeutic agent widely used in the treatment of a 

number of tumors, such as breast, lung or ovarian cancers [36, 37]. Its 

inherent fluorescence gives DOX an additional imaging capability which 

makes it a remarkable theranostic agent [4, 38-40].  

 

Figure 6.2. Chemical structures of the cationic and anionic polyelectrolytes, PAH 

and PSS, respectively, and the anticancer pharmaceutical DOX. 

Herein, we present the combination of SiO2 micropillars with PEM 

coating as an approach to develop new functional materials for sustained 

released of drug molecules. The hollow micropillars are used as reservoirs 

for doxorubicin and the PAH/PSS coating as a pH-responsive switch. The 

polyelectrolyte multilayer on the interior surface prevents the premature 

release of the drug and enables an enhanced use of the hollow volume by 

increasing the loading capacity. The effect of the number of PAH/PSS layers 

in the drug loading and release is also investigated. 

PAH PSS DOX
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6.2 Experimental Methods 

6.2.1 Fabrication of SiO2 Micropillars 

SiO2 micropillar arrays were fabricated from macroporous silicon 

produced by electrochemical etching in p-type silicon wafers following the 

process described in Chapter 3, section 2.1. Briefly, to obtain regular pore 

arrays, boron-doped (p-type) silicon wafers (1 0 0) and resistivity 10-20 Ω 

cm (Si-Mat) were patterned with a 3 μm lattice using a direct-write 

lithography system (DWL 66FS, Heidelberg Instruments Gmbh). 

Macropores were formed under galvanostatic conditions (5 mA cm-2) in a 

solution of 1:10 (v:v) HF (40%, Sigma-Aldrich) to DMF (Sigma-Aldrich) for 

5 h. Following, the sample was oxidized at 1000 °C for 1.5 h in air. Then, the 

backside of the wafer was patterned to open windows where the oxide 

layer was removed by BHF (Sigma-Aldrich) etching. Finally the silicon bulk 

was anisotropically etched in TMAH (12%, 85 °C, Sigma-Aldrich). As a 

result, the SiO2 micropillars appear protruding out of the backside of the 

silicon wafer [15, 41]. 

6.2.2 Polyelectrolyte Multilayer Coating 

PAH/PSS multilayer coating was deposited by alternately exposing the 

internal side of the micropillar sample to solutions 1 mg mL-1 in CaCl2 0.5 M 

of PAH (Mw 58000, Sigma-Aldrich) and PSS (Mw 70000, Sigma-Aldrich), for 

20 min each in an ultrasonic bath (Figure 6.3A). After the deposition of 

each polyelectrolyte the sample was thoroughly washed twice in Mili-Q 

water for 5 min each. This sequence was repeated until obtaining the 

desired number (4, 8 or 12) of PAH/PSS bilayers.  
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6.2.3 Characterization Techniques 

The morphology and structure of the macroporous silicon and 

subsequent silicon dioxide micropillars were characterized by SEM using a 

FEI Quanta 600 environmental scanning electron microscope operating at 

an accelerating voltage between 15 and 25 kV. The micropillars were also 

morphologically characterized by TEM using a Jeol 1011 operating in dark-

field mode at 80 kV. Confocal laser scanning microscopy images were taken 

using a Nikon Eclipse TE2000-E inverted microscope, equipped with a C1 

laser confocal system (EZ-C1 software, Nikon). A 488 nm helium-neon laser 

was used as excitation source for DOX loaded micropillars. The emission 

was collected through a 590 ± 30 bandpass emission filter (red channel). 

All fluorescence images were captured using a 5-megapixel CCD. The 

concentrations of DOX were determined using a spectrofluorometer (PTI 

Quantamaster 40) at an exciting wavelength of 480 nm.  

6.2.4 DOX Loading and pH-Responsive Drug Release 

Doxorubicin (European Pharmocopoeia) was loaded inside the PEM-

coated micropillar, as well as in bare SiO2 samples. To perform the drug 

loading, the micropillar samples were exposed to a solution of DOX 1 mg 

mL-1, adjusted to pH 2.0 with HCl 1 M, for 20 h in the dark (Figure 6.3B). 

Then, DOX solution was adjusted to pH 8.0 with NaOH 0.1 M and further 

stirred for 2 h (Figure 6.3C). The drug loaded samples were washed 3 times 

in water at pH 8 for 10 min each. The amount of released DOX in solutions 

of pH 7.4 (phosphate buffer, PBS) and 5.2 (acetate buffer, ABS) was 

monitored over time (up to 24 h) at an exciting wavelength of 480 nm 

(Figure 6.3D). A calibration curve was obtained by analyzing different 

dilutions from a sample at a concentration of 0.1 mg mL-1 of DOX. 
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Figure 6.3. Schematic of the process for the PEM coating and DOX loading and 

release of the SiO2 micropillars. A) Polyelectrolyte pair PAH/PSS alternative 

deposition on the internal sidewalls of SiO2 micropillars via the LbL method to 

construct a pH-responsive drug delivery system; B) DOX loading in the swollen 

PEM film at pH 2.0; C) DOX confinement due to the PEM layer contraction at pH 

8.0; and D) DOX release in different media at pH 7.4 and 5.2. 

6.3 Results and Discussion 

Figure 6.4A shows a SEM image of SiO2 micropillars with a diameter of 

1.8 μm, protruding out of the backside of the Si wafer. The micropillar 

arrays retain the same arrangement and dimensions as the preceding 

macropores. Their nucleation points were defined by lithography-assisted 

indentation so that the distance between neighboring micropillars is set to 

DOX release

B

C

A
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PEM deposition pH 2.0 DOX loading

pH 5.2 pH 7.4D

UNIVERSITAT ROVIRA I VIRGILI 
SILICON DIOXIDE MICROSTRUCTURES BASED ON MACROPOROUS SILICON FOR BIOMEDICAL APPLICATIONS. 
María Alba Martín 
Dipòsit Legal: T 153-2015



Chapter 6 

146 

3 μm. The thermal oxide grows in a conformal manner which preserves the 

ordering, morphology and uniformity of those initial macropores. The 

micropillar hollow structure was further investigated by TEM. Figure 6.4B 

shows a cross-section-like dark field TEM image of a detached micropillar 

with a length of 26 μm and a regular wall thickness of approximately 150 

nm all along.  

 

Figure 6.4. Microscopy characterization of the SiO2 micropillars. A) Tilted SEM 

image of released micropillar arrays with a 3 μm lattice constant; B) dark-field 

TEM image of a detached hollow micropillar with a length of 26 μm.  

Fourier transform infrared-attenuated total reflection (FTIR-ATR) 

spectroscopy was employed to verify the electrostatic deposition of the 

polyelectrolytes on the micropillars sample. Bare SiO2 possesses a negative 

surface charge above the isoelectric point (pH 1.7-3.5) [42], which 

facilitates the cationic PAH adsorption. After PAH deposition, an absorption 

band appears at ~2930 cm-1 related to the C-Hx stretching vibrations, 

although it is distorted by the broad OH band. The band centered at 

~1534 cm-1 is attributed to the N-H bending modes in NH3+ (Figure 6.5, 

spectrum b). These findings prove successful adsorption of the PAH on the 

silicon oxide. The FTIR-ATR of the sample with a bilayer of PAH/PSS shows 

bands related to the C-C stretching modes of the aromatic ring in the PSS 

molecule at 1497 and 1462 cm-1 (Figure 6.5, spectrum c). The contribution 

5 μm10 μm

A B
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of the alkyl CH2 symmetric stretching components from PSS incorporates to 

those of PAH in the 2800-3000 cm-1 region. However, a new intense band 

appears at 2981 cm-1 which can be attributed to the C-H stretching in the 

PSS aromatic ring. The symmetric and asymmetric stretching regions of 

   
  overlap with the SiOx absorption between 900 and 1250 cm-1. 

Nevertheless, at least two peaks can be discerned at 1124 and 1160 cm-1 

corresponding to the    
  stretching vibrations [43, 44]. These 

observations confirm the successful deposition of PAH and PSS 

polyelectrolytes on the silicon dioxide micropillars. 

 

Figure 6.5. FTIR-ATR characterization for polyelectrolyte coating. FTIR-ATR 

spectra of A) oxidized macroporous silicon,; B) PAH-coated,; and C) PAH/PSS-

coated macroporous silicon. 

Confocal fluorescence microscopy was used to confirm drug adsorption 

into the polyelectrolyte multilayer, as well as to verify the PEM coating 

conformation inside the micropillars. Firstly, we imaged a top view of the 

micropillar arrays after coating with 8 bilayers PAH/PSS and loading with 
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DOX for 20 h at pH 2.0, then 2 h at pH 8.0 and thoroughly washed with DIW 

pH 8.0. At pH 2.0, the increased permeability of the PEM film facilitates the 

incorporation of DOX inside the PAH/PSS multilayers.  

 

Figure 6.6. Fluorescence confocal images of PEM-coated and DOX-loaded 

micropillars. A,B) Micropillars arrays in top view after PEM coating (eight bilayers) 

and DOX loading; C) detached hollow micropillars with uniform size distribution; 

and D) single detached micropillar with PEM and DOX all along the walls. 

Additionally, the negatively charged PSS outer layer promotes the 

electrostatic adsorption of the positively charged DOX. Then, the 

adjustment of pH at 8.0 causes the shrinkage of the PEM and the drug 

molecule is trapped inside the film. The subsequent washing will remove 

any non-trapped DOX molecule. Figure 6.6A was collected exposing the 

micropillar arrays to a laser excitation of 488 nm and using a 590 ± 30 nm 

bandpass emission filter (red channel). Bright red dots appear in 
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correspondence with the micropillars pattern, which confirms the pH-

controlled adsorption of DOX in the PAH/PSS multilayer. The zoomed-in 

micrograph shown in Figure 6.6B depicts a cross-section-like of the 

micropillars that reveals the distribution of the PEM film around the walls. 

