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Zusammenfassung 

Die Entwicklung gezielter Diagnostik- und Therapieansätze zur Behandlung bakterieller 

Infektionen steht weltweit im Fokus der Forschung, motiviert durch die zunehmende 

Ausbreitung antibiotikaresistenter Bakterien. Einer der vielversprechenden diagnostischen 

Ansätze basiert auf der Verwendung Stimuli-responsiver Materialien, sogenannten 

"intelligenten Materialien". In dieser Dissertation wurde ein Stimuli-responsives biologisch 

abbaubares Polymer zusammen mit anodisiertem Aluminiumoxid (AAO) und porösen 

Silizium Rugate Filtern (pSiRF) zur optischen Detektion von Pilz- und Bakterienenzymen 

verwendet.  

Zunächst wurden AAO-Nanostrukturen durch verfeinerte Anodisierungsprozesse hergestellt. 

Die Anodisierungsparameter wurden angepasst, um die Struktur des AAO an die 

Anforderungen der Sensorik anzupassen. Die hergestellten AAO-Nanomaterialien mit gut 

geordneten hexagonalen Porenstrukturen wurden weiter mit Phosphorsäure nasschemisch 

behandelt, um die Porendurchmesser zu vergrößern. Der Durchmesser und die Länge der 

Poren wurden mittels Feldemissionsrasterelektronenmikroskopie (FESEM) analysiert. Die 

Daten zeigen, dass die Porosität linear mit der Einwirkzeit der Phosphorsäure zunahm. Die 

Abhängigkeit der Porenlänge von der Anodisierungszeit war ebenfalls linear. Die Herstellung 

von porösen Silizium (pSi) Nanostrukturen wurde ebenfalls im Detail untersucht. Der 

Herstellungsprozess wurde optimiert, um die gewünschten photonischen Strukturen zu 

erhalten, die die Anforderungen für die Erkennung des Sensorsignals mit bloßem Auge 

erfüllen. Die elektrochemische Ätzung von pSi wurde in HF/Ethanol-Gemischen 

durchgeführt und ergab Nanoporen mit Porendurchmessern und Porenlängen, die sich 

jeweils linear mit den Stromdichten und der Ätzzeit erhöhten. Das optimale Regime für die 

elektrochemische Ätzung in Flusssäure/Ethanol (1:2 v/v) zur Synthese von pSiRF-Sensoren 

mit einem hohen Qualitätsfaktor war eine Periodenzeit von 7 Sekunden für 100 Zyklen bei 

minimalen und maximalen Stromdichten von 15 und 50 mA cm-2. Spin-Coating und 

Beschichtung aus Lösung wurden verwendet, um die AAO-, planaren Si- und pSiRF-Sensoren 

mit dem biologisch abbaubaren Polymer Poly(lactid) (PLA) zu modifizieren. Die Modifikation 

der Sensoren wurde mittels FESEM, energiedispersiver Röntgenspektroskopie (EDX), 

thermogravimetrischer Analyse (TGA), Ellipsometrie, Kontaktwinkelmessung und 

reflektometrischer Interferenz-Spektroskopie (RIfS) untersucht.  
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Die enzymatische Zersetzung von PLA in den Sensoren wurde durch das Pilzenzym 

Proteinase K und von Pseudomonas aeruginosa (PAO1) (P. aeruginosa (PAO1)) sezernierte 

Proteasen katalysiert. Der Wasserkontaktwinkel wies auf eine Veränderung der 

Benetzbarkeit nach der enzymatischen Behandlung hin, was mit einer Reduktion der 

Carbonyl-Banden in den Fourier-Transformations-Infrarotspektren (FTIR) übereinstimmt. Die 

Rauigkeitsdaten der Rasterkraftmikroskopie (AFM) und die RIFs Daten bestätigten ebenfalls 

den Abbau der PLA-Filme bzw. des PLA in den Nanoporen. Die optischen RIfS Daten zeigten 

eine Blauverschiebung der Werte der effektiven optischen Dicke (EOT) und der Wellenlänge 

nach der Behandlung mit Proteinase K. Schließlich wurden die AAO- und pSiRF-Sensoren in 

Kulturen des Bakteriums P. aeruginosa (PAO1) und den entsprechenden sterilen 

Kulturüberständen getestet. Das Ergebnis zeigte, dass die enzymatische Reaktion von PLA 

im Vergleich zur freien Enzymlösung nachweisbar war. Interessanterweise gab es 

bemerkenswerte Farbverschiebungen im pSiRF-Sensor, die von grün zu blau übergingen, 

nachdem der Sensor reiner Proteinase K Lösung oder P. aeruginosa (PAO1)-Kulturen 

ausgesetzt wurde. Diese Farbänderung konnte mit bloßem Auge nach der Behandlung des 

Sensors mit dem Enzym, dem Waschen und Trocknen erkannt werden, was darauf 

hindeutet, dass dieses Prinzip zukünftig verbessert und potenziell genutzt werden könnte, 

um bakterielle Enzyme klinisch relevanter bakterieller Krankheitserreger visuell und schnell 

zu erkennen. 
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Abstract 

The development of targeted diagnostics and therapy approaches aiming at treating 

bacterial infections are in the focus of research worldwide, driven by the increasing impact 

of antibiotic-resistant bacteria. One of the diagnostic approaches is based on stimuli-

responsive materials, so-called "smart materials". In this Thesis, a stimuli-responsive 

biodegradable polymer was combined with anodic aluminum oxide (AAO) and porous silicon 

rugate filters (pSiRF) for the optical detection of fungal and bacterial enzymes.  

Firstly, AAO nanostructures were produced via refined anodization processes. The 

anodization parameters were adjusted to tailor the structure of the AAO to the sensing 

requirements. The fabricated AAO nanomaterials with well-ordered hexagonal pore 

structures were further treated with phosphoric acid to widen the pores. The pore 

diameter, length, and porosity were evaluated by field emission scanning electron 

microscopy (FESEM). The data showed that the porosity increased linearly with widening 

time. The dependence of the pore length on the anodization time was also studied, showing 

also a linear tendency. The fabrication of porous silicon (pSi) nanostructures was also 

studied in detail. The fabrication process was optimized to obtain the desired structures that 

fulfill the sensing requirements for bare eye detection. The electrochemical etching of pSi 

was carried out in HF/ethanol mixtures and afforded nanopores with pore diameters and 

pore lengths that increased linearly with the current densities and the etching time, 

respectively. The optimal regime for electrochemical etching to synthesize pSiRF sensors 

with a high-quality factor was a 7 sec period time for 100 cycles at minimum and maximum 

current densities of 15 and 50 mA cm-2, respectively, in hydrofluoric acid/ethanol (1:2 v/v). 

Spin coating and solvent casting methods were then utilized to modify the AAO, planar Si, 

and pSiRF sensors with the biodegradable polymer poly(lactic acid) (PLA). The modification 

of those sensors was investigated using FESEM, energy-dispersive X-ray spectroscopy (EDX), 

thermogravimetric analysis (TGA), ellipsometry, contact angle, and reflectometric 

interference spectroscopy (RIfS) techniques.  

The enzymatic degradation of PLA in these sensors, catalyzed by proteinase K, a fungal 

enzyme, and proteases secreted by the pathogen Pseudomonas aeruginosa (PAO1)              

(P. aeruginosa) (PAO1), was studied. The water contact angle showed a change in the 
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wettability after the enzymatic reaction, which is consistent with a reduction in the 

calculated carbonyl band observed in Fourier transform infrared (FTIR) spectra. Atomic force 

microscopy (AFM) roughness data also confirmed the PLA film degradation. RIfS emphasized 

the occurrence of the degradation of PLA-modified pores of AAO and pSiRF. The data 

showed a decrease in effective optical thickness (EOT) and a blue-shift in wavelength after 

treatment with proteinase K. Finally, the AAO and pSiRF sensors were tested in the                

P. aeruginosa (PAO1) cultures and their corresponding sterile-filtered culture supernatants. 

The results revealed that the enzymatic reaction of PLA was detectable compared to the free 

enzyme solution (LB medium). Interestingly, there were noticeable color shifts in the pSiRF 

sensor, transitioning from green to blue, when exposed to pure proteinase K solution or        

P. aeruginosa (PAO1) cultures. This color change could be detected by the bare eye after 

treating the sensor with the enzyme, washing, and drying, suggesting that this principle may 

be improved and potentially utilized to sense bacterial enzymes of clinically relevant 

bacterial pathogens visually and rapidly.   
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Chapter 1. Introduction and Motivation 

In recent decades, nanoporous materials have received significant attention due to their 

applications, which include molecular separation1, drug delivery2, energy storage3, chemical 

sensing4, and biosensing5. Due to their larger specific surface area, it is possible to load more 

bio-recognition elements onto porous substrates than planar substrates, and hence, high 

sensitivity can be achieved6. Notable examples of nanoporous substrates include anodic 

aluminum oxide (AAO) and porous silicon (pSi). They can be fabricated via 

anodization/electrochemical processes with adjustable pore diameters, ranging from sub-

nanometers to hundreds of nanometers and hundreds of micrometers in length7,8,9. 

Furthermore, the porosity of those substrates can also be adjusted. For instance, pSi can be 

fabricated with 40 to 80 % porosity10. In contrast, for AAO, a porosity of 10 % could be 

achieved under mild anodization (MA) conditions and reached up to 40 % by post-chemical 

treatment11,12. It is worth noting that pSi usually has irregular pore shapes and is in less 

order compared to AAO, which has circular, hexagonal shape and well-ordered pores10,11. 

AAO is utilized in many applications, such as drug delivery13, templating-based material14, 

bone implants15, and sensing16. pSi is mainly applied to drug delivery17 and sensing18. AAO 

and pSi are particularly promising materials for sensing because of their 

biocompatibility19,20,21 tunable nanoporous structure22,23 and optical properties24,25.  

Several studies have been conducted in which AAO and pSi were utilized as transducer 

surfaces to design label-free sensors26,27. Bacterial detection is highly desirable in many 

fields due to the increasing occurrence of bacteria that are resistant to antibiotics28. 