In addition, PEM-coated and DOX-loaded micropillars were detached from 

the silicon substrate in order to analyze the conformation of the 

polyelectrolyte multilayer and subsequently, the DOX adsorption. Figure 

6.6C shows a number of micropillars with uniform size and shape, 

exhibiting bright red fluorescence originated from the loaded DOX. This 

observation indicates a successful deposition of the polyelectrolyte 

multilayer on the micropillar sidewalls, in which no pore blockage occurred 

during the LbL self-assembly. The use of a multivalent salt such as CaCl2 

assists the formation of the polyelectrolyte layer inside the micropillars 

owing to a stronger polymer-chain contraction [34]. Figure 6.6D shows a 

closer detail of a single hollow micropillar with a homogeneous 

distribution of the DOX all along their wall, confirming the conformational 

PEM deposition along the micropillar walls.  

Prior to perform the drug release experiments from the DOX-loaded 

microtubes, the intrinsic photoluminescence (PL) of the DOX molecule was 

studied in buffer solutions in order to obtain a calibration curve that 

correlate the photoluminescence intensity with the known concentration. 

Under an excitation wavelength of 480 nm, the DOX solutions present a PL 

curve with two maxima peaks at 557 and 592 nm, as it can be seen in the 

curve shown in Figure 6.7A obtained from a DOX solution at 1 ng mL-1 

concentration in PBS pH 7.4. The results showed no relevant difference in 

intensity with the change in the pH from 5.2 to 7.4. In addition, a linear 

relationship was found between the PL intensity at 592 nm and the DOX 
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concentration in a log-log scale for the range of most interest, i.e. 

concentrations between 10-5 and 10-2 mg mL-1 (see Figure 6.7B). 

 

Figure 6.7. A) Emission PL spectra of DOX 1 ng mL-1 in PBS at pH 7.4; B) PL 

intensity vs DOX concentration at pH 5.2 and 7.4. 

 

 

Figure 6.8. Evolution of the emission PL spectra of DOX in order to monitor the 

release from SiO2 micropillars internally coated with eight bilayers of PAH/PSS. 

The photoluminescence was monitored for 4 hours at an exciting wavelength of 

480 nm. 
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Following the DOX loading, the micropillars were exposed to a two 

different pH media to assess the pH-responsiveness. Once in contact with 

the aqueous medium, the PEM film swells to a certain extent, increasing its 

permeability and allowing the diffusion of the drug. After the DOX releasing 

from the PEM film, the molecule still remains inside the micropillar until it 

finally diffuses into the release medium through the micropillar opened-

end. Figure 6.8 shows the PL curve evolution over the first 4 hours of 

release in PBS medium from SiO2 micropillars internally coated with 8 

bilayers of PAH/PSS. The maxima peaks do not shift in the wavelength axe 

whereas the PL intensity boosts with the time as the concentration of DOX 

in the buffer solution increases. 

Using the calibration curves previously obtained, we can correlate the 

PL intensity at 592 nm with the DOX concentration in the buffer solutions. 

Figure 6.9A compares the release profile of DOX from the PEM-coated 

micropillars at pH 5.2 and 7.4 over a period of 24 h. The data indicates that 

the release at pH 5.2 is higher than that at pH 7.4 (4.8 and 3.2 μg cm-2 after 

24 h, respectively). This demonstrates the release rate is pH-dependent 

and increases with the decrease of pH. The swelling mechanism of 

PAH/PSS films is mostly related to the variation in charge density of 

polyelectrolyte chains induced by a change in the media pH. PAH is a weak 

polyelectrolyte whose amino groups become charged when the pH 

decreases, causing an increase in the osmotic pressure. Subsequently, 

water molecules diffuse into the PEM and the multilayer swells. This 

phenomenon, together with the electrostatic repulsion between DOX and 

the PAH/PSS multilayer, facilitates the permeation of the drug [45]. 

Furthermore, the DOX discharge from the multilayer at pH 5.2 shows a 

considerable burst release within the first 90 min (71.3% of the total 

release after 24 h), which is mitigated by the deswelling effect on the PEM 
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at pH 7.4 (46.97%). Considering absolute values, the DOX released after 60 

min at pH 5.2 is nearly 2.5 times higher than that at pH 7.4 (3.3 and 1.3 μg 

cm-2, respectively). Then the release rate slows and becomes rather 

constant from 120 min for both pH 5.2 and 7.4, lasting approximately 7 

hours (Figure 6.9B). At this point, the effect of the pH in the release rate is 

negligible, being these 2.38 and 2.34 μg cm-2 min at pH 5.2 and 7.4, 

respectively.  

 

Figure 6.9. Drug release profile for 24 h at pH 7.4 and 5.2. A) Time evolution of pH-

responsive release of DOX from PEM-coated (eight bilayers) micropillars at pH 5.2 

(red squares) and 7.4 (blue triangles); B) zoomed-in plot and linear fitting of DOX 

release in the region between 120 and 540 min. 
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The effect of the number of bilayers in DOX loading and release was 

also investigated at pH 7.4. Figure 6.10 revealed that the loading content 

and release rate of DOX was layer thickness-dependent. The drug loaded 

was observed to be significantly higher in the PEM-coated micropillars 

than in those without multilayers (Figure 6.11A). Thus, the amount of DOX 

released after 24 h at pH 7.4 was 3 times higher in samples with 4 PAH/PSS 

layers compared to samples without polyelectrolyte (2.66 and 0.86 μg cm-2, 

respectively). Although the deposition of PEM increases the loading 

capacity due to an enhanced electrostatic interaction and permeability of 

the PEM layer, it is worth noticing that positively charged DOX molecules 

can still be adsorbed onto the negatively charged SiO2 micropillars walls. 

When further increasing the number of bilayers, the abrupt increase in the 

amount of DOX loaded and released was not notably improved. The release 

rate was also affected by the number of layers. Figure 6.11B shows that the 

time to reach 80% of the total DOX release after 24 h (1440 min) was 

delayed with the number of layers. For instance, it was found that this time 

was 200 min and 480 min for samples with 4 and 8 PAH/PSS layers, 

respectively. Thus, by adding more PEM bilayers it is possible to 

significantly reduce the release rate and impede the initial burst release. 

UNIVERSITAT ROVIRA I VIRGILI 
SILICON DIOXIDE MICROSTRUCTURES BASED ON MACROPOROUS SILICON FOR BIOMEDICAL APPLICATIONS. 
María Alba Martín 
Dipòsit Legal: T 153-2015



Chapter 6 

154 

 

Figure 6.10. Effect of the number of bilayers in the DOX release profiles from PEM 

coated micropillars at pH 7.4 over a period of 24 h. 

 

Figure 6.11. Effect of the number of bilayers in the DOX release. A) DOX released 

after 24 h and B) time to reach the 80% of the total release as a function of the 

number of layers. 

6.4 Conclusions 

In summary, an organic/inorganic hybrid drug delivery system was 

developed based on SiO2 hollow micropillars internally coated with 

multilayers of PAH/PSS by the LbL technique. Confocal fluorescence 
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microscopy showed a uniform PEM coating and a successful loading of the 

model drug doxorubicin into the polyelectrolyte matrix. The interaction 

between polyelectrolyte multilayers and DOX molecules is significantly 

dependent on the pH for the loading and release of active agents. Thus, the 

release rate of DOX at pH 5.2 was found to be higher than that at pH 7.4. 

The effect of the number of PAH/PSS bilayers should be also consider in the 

loading drug. The DOX loaded was significantly higher in the PEM-coated 

micropillars than in those without polyelectrolytes. This system has great 

potential in applications of localized and targeted drug delivery. 
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Native tissues are highly organized at the microscale, thus modulating 

the scaffold microarchitecture is a potent tool to mimic natural tissue 

structures. Furthermore, three-dimensional nano- and microtopographical 

features are now being used to elucidate how extracellular physical cues 

can direct the cell behavior and organize complex cellular processes such 

as cell differentiation and tissue organization. The recent advances in nano- 

and microtechnology have allowed the development of platforms that can 

be used to further understand and control the complex interactions 

occurring between biointerfaces and living cells. 

In this chapter, we will discuss the use of three-dimensional 

microstructured substrates such as macroporous silicon and silicon dioxide 

micropillars to interface with living cells. Human aortic endothelial cells 

were employed to assess the biocompatibility of the different substrates. 

Methodological investigations were performed to determine the influence 

of the substrate topography on the cell adhesion and growth. The cell 

spreading and cell morphology induced by the substrates were quantified 

using scanning electron and fluorescence confocal microscopy.  
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7.1 Introduction 

As in vivo cellular interactions occur on the nanoscale, micro- and nano-

structured substrates have gained interest and attention over planar 

surfaces for biological studies [1-5]. Particularly, micro- and 

nanotechnology have provided biomaterial scientists with enormous 

possibilities in the fields of tissue engineering and regenerative medicine 

[2, 6-8]. These technologies are particularly suitable to create cell and 

tissue interfaces because they allow the development of well-controlled cell 

microenvironments to the nanoscale, mimicking the role of the in vivo 

extracellular matrix. The biomaterial surface provides geometrical, 

architectural and physicochemical signals that act together guiding cellular 

responses [9-15]. Therefore, the understanding of the influence of 

topography on cell behavior would be of reference to life sciences to create 

smart biomaterials capable to induce different effects in cells.  

To date, an increasing number of studies have reported on the 

sensitivity of a range of cell types to micro- and nanoscale cues [1, 3, 12, 16-

21]. The interactions between cells and their extracellular matrix are 

important in regulating many cellular functions, such as adhesion [22], 

proliferation [5], differentiation [23] and migration [24]. For instance, the 

cell adhesion is governed by the strength of the cell-material interaction 

[2]. This is dependent on the cell properties and the physical, geometrical, 

mechanical and chemical characteristics of the substrate, all of which may 

induce very different adhesion behaviors of human cells [7, 15, 25-28]. Cell 

orientation, morphology and cytoskeletal arrangements are also affected 

by the substrate topography [4, 18, 29]. In fact, morphology has been 

proven to provide critical information on cellular functions, and is an 

indicator of normal function in most cell types [1, 30-32]. The ability to 
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create various engineered micro-topographic cues can be employed to 

induce a pursued shape, and therefore to influence orientation, 

proliferation and alignment of cells [33-35]. 