Therefore, several methods have been developed to detect bacteria directly and indirectly, 

particularly by employing nanoporous materials29. This Thesis focuses on the fabrication and 

functionalization of porous nanostructures with biodegradable polymers to assess their 

potential as transducers for detecting enzymes and bacterial enzymes.  

Firstly, the anodization of aluminum (Al) was investigated to achieve the optimized 

anodization conditions to fabricate AAO with regular circular pores with desirable pore 

diameters, as described in Chapter 4. Subsequently, it is well-known that the surface 

wettability of the AAO surface has an impact on the coating of the pores with a polymeric 

material or on the penetration of the biological media into the pores; thus, the systematic 
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investigation of the wetting of AAO using opened and closed pores is discussed at the end of 

Chapter 4. 

In Chapter 5, the AAO sensor and planner Si were coated with poly(lactic acid) (PLA) to 

design a composite system to detect a bacterial enzyme. The fungal enzyme proteinase K 

was used as a model enzyme for proteases secreted by bacteria. The PLA modification on 

the top surface of AAO (covering the pore gate) and on planar Si was intensively 

investigated. Additionally, the enzymatic degradation of PLA film on those substrates was 

monitored using numerous techniques.  

In Chapter 6, the response of polymer-modified AAO for sensing enzymes was optimized by 

filling the pores of AAO with PLA and removing the PLA film from the top side of the AAO 

surface before performing the enzymatic degradation. Furthermore, the modification 

process of PLA inside the pores was investigated using reflectometric interference 

spectroscopy (RIfS). The degradation of PLA by proteinase K was also studied. Furthermore, 

the AAO sensor was tested in the sterile Pseudomonas aeruginosa (PAO1) (P. aeruginosa 

(PAO1)) supernatant.  

In Chapter 7, the fabrication pSi and porous silicon rugate filter (pSiRF) were fabricated via 

electrochemical etching. The etching process was optimized by applying the optimal etching 

parameters, which were experimentally investigated to obtain the desired pSiRF structures. 

Then, PLA was loaded into the pores of pSiRF using the casting method. The energy-

dispersive X-ray spectroscopy (EDX), RIfS, and thermogravimetric analysis (TGA) techniques 

were conducted to investigate the loaded PLA inside the pores.  

Finally, Chapter 8 discussed the bacterial detection approach using the pSiRF sensors loaded 

with PLA. The pSiRF sensors were utilized as optical transducers to detect enzymes, 

including proteinase K, and those secreted by P. aeruginosa. The enzymatic degradation of 

PLA by proteinase K and both supernatant and suspension of P. aeruginosa was 

investigated. Additionally, the potential use of this approach for visual detection was 

investigated.  
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Chapter 2. State of Knowledge 

2.1 Introduction 

With the increasing occurrence of bacteria that are resistant to antibiotics, particularly 

multiply resistant bacteria1, new methods of targeted diagnostics and therapies are the 

focus of research activities worldwide. This Thesis focuses on fabricating and functionalizing 

porous nanostructures with biodegradable polymers for bacterial enzymes and, thus, 

indirect bacteria detection. This Chapter first discusses the underlying principles of bacteria 

detection using conventional and advanced techniques. Then, the fabrication, 

characterization, and modification of anodic aluminum oxide (AAO) and porous silicon 

(pSi)/photonic structures will be described. The enzymatic degradation of biodegradable 

polymers will also be highlighted. Finally, the white light interferometric technique will be 

introduced to investigate the sensing of enzymes. 

2.2 Methods for Detection and Identification of Enzymes and Bacteria 

Accurate detection of bacterial cells in various sample types, including food, water, and 

blood, is essential2. Consequently, numerous effective methods have been developed to 

fulfill this requirement, primarily for laboratory use. These methods are now widely 

recognized as the standard for identifying bacteria and are commonly used in laboratories 

worldwide3. The widely used techniques include culture and colony counting4,5, polymerase 

chain reaction (PCR)6,7 and enzyme-linked immunosorbent assay (ELISA)8. 

The culture and colony counting method involves adding bacteria to agar media. After 

incubation, bacterial growth can be quantified by counting the colonies formed on the agar 

surface. Although this method is the oldest for detecting bacteria, it is time-consuming 

because colonies require at least several hours for bacteria to become observable9.   

The PCR technique relies on isolating, amplifying, and quantifying a short chain of DNA of 

the targeted bacteria10. After the isolation and purification of DNA, the denaturation step 

takes place by applying heat to the extracted and purified DNA. As a result, a single-strand 

DNA will be formed. This single-strand DNA will then bind to a target-specific primer, 

resulting in double-strand DNA, which undergoes an extension. This cycle continues until an 

amplified double-strand DNA is obtained. Finally, the gel electrophoresis technique is 
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utilized to detect this amplified double-strand DNA of the targeted bacteria. The PCR 

technique may provide misleading information because, for instance, the DNA will be found 

both in alive and dead cells, making it difficult to determine whether the cells are alive or 

dead11. Additionally, the method requires highly trained personnel and might be costly to 

operate12. Due to its high selectivity, the ELISA method is an effective method to detect 

various pathogens, such as bacteria13 and viruses14. It relies on specific antibody-antigen 

interactions15. However, ELISA also has disadvantages; for instance, it is a time consuming, 

complicated, and costly method16 and antigen cross-reactions might occur17,18. 

Furthermore, it cannot detect bacteria or viruses in real-time and is also susceptible to 

interference19. Therefore, rapid, direct, low-cost, and reliable methods are necessary for 

detecting pathogens, especially bacteria. Thus, scientists have explored, studied and 

examined biosensors and sensors as platforms for the detection of bacteria (Figure 2.1)20,21.  

 

Figure 2.1: Statistics of publications on biosensors for bacterial detection. This Figure was 

reproduced with permission from reference [20]: Gopal, A.; Yan, L.; Kashif, S.; Munshi, T.; 

Roy, V. A. L.; Voelcker, N. H.; Chen, X. Biosensors and Point‐of‐Care Devices for Bacterial 

Detection: Rapid Diagnostics Informing Antibiotic Therapy. Advanced Healthcare Materials 

2021, 11 (3). Copyright 2021. John Wiley & Sons, Inc. 

Biosensors or sensors offer real-time or rapid detection strategies, and additionally, they 

exhibit remarkable versatility due to their ability to use different chemical, physical, and 

biological tools to detect and identify the presence of particular bacteria or biomarkers22. 
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Biosensors/sensors can be used as a label-free sensing strategy, which is preferable to 

reduce the detection time as well as reduce undesired interferences23. However, these can 

be highly selective and sensitive detection approaches, if they are integrated with particular 

sensing techniques.  

In recent years, porous nanoporous structured materials, including AAO24, pSi25, porous 

metal oxides26, porous organo-silica27, and porous polymers28 have emerged as novel 

platforms for developing biosensors and sensors29,30,31 due to their high specific surface to 

volume ratio, which enhances the sensor's sensitivity by increasing the number of 

immobilized receptors and available binding sites. Utilizing porous nanomaterials as sensor 

platforms enhances sensitivity and offers high selectivity, making them a good choice for 

identifying and quantifying analytes in complex samples. AAO and pSi are among the most 

utilized porous materials in sensing applications due to their chemical, optical, mechanical, 

electrical, biocompatible properties and controllable structures32,33,34. 

AAO is fabricated by electrochemical anodization of a pure Al substrate in acidic 

electrolytes35. Its well-defined structure has pores produced perpendicular to the AI 

substrate in a honeycomb shape36. The surface chemistry of AAO allows different functional 

groups to be bonded to the surface, permitting the binding of different analytes to be used 

in further sensing applications37,38. 

Researchers utilized AAO as a versatile platform for chemical sensing and biosensing39,40,41. 

For instance, Kumeria et al. used the optimized AAO structure to detect volatile sulphur 

compounds and hydrogen gas42,43. Here, AAO structures were fabricated and coated with 

gold and platinum to provide a specific binding site for the detection of hydrogen sulphide 

gas and hydrogen gas, respectively. Further study demonstrates the optimization of the 

surface modification of the gold-coated surface of AAO with mercaptoundecanoic acid. The 

data showed that the sensor’s signal was very sensitive to the change in thiol 

concentrations44. Li and co-workers efficiently designed a DNA label-free detection sensor 

based on AAO45. They developed an electrochemical detector by coating the top side of the 

AAO surface with a layer of gold, whereas the pores were functionalized with the single-

strand DNA. Upon the DNA hybridization, the diffusion of ferricyanide ions through the AAO 

pores will be slowed and, thus, can be measured. This sensor offers a highly sensitive, 

selective, and rapid method for DNA analysis. Smirnov’s group conducted a similar study; 
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they used small and large AAO pores to monitor the effect of pore geometry on the 

diffusion and hybridization of DNA inside the pores46. Dhathathreyan reported on a protocol 

using AAO as an enzyme sensor47. This author utilized AAO to study the kinetics of the 

reaction of the enzyme invertase by functionalizing the AAO pores with invertase. The 

activity of the enzyme inside the pores was monitored with confocal laser scanning 

microscopy (CLSM) and surface plasmon spectroscopy (SPR) during the injection of different 

sucrose at pH ranging from 3.0 to 6.5. The data exhibited that the optimal activity of 

invertase was reached at pH 4, and the kinetic was biphasic for the adsorption of the 

invertase and its interaction with the sucrose. 

The methods of employing AAO and pSi for bacterial sensing can be divided into indirect 

and direct. Figure 2.2 demonstrates the differences between these two methods. In indirect 

methods, bacterial detection relies on targeting only specific components of the bacterial 

cells, such as fragments of DNA, proteins, or enzymes released by bacteria. On the other 

hand, in direct methods, bacteria detection is achieved by directly attaching the whole 

bacteria to the surface of the porous materials48,49.  

 

Figure 2.2: Schematic of ‘indirect’ and ‘direct’ bacteria detection based on pSi. This Figure 

was reproduced with permission from reference [49]: Srinivasan, S.; Leonard, F.; Kuncewicz, 

T. M.; Godin, B. In Vivo Imaging Assessment of Porous Silicon. Porous Silicon for Biomedical 

Applications 2014, 223–252. Copyright 2014. Elsevier. 
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The detection of bacteria via a DNA-based sensor is achieved by modifying the porous 

structures with a ssDNA sequence. If a cDNA of the target bacteria is introduced to this 

ssDNA, the hybridization of DNA will take place. As a result, the sensor response can be 

recorded. Toh et al. demonstrated a DNA-modified AAO sensor for bacteria sensing50. They 

proposed an electrochemical method to detect the target DNA of Legionella sp. by pre-

immobilized ssDNA inside AAO pores. The sensor signal was recorded based on the redox 

process that happened due to the hybridization of cDNA of bacteria with the functionalized 

ssDNA inside AAO pores. This sensor provided a sensitive method with detection of         

limit 3.1 x 10-13 M. 

In another study, Escosura-Muñiz et al. designed an AAO based sensor to electrically 

evaluate bacterial virulence by detecting the enzyme hyaluronidase (HYAL) secreted by live 

Staphylococcus aureus and Pseudomonas aeruginosa (P. aeruginosa) cultures on AAO51. 

These researchers functionalized the pores of AAO with (3-aminopropyl)triethoxysilane 

(APTES) followed by activation with [N-(3-dimethylamino)propyl)]-N-ethylcarbodimide/ 

sulfo-NHS, sulfo N-hydroxysuccinimide and finally the reaction with an anti-HYAL antibody. 

HYAL secreted by bacteria entered the pores and blocked them due to HYAL 

immunorecognition (bound to the antibody); in contrast, in the absence of enzyme or for 

reduced enzyme activity (by inhibition), no closing of the pores took place, which was 

proved by voltametric measurements. 

Other researchers developed an AAO-polymer composite structure to detect “indirectly”    

P. aeruginosa by employing its secreted proteinases30. The pores of AAO were coated with 

poly(sodium-4-styrenesulfonate) and poly-L-lysine polymers via layer-by-layer approach52. 

Due to the enzymatic degradation, a layer of poly-L-lysine was degraded after exposure to 

proteinase; the reaction was monitored by Interferometry, as discussed later in this 

Chapter.  

pSi was also used as a platform for enzyme and bacteria detection. The work by Grooms’s 

group fabricated a DNA-pSi based sensor to detect Salmonella enteritidis53. The pSi was 

coated with polypyrrole by electropolymerization. Then, ssDNA was introduced to the 

polypyrrole-pSi surface for interaction between the negatively charged ssDNA and positively 

charged polymer film without further chemical modification. Exposure of this sensor to the 

cDNA probe of Salmonella enteritidis led to the formation of dsDNA, and the current density 

https://ieeexplore.ieee.org/author/37424512900
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was measured. The data revealed that the reaction was selective, and the limit of detection 

(LOD) was 1 ng mL-1. Alocilja and co-workers reported a pSi sensor for indirectly sensing      

E. coli based on secreted enzymes54. The study demonstrated a luminescence protocol for 

sensing bacterial enzymes. The pores of pSi were modified with dioxetane and Polymyxin B. 

The β-galactosidase enzyme, which is secreted from E. coli, among other molecules during 

the metabolism, reacted with dioxetane/Polymyxin B inside the pores. This reaction 

produced light at 350 nm with higher emissions than the reference sensor. This pSi-enzyme 

sensor exhibits a sensitivity for bacteria of 100 CFU mL-1. 

Other authors proposed a pSi sensor that was based on enzyme-responsive material for 

Staphylococcus aureus detection55. Thermally hydrocarbonized pores of pSi were coated 

with hyaluronic acid methacrylate (HYAMA) via crosslinking. When the sensor was exposed 

to HYAL, an enzyme produced by Staphylococcus aureus, enzymatic degradation occurred 

and was monitored by voltammetry. The result revealed that the enzyme could successfully 

degrade the HYAMA; furthermore, the reaction response increased with the increase in the 

enzyme concentration.  

Recent research conducted by Francis and co-workers developed a new sensing protocol 

using pSi to detect bacteria indirectly via their lysate56. The top surface pSi film was coated 

with a layer of TiO2 layers, which serves as a passivating film and enhances the reflectivity of 

pSi. In this method, the lytic enzyme, which is utilized as a recognition component, attaches 

only the specific bacteria, and, as a result, bacterial lysate will be released, which then 

penetrates the pore, causing an increase in the film's refractive index. They could use this to 

detect the Gram-positive rod-shaped bacteria Bacillus cereus using an enzyme model called 

bacteriophage-encoded PlyB221 endolysin. The sensitivity of the sensor reached             

1000 CFU mL-1. 

Some methods for detecting bacteria require pre-treatment or extraction processes. These 

processes might be time-consuming or can only be performed in a specific laboratory. 

Therefore, the use of direct detection methods could overcome these challenges. The 

sensing of bacteria using AAO/pSi could be implemented by testing with bacterial 

suspensions containing different concentrations of bacteria fragments. In these methods, 

the bacteria cells are directly attached to the AAO or pSi surface either by a specific surface 
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design or surface chemistry. Thus, there is no need for the presence of secreted molecules 

by bacteria, such as enzymes or antibodies, to serve as sensing analytes57. 

Lee et al. fabricated a chip based on AAO for label-free detection of bacteria58. They covered 

the top side of the AAO surface with a thin layer of gold to provide a plasmon resonance and 

enhance the Interferometry. The sensing concept relies on changes in reflectivity due to the 

immobilization of bacteria cells on the surface. The chip-AAO-coated gold was 

functionalized with thiolated specific aptamers. Different cell concentrations of                     

P. aeruginosa were exposed to aptamers functionalized and nonfunctionalized chips. In 

aptamer-modified AAO, the reflectivity dropped over the increase of cell concentrations 

compared to bare ones. The result demonstrated that the functionalized sensor could 

detect P. aeruginosa cells, whereas no physical absorption occurred in the untreated sensor. 

Li et al. also suggested using an AAO sensor for direct and selective detection of Listeria 

monocytogenes59. This sensor employs AAO combined with a specific aptamer supported by 

electrochemical detection. The data showed a reduction in current response due to charge 

repulsive and steric hindrance, which occurred in the presence of Listeria monocytogenes. 

The use of pSi in direct bacteria detection was also reported60. For instance, Massad-Ivanir 

and colleagues suggested a sensing method for direct bacteria detection by functionalizing 

the pSi surface with a biorecognition element, i.e., antibody61. The target bacteria (E. coli) 

was captured on the modified pSi sensor via antibody-antigen binding, and the process was 

monitored by interferometry techniques, as shown in Figure 2.3. The data confirmed that 

the drop in the reflectivity of the maximum peak was due to binding E. coli on the pSi 

surface compared to the free E. coli sample.  
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Figure 2.3: a) and b) Schematic of antibody binding and bacteria capturing on pSi, 

respectively. c) Reflectivity spectra before and after bacteria capture, d) Image of the 

presence of E. coli on pSi surface measured by scanning electron microscopy. This Figure was 

reproduced with permission from reference [61]: Massad-Ivanir, N.; Shtenberg, G.; Raz, N.; 

Gazenbeek, C.; Budding, D.; Bos, M. P.; Segal, E. Porous Silicon-Based Biosensors: Towards 

Real-Time Optical Detection of Target Bacteria in the Food Industry. Scientific Reports 2016, 

6 (1). Copyright 2016. Springer Nature.   

Segal and co-workers proposed another rapid, free-label, direct-sensing bacteria 

approach62. This approach is based on directly capturing the large bacteria (the whole 

bacteria) inside a pore of pSi and analyzing the process with reflective interferometric 

Fourier transform spectroscopy. They fabricated macro-sized pSi substrates and chemically 

oxidized them in a diluted ammonia–hydrogen peroxide solution under heating for 1 h. 

Finally, the oxidized substrates were functionalized with APTES, providing a positively 

charged surface. Different concentrations of E. coli were introduced to this pSi sensor. Due 

to the negative charge of the bacterial surface, E. coli cells adhered to the charged inner 

pore surface, promoting accurate measurements. They concluded that this system could be 

used for real-time sensing of large biological analytes. 
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2.3 Fabrication of Anodic Aluminum Oxide (AAO)  

The anodization process of aluminium (Al) has been studied since 195363. Depending on the 

anodization conditions, two structures of the Al2O3 could be formed: the non-porous Al2O3 

layer and the porous Al2O3 layer (AAO). The geometry of the AAO can be schematically 

described as a honeycomb structure64,65 characterized by a close-packed array of hexagonal 

circular pores (Figure 2.4a)66. Highly ordered AAO nanostructures are often fabricated using 

the 2-step anodization method, which was developed by Masuda et al36.  

The structure of AAO is defined by structural parameters pore diameter (Dp), wall thickness 

(Wt), interpore distance Dint, porosity (P), pore density and pore length, as shown in Figure 

2.4b66. The pore diameter and pore length can range from a few nm to more than a hundred 

nm67,68,69 and from a few hundred nm to a hundred µm70,71, respectively.  

 

Figure 2.4: a) Schematic of the structure of AAO obtained from the anodization of Al. b) 

Schematic of the cross-sectional view of the AAO showing its structural parameters. This 

Figure was reproduced with permission from reference [66]: Jeong, C.; Jung, J.; Sheppard, K.; 

Choi, C.-H. Control of the Nanopore Architecture of Anodic Alumina via Stepwise Anodization 

with Voltage Modulation and Pore Widening. Nanomaterials 2023, 13 (2), 342. Copyright 

2023. MDPI. 

The porosity of AAO refers to the ratio of the surface area occupied by pores to the whole 

surface area, which can be calculated as follows72. 