Three-dimensional (3D) structures including grooves, wells and pillars 

fabricated with a variety of materials (i.e. polymers [35], titania [36], 

silicon [37] and silicon oxide [38, 39]) have long been employed to study 

cellular responses to topography [33, 35, 40]. Microstructured substrates 

can mimic the 3D-architected surrounding that cells experiment in their 

native environment [41]. For instance, vertically aligned micro- and 

nanopillars have been proposed to investigate the influence of 

topographical features on various cellular functions [22, 29, 42-44]. 

Furthermore, the mechanical and physical properties of the surface 

topography have been recognized to regulate the shapes of the cell and the 

cell nuclei [10], focal adhesion structures [15, 23] and cytoskeletal tension 

[9, 42]. Another aspect to consider is the influence of the order patterning 

on the cell adhesion [26], as well as the surface molecular conformations 

[45]. 

An essential principle in the development of tools for interfacing with 

biological systems is to minimize the use of potentially toxic materials. 

Silicon dioxide (SiO2) has been proven to be biodegradable and non-toxic, 

as it dissolves into harmless orthosilicic acid [46]. In addition, SiO2-based 

microstructures combine an adjustable topography [39, 47] and surface 

chemistry [48]. SiO2 microstructured substrate is a friendly material to be 

used in cell culture because its hydrophilicity [49], but despite of that, for 

many applications, SiO2 does not provide good interaction with living 

tissues or allow a proper cell attachment. Several surface bio-activations 

have been introduced to improve the substrate properties with the use of 
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biological components such as protein functionalization [50-52]. Collagen is 

attractive for biomedical applications as it is the most abundant protein in 

mammalian tissues and the main constituent of the extracellular matrix 

[53]. It provides a natural anchoring moiety for attachment and survival of 

cells and can be tailored into porous implantable devices [54]. Collagen 

stimulate cell adhesion [55], and it has been demonstrated that promotes 

an enhanced cell attachment in the particular case of oxidized porous 

silicon [56]. 

In the present study, we investigated cell adhesion and cell spreading 

behavior of human aortic endothelial cells (HAEC) on SiO2-based substrates 

including random macroporous silicon (macro-pSi), random micropillars 

and ordered micropillars. HAEC line has been one of the most commonly 

used models in endothelial dysfunction systems. Because of the capacity of 

these cells to adhere to the substrates, endothelial cells seem to be a good 

tool to screen new cardiovascular therapies. Indeed, cardiovascular disease 

(CVD) is the leading cause of morbidity and mortality in industrialized 

countries [57]. The causes of CVD are diverse and atherosclerosis is a 

common, progressive and multifactorial disease that is the clinical endpoint 

of an inflammatory process and endothelial dysfunction [58]. New cell 

culture methodological aspects need to be developed to optimize in vitro 

cellular models, and the first step is to test new substrates with different 

structures and with different surfaces modifications, for the growth and 

attachment of such human cells. Therefore, by examining the cellular 

behavior of HAEC cultured on various microtopographies, we can acquire a 

deeper understanding of the effects that the physical and chemical 

environment may have on the cell response. Eventually this could lead to 

the possible regulation of the cell fate. 
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In this work, the surfaces of SiO2-based microstructures were bio-

activated to promote cell adhesion and surface stability. The chemical 

modification of the material surfaces with amino-silanes and 

homobifunctional aldehydes such as glutaraldehyde has been shown to 

efficiently immobilize proteins and antibodies [59, 60]. Flat silicon (used as 

control), oxidized macro-pSi and SiO2 micropillars were functionalized 

following the APTES-GTA-Collagen sequence. APTES reacts with the 

hydroxylated surface and introduces an amine terminal functionality, 

which subsequently forms a covalent bond with GTA. Then the amine 

groups on the outer shell of the protein react with the free ω-aldehyde of 

the GTA layer. The functionalization sequence was characterized by 

Fourier transform-infrared (FT-IR) spectroscopy.  

We firstly studied the interaction between HAEC and flat silicon with 

and without collagen-functionalization to analyze the influence of the 

protein on the cell adhesion and growth after 2, 7and 9 days of incubation. 

After analyzing the results obtained on flat Si, we used them as a control to 

investigate the behavior of HAEC on the different microstructures (i.e. 

macro-pSi, random micropillars and ordered micropillars) employing an 

incubation time of 2 days. SEM characterization showed the effect of the 

3D-structured scaffolds on the cell adhesion, spreading and morphology 

compared to flat silicon. We also investigated how cellular behaviors are 

influenced by the arrangement of micropillars when we compared random 

and ordered patterns. 
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7.2 Experimental methods  

7.2.1. Fabrication of SiO2 Microstructured Substrates 

Macroporous Silicon. Boron-doped (100) p-type Si wafers with a 

resistivity of 10-20 Ω cm were used for macro-pSi fabrication. Samples 

were prepared using the electrochemical etching process described in 

Chapter 3. An electrolyte of HF (40%) in DMF (1:10) was used to etch the 

silicon wafer at a current density of 5 mA cm-2 for 1 h. Then the samples 

were rinsed with pentane and dried under a nitrogen flow. Subsequently, 

at thin layer of SiO2 was grown on macro-pSi samples by thermal oxidation 

at 600 °C for 15 min.  

Random SiO2 Micropillars. The procedure was detailed in Chapter 3. Here, 

briefly, starting from p-type Si of resistivity 10-20 Ω cm, macropores were 

grown under galvanostatic conditions (5 mA cm-2) in a solution 1:10 of HF 

(40%) to DMF for 6 h. Then, an approximately 250 nm thick SiO2 layer was 

grown by thermal oxidation at 1000 °C for 2 h in air. The oxide layer on the 

backside of the sample was removed by BHF etching. Next, the bulk silicon 

underwent anisotropic etching in aqueous TMAH (12%) at 85 °C until the 

pore tips appear protruding out of the sample backside.  

Ordered SiO2 Micropillars. To obtain ordered arrays of micropillars, a 

lithographic indentation process was performed with a 3 μm lattice 

constant following to the patterning procedure explained in Chapter 3, 

section 1.2. Next, the patterned silicon wafers underwent the same 

electrochemical etching process described above to obtain random 

micropillars. 
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Microstructure Characterization. Random macro-pSi and SiO2 

micropillars were morphologically characterized by SEM using a scanning 

electron microscope (ESEM, FEI Quanta 600) operating at an accelerating 

voltage between 15 and 25 KeV. 

7.2.2 Functionalization of the SiO2 Microstructures 

Samples were treated in KOH 0.1 M for 3 min and HNO3 0.1 M for 10 

min to increase the density of surface hydroxyl groups [61]. For collagen 

treatment of SiO2 substrates, the surface was chemically modified following 

the APTES-GTA-Collagen sequence. Oxidized samples were silanized with 

APTES (Gelest) by exposure to 10% (v/v) solution in anhydrous toluene for 

2 h at room temperature, then washed in succession with toluene, ethanol 

and deionized water and then dried under a nitrogen flow. Afterwards, the 

samples were thermally cured at 120 C for 2 h. The reaction with GTA was 

performed by exposure to GTA 10% (v/v) solution in anhydrous ethanol 

(Electron Microscopy Sciences) for 1h at room temperature. The samples 

were rinsed in ethanol, deionized water and dried with nitrogen. Finally, 

the samples were incubated with collagen from bovine Achilles tendon 

(lyophilized, Sigma-Aldrich) 10 mg mL-1 solution in PBS buffer (pH 7.4) at 4 

C overnight. Following, the substrates were thoroughly washed with PBS 

buffer and dried with a nitrogen flow.  

7.2.3 Cell Seeding and Culture 

HAEC were purchased from Cascade BiologicsTM (Portland, USA) and at 

the 5th passage were thawed and seeded on NunclonTM  surface 6 or 12-

well plates in the presence or absence (in the case of control conditions) of 

sterilized Si and SiO2 substrates, at density of approximately 1.9x104 viable 

cells mL-1 and 4x103 of viable cells cm-2. Through the whole experiment, 
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cells were maintained in M200 medium supplemented with 2% (v/v) low 

serum growth supplement (LSGS), 10 mg mL-1 gentamicin, 0.25 mg mL-1 

amphotericin B (all from Life Technologies), 100 U mL-1 penicillin and 100 

mg mL-1 of streptomycin (Laclinics). 

Cells were seeded in complete cell culture medium and grown at 37 C 

in a humidified incubator (Heracell 150) with atmosphere containing 5% 

CO2, and culture medium was replenished frequently with fresh medium.  

Cell Viability and Cytotoxicity. Cell viability was assessed by morphology 

using phase-contrast microscopy and by trypan blue dye exclusion (Merck) 

in order to guarantee the viability of the cells before starting each set of 

experiments. The viability of the thawed HAEC was found to be 97%.  

The extent of cytotoxicity of each experimental condition was 

determined by a colorimetric assay, which measures released lactate 

dehydrogenase (LDH) activity (The LDH Cytotoxicity Detection Kit, Roche 

Applied Science). Briefly, LDH enzyme is rapidly released into the cell 

culture supernatant when the plasma membrane is damaged. This result is 

a colorimetric reaction that can be measured at a wavelength of 492 nm. 

Thus, the activity of LDH released by the cells was measured in cell-free 

supernatants collected after different incubation times (1, 2, 4 and 7 days 

after thawing). Results are expressed as mean 492-optical density (OD) and 

standard deviation (SD: error bars) of LDH produced by the cells under 

each treatment condition.  

Scanning Electron Microscopy. The morphology and shape of cells 

adhering to the functionalized silicon substrates were observed with a SEM 

(JEOL, JSM-6400). The adhered HAECs were fixed in a fixative containing 

2.5% GTA / 0.1 M PBS at room temperature for 2 h. After washing twice 
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with 0.1 M PBS, the cells were postfixed with 1% osmium tetroxide at room 

temperature for 1 h. The cells were then washed twice with PBS, 

dehydrated through serial gradients of ethanol (10 min per each gradient), 

and finally dried out by the critical point dryer Baltec CPD 030. The cells 

along with the substrates were sputtered with gold at a current of 15 mA 

for 3 min by the ion sputter EMITEC K575X. SEM imaging was conducted at 

voltages ranging from 5-10 kV. 

Staining on Actin and Nuclei, and Fluorescence Confocal Microscopy. 