             P= 0.907 (Dp/ Dint)2            .....................................................  (Eq. 2.1) 
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The formation of AAO involves two chemical reactions taking place simultaneously: Al2O3 

layer formation and Al2O3 layer dissolution. The Al2O3 layer formation process takes place at 

both the Al/ Al2O3 and electrolyte/ Al2O3 interfaces due to the migration of Al3+ ions towards 

the electrolyte and the migration of O2- and OH- from the electrolyte towards the Al/ Al2O3 

interface through the barrier layer (Figure 2.5). The field-enhanced dissolution of the Al2O3 

layer occurs at the bottom of pores (at the electrolyte/Al2O3 interface) due to an enhanced 

electric field, which forces Al3+ ions to move to the Al/ Al2O3 interface. The dissolution 

process is slower than the formation process. Thus, the rates of these two chemical 

processes determine the pore formation of AAO73. 

The reactions taking place during the anodization process of Al can be expressed by the 

equations Eq. 2.1-2.4. The Al oxidation at the anode is displayed in Eq.2.2. 

        2Al             2Al3++ 6e−                                 ........................................................ (Eq. 2.2) 

Other anodic reactions taking place at Al/ Al2O3 and electrolyte/ Al2O3 interfaces are 

presented in Eq. 2.3 and Eq. 2.4, respectively. 

        2Al + 3O2-              Al2O3 + 6e−             ......................................................... (Eq. 2.3) 

        2Al3+ + 3H2O          Al2O3 + 6H+           .........................................................  (Eq. 2.4) 

The chemical reaction at the cathode can be expressed by Eq. 2.5. 

        6H+ + 6e-                3H2
                             ..........................................................  (Eq. 2.5) 

The overall chemical reaction during the anodization of Al can be written as: 

        2Al + 3H2O           Al2O3 + 3H2 
            .........................................................  (Eq. 2.6) 

A dissolution of Al2O3 by the acidic electrolyte may also occur, according to Eq. 2.7. 

      Al2O3 + 6H+         2Al3+ + 3H2O 
               .........................................................  (Eq. 2.7) 
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Figure 2.5: Schematic of the anodization of Al and formation of AAO in the acidic electrolyte 

showing the migration of the reactive ions across the barrier layer. This Figure was 

reproduced with permission from reference [74]: Poinern, G. E. J.; Ali, N.; Fawcett, D. 

Progress in Nano-Engineered Anodic Aluminum Oxide Membrane Development. Materials 

2011, 4 (3), 487–526. Copyright 2011. MDPI. 

The structure of AAO can be controlled by optimizing the anodizing parameters applied 

voltage, temperature, anodization time, and type of electrolyte75, offering an advantage 

feature of AAO that makes it one of the most desired nanostructures in nanotechnology76. 

For instance, Lin and co-workers studied the effect of applied voltage on the formation of 

pores and stated that the pore diameter and interpore distance increased linearly with the 

applied voltage77. Other authors investigated in detail the impact of different voltages on 

the pore formation during the anodization process of Al. They found a similar trend and 

explained it by considering the velocity of migrated ions under the impact of an electric field 

during the formation and dissolution of the Al2O3 layers. The relationship between the pore 

diameter and interpore distance can be written as follows78: 

          Dp = λp U          ……………………........................................................  (Eq. 2.8) 

          Dint = λc U        ……………………........................................................  (Eq. 2.9) 

where λp and λc are constants, U is the applied voltage. For anodization under mild 

anodization conditions in oxalic, sulfuric, and phosphoric acids, λp and λc are 0.9 and          

2.5 nm/V, respectively78. The pore wall thickness and barrier layer thickness (B) can be 

calculated by Eq. 2.10 and 2.11, respectively. 
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          Wt = ½ (Dint - Dp)            ……………………...........................................  (Eq. 2.10) 

          B = λb Wt                      ….….……………............................................  (Eq. 2.11) 

where λb is constant, and its value depends on the type of electrolyte, for example, λb ~ 1.33 

and 1.12 for sulfuric and oxalic acids, respectively. 

The effect of temperature on the pore formation was also investigated. A study by 

Chowdhury’s group showed that the anodization of Al took place at 15, 19, and 25 V under 

different temperatures79. The data revealed that the porosity and the pore diameter of AAO 

increased with the increase in temperature. For example, the anodization at 15 V provided 

two porosities: 28 % and 45 % when electrolyte temperatures were 3 ˚C and 15 ˚C, 

respectively. However, this effect on porosity might be limited at elevated temperatures   

(at constant voltage) due to the dissolution of Al2O3 at the pore wall with no change in the 

interpore distance80.  

The anodization time has an essential role in the growth of AAO, which was supported by 

the work of Jaskuła and his group78. They performed a series of anodization experiments 

with varied anodization times ranging from 4 to 16 h using different electrolytes and 

purities. The result, presented in Figure 2.6, displays a significant increase in the pore length 

of AAO with time. Furthermore, the researchers concluded that the type of used 

electrolytes directly affected the growth rate of AAO.  
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Figure. 2.6: Dependence of the thickness AAO on the anodization time. Sulfuric and oxalic 

acids with different purities were used in the anodization of Al. This Figure was reproduced 

with permission from reference [78]: Zaraska, L.; Sulka, G. D.; Szeremeta, J.; Jaskuła, M. 

Porous Anodic Alumina Formed by Anodization of Aluminum Alloy (AA1050) and High Purity 

Aluminum. Electrochimica Acta 2010, 55 (14), 4377–4386.  Copyright 2016. Elsevier. 

This behaviour was also investigated by Dobosz, who reported on the relation of the 

anodization time, type of electrolyte, and temperature with the thickness of AAO81. He 

compared the growth rate of AAO produced with sulfuric, oxalic, and phosphoric acids. The 

result revealed that a thicker AAO film prepared in sulfuric acid was observed at a constant 

time and temperature compared to other electrolytes, which could be explained by the 

difference in the migration rate of the active ions through the barrier layer82. Furthermore, 

the same study recorded a linear increase in the thickness of AAO with a limited anodization 

time. However, a non-linear relationship was observed when the anodization time exceeded 

40 h. The latter was explained by the limited diffusion of the ions when the pores are long, 

which makes it difficult for the reactant ions to move from the electrolyte along the pore to 

reach the bottom of the pores82. 

Generally, there are two types of anodization processes: mild anodization (MA)36 and hard 

anodization (HA)83. In the MA, the voltage is kept constant during the anodization, while in 

the HA, higher applies and increases gradually until reaching the desired value84. The growth 

of AAO pores produced in HA is faster than in MA. For example, Gösele and colleagues 
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prepared AAO in MA and HA at 40 and 140 V using 0.3 M oxalic acid as an electrolyte. They 

found that the thicker AAO film (more than 100 µm) was prepared for 2 h compared to AAO 

film prepared at 40 V (3.8 µm). They also reported a non-linear trend when the pores 

become longer. 

Based on these processes, AAO can be fabricated using one, two, or three steps85,86,87,88. In 

the one-step anodization process, the disordered nanopores may form due to the random 

nature of the initial formation of pores89. In the two or three anodization step methods, the 

first AAO layer is removed by chemical etching, leaving the Al surface with highly ordered 

periodic indentations, which serve as the initiation sites for forming pores in the following 

anodization steps; consequently, a high-ordered and hexagonal nanoporous structure of 

AAO could be achieved90. Figure 2.7 displays the fabrication steps of AAO, starting with the 

electropolishing of the Al surface, which reduces the roughness and, hence, reduces the 

undesired enhanced current density during the anodization process and ends with                 

a hexagonally ordered structure of AAO.  

 

 

Figure 2.7: Schematic of the steps used in MA for fabrication of AAO. a) Initial anodization 

showing the first AAO layer with random pores, b) Al substrate after removal of the first AAO 

layer by chemical etching. c) Formation of the ordered structure after the second 

anodization. d) Pore widening process to expend the pore diameter. e) An additional 

anodization step to produce hierarchical pore structures. This Figure was reproduced with 

permission from reference [66]: Jeong, C.; Jung, J.; Sheppard, K.; Choi, C.-H. Control of the 

Nanopore Architecture of Anodic Alumina via Stepwise Anodization with Voltage Modulation 

and Pore Widening. Nanomaterials 2023, 13 (2), 342. Copyright 2023. MDPI. 

As shown in Figure 2.7, after the second anodization, the pore diameter of AAO can be 

widened by wet chemical treatment without affecting the interpore distance. The research 
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performed by Carroll et al. aimed to prepare AAO with 28 nm in diameter at 40 V in oxalic 

acid in two-step anodization and to expand the pore diameter by post-treatment91. After 

the second anodization step, the as-made pores were enlarged to 90 nm after immersion in 

a solution containing 5 wt% phosphoric acid at 19 ˚C for 40 min. They also concluded that 

the pore diameter is directly proportional to the widening time, offering an advantage in 

designing an AAO with the desired pore size91. 

2.4 Fabrication and Stabilization of Porous Silicon (pSi)  

PSi has attracted attention in recent years because of its biocompatibility and adaptability to 

different structural and chemical properties, particularly in biosensing applications92,93. The 

pSi has an advantage over the flat Si because it has a high surface area, which improves the 

sensitivity of the sensor, i.e., lowering the LOD94. The most popular method of producing pSi 

is electrochemical anodization, also known as electrochemical etching, which was 

discovered in the 1950s95,96. The electrochemical etching of the Si wafer is carried out in a 

Teflon cell using a mixture of hydrofluoric acid (HF) and ethanol as the etching solution. The 

wafer is placed on a conductive layer, usually an Al or Pt sheet, which serves as the anode 

(Figure 2.8). In order to provide a consistent electron flow and, consequently, pSi films with 

a homogeneous length of the porous layer, the cathode is often composed of Pt in the form 

of a rounded wire parallel to the Si substrate. 

 

Figure 2.8: Schematic of an electrochemical etching cell to pSi using HF/ethanol mixture as 

an electrolyte (etching solution). The anode (Si wafer) and cathode (Pt wire) are connected 

to a power supply. The inserted equations represent the main oxidation and reduction half-

reactions taking place during the etching of Si. 
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The electrochemical etching process of Si using HF has already been reported97,98. This 

process includes the following steps: the migration of positive holes from the bulk silicon to 

the Si/electrolyte interface, pore nucleation, and propagation. These three steps continue 

until pores in the Si substrate are developed, as displayed in Figure 2.9a-c. 

 

Figure 2.9: Schematic pore formation during electro-etching process of Si. The process 

includes the following steps: A) Migration of positive holes in the bulk Si to Si/electrolyte 

interface, B) random pore nucleation, and C) pore formation and propagation. This Figure 

was reprinted with permission from reference [99]: Ressine, A.; Ekström, S.; Marko-Varga, 

G.; Laurell, T. Macro-/Nanoporous Silicon as a Support for High-Performance Protein 

Microarrays. Analytical Chemistry 2003, 75 (24), 6968–6974. Copyright 2003. American 

Chemical Society. 

As shown in Figure 2.9a, the positive holes move toward the cathode surface when an 

electric current is supplied, which can be expressed by Eq. 2.12. When the holes reach the 

Si/electrolyte interface, the reaction in Eq. 2.13 occurs, and dips on the surface are created, 

as demonstrated in Figure 2.9b. 

     Si + 2 HF + h+                SiF2 + 2 H+ + e-    ..............................................  (Eq. 2.12) 

     SiF2 + 2 HF               SiF4+ H2                ..............................................  (Eq. 2.13) 

     SiF4 + 2 HF                H2SiF6                   ..............................................  (Eq. 2.14) 

As the current flow continues, more holes will be attracted at the bottom of the dip, 

forming more dips and creating pores, as shown in Figure 2.9c and presented in Eq. 2.14. 
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The structure and morphology of PSi are usually governed by the type and concentration of 

the dopant in the Si substrate, the current density, the composition of the electrolyte, and 

the duration of the etching process100,101,102,103,104,105. The morphology of the pSi is widely 

defined as the pore diameter, the pore length, and the porosity. The pSi can be classified 

based on its pore size. They are called micropores, mesopores, and macropores if the pore 

sizes are up to 2 nm, from 2 to 50 nm, and more than 50 nm, respectively106. 

Despite observable morphological changes when specific parameters are tuned, there is no 

formula for predicting the parameters that precisely determine the pore size, length, and 

porosity to achieve the desired pSi structure. To produce a desirable pSi structure, it is 

recommended that the fabrication parameters and resulting pSi structure should be 

studied. For instance, the concentration of dopants, which is inversely proportional to the 

wafer's resistivity, affects the pore size. The higher the dopant concentration, the larger the 

pore is produced102. Also, the dopant type affects the pore size; N-type dopant wafers, 

often doped with phosphorus, generally have a greater pore diameter (> 50 nm) compared 

to p-type wafers (< 50 nm)107. 

Current density is a critical parameter in the etching process of pSi. It was reported that the 

current density directly influences the pore size108,109. Ogata et al. studied the effect of 

varying the current density on the pore diameter of pSi110. They observed that pore 

diameters increased with increasing the current density (Figure 2.10). The increasing current 

density will also accelerate the etching rate111. For the same etching time, the pore length is 

thus increased. 
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Figure 2.10: Top-view SEM images of the dependence of pore diameter on current density: 

A) 5, B) 10, C) 15, and (D) 20 mA cm2-. This Figure was reprinted with permission from 

reference [110]: Harraz, F. A.; El-Sheikh, S. M.; Sakka, T.; Ogata, Y. H. Cylindrical Pore Arrays 

in Silicon with Intermediate Nano-Sizes: A Template for Nanofabrication and Multilayer 

Applications. Electrochimica Acta 2008, 53 (22), 6444–6451. Copyright 2008. Elsevier. 

The etching time is also considered an essential factor in electrochemical etching.                  

It determines the pore length, also known as the thickness of the pSi film. The pore length is 

directly proportional to the etching time of the etching process112. It was observed that the 

pore length increased linearly with the etching time under a constant current density113. It is 

worth mentioning that this may not be applicable for a longer time (long pores) due to the 

restriction of the transport of ions in the long pores of porous materials114.  

Another essential structural term is porosity. The IUPAC defines porosity as “the ratio of the 

total pore volume to the apparent volume103. The porosity of pSi film also has an essential 

role in the sensing application since it determines the accommodation of the biomolecule of 
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interest into the porous material. Therefore, the etching parameters must be chosen 

carefully to produce the desired structures. Lee et al. investigated the effect of current 

density on the porosity of pSi as single- and double-layer structures using HF as an 

electrolyte115. They observed that the higher the current density, the larger the porosity. 

The porosity of the pSi film can be assessed by several methods such as electron 

microscopy116, gravimetric method117,118, and spectroscopic liquid infiltration method 

(SLIM)119,120. In the electron microscopy method, the pore geometry is measured from the 

top side as well as a cross-section along the pore depth (thickness of the porous layer). Thus, 

the porosity can be estimated based on the pore size. However, this method is limited; it 

only measures the porosity at the pore surface (top side of pSi) and not the entire bulk 

film121,122 which can be misleading if defects or inhomogeneous pores are formed in the 

fabricated film.  

In the gravimetric method, the porosity is determined by measuring the mass of the Si 

sample before and after the etching process and then after the removal of the porous layer 

of Si by chemical etching in NaOH103. These three masses are expressed in Eq. 2.15 as m1, 

m2, and m3, respectively. 

            P = (m1-m2)/(m1-m3)            .........................................................  (Eq. 2.15) 

where P is the porosity.  

The pSi film thickness can also be determined by the gravimetric method by applying         

Eq. 2.16103.  

          W = (m1-m3)/A dSi                   ..........................................................  (Eq. 2.16) 

where W is the film thickness, A is the surface area of the porous film, and dSi is the density 

of elemental silicon. However, this method is destructive and might be undesirable if the pSi 

samples are needed for further experiments. 

The last method that enables the determination of film thickness and porosity is SLIM. 

Compared to the gravimetric method, SLIM is a non-destructive method, as it employs light 

to analyze the porous samples, which is considered an optical characterization method123. In 

the SLIM method, two reflectance spectra of the pSi filled with air and a liquid, whose 

refractive index is known, are recorded. To achieve an accurate result, the pores must be 
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completely filled with liquid and no air bubbles left. When liquid infiltrates the pores, the 

average refractive index of the pSi will increase, which will cause the reflectance spectrum 

to shift. By applying the two-component effective medium approach, the effective optical 

thickness (EOT) values (for air and liquid), which will be discussed later in detail in this 

Chapter, can be fitted, and the porosity and thickness of pSi film can be determined124.  

The current density is a critical factor in the fabrication of pSi because it controls the pore 

size and porosity of the produced pSi film. Therefore, the variation of the current density in 

real-time will lead to the fabrication of different optical and physical pSi structures. If the 

current density is fixed during the electrochemical etching of Si, a single-layer pSi structure 

will be produced125. Furthermore, multilayer pSi structures can be produced by varying the 

current density over time126. The double layer pSi can be achieved by applying a higher 

current density followed by a lower current density (or vice versa) once through the 

electrochemical etching,127 as shown in Figure 2.11. This produced pSi structure exhibits a 

large pore size on one layer and a small pore size on another, offering an advantage in 

biosensing applications if the selective penetration of the molecules into the pores is 

required128; in other words, the small pores will allow the smaller molecules to penetrate 

and block the bigger ones. 

The variation of the current density during the electrochemical etching process of Si 

produces numerous photonic crystals (also called 1D photonic structures) such as the Bragg 

mirror129, microcavity130, rugate filter131 , and apodized rugate filter132. The photonic crystals 

possess a so-called “stop bandgap” that restricts the reflectivity of light to specific 

wavelengths133. The latter feature makes the photonic structures a proper candidate for 

sensing applications134.  

The Bragg mirror is fabricated by varying the current density with low and high current 

densities in a stepwise manner. This produces a two-layered structure with two different 

porosities, resulting in different refractive indices of these layers. The EOT of these layers is 

proportional to one-quarter of the wavelength that the mirror is intended to reflect135. The 

reflectivity spectrum of this structure exhibits a high reflectively broad band located around 

this wavelength (Figure 2.11). 
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Figure 2.11: Plots of the current density waveforms for double and multilayer pSi structures 

and their representative reflectivity spectra. This Figure was reproduced with permission 

from reference [103]: Sailor, M.J. Porous Silicon in Practice: Preparation, Characterization 

and Applications, First Edition, 2012, Wiley-VCH, Weinheim, Germany. Copyright 2012. 

Wiley‐VCH Verlag GmbH & Co. KGaA. 

Another multilayered structure fabricated in pSi is the microcavity136. This structure is 

fabricated so that a cavity layer is created into a single Bragg mirror. The resulting structure 

with alternating layers of different porosities exhibits a very sharp peak in the centre of a 
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broad band of high reflectivity produced by the Bragg mirror in the reflectivity spectrum, as 

displayed in Figure 2.11. The peak position is associated with the EOT of these two layers 

surrounding the cavity layer. 

In contrast to the Bragg mirror, which is produced by using a stepwise alternation between 

high and low current densities, the rugate filter is fabricated by applying high and low 

current densities in a sinusoidal waveform during the etching process with maximum and 

minimum values representing the high and low current densities. It should be noted that the 

significant change between the refractive indices of the Bragg mirror`s layers leads to the 

absorption of a broad range of wavelengths, forming a broad spectral band137. The pSiRF 

exhibits an individual, high reflectivity and sharper peak in the reflectance spectrum 

compared to the Bragg mirror, which is illustrated in Figure 2.11. The apodized rugate filter 

is the same as the rugate filter, but the sinusoidal waveform was apodized with a Gaussian 

window function to suppress the side lobes located on both sides of the stopband peak in 

the reflectivity spectrum to enhance the sensitivity of the sensor138,139. 

The chemical composition of the pSi surface affects its stability and capability to bind to 

biological molecules. The freshly fabricated pSi is reactive and unstable in aqueous media 

and ambient air due to its hydrogen-terminated surface (Si-H). It has been reported that the 

freshly etched pSi surface has been passivated with a thin layer of native oxide and 

subsequently dissolved when exposed to ambient or physiological conditions140. The 

degradation of pSi in the biological environment can be expressed by simplifying the 

following equations141. 