HAECs were cultured on functionalized and non-functionalized flat Si for 2, 

7 and 9 days. SiO2 microstructured substrates functionalized with collagen 

were incubated with HAECs for 2 days. After cell culture experiments, 

culture media was removed and cells were washed twice with PBS at 37 C. 

The cells were fixed with a 4% (w/v) solution of paraformaldehyde in PBS 

for 30 min at room temperature. After washing two times more with PBS, 

the substrates were immersed in 0.2% Triton-X 100 in PBS for 10 min at 

room temperature to permeabilize the cell membrane. After rising with 

PBS two times, the actin filaments and nuclei were stained in dark at room 

temperature. Actin-stain 670 phalloidin (Tebu-Bio) was used to stain the 

actin filaments (200 nM, 30min), while NucGreen Dead 488 (Life 

Technologies) was used to stain the nuclei (2 drops mL-1, 10min). Each 

sample was washed three times with PBS, and after mounting on 

microscope slides using an anti-fade mounting media, the samples were 

kept overnight in dark at room temperature. Stained cells were kept at 4 C 

in dark until microscope observations. The fluorescence images were 

acquired using a Nikon Eclipse TE2000-E inverted microscope, equipped 

with a C1 laser confocal system (EZ-C1 software, Nikon). 633 laser and 488 

nm argon lasers were used as excitation sources for Phalloidin and 

NucGreen, respectively. 
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7.3 Results and Discussion 

7.3.1 Surface Characterization 

Substrates for HAEC cells culture were all based on the formation of 

macro-pSi via anodization of boron-doped p-type Si wafers [62]. Three 

different types of samples were fabricated to study the cellular response on 

surfaces with assorted three-dimensional geometries. The appearance of 

the generated microtopographical samples used in this study is shown in 

Figure 7.1. Macroporous silicon formed at a constant current density of 5 

mA cm-2 presents an average pore diameter of approximately 1.4 μm and 

an interpore distance of about 3 μm determined by image analysis with 

ImageJ [63]. Likewise, the porosity of the sample was found to be about 

27% (Figure 7.1A). An identically formed macro-pSi substrate was used as 

precursor of randomly organized micropillars. Figure 7.1B shows 

micropillars of 1.9 μm diameter on average, 3 μm interpore distance and 

38% surface coverage, approximately. The dissimilar geometrical features 

found between micropillars and their preceding macropores are due to 

unstable macropore formation during the first few micrometers of growth 

in depth. After that initial period, some nucleated pores disappear and 

regroup with the neighbors to grow perpendicular to the surface in a 

steady regime. Ordered micropillar arrays were fabricated starting from 

lithographically patterned silicon. A squared lattice constant of 3 μm was 

chosen considering the interpore separation obtained for random 

macropores under the given electrochemical conditions. Ordered 

micropillar arrays presented a surface coverage of 30% and a diameter of 

1.8 μm, practically equal for all micropillars (standard deviation of 0.01 

μm), as it can be seen in Figure 7.1C.  
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Figure 7.1. Top-view SEM images of SiO2 microstructures A) macro-pSi; B) 

random SiO2 micropillars and C) ordered SiO2 micropillars. 

A surface chemical treatment was performed on the substrates to 

improve cell adhesion and surface stability following the APTES-GTA-

Collagen sequence. The reaction scheme is presented in Figure 7.2.  

 
Figure 7.2. Schematic representation of the surface chemical treatment on silicon 

oxide samples to obtain a terminal collagen functionalization following the APTES-

GTA-Collagen sequence. 

10 μm 10 μm 10 μm
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Nano-pSi substrates of high surface area (see Chapter 4) were used to 

analyze the surface chemistry of the functionalized samples by 

transmission FT-IR. Starting from freshly-prepared porous silicon, an 

oxidizing pre-treatment of the surface is essential for subsequent 

silanization. Thus, the Si-H groups of the as-anodized sample are 

hydrolyzed to form an OH-terminated surface. The characteristics of silicon 

oxide and silanols emerge at 800 cm-1 for (Si-O-Si) and in a saturated band 

between 1000 and 1200 cm-1 for Si-O. A broad -OH related stretching mode 

appears between 2600 and 3800 cm-1, associated to both surface silanols 

and water absorbed by hydrogen bonding therein. And finally, the δ(H–O–

H) mode at 1630 cm-1 that is related to physisorbed water (Figure 7.3A). 

After APTES silanization, the CHx stretching modes appear between 2800 

and 3000 cm-1, which are assigned to the asymmetric and symmetric 

stretching of the CH2 aliphatic groups and also to some unhydrolyzed 

ethoxy groups [64]. Two peaks at 3371 and 3304 cm-1 are attributed to the 

N-H asymmetric and symmetric stretching of the amine terminal group of 

the APTES molecule. The broad band between 1500 and 1700 cm-1 is 

related to the NH2 and NH3+ bending modes [64] (Figure 7.3B). GTA 

grafting on APTES is evidenced by the appearance of a peak at 1720 cm-1 

that we assign to the stretching mode of the carbonyl group. Furthermore, 

the absorptions previously assigned to the ν(N-H) extinguish (Figure 7.3C). 

Peaks in the range between 1550 and 1800 cm-1 are related to the 

formation of amide bond between APTES and GTA. The final step is the 

binding of collagen to the carbonyl-terminated surface. The aldehyde 

groups react with amino group in the collagen molecule to form an amide 

covalent bond. Thus, the peak at 1720 cm-1 previously assigned to the 

ν(C=O) diminishes its intensity. The band centered at 1645 cm-1 increases 
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due to vibrations related to amide I groups present in the collagen 

molecule (Figure 7.3D). 

 

Figure 7.3. Transmission FTIR spectra of A) oxidized pSi; B) APTES-functionalized 

pSi; C) GTA docking on APTES-functionalized pSi and D) collagen immobilization 

on GTA-APTES-functionalized pSi. 

7.3.2 Cell Culture on Flat Si 

Firstly, we studied the cell response towards oxidized flat silicon and 

the biocompatibility of these substrates as a first approach to 

understanding the HAEC behavior. Flat silicon was thermally oxidized to 

create a thin layer of SiO2, and then a set of samples underwent surface 

modification with APTES-GTA-Collagen. Cell culture on flat Si with and 
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without collagen was performed and examined after 2, 7 and 9 days. At 

each time, the silicon substrates were washed to remove nonadherent and 

dead cells, and then the remaining cells were fixed. A graph summarizing 

the number of cells per area unit is shown in Figure 7.4.  

 
Figure 7.4. Number of HAEC cells per area unit attached to flat Si with and without 

collagen functionalization after 2, 7 and 9 days (left columns to right columns). 

The experimental results show that the initial cell adhesion and growth 

is significantly lower on bare flat Si than on collagen-functionalized flat Si. 

Representative SEM images of the observable fact are shown in Figure 

7.5A, D. After some days the difference in growth and proliferation of HAEC 

continues, and the number of cells reaches an average of 154 and 394 cells 

per mm2 after 7 days on non-functionalized and functionalized flat Si, 

respectively (Figure 7.5B, E). After 9 days, about 70% confluency is 

observed on bare flat silicon (Figure 7.5C) whereas HAEC reaches 

confluence on collagen-functionalized flat silicon and therefore no more 

space is left for the adherent cells to grow as a monolayer (see Figure 

7.5D). When the surface is modified with collagen, the number of cells is 

higher on flat Si substrates, as we expected. The results obtained with 
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collagen are in accordance with studies showing collagen promoting cell 

attachment, but not increasing growth and proliferation [56].  

 
Figure 7.5. SEM images of HAEC on flat Si (A, B and C) and collagen-functionalized 

flat Si (D, E and F) after 2, 7 and 9 days incubation (left column to right column). 

7.3.3 Cell Growth and Cytotoxicity on Microstructured SiO2 

After verifying the enhancement of cell adhesion and spreading on flat 

Si due to the functionalization with collagen, we resolved to perform the 

same chemical modification in the different types of microstructures to 

study the cell behavior following the same functionalization sequence 

APTES-GTA-Collagen.  

An adherent human endothelial cell line was chosen to study the 

influence of the substrate topography on HAEC response. Figure 7.6 shows 

representative SEM images of cells growing on silicon oxide 

microstructures (i.e. macroporous silicon, random micropillars and 

ordered micropillars) after 2 days incubation. It can be clearly observed 
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from the SEM images that the shape of cells attached on microstructured 

substrates differs from the normal fibroblastic morphology observed on 

flat silicon (Figure 7.6A). Flat, well-spread cells are found on macroporous 

substrates (Figure 7.6B) whereas mainly round cells are observed on both 

random and ordered micropillars (Figures 7.6C, D).  

 
Figure 7.6. SEM images of HAEC after 2 days incubation. A) Flat Si; B) random 

macro-pSi; C) random micropillars and D) ordered micropillars. 

The effect of the substrate topography over the cell growth after 2 days 

incubation was analyzed from the SEM images. Collagen functionalized flat 

silicon was used as control. As seen in the graph in Figure 7.7, the number 

of cells was lower on macro-pSi and random micropillars, compared to flat 

Si. However, in the case of ordered micropillars, the number of cells is 

significantly higher than on control flat silicon. 
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Figure 7.7. HAEC attached to various types of SiO2 microstructures. Flat silicon 

was used as control. Cells were counted per surface measuring three areas per 

sample. Mean values are express as cell number per mm2 with error bar 

corresponding to standard deviation. 

Cytotoxicity was determined by a colorimetric assay, which measures 

the activity of released LDH (see Figure 7.8). LDH enzyme is released into 

the cell culture when the membrane is damaged. Thus, an increase of LDH 

is generally associated with a cellular injury. After a period of 7 days, the 

production of LDH activity released increases in all the silicon substrates 

and also in the blank control (cells incubated in a standard well plate 

without silicon substrates). These results indicate that the presence of the 

silicon or SiO2-based microstructures in the culture medium do not induce 

cytotoxicity per se. That suggests that cytotoxicity could be attributed to the 

high rate of confluency of the cells on the well plate after seven days of 

growing. 
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Figure 7.8. LDH cytotoxicity assay showing the results of HAEC cultures in 

different substrates after 1, 2, 4 and 7 days of incubation. Supernatants were 

assayed for LDH release and expressed as mean of 492 nm OD. 