        Si + 2H2O                SiO2 + 2H2                       .............................................  (Eq. 2.17) 

        SiO2 + 2H2O            Si(OH)4                              .............................................  (Eq. 2.18)              

Eq. 2.17 and Eq. 2.18 emphasize that the degradation of pSi can also be monitored by 

liberating hydrogen gas and reducing the pH of the solution, respectively142. 

The formation of an oxide layer on pSi changes its chemical, physical, optical, and electrical 

properties, providing an improper platform for various applications, especially in biosensing. 

Thus, stabilizing the pSi surface is necessary to fulfill the conditions of biosensing143. There 

are two approaches to stabilize the pSi: chemical functionalization144 or oxidation. The 

chemical functionalization is generally carried out by converting the silicon–hydride to 
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silicon–carbon bonds145. It was concluded that hydrosilylation and carbonisation are the 

most employed chemical protocols to form covalent silicon–carbon bonds on the pSi 

surface146,147. In the hydrosilylation method, the stabilization takes place by adding 

unsaturated compounds possessing alkenes, alkynes or aldehydes groups to the freshly 

etched pSi using heat148, catalyst149 , or photochemistry150. Horrocks et al. demonstrated the 

stabilizing of pSi by heating it in a solution containing an alkene-terminated compound for 

20 h, providing a stabilized pSi by a productive monolayer151. A similar study was conducted 

by Buriak et al. for converting silicon–hydride to silicon–carbon bonds on pSi152. However, 

the hydrosilylation method does not functionalize the entire pSi surface, making pSi 

susceptible to chemical dissolution153. On the other hand, the carbonization method offers a 

more stable pSi surface than hydrosilylation ones for a long time period because it provides 

almost complete surface modification with a strong silicon-carbon bond154. Another 

advantage of this method is forming functional groups on the pSi surface that are used for 

further chemical functionalization155.   

A study published by Salonen et al. first reported using thermal carbonization to stabilize pSi 

by decomposing acetylene gas at different temperatures, producing three types of bonds 

covering pSi surfaces, e.i C-H, C=C and C-OH156. In this method, the nature of the formed pSi 

surface is governed by the applied temperature; for instance, if the decomposition of 

acetylene gas takes place until 520 ˚C, a hydrophobic surface will be generated157. In 

contrast, a pSi surface is considered a hydrophilic surface at a temperature above 700 ˚C158. 

However, this method might not be recommended if a hydrophilic surface is required 

without further modification. Furthermore, stabilization at elevated temperatures raises the 

possibility of cracking the pSi skeleton or pore shrinkage159, which is undesirable in some 

applications. 

The stabilization of the pSi surface can also be performed by oxidation methods, such as 

thermal oxidation, ozone oxidation, or oxidation by organic solvent methods. Thermal 

oxidation is a commonly used method of converting pSi hydride surfaces to pSi oxide ones, 

which changes the surface from hydrophobic to hydrophilic. The oxidation process depends 

on the applied temperature and the treatment time. Leppävuori and his colleagues 

observed that at a temperature ranging between 250 and 400 ˚C, the oxygen atoms are 

inserted into the Si backbone, causing the conversion of Si-Si bonds to Si-O-Si bonds160. They 
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confirmed that the inserted oxygen atom between two Si atoms expanded the pSi structure, 

and subsequently, a minor reduction in the pore diameter was observed. A further increase 

in temperature led to the oxidation of Si-H to O-Si-OH, as well as the formation of a thicker 

oxide layer. A total oxidation of Si-H spices on the pSi surface and uniformly distributed 

oxygen into the pSi backbone was observed at 600 ˚C and above161. For high temperatures, 

from 700 ˚C and above, it was reported that the surface area and the mechanical stability 

were reduced due to the formation of the oxide layer into the pSi skeleton159. The use of 

thermal oxidation to stabilize the pSi surface in the biosensing was also reported162,163. 

Sailor and co-workers have thermally treated the freshly etched two-layer pSi structures at 

600 ˚C for 1.5 h and loaded the enzyme for online monitoring of its activity. In this Thesis, all 

pSi structures were stabilized by the thermal oxidization process at 600 °C in the air. 

2.5 Surface Functionalization of Porous Substrates 

As discussed earlier in this Chapter, AAO and pSi have unique advantages, making them 

ideal for biosensing164, chemical sensing165, or solar cell production166. However, the surface 

of AAO or pSi must be functionalized with certain materials to fulfill specific requirements. 

There are numerous approaches to modify or functionalize the pores of AAO/pSi, such as 

chemical binding167, 168, polymerization169,170, layer-by-layer deposition171,172 or wetting with 

polymers (as a solution or melt). Several studies have demonstrated wetting the pores of 

AAO with polymer melts or solutions as a simple and versatile technique for producing 

polymer nanotubes or nanowires173,174,175. Steinhart and his team have conducted a study to 

achieve well-defined structures of the soft materials produced on the AAO and pSi173. They 

could fabricate polymeric nanotube structures of polystyrene (PS) and polymethyl 

methacrylate (PMMA) by wetting AAO and pSi, respectively. 

The fabrication of nanostructures, such as nanotubes, nanorods, nanowires, and 

nanoparticles, is governed by the properties of the polymer and the geometry of the 

pores176,177,178,179. For example, a thin film, known as precursor film, is formed when low-

surface energy liquids wet surfaces with high-surface energy180. The AAO or oxidized pSi 

surfaces have high surface energy181, which can be used to prepare nanotube structures or 

nanowires by wetting polymer solutions and melts. However, the wetting of nanopores by 

applying the polymer solution or melting on the top of the porous substrate leads mainly to 

the formation of nanotubes rather than nanowires182 because the difference in driving 
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forces dominates the wetting behaviour inside the pores183. In other words, the nanotubes 

are rapidly formed due to the high adhesive forces (van der Waals interactions) compared 

to the cohesive forces. The latter dominates the complete filling, leading to the formation of 

nanowires. It was also reported that wall and complete pore wetting could occur on 

different timescales if the solidification process of polymeric melt/solutions does not 

happen182. Thus, the polymer (as melts/solutions) must be solidified within the nanopores 

to preserve nanotube structures by cooling the melts below the glass 

transition/crystallization temperatures or by solvent evaporation for the polymer 

solution182. Figure 2.12 shows the scenarios of the wetting of AAO with polymeric 

solution/melts that could happen. 

 

Figure 2.12: Schematic representation of the wetting of AAO with (a) represents the initial 

phase when the polymer solution/melt is placed on top of the AAO surface. (b) The polymer 

solution/melt penetrates into the pores, forming a mesoscopic thin film. (c) If the polymer 

solidification does not occur, the complete filling of the pores follows stage b and forms 

polymeric nanorods rather than nanotubes. This Figure was Reprinted with permission from 

reference [184]: Redón, R.; Vázquez-Olmos, A.; Mata-Zamora, M. E.; Ordóñez-Medrano, A.; 

Rivera-Torres, F.; Saniger, J. M. Contact Angle Studies on Anodic Porous Alumina. Journal of 

Colloid and Interface Science 2005, 287 (2), 664–670. Copyright 2005. Elsevier. 

However, various methods have been developed for producing polymeric nanowires, 

including vacuum infiltration, melt capillary and melt precursor wetting infiltration185. 

Russell and colleagues prepared nanorod and nanotube structures by melting a polymer 

into the 200 nm nanopores in the diameter of AAO. They investigated the wetting of AAO 

with PS at different annealing temperatures above the glass transition temperature of PS. 

Polymeric nanorods and nanotubes were obtained depending on the molecular weight of 

the PS used and on the annealing temperature. The study shows that short nanorod 

structures (~5 µm) were produced compared to the pore length (60 µm) under annealing at 
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130 °C for 2 h; with the extension of this process to ~12 days, the length of 60 µm nanorods 

was prepared; indicating a completed the wetting of the pores were reached. The authors 

concluded that the polymer melts wetted the pores at the slow capillary process due to the 

small pore diameter and the high viscosity of the polymer melts at this low temperature. In 

contrast, nanotube structures were observed at the elevated temperature (205 °C) within    

2 h and had a length of 60 µm, the same as the pore length, indicating a complete pore 

wetting was reached.   

A study by Lee et al. shows that polymer concertation impacts the morphology of nanotube 

structures186. Different concentrations of PS and PMMA were applied on the fixed AAO 

substrates on a spin coater at 3000 rpm. The result confirmed that a thicker wall of 

nanotubes was obtained with the high polymer solution and vice versa.  

The modification of the AAO or pSi with polymer via the wetting approach was also used in 

sensing and biosensing187,188. Chistyakov and co-workers reported on pSi as a new type of 

sensor for detecting chemical compounds189. The proposed pSi sensor was a microcavity 

modified with organic polyphenylenevinylene and polyfluorene polymers via the wetting 

solution of pSi. The polymers dissolved in chloroform successfully infiltrated the pores of pSi 

without applying a vacuum or heat, which was confirmed by the shift in the luminescence 

spectra before and after polymer infiltration into the nanopores of pSi. This hybrid sensor 

was able to detect the vapors of nitroaromatic compounds. 

Using biodegradable polymers to modify porous materials was considered a promising 

approach in biosensing, cell study, and drug delivery190,191. Biopolymers, such as     

poly(lactic acid) (PLA), have been used in many applications, such as medical implants and 

related applications, due to their biocompatibility, low toxicity, and easy cell adhesion192,193. 

PLA is an aliphatic polyester that can be produced from renewable resources such as 

corn194. PLA can be degraded into nontoxic residuals, making it suitable for biological 

applications. The degradation of PLA takes place at the ester bonds, leading to the 

production of carboxylic and hydroxyl end-groups on polymer chains. This process is 

accelerated in the presence of specific proteinases, bacteria and alkali 

environments195,196,197. In this Thesis, the modification of AAO and pSi with PLA via the 

wetting approach was investigated. This approach was then used for enzyme and bacterial 

sensing. 
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2.6 Reflectometric Interference Technique for Enzyme and Bacteria 

Detection 

Reflectometric interference spectroscopy (RIfS) is a sensitive optical detection technique 

that relies on the interaction between white light and thin films198. By illuminating a thin 

film with white light, the light will be reflected at the film's two interfaces; both 

consecutively reflected light beams superimpose and cause destructive and constructive 

interference in dependence on the properties of light and the thin film. As a result, the 

reflectivity of light will be enhanced specifically at wavelengths located along with the 

optical modes of the so-called “Fabry-Pérot optical cavity”199,200. The interference of the 

multiple reflections of light through the Fabry-Pérot cavity will create an interference fringe 

pattern. This Fabry-Perot interference pattern can be used to define the refractive index and 

thickness of the thin film.  