7.3.4 Cell Morphology on SiO2 Microstructures 

SEM microscopy was employed to study the effect of the 

microstructures topography on the morphology of the adhered HAEC, and 

to determine cell circularity and cell surface area. Representative images of 

HAEC cells adhered to various microstructured SiO2 substrates and to flat 

silicon as control after 2 days of incubation are shown in Figure 7.9. 

On macro-pSi with collagen the cell appears with a well spread 

cytoskeleton and protrusion formation outside of the cell membrane. 

Macro-pSi anchors the cells firmly, providing them with enough space to 

spread because of the abundant flat silicon surface present around the pore 

and the micrometer-size features in this type of structure. On this 

substrate, it is visible how the cell spreads on the surface and part of it 
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mostly two-dimensional shape with formation of flattened large 

lamellipodia, which serves as anchorage points. Filopodia is not present in 

this type of substrate. Similar shapes were observed on collagen-

functionalized flat Si, even though filopodia predominates over 

lamellipodia as anchoring features (Figure 7.9A, E, I). If we compare flat Si 

to macro-pSi, the cells on macro show two main differences. First, the 

pseudopods extend on the flat part of the substrate by converting the 

surface of the macropore in the substrate. And second, the pseudopods of 

the cell can grow along the macro-pSi scaffold (see magnification in Figure 

7.9J). The presence of micropillars dramatically altered the cell 

morphology: HAEC on micropillars appeared less elongated and 

significantly more compact and rounded after 2 days incubation. On macro-

pSi, the cell bodies were mainly localized on the top of the substrate, 

whereas on micropillars, cells adhered to the top of the pillars and in 

between them. The main part of the body appeared trapped between the 

pillars and in some cases suspended from pillar to pillar. The substrate 

topography limits the well-spread morphology observed in HAEC on 

macro-pSi and flat Si. Comparing random and ordered micropillars, more 

long and thin extensions appeared following the topographical features and 

anchoring around the ordered micropillars (see Figure 7.6C, D).  

It was also observed that the HAEC grasping the micropillars can make 

them bend as an action of traction forces (see Figure 7.9K, H). Despite the 

stiffness of SiO2 micropillars, their thin wall and hollow core lend them a 

relative elasticity that led to deflections due to cell contraction forces. 

These bending deflections are linearly proportional to the tractions forces 

exerted on micropillars by the adherent cells according to Hooke’s law [65, 

66]. Further work will be needed to control the mechanical properties of 
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the micropillars and determine cell attraction force acting on the 

substrates. 

To acquire measurable understanding of HAEC surface adhesion and 

morphology, cell surface area and circularity studies were determined for 

the different substrates.  

 
Figure 7.9. Scanning electron microscopy of HAEC after 2 days incubation on 

various SiO2 microstructured substrates. A,E,I) Flat Si; B,F,J) macro-pSi; C,G,K) 

random micropillars and D,H,L) ordered micropillars.  

We first investigated the spreading behavior by quantifying the effect of 

the SiO2 microstructures on cell surface areas. On flat silicon the HAEC cells 

spread and covered a very large area (1347 ± 719 μm2), very similar to that 

found for cells adhered to collagen-functionalized macro-pSi (1292 ± 701 

μm2). However, the presence of micropillars caused a noticeable 

modification of the cell size (Figure 7.10A). Both random and ordered 
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micropillars had a significantly lower cell surface area compared to the 

other surfaces. The mean surface area of the HAEC on the random and 

ordered micropillars was 528 and 331 μm2, respectively, showing a fold 

reduction in size of 2.5 for random and 4.0 for ordered micropillars 

compared to cells on the collagen-functionalized flat Si. The zoomed tilted 

images of micropillars (Figure 7.9G, H) show how the cells tend to grow in 

depth along the micropillars to find focal adhesion points on the vertical 

walls. These results suggest a three-dimensional growth pattern on 

micropillars, whereas on macroporous silicon the growth is mainly two-

dimensional. 

As a measure of cell morphology, the cell circularity was also analyzed 

with values between 0 and 1, where 0 represents an elongated cell in a line 

and 1 a perfect circular shape. HAEC had a very similar circularity on 

macro-pSi compared to that found on flat Si (Figure 7.10B). Slightly higher 

circularity values were found on random micropillars. However, it is 

interesting to note the significant increase in the circularity on ordered 

micropillars. The cell circularity shows that HAEC are significantly more 

elongated on macro-pSi than on micropillars, and therefore they show an 

analogous response on flat Si and macro-pSi. Considering that both random 

and ordered micropillars were very similar in diameter and surface 

density, the results suggest that the difference in shape is induced by the 

micropillar arrangement. 
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Figure 7.10. A) Mean cell surface area calculated and B) mean cell circularity 

calculated from SEM images after 2 days of incubation. For the cell circularity 0 

represents a line and 1.0 a circle. An average number of 40 cells were analyzed per 

sample to calculate the standard deviation. 

Similar morphological observations can be analyzed from the confocal 

microscope. We explored how the substrate morphology of the substrates 

influenced the cytoskeleton reorganization by focusing on actin as a 

structural component (red labeled). Figure 7.11 shows confocal imaging for 

HAEC culture on flat Si, macro-pSi and random and ordered micropillar 
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substrates modified with collagen after 2 days of incubation. In control flat 

Si and macro-pSi, the HAEC cytoskeleton appeared elongated and aligned 

along the major axis of the cell. Herein, characteristic strong actin filaments 

were distributed across the center of the cell bodies and relatively well-

organized in the cell periphery (see Figure 7.11A, B). The association of 

actin filaments has been associated with the formation of strong focal 

adhesion [29]. Therefore, for cells on flat Si and macro-pSi, the focal 

adhesion points overlap with the ends of the actin filaments. However, the 

cells adhered to micropillars show actin-rich regions colocalized with the 

micropillars walls, although it should be noted the lack of filament 

formation (Figure 7.11C, D). This suggests that there is a prevalent 

interaction between micropillars and cell cytoskeleton. Stabilization of the 

actin cytoskeleton around and along the micropillars could be attributed to 

the increased cell adhesion through a physical entrapment of the cells. 

Therefore, the shape and size of the cell is closely related to the ordering 

and arrangement of the micropillars. The shape of the nucleus is also 

influenced by the morphology of the substrate. Usually the cell nuclei adopt 

the shape of spheres or ellipsoids, with always convex contours. That is 

how they predominantly appear in flat Si and macro-pSi substrates. 

However, on micropillars, the nuclei seem to mimic the arrangement of the 

attached micropillars due to a probable entrapment. Fluorescence 

microscopy observation also indicates that the micropillars protrude 

through the nucleus. Part of the nucleus seems to be extruded by the 

nearest neighbor micropillar, occasionally leading to a concave shape as in 

Figure 7.11C, D. The ordering of the micropillars also influenced the nuclei 

shape. On random micropillars, the shape tends to be circular or elongated, 

depending on the distribution of the cytoskeleton. Conversely, for ordered 

UNIVERSITAT ROVIRA I VIRGILI 
SILICON DIOXIDE MICROSTRUCTURES BASED ON MACROPOROUS SILICON FOR BIOMEDICAL APPLICATIONS. 
María Alba Martín 
Dipòsit Legal: T 153-2015



Cell Culture 

185 

micropillars the nuclei are inclined to adopt the shape of the micropillar 

arrangement, i.e. a rounded-square contour. 

 

Figure 7.11. Fluorescence confocal microscopy images of HAEC after 2 days of 

incubation. Cells were stained with NucGreen for the nucleus and Phalloidin for the 

actin filaments. A) Flat Si; B) macro-pSi; C) random micropillars and D) ordered 

micropillars.  

7.4 Conclusions 

Here we have studied three different SiO2-based microstructures 

chemically modified with collagen to evaluate the effect of the topography 

and ordering on cell attachment and morphology of HAEC. First, collagen 

was proved to favor the adhesion of endothelial cells on flat silicon 

substrates. Then, HAEC were cultured on collagen-functionalized SiO2 

microstructures. The cytotoxicity observed after 7 days was due to the 

confluence of the cells and not to the SiO2 substrates, as similar results 
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were found in the blank control. Microscopy analysis revealed significant 

differences in cell adhesion, spreading and morphology between the three 

different substrates after 2 days incubation. Cell adhesion and growth of 

HAEC was higher on ordered micropillars than on random micropillars or 

macro-pSi, with values even larger than those found on control flat Si. On 

macro-pSi, cells adhered firmly on the surface, and the pseudopods of the 

cell grow along the macro-pSi. Micropillars induced various impacts on the 

behavior of the HAEC in vitro. We observed an alteration in the cell 

spreading area and cell morphology including nuclei and body shapes 

distortion, and cytoskeletal reorganization. The cells grown on pillar 

substrates showed more compact and rounded morphology. The ordering 

of micropillar arrays was also observed to influence the cell growth and the 

shape of both cell body and nucleus. Patterned substrates generate cell 

patterns that seem to mimic the pillar arrangement. Thus, it is possible, to a 

certain extent, to control the adhesion, growth and morphology of HAECs. 

Cells adapt their molecular architecture developing a suitable morphology 

to feed and migrate themselves through those microstructured substrates 

ensuring their survival. Summarizing, these microstructured platforms 

offer a powerful tool to explore the complex interplay of events between 

biointerfaces and living cells. Nevertheless, more studies are needed to 

fully investigate the mechanical forces, focal adhesion formation and 

penetration of microstructures into the cell membrane. 
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In the chemotherapy of cancer, its effectiveness is directly related to 

the treatment’s ability to target and kill cancer while affecting as little as 

possible other healthy tissues. Thus, developing new, effective tumor-

targeted drug delivery systems may be of high impact in the advance of 

tumor therapies.  

In this chapter we present a multifunctional targeted drug delivery 

system that is developed from biocompatible silicon dioxide micropillars. 