Thin films such as polymers and non-porous metal oxides were considered Fabry-Pérot 

cavities201,202. However, due to their limited surface area for analyte-receptor interactions, 

nanoporous thin films, such as pSi and AAO, have emerged as excellent alternatives, 

especially when combined with RIfS. Hence, the light is reflected at air/Al2O3 and Al2O3/Al 

interfaces in AAO and at air/SiO2 and SiO2/Si interfaces in pSi (Figure 2.13). The wavelength 

of the peak maxima in the RIfS spectrum is determined by the Fabry-Pérot equation203:  

                 mλ = 2Lneff                            ............................................................  (Eq. 2.19)                  

where m is the interference order, λ is the wavelength, L is the thickness of the thin film i.e., 

AAO or pSi, and neff is the effective refractive index of the porous film and its void. The term 

“2Lneff”   in Eq. 2.19 is called the effective optical thickness (EOT). Therefore, Eq. 2.19 can be 

written as: 

               EOT = 2Lneff                            ............................................................  (Eq. 2.20)              

EOT can be determined by utilizing the fast Fourier transform (FFT) to the RIfS spectrum. 

The EOT value is correlated to the center of the resulting FFT Gaussian peak, as illustrated in 

Figure 2.13 204. 
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Figure 2.13: Schematic of the principle of RIfS and the data processing for the porous film 

displaying the reflected light at the two film interfaces, the resulting spectra and their data 

processing by FFT to calculate EOT. This Figure was reproduced with permission from 

reference [204]: Pol, L.; Eckstein, C.; Acosta, L.; Xifré-Pérez, E.; Ferré-Borrull, J.; Marsal, L. 

Real-Time Monitoring of Biotinylated Molecules Detection Dynamics in Nanoporous Anodic 

Alumina for Bio-Sensing. Nanomaterials 2019, 9 (3), 478. Copyright 2019. MDPI. 

The detection approach of RIfS coupled with porous film is based on the change in neff as a 

result of immobilizing materials into pores of the porous film205. When the air-filled pores 

are filled with, for example, liquid or polymers, the EOT increases as a result of the 

increased refractive index within the pores. This change leads to a red shift (longer 

wavelength) in the fringe pattern of the RIfS spectrum, as shown in Figure 2.14. Therefore, 

the change in the EOT was used as a trigger in the sensing method for real-time and in-situ 

monitoring of the binding of molecules to the pore surface.  

Gooding et al. reported on designing a pSi sensor to detect enzyme activity206. The pores of 

the pSi were coated with a peptide and then exposed to the protease subtilisin. As a result, 

the peptide was enzymatically digested, which was noticed by observing the blue shift 

(shorter wavelength) on the reflectivity spectrum. This shift is because of the reduction of 

EOT, which is due to releasing peptide fragments from the pores upon degradation. 
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Figure 2.14: Sensing concept based on pSi (A,B) schematic of the loading and releasing of 

molecules in/out the pores, which leads to a shift in the fringe pattern of the RIfS spectrum 

due to a change in EOT, shown on the RIfS spectrum with green and red arrows, respectively. 

(C) schematic of immobilizing the Analytes on the top side of pSi causes a change in the 

reflectivity of the light due to the refractive index contrast, as indicated by the orange arrow 

in the fringe pattern. This Figure was reproduced with permission from reference [207]: 

Pacholski, C. Photonic Crystal Sensors Based on Porous Silicon. Sensors 2013, 13 (4), 4694–

4713. Copyright 2013. MDPI. 

Krismastuti et al. used the AAO combined with RIFS to provide a label-free sensing approach 

for bacterial enzyme detection30. The authors experimentally showed that AAO, combined 

with a biodegradable polymer, could be used to detect pathogenic bacteria by their 

secreted enzymes. These authors used proteinase K to degrade the poly-L-lysine 

immobilized inside the AAO pores using a layer-by-layer approach. The deposition and 

enzymatic degradation of the polymer were monitored in real time by RIfS. The change in 

the EOT value was recorded. The data exhibited that EOT increased upon polymer 

deposition due to an increased refractive index inside the pores. 

In contrast, EOT decreased when the AAO sensor was exposed to the enzyme solution. The 

reduction in EOT values was confirmed by a measurable blue shift on the RIfS spectrum. 

They also tested the sensor on human wound fluid samples; the EOT dropped after enzyme 

treatment, which indicated the successful reduction of the polymer amount (Figure 2.15).  
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Figure 2.15: Sensorgram for enzymatic degradation of polymer in the human wound fluid 

sample. The coated AAO sensor with polymer was exposed to a wound fluid spike with 

proteinase K enzyme for 30 min. This Figure was reproduced with permission from reference 

[30]: Krismastuti, F. S. H.; Bayat, H.; Voelcker, N. H.; Schönherr, H. Real Time Monitoring of 

Layer-by-Layer Polyelectrolyte Deposition and Bacterial Enzyme Detection in Nanoporous 

Anodized Aluminum Oxide. Analytical Chemistry 2015, 87 (7), 3856–3863. Copyright 2015. 

American Chemical Society. 

As discussed above, the change in EOT results from the change in neff, which depends on the 

refractive index of the pores' void. Fortunately, the change in the refractive index inside the 

pores (void) can be determined by applying the Maxwell-Garnett approximation208,209,210,211, 

which is expressed in Eq. 2.21. Based on this model, the neff can be used to predict how 

much the EOT would shift if the void is replaced with different materials, for instance, if 

water infiltrates the air-filled pores of AAO. The EOT can be calculated by knowing the 

porosity, refractive indices, pore length of AAO, and the refractive index of the void. The 

calculated EOT can then be compared with the measured EOT (experimental EOT) to 

determine the volume fraction (fractional pore filling in %) of loaded or released materials, 

such as polymer from AAO pores. 

n2
eff = n2

Al2O3

2n2
Al2O3

+ n2
void + 2P (n2

void ‐ n
2

Al2O3
) 

2n2
Al2O3

+ n2
void ‐ P (n2

void ‐ n2
Al2O3

)
   .................  (Eq. 2.21)     

where P is the porosity of AAO, nAl2O3
, nvoid are refractive indices of AAO and the void, 

respectively.  
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Chapter 3. The Objectives of the Thesis 

In this Thesis, anodic aluminum oxide (AAO) and porous silicon rugate filter (pSiRF) 

constitute the target platforms as transducers for detecting fungal and bacterial enzymes. 

The Thesis focuses on the following points: 

1. Fabrication of AAO, pSi, and pSiRF sensors with optimal structures required for the 

sensing approach. This approach relies on using reflectometric interference 

spectroscopy (RIfS) coupled with nanostructured porous film (i.e., AAO, pSiRF) to 

track the change in the effective refractive index of the porous film due to the 

change in the void of the pores. Therefore, an aim was to establish stable and 

compatible structures for RIfS, which is essential for designing an optical sensing 

platform for detecting biological species such as enzymes. Secondly, the response of 

the AAO sensor sealed with stimuli-responsive polymers should be studied in detail. 

2. Modifying the sensor with label-biorecognition elements can be time-consuming or 

complex. Therefore, the establishment of a simple, versatile protocol was targeted. 

The investigation of the modification of nanostructured porous materials with label-

free targets, such as biodegradable polymers, using the wetting approach as a filling 

protocol was pursued.    

3. Investigation of the degradation by fungal and bacteria enzymes of biodegradable 

polymer filled in the AAO and pSiRF sensors. The sensors were to be tested in a 

biological medium using RIfS and other techniques.  

4. Development of a photonic material‐based sensor for the bare‐eye detection of 

bacterial enzymes. The sensor was targeted to be filled with a degradable material, 

which can be degraded by bacterial enzymes to indicate the presence of pathogens. 
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Chapter 4. Fabrication and Characterization of Polymer-Sealed AAO 

Nanopores 

4.1  Introduction 

Nanoporous anodic aluminum oxide (AAO) nanostructure was employed here to study the 

modification with polymers for the detection of bacteria. Controllable nanopore 

dimensions, high surface areas, and large aspect ratios are attributes of AAO that are 

desirable for designing biosensors1,2,3,4.  

Reflectometric interferometry spectroscopy (RIfS) is an optical detection technique that 

relies on the interaction between white light and thin films5. Combining the RIfS with 

materials with high surface area would provide a sensitive measurement system that can be 

used for many applications6,7,8. The pSi and AAO nanostructures have a high surface area for 

analyte-receptor interactions, enhancing the sensor's sensitivity. In this Thesis, the 

detection approach of RIfS coupled with AAO or pSi is based on the change in neff as a result 

of biodegradable polymers or other biological substances entering the pores9. The increase 

in the neff would lead to an increase in EOT, which can then be monitored upon the change 

in the system. Therefore, the change in the EOT was used as a trigger in the sensing method 

for in-situ or ex-situ monitoring of the modifying AAO with PLA and the consequence 

enzymatic degradation of PLA.  

The AAO/ pSi used for RIfS must have a particular pore size (i.e, pore diameter, pore length, 

porosity). Therefore, this Chapter addressed the parameters required to prepare a sensor 

measurable with RIfS. It is worth mentioning that the maximum signal in RIfS using AAO or 

pSi substrates could be obtained when the void in the pores is replaced with different 

refractive indices; for instance, liquid replaces air if the pores are initially sealed with 

polymer and then intentionally opened10. Therefore, at the end of this Chapter, this 

protocol was addressed.  

AAO substrates were fabricated by anodizing aluminum in oxalic acid, sulfuric acid, or 

phosphoric acid electrolytes. The synthesis of ordered AAO requires that the parameters, 

including the type and concentration of the electrolyte, anodization time, applied voltage, 

and temperature, are carefully chosen and precisely controlled. For example, the interpore 
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distance is known to increase linearly with the applied voltage, and the increase of the 

anodization time leads to an increase in the pore length11,12. 