The external surface and internal volume of the micropillars are available 

to be differently utilized: the hollow core is loaded with the hydrophobic 

anticancer drug camptothecin, thus micropillars become high-payload 

micropills; in the meantime, an antibody (anti-p75NTR) is conjugated to 

the external surface to actively target neuroblastoma cells. We assessed the 

ability of anti-p75NTR-functionalized micropillars to target neuroblastoma 

cells overexpressing p75NTR receptors compared to control cells. Cell 

viability assays were performed to demonstrate selective killing of 

neuroblastoma cells due to the targeting properties toward p75NRT 

receptor. 
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 8.1 Introduction 

Despite all the significant advances recently made in the chemotherapy 

of cancer, there are still many challenges that hamper treatment efficiency, 

such as poor therapeutic efficacy and deleterious side-effects. In this 

framework, target-specific drug delivery has emerged as an encouraging 

approach to enhance the uptake of the cytotoxic molecule in the specific 

tumor location. A broad palette of drug delivery systems have been 

explored for cancer therapy using specific targeting agents such as 

antibodies [1], peptides [2], aptamers [3] and vitamins (e.g. biotin [4] or 

folic acid [5]). The general idea is that the targeting moiety seeks and 

attaches to the cognate receptors overexpressed on the surface of the 

targeted cancer cells, resulting in the delivery of substantially higher 

fraction of the drug to the tumor site as opposed to healthy tissue. The drug 

delivery systems explored so far include polymeric micelles [6], liposomes 

[7], carbon nanotubes [8], quantum dots [9], gold nanoparticles [10] and 

iron oxide [11]. Drug carriers based on silicon and silicon oxide (SiO2) are 

of particular interest due to their biosafety [12] and tunable physico-

chemical properties [13]. The ease to modify its surface chemistry for 

further coupling with biomolecules has also reinforced their use in 

biomedical sciences [14].  

Nano- and micro-structures based on pSi have been explored for a 

number of therapeutic purposes including photothermal therapy [15], 

photodynamic therapy [16] and immunotherapy [17]. The available porous 

volume can be loaded with functional active agents such as antibiotics [18], 

enzymes [19] or siRNA [20]. In this context, in Chapter 6 we presented SiO2 

micropillars as a non-targeted system for the pH-responsive delivery of an 

anticancer drug. Multifunctional pSi systems have been also investigated 
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for targeted drug delivery [17, 21]. Specifically, a pioneering drug delivery 

system based on pSi nanoparticles for the vectorization of drugs using 

specific antibody functionalization in cancer therapy has been recently 

proposed [1]. 

Microparticles with a well-controlled architecture promote the 

predictability of the drug delivery platform, which is crucial for improving 

the pharmacokinetics of the drug molecule carried and relevant to the 

pursuit of personalized chemotherapy regimens [22-24]. The combination 

of electrochemical etching and lithography enables the fabrication of 

monodispersed microparticles on the micrometer size scale with accurate 

control over geometry and dimension [25, 26]. Thus, the formation of 

tubular microparticles is easily scalable and can be performed in bulk on a 

single surface. The millions of resulting silicon microparticles have an 

identical shape and an ordered arrangement, in opposition to the 

polydisperse, low-aspect ratio microparticles obtained by ultrasonication 

or ball-milling of free-standing pSi films [27]. 

In addition to the versatile surface properties inherent to silicon 

dioxide [14], the unique architecture and particular disposition of SiO2 

micropillars allows the differential functionalization of the internal and 

external surfaces, as we have demonstrated in Chapter 5. Herein, we 

exploit this capability to develop a targeted drug delivery system. The 

chemically modifiable external surface can be selectively functionalized 

with targeting ligands to develop a site-specific drug delivery system and 

the large, hollow core can act as a reservoir for storing a substantial 

payload of anticancer or other drugs, thus creating targeted micropills. We 

attached anti-p75NTR to the external micropillar surface using an epoxy 

silane as a crosslinker to demonstrate the specific targeting of 
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neuroblastoma cells, which overexpress the p75 neurotrophin receptors 

(p75NTR) [28]. Subsequently, hollow cores of the micropillars were loaded 

with the anticancer drug camptothecin (CPT). CPT is a very powerful 

cytotoxic agent that targets a nuclear enzyme leading to growth inhibition 

and cell death [29]. However, CPT is a highly hydrophobic molecule and its 

delivery without inducing off-target adverse effects remains a challenge 

[30]. Hence, site-specific delivery of CPT using SiO2 micropillars as 

biocompatible cargo carriers may lead a breakthrough in the 

chemotherapy of cancer. 

8.2 Experimental methods 

8.2.1 Micropillars fabrication 

Firstly, macro-pSi was fabricated by electrochemical etching following 

the standard procedures outlined in Chapter 3, section 1.3. In order to 

obtain periodically arranged pores, we applied the lithographic and 

indentation process over a 6x6 mm2 area, with 3 µm lattice constant. The 

sample was mounted in an electrochemical cell with the indented side 

exposed to the electrolyte, a solution 1:10 (v:v) of HF (40%, Sigma Aldrich) 

in DMF (Sigma Aldrich). Macropores were grown perpendicular to the 

surface by etching under galvanostatic conditions, applying a current 

density of 5 mA cm-2.  

After straight, regular macropores were formed, an approximately 200 

nm thick SiO2 layer was grown by thermal oxidation at 1000 °C for 1.5 h in 

air. Then, the backside oxide layer was dissolved by BHF etch. Finally, the 

silicon bulk was anisotropically etched in aqueous TMAH (25%, Sigma 

Aldrich) at 85 °C. The oxide grown on the internal surface of the 
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macropores acted as TMAH etch stop and subsequently, the oxidized pore 

tips appeared protruding out of the wafer backside. This process was 

described in detail in Chapter 3, Section 2.1. 

Macro-pSi samples and the subsequent silicon dioxide micropillars 

were morphologically characterized by scanning electron microscopy 

(SEM) using a FEI Quanta 600 environmental scanning electron microscope 

operating at an accelerating voltage between 15 and 25 kV. Micropillar 

structure was also characterized by transmission electron microscopy 

(TEM) using a JEOL 1011 operating in dark-field mode at 80 kV. 

8.2.2 Modification of Outer Surface of Micropillars 

A sample pre-treatment in piranha solution for 2 h (2:1 mixture of 

H2SO4/H2O2).was used for cleaning and increasing the number of available 

hydroxyl groups on the surface (Figure 8.1A). Subsequently, the surfaces 

were washed thoroughly with MilliQ water. After drying in an oven at 60 °C 

for 2 h, the outer surface of the substrates were modified by immersing 

pre-treated micropillars in a solution of 10% v/v (3-glycidyloxypropyl) 

trimethoxysilane (GOPS, Sigma-Aldrich) in anhydrous toluene for 30 min 

(Figure 8.1B) [31]. After rinsing with toluene several times, the modified 

micropillars were dried under a stream of nitrogen gas. 

Anti-p75NTR antibodies were added at a concentration of 500 μg mL-1 

in sterile PBS (pH 7.4) on freshly epoxy-silane-coated micropillars then 

were stored at 4 °C for 16 h. Subsequently, to impede nonspecific 

attachment, modified micropillars were incubated in 5% BSA (Sigma 

Aldrich) in sterile PBS at pH 7 at 37 °C for 16 h (Figure 8.1C).  
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Freshly epoxy-silane-coated outer surface of micropillars were 

incubated with 1 mg mL-1 Dylight 549-conjugated mouse antihuman IgG 

(Abcam) for 16 h at 4°C. The outer surface of micropillars were then 

washed with sterile PBS (three times, 5 min each) to remove excessive and 

unattached antibodies. Micropillars were then examined using an inverted 

fluorescence microscope equipped appropriate filters (Nikon Eclipse Ti-S). 

 
Figure 8.1. Schematic illustration of the method for the functionalization and drug 

loading of silicon dioxide micropillars. A) SiO2 micropillars hydroxylation; B) GOPS 

silanization of the external surface; C) anti-p75NTR immobilization followed by 

BSA incubation to prevent nonspecific binding; D) CPT loading inside the 

micropillars; E) mechanical detachment of SiO2 micropillars; F) micropillars 

release in the cell medium. 
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8.2.3 Fourier-Transform Infrared Spectroscopy 

Infrared investigation was performed with a Bruker Vertex 70 (Bruker 

Optics), using a DTGS detector and operating in air. Each spectrum is the 

average of 5212 scans, collected in transmission geometry and recorded 

over the range 360 – 4500 cm-1 with resolution of 4 cm-1. All the 

absorbance spectra were calculated using the spectrum of the empty 

chamber as reference, and applying both the air compensation correction 

and a 13-points smoothing (Savitzky-Golay algorithm) available in OPUS 

software (Bruker Optics).  

8.2.4 Loading of the Micropillars with Camptothecin  

After the silane grafting and anti-p75NRT immobilization on the 

external surface of SiO2 micropillars, the macropore side of the wafer was 

exposed and camptothecin (CPT) was drop loaded inside the macropores 

volume. CPT was dissolved in methanol to produce a 10 mg mL-1 solution. 

The CPT solution was added drop wise 0.05 mL min-1 into micropillars 

under laminar flow until the solvent was completely evaporated. This step 

was repeated 10-60 times depending on the length of the micropillars 

(Figure 8.1D). 

The release experiments were performed by monitoring the 

fluorescence intensity of camptothecin in cell culture medium. The solution 

was excited at 350 nm, the fluorescence emission was monitored at 440 nm 

using a spectrofluorometer (PTI Quantamaster 40, Photon Technologies 

International, Edison, NJ, USA). 
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8.2.5 Cell Culture Procedures 

 SH-SY5Y and BSR cells were seeded in wells of a 96-well plate at 10000 

cells per well. After one day, cells were incubated with different CPT-loaded 

micropillar samples that were previously mechanically detached from the 

silicon substrate (Figures 8.1E, F). Cells were treated with the micropillars 

for 1 h at 50 μg mL-1 concentration at 37 °C and 5% CO2. Following 

incubation, cells were washed with PBS to remove unattached micropillars 

and finally incubated in DMEM (10% FBS, 100 U mL-1 penicillin and 100 

µg/mL streptomycin) in 5% CO2 at 37 °C for 48 h to determine the effect of 

the micropillars treatment on cell viability by means of a LDH assay. 

8.2.6 Cell Viability 

 To determine the viability of micropillar treated cell cultures LDH 

released in culture supernatants was measured using an established assay 

(Abcam LDH-Cytotoxicity Assay  it II) according to the manufacturer’s 

instructions. After 48 h incubation with micropillar samples, 100 µL of the 

cell suspension was centrifuged at 600 x g for 10 min, and the supernatant 

was transferred into a 96-well plate. To each well, 100 μL LDH reaction mix 

was added, and after 30 min incubation at room temperature, the 

absorbance at 450 nm was measured. All experiments were repeated at 

least three times. 

8.2.7 Laser Scanning Confocal Microscopy 

BSR cells and SH-SY5Y cells were grown on sterile coverslips at density 

of 5 × 104 cells cm-2. After one day of incubation, cells were incubated with 

antibody- CPT loaded micropillars at 50 μg mL-1 concentration for 1 h at 37 

°C and 5% CO2. Cells were then washed with PBS, fixed for 10 min in a 

solution containing 4% paraformaldehyde EM grade (Electron Microscopy 
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Sciences), and subsequently permeabilized with 0.1% Triton X-100 (Sigma-

Aldrich) for 5 min at room temperature. Nuclei of cells were stained with 1 

μg/mL  icogreen (Life Technologies) for 15 min at room temperature. The 

actin filaments in the cytoplasm were stained with 100 µM TRITC-labeled 

phalloidin (Sigma-Aldrich) for 45 min. Finally, the coverslips were washed 

in PBS and mounted using fluoro-gel mounting reagent (ProSciTech). 

Stained cells were imaged using a confocal fluorescence microscope (Nikon 

A1) equipped with appropriate filters. An 405 nm argon laser was used as 

excitation source for CPT-loaded micropillars. Images shown are 

representative of at least three independent experiments and were 

obtained using identical sensitivity parameters. 

8.2.8 Subcellular Localization of CPT and Imaging 

For CPT uptake by cells, SH-SY5Y cells were grown on sterile coverslips 

at density of 5 × 104 cells cm-2. After one day of incubation, antibody-CPT 

loaded micropillars at 50 μg mL-1 concentration were incubated with cells 

for 1 h at 37 °C and 5% CO2. 

Following incubation, cells were washed with PBS for 5 min to remove 

unattached micropillars and finally incubated in DMEM (10% FBS, 100 U 

mL-1 penicillin and 100 µg mL-1 streptomycin) in 5% CO2 at 37 °C for 30 

min, 1 h, 2 h, 4 h and 8 h to determine CPT uptake by cells. Cells were then 

washed with PBS, fixed for 20 min in a solution containing 4% 

paraformaldehyde EM grade (Electron Microscopy Sciences), and 

subsequently permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 1 

min at room temperature. Nuclei of cells were stained with 2 μg mL-1 

Picogreen (Life Technologies) for 15 min at room temperature. The actin 

filaments in the cytoplasm were stained with 200 µM TRITC-labeled 

phalloidin (Sigma-Aldrich) for 45 min. Finally, the coverslips were washed 
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in PBS and mounted using fluoro-gel mounting reagent (ProSciTech). Cells 

were imaged using a laser scanning confocal fluorescence microscopy 

(Nikon A1) with excitation at 405 nm for CPT. 

8.3 Results and Discussion 

High-aspect-ratio SiO2 micropillars were obtained from ordered macro-

pSi arrays [26, 32, 33]. These tubular macropores are prepared by 

electrochemical etching of lithographically pre-patterned silicon with a 3 

μm lattice constant. SEM images in Figure 8.2A show the resulting SiO2 

micropillars with an external diameter of 1.8 μm. The pore size is given by 

the etching conditions, wafer resistivity and patterned lattice within a 

narrow range [34], but the length is highly tunable as is only dependent on 

the TMAH etching time, as described in Chapter 3. Micropillars of lengths 

ranging from 5 to 60 μm were used for this study. In Figure 8.2B we can 

observe micropillars mechanically detached from the substrate with a 

length of approximately 20 μm and a wall thickness of 200 nm. 

 
Figure 8.2. SEM micrographs of A)a tilted-view of ordered silicon dioxide 

micropillar arrays after TMAH etching of back side bulk silicon and B) detached 

micropillars. 

10 μm

A

5 μm

B
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The anti-p75NTR antibody was used in this study to target the p75NTR 

overexpressed receptor on SH-SY5Y neuroblastoma cells [28]. The BSR cell 

line was chosen as a negative control, which does not express p75NTR [28]. 

The immobilization of the antibodies was performed on the external side of 

the micropillars as schematically shown in Figure 8.1. Grafting between the 

SiO2 surface and the specific antibody anti-P75NRT involved a silanization 

reaction with GOPS [31, 35]. Silanes can react with the surface hydroxyls 

present on the surface of the micropillar to form a covalent linkage through 

a condensation reaction. FT-IR spectroscopy was used to verify successful 

grafting of GOPS. Figure 8.3 shows the IR spectra of oxidized porous silicon 

before and after functionalization with GOPS. In the spectral region 

between 1200 and 1600 there are several bands related to CHx bending and 

scissoring modes, confirming the presence of the propylic chains, a motif 

within the GOPS molecule. In the CHx stretching region between 2800 and 

3000 cm-1 at least two bands appear centered at 2937 and 2877 cm-1 which 

can be respectively assigned to the asymmetric and symmetric stretching 

modes of the C-H groups in the aliphatic chains. The spectra were collected 

in transmission mode in a nanoporous silicon sample hydroxylized and 

functionalized following the exact same procedures performed for the SiO2 

micropillars.  

The anti-975NRT was immobilized onto the silanized outer side of 

micropillars via the covalent bond between the epoxy groups on the silane 

monolayer and the amine groups on lysine residues of the antibody [35]. 

The micropillars were incubated in 5% bovine serum albumin (BSA) to 

eliminate the residual binding capacity of GOPS. To confirm antibody 

grafting onto the silanized outer surface of the SiO2 micropillars 

DyLight549-conjugated IgGs were incubated with GOPS-silanized and 

unsilanized micropillars and tubes were then dispersed in order to image 
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the outer walls of the tubes by fluorescence microscopy. As expected, 

binding of the red fluorescent DyLight549 IgG was observed only to the 

GOPS-silanized micropillars (Figure 8.4B). 

 
Figure 8.3. FT-IR of A) oxidized and B) GOPS-functionalized porous silicon. 

Following the antibody immobilization, the internal volume of the 

micropillars was loaded with a CPT solution in methanol by drop coating at 

0.05 mL min-1. Allowing the methanol to evaporate, the process was 

repeated 10-60 times to ensure a good filling and utilization of the hollow 

volume. CPT loading in the micropillars arrays was observed by 

fluorescence microscopy, exploiting the intrinsic luminescence of CPT at 
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405 nm. Figure 8.5A shows a pattern of blue dots that correspond with 

CPT-loaded micropillars arranged on the silicon substrate. The disparity in 

color intensity may reflect variation in the amount of CPT loaded between 

micropillars, due to blockages in CPT precipitation during loading. After 

CPT loading, the SiO2 micropillars were detached from the wafer by 

mechanical scratching. This process does not affect the CPT loading in the 

micropillars (Figure 8.5B). Release kinetics of camptothecin from the 

loaded micropillars was obtained by monitoring the fluorescence intensity 

at 440 nm over time under excitation at 350 nm (Figure 8.6). The release 

experiments showed that 80% of the loaded CPT was released after 32 

hours. After 5.5 h, 50% of the loaded CPT was released from the 

micropillars, rising to 80% after 32 h. These release kinetics are 

significantly slower than those described in previous experiments and are 

suitable for cancer targeting applications [1].  

 

Figure 8.4. Binding of DyLight549-conjugated IgG to microtubes, analyzed by 

fluorescence microscopy. A) Native (unsilanized) microtubes and B) GOPS-

silanized microtubes (control) were incubated with DyLight549-conjugated mouse 

antihuman IgG. The red chromophore (‘DyLight549’) indicates binding of IgG to 

the silanized microtubes. 
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Figure 8.5. Fluorescence microscopy images of A) a top-view CPT-loaded SiO2 

micropillar arrays and B) individual SiO2 micropillars loaded with CPT after 

mechanical detachment. 

 

Figure 8.6. Release kinetics of CPT from loaded SiO2 micropillars of 15 μm length. 

The ability of the dispersed antibody-functionalized SiO2 micropillars 

to target cancer cells was studied by incubating both SH-SY5Y 

neuroblastoma cells and BSR control cells for 1 h in cell medium 

supplemented with micropillars at 50 μg mL-1 concentration. Cells were 

washed to remove any non-covalently attached micropillar and observed 

via microscopy. Note that this experiment was performed with non-drug-

loaded SiO2 micropillars. The majority of SH-SY5Y neuroblastoma cells 
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(60.2% of 431 counted cells) were associated with micropillars (Figure 

8.7A), whereas not a single BSR cell was observed with micropillars 

attached (0% of 647 cells counted, Figure 8.7B). Hence, micropillar binding 

was verified to be specifically mediated by the anti-p75NTR antibody and 

not due to unspecific adsorption effects. 

Finally, the ability of the antibody-functionalized micropillars loaded 

with CPT to target and kill cancer cells in vitro was investigated in 

neuroblastoma cells. SH-SY5Y and BSR cells were incubated with CPT-

loaded micropillars at 50 μg mL-1 concentration. After 1 h, the cell culture 

medium was replaced to remove unattached micropillars. This step 

ensures that CPT is not released to a significant extent into the cell culture 

medium from unattached micropillars. Washed cells were then incubated  

 
Figure 8.7. Antibody-functionalized SiO2 microtube attachment to cells. A) 

Brightfield microscopy image of SH-SY5Y cells after incubation with antibody-

functionalized microtubes. The red arrows point to microtubes attached to cell 

membranes. B) Brightfield microscopy image of BSR cells after incubation with 

antibody-functionalized microtubes. No microtubes are visible. 

for a further 48 h to determine the effect of the CPT release from anti-

p75NTR-functionalized micropillars on cell viability by means of the LDH 

assay. The results are presented in Figure 8.8, micropillar preparations of 

different lengths were tested. These results clearly indicate that anti-

20 μm 
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p75NTR-functionalized micropillars lacking CPT were non-toxic to the 

cells. Cell viability remains high for both SH-SY5Y cells and BSR cells after 

being exposed to the non-loaded anti-p75NTR-micropillars for 2 days, 

above 90% of untreated control measures. Upon incubation with anti-

p75NTR-functionalized micropillars loaded with CPT, a reduction in 

viability to only 4-6% of untreated controls was observed after 2 days. In 

contrast, survival of BSR cells was unchanged after exposure to CPT loaded 

micropillars. Micropillar length was not found to influence the induction of 

cell death. 

 

Figure 8.8 Viability of SH-SY5Y and BSR cells after incubation with antibody-

functionalized and CPT-loaded microtubes. Cells were incubated with anti-

p75NTR-functionalized microtubes for 1 h. The medium was then replaced to 

remove unattached microtubes releasing CPT into the cell culture medium. For 

each sample, viability analysis was performed in triplicate. Microtubes were 

applied at a final concentration of 50 µg mL-1. 
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Confocal fluorescence microscopy revealed that anti-p75NTR-

functionalized micropillars loaded with CPT readily attached to 

neuroblastoma cell surfaces and slowly released their cargo (Figure 8.9A). 

Over time CPT fluorescence inside of the micropillars weakened, and 

intracellular CPT fluorescence increased over the course of 8 h (Figure 

8.10). Increasing incubation times led to accumulation of CPT in the cells. 

BSR cells incubated with anti-p75NTR-functionalized micropillars loaded 

with CPT were free of associated micropillars under the same incubation 

conditions (Figure 8.9B).  

 
Figure 8.9. Interaction of anti-p75NTR-labelled micropillars with adherent cells. 

Confocal fluorescence microscopy image of SH-SY5Y neuroblastoma cells (A) and 

BSR cells (B). Red: actin filaments in the cytoplasm (phalloidin staining), green: 

nucleus (Picogreen staining), blue: micropillars (CPT fluorescence).  

Cytoplasm Nuclear Microtubes Merge
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Figure 8.10. Time series of CPT uptake into SH-SY5Y neuroblastoma cells from 

CPT-loaded anti-p75NTR-labelled microtubes loaded with CPT by confocal 

fluorescence laser scanning microscopy. Left panels CPT fluorescence, right panels 

overlay (red: actin filaments in the cytoplasm (phalloidin staining), green: nucleus 

(Picogreen staining), blue: CPT fluorescence.  

8.4 Conclusions 

In summary, we designed a targeted micropill using engineered SiO2 

micropillars. The external and internal surfaces of SiO2 micropillars were 

differentially functionalized. While the external surface displayed 

antibodies to target the corresponding overexpressed antigens on the 

tumor cell surface, the micropillars internal volume was used as cargo 

carrier for the hydrophobic anticancer drug CPT. Antibody-functionalized 
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micropillars attached to neuroblastoma cells within 1 h, whereas control 

cells that did not express the cognate receptors did not interact with the 

micropillars. The functionalized micropillars were demonstrated to be 

biocompatible as they do not induce toxicity in cells. CPT showed sustained 

release from cargo-loaded micropillars over the course of over 30 h. In 

vitro tests showed that the delivery of the anticancer drug led to efficient 

neuroblastoma cell killing. In contrast, cells which do not express the 

cognate receptor were unaffected when the micropillar-containing medium 

was replaced 1 h after incubation. We posit that deploying SiO2 micropillars 

as cargo carriers for hydrophobic anticancer drugs is a promising strategy 

in chemotherapy. Furthermore, we argue that the ability to selectively 

functionalize the outer surface of the micropillars in the array with specific 

targeting molecules, whilst having independent access to the inside of the 

pillars a significant advantage of this particular architecture.  
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This thesis has explored the fabrication of silicon oxide (SiO2) 

microstructures based on macroporous silicon (macro-pSi), with a focus on 

producing suitable architectures for application in biomedicine. The 

biocompatibility of SiO2 is generally accepted; nevertheless, a methodical 

study of the surface chemistry and its modification was performed by 

infrared (IR) spectroscopy to generate surfaces capable of biointerfacing 

with living cells. The particular architecture of these substrates allowed 

creating multifunctional particles with a selective dual functionality in 

nanometrically separated internal and external sides. We also foresaw 

these microstuctured materials as drug carriers. Thus, SiO2 microparticles 

were proposed as pH-controlled drug delivery system when they are 

combined with pH-responsive polyelectrolytes. Finally, a dual-

functionalization of the inner/outer sides was employed for creating 

multifunctional microparticles, which were demonstrated to be cancer-

targeted in in vitro tests.  

Chapter 3 described the methods to prepare macroporous silicon by 

the electrochemical etching of low doped p-type silicon. Both random and 

ordered silicon macropores were fabricated. The size distribution in 

random macro-pSi is highly dispersed and the nucleation sites undefined. A 

patterning lithography prior etching leads to an ordered nucleation of 

pores and a uniform size distribution. The optimal conditions for straight 

and stable pore growth were established considering the doping density, 

lattice constant and etching parameters. Macro-pSi substrates were used as 

precursor for producing random and ordered three-dimensional SiO2 

structures. Hollow SiO2 micropillars essentially adopted the shape and 

arrangement of their preceding macropores. Thus, the interpore distance 

and diameter is mainly given by the anodization conditions in the 

formation of macro-pSi. However, the length is highly tunable as it depends 
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in the anisotropic etching time. Micropillars of lengths ranging from a few 

to several tens of micrometers were obtained. In the following chapters, 

micropillars were used as arrays in the silicon substrate and also as 

microparticles after mechanical detachment.  

In the subsequent chapter, we described the functionalization methods 

towards bioligand conjugation for SiO2 surfaces. Two different silanization 

reactions were studied and systematically characterized by infrared 

spectroscopy. We investigated the effect of acid and alkaline post-

treatments on the hydrolysis and condensation of the lateral alkoxy chains, 

and on the terminal functionality of the silane layers. The protonation of 

the functional group in amino-terminated layers is of pivotal importance in 

subsequent crosslinker coupling towards bioligand conjugation. Our data 

showed that the covalent bond formed between amines and aldehydes is 

affected by the charge of the amino-functionalized layer. Results from these 

initial investigations determined the SiO2 surface modification procedures 

and the reaction conditions used in subsequent chapters. 

Following the surface chemistry investigation, in Chapter 5 we 

performed the dual-side functionalization of the interior and exterior sides 

of SiO2 hollow micropillars. By alternating fabrication and chemical 

modification steps, the cross-contamination between the internal and 

external sides was avoided. Conjugation of fluorescent organic dyes to the 

differentially functionalized inner/outer surfaces allowed the investigation 

with confocal fluorescence microscopy. Fluorescent observation 

demonstrated successful immobilization of dual chemical species including 

the bioconjugation of the BSA protein. This approach enabled the 

independent chemical activation of two nanometrically separated surfaces, 

which can be simultaneously imaged. Results in this chapter led to 
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following investigations in the use of multifunctional micropillars as 

biointerfaces.  

The first investigation towards biomedicine application was explored 

in Chapter 6, where SiO2 micropillars were internally coated with 

polyelectrolytes to create a hybrid organic/inorganic drug delivery system. 

A pH-responsive cationic/anionic polyelectrolyte multilayer (PME) was 

deposited by the layer-by-layer technique, and a model anticancer drug 

(doxorubicin, DOX) was successfully loaded into the PEM. The interaction 

between the PEM and DOX was appreciably dependent on the pH, thus the 

release rate at pH 5.2 was observed to be significantly higher than at pH 

7.4. The effect of the number of layers was also investigated, being the drug 

loading capacity higher in those systems coated with PEM than in bare 

micropillars. This system was envisaged for pH-responsive drug delivery in 

localized therapy. 

The use of three different SiO2-based microstructured platforms for 

interfacing with living cells was explored in Chapter 7. A first evaluation 

performed on oxidized flat silicon showed an enhanced cell adhesion and 

growth on collagen functionalized surfaces. Then, human aortic endothelial 

cells (HAEC) were cultured on microstructures substrates, which were 

demonstrated to be biocompatible as they do not induce toxicity in the 

cells. The results highlighted the effect of the substrate topography on the 

cell adhesion, spreading and morphology of HAEC. Cell adhesion was found 

to be higher on ordered micropillar compared to all other substrates, 

including flat Si. The feasibility to induce different cell spreading and 

morphology behaviors was also tested. HAEC on macro-pSi showed a flat 

shape and the presence of pseudopods. A drastic impact in the nuclei and 

body shapes was induced by micropillar substrates. The results suggest 
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that patterned substrates generate cell patters that seem to mimic the 

pillar arrangement.  

Finally, multifunctional monodispersed micropills based on SiO2 

micropillars were applied for targeted drug delivery. Following the 

differential functionalization scheme explored in Chapter 5, the external 

surface was conjugated with antibodies capable to target the 

corresponding overexpressed antigens on the tumor cell surface. 

Consecutively, the internal volume of the micropillars was loaded with the 

hydrophobic anticancer drug camptothecin (CPT). In vitro tests showed 

that neuroblastoma cells specifically attached to antibody-functionalized 

micropillars and the delivery of CPT led to efficient cell killing. Conversely, 

control cells that do not express the cognate receptor did not attach to 

micropillars and were unaffected when the micropillar-containing medium 

was replaced after 1 h incubation. We believe that employing 

multifunctional SiO2 micropillars as cargo carriers for hydrophobic 

anticancer drugs is a promising strategy in cancer-target drug delivery 

chemotherapy.  

The techniques herein presented for producing biocompatible SiO2 

structures from anodically formed macro-pSi open the door for the 

advancement of a range of biomedical and biotechnological systems. The 

technological and physico-chemical approaches that have been developed 

and the results that have been presented indicate the versatility and 

usefulness of these materials in the life sciences. We showed the feasibility 

and usefulness of using three-dimensional SiO2 substrates for interfacing 

and interacting with living cells. The applicability of the micropillars for 

pH-controlled and targeted drug delivery has also been effectively proved. 

Altogether, we believe the technology, characterization and applications 
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presented in this thesis are rather encouraging and will provide a starting 

point for developing innovative smart systems that will find application in 

pharmaceutical, biotechnology and healthcare industries.  
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