In this Chapter, the synthesis of AAO was performed by the so-called 2-step anodization 

process or mild anodization (MA)13. The anodization setup used and established parameters 

are first discussed. Then, the morphology of Al before and after the anodization process is 

analyzed. The pore size of the fabricated AAO substrates was investigated by field emission 

scanning electron microscopy (FESEM). The AAO fabricated in the three electrolytes 

provides AAO with three distinct interpore distances and diameters. In addition, the length 

of the pores was tuned to enable the application of the AAO specimens for RIfS experiments 

and further biological tests.  

4.2  Fabrication of Anodic Aluminum Oxide (AAO) 

Prior to anodization, the roughness of the surface of the aluminum sample was reduced by 

an electropolishing process in a mixture of perchloric acid and ethanol14. The aluminum 

sample, which acted as the anode, was mounted on a copper plate (Figure 4.1a). An 

aluminum cathode was positioned at a distance of 2.0 cm from the anode. The 

electropolishing solution was then mixed by a magnetic stirrer to reduce the impact of gas 

bubbles, which may be generated during the process and accumulate on the surface of the 

aluminum. The setup is illustrated in Figure 4.1a. The advantage of this configuration was 

that the volume of the solution, previously cooled to 5 °C, was adequate to maintain a 

constant temperature during the electropolishing process.  

To synthesize AAO by anodization, the electro-polished aluminum samples were placed in a 

sample holder made of poly(vinyl chloride) (PVC). The sample holder was then inserted into 

a glass beaker containing the electrolyte solution. The anodization reaction was carried out 

at a defined constant temperature using a water bath coupled with an external cooling unit. 

Furthermore, the electrolyte solution was pumped directly toward the aluminum sample to 

facilitate the effective dissipation of the heat generated during the anodization (see     

Figure 4.1b). 
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Figure 4.1: Schemes of a) the electropolishing setup and b) the home-built anodization setup. 

Three sample holders were designed to fabricate different AAO samples. Figure 4.2a shows 

four Al samples were mounted in one holder to prepare AAO samples with identical pore 

diameter and pore length. This sample holder was utilized for the anodization at lower 

voltages, i.e. 25 V and 40 V. By contrast, for the anodization at high voltage (130 V), also 

called hard anodization (HA), a holder holding one Al sample was built (Figure 4.2b). In this 

design, the electrolyte was pumped directly to the Al sample, which was necessary to 

dissipate the heat generated due to the application of the high voltage during the 

anodization process. It was possible to enlarge the Al sample area by a factor of 7 using a 

larger sample holder (Figure 4.2c). In order to study the effect of the type of the used 

electrolyte on the structure of the AAO on the backside of the pores, the remaining Al was 

removed by a mixture of hydrochloric acid and copper(II)-chloride dihydrate solution15. Two 

specialized holders made of poly(tetrafluorethylene) (PTFE) were built for this purpose, as 

shown in Figure 4.2d,e.  

 b) a) 
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Figure 4.2: Photographs of sample holders for: a) anodization of four samples, b) anodization 

of one sample, c) anodization of a large sample, and d, e) removal of aluminum from the 

backside of small and large samples, respectively. 

4.3 Characterization of AAO 

The surface roughness of the Al foil may possess a significant effect on the formation of 

AAO. Therefore, an electropolishing process was used to reduce the roughness of the 

surface and to obtain a smoother surface. Figure 4.3a,b shows a top-view FESEM image of 

an Al foil before and after the electropolishing process. 

 

Figure 4.3: FESEM images of Al foil surface. a) before electropolishing and b) after 

electropolishing in a mixture of ethanol and perchloric acid at 20 V electropolished at room 

temperature for 4 min. 
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Afterwards, the sample was anodized in the first step. Figure 4.4a shows that the AAO 

formed in this first anodization step exhibits disordered nanopores. The irregularity of the 

formed pores, which were prepared in this anodization step, can be seen in the              

cross-sectional image of FESEM, where branched pores or combined pores could be seen, 

especially in the first 300 nm long (Figure 4.4b). It can be understood that the pore 

formation does not start at the same time of the breaking down of the initial oxide layer. 

 

Figure 4.4: FESEM images of a) the top side of AAO obtained in the first anodization step in 

oxalic acid (0.30 M) at 40 V and b) the cross-section of the AAO after the first anodization 

step, white arrows indicate undeveloped pores. 

The porous oxide layer obtained in the first anodization step should be removed to fabricate 

self-ordered nanopores. This layer was removed by chemical treatment using a mixture of 

phosphoric acid and chromium oxide solutions16 (for details, see the Experimental Part). 

Figure 4.5a displays that the barrier layer of the pores, located at the interfaces of the AAO 

and Al, had ordered hexagonal structures, unlike the top side, where no regular structure 

was observed. 

In Figure 4.5b, the FESEM image reveals the surface corrugations and their hexagonal 

arrangement on the remaining Al surface. 
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Figure 4.5: FESEM images of a) the back side of AAO (barrier layer) formed after the first 

anodization step and b) the Al surface after removal of the first oxide layer by chemical 

etching in an aqueous solution of phosphoric acid and chromium oxide at 65 °C. 

The structures shown in Figure 4.5b, which stem from the bottom parts of the initially 

formed pores, can be developed in the second anodization step to form regular pores, as 

shown in Figure 4.6a, where the pore cell with a honey-shaped structure was prominent.  

Furthermore, regular and straight pores along the AAO film were obtained when the second 

anodization was performed, as revealed in Figure 4.6b.  

 

Figure 4.6: FESEM images of a) the top side of AAO obtained in the 2nd anodization step in 

oxalic acid (0.30 M) at 40 V and b) the cross-sectional of the AAO after the second 

anodization step. 

The type of electrolyte and voltage are critical parameters in the anodization process17,18. 

Different acids, such as sulfuric, oxalic, and phosphoric acid, afford stable pore growth with 

varying voltages, which opens the way to AAO with different pore diameters and interpore 

distances19. Depending on the required structure of AAO, a proper acid with a corresponding 
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voltage must be chosen carefully to get ordered pores. Thus, different AAO substrates were 

fabricated in sulfuric, oxalic, and phosphoric acids at 25 V, 40 V, and 195 V, 

respectively20,21,22. The FESEM images of the synthesized AAO samples are shown in Figure 

4.7a,b,c. As can be seen, the pore diameters and the interpore distances differed depending 

on the acid used and the voltage applied. The interpore distance was ranging from 66 ± 5 nm 

to 450 ± 20 nm. Figure 4.7d displays a plot of voltages and the corresponding interpore 

distances. The interpore distance was found to be linearly proportional to the anodization 

voltage. The obtained interpore distances agree with the previous values reported by Martín 

and coworkers (2.4 ± 0.1 nm V-1) 23. 

 

 

 

 

 

 

 

 

 

Figure 4.7: FESEM images of available interpore distances (Di) of AAO mild anodization.       

a) Di = 64 ± 5 nm, mild anodization in sulfuric acid at 25 V, b) Di = 110 ± 8 nm, in oxalic acid at 

40 V, c) Di = 450 ± 20 nm, in phosphoric acid at 195 V, and d) Plot of interpore distance versus 

applied voltage, the solid line corresponds to a linear least squares fit of 0 V to 195 V 

revealing a slope of 2.4 ± 0.1 nm V-1. 
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The pore size of AAO plays a significant role in many applications24,25,26,27. Fortunately, the 

pore diameter can be increased after the anodization process to desired values without 

significantly changing the pore length. In this work, the pore-widening was performed by 

chemical etching in phosphoric acid. For the AAO obtained with a voltage of 40 V in oxalic 

acid, the samples were immersed in 0.5 M phosphoric acid at 35 °C from 5 to 35 min28. In 

Figure 4.8a there is a clear trend of increasing pore diameter with increasing widening time. 

The pore diameter was enlarged from 30 nm to 84 nm after 35 min (Figure 4.8b, 4.8c). As 

shown in Figure 4.8d, the synthesized AAO had a porosity of 8 %. This value slightly differed 

from the value of the porosity reported in the literature12. This variation is attributed to the 

sputtered gold layer on AAO; the pore diameter is reduced from 37 ± 3 to 32 ± 2 nm to 

overcome the charging effect during the FESEM measurement. The porosity of the widened 

AAO for 35 min was 58 %, which was higher than the non-treated ones by a factor of 7. The 

interpore distance was 110 ± 4 nm and was constant during the widening process. In 

comparison, the pore wall thickness decreased from 40 ± 3 to 20 ± 2 nm after 25 min 

widening. 
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Figure 4.8: Determination of the pore diameter upon the widening process of the AAO in 

oxalic acid (0.3 M, 40 V). a) FESEM images of AAO after immersion in phosphoric acid        

(0.5 M) at 35 °C for 0, 5, 10, 15, 25, and 35 min. b) The corresponding histograms of the pore 

diameter distributions. The solid line is the non-linear fit. c) Plot of the pore diameter 

calculated from the Gaussian fitting with the full width at half maximum (FWHM) as            

an error. b) The porosity versus the widening time estimated from the pore diameter. The 

solid lines in c and d correspond to linear least-squares fits of the data with slopes of                    

1.6 nm min-1 and 1.5 nm-1, respectively.  
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The pore length of AAO can be tuned to achieve a desirable AAO structure by varying the 

anodization time. The longer the anodization time, the thicker the AAO film. Figure 4.9a 

displays FESEM images of AAO prepared in 0.3 M oxalic acid at 40 V for anodization ranging 

from 0.5 h to 4.0 h. As the anodization time increased from 0.5 to 4.0 h, the pore depth of 

the AAO increased from 1.6 ± 0.3 to 12.8 ± 0.5 μm. The data shows that the pore length 

increased linearly with the anodization time with a growth rate of 3.2 µm h-1 (Figure 4.9 b). 

This value is higher than that reported by Nielsch and his group, who reported a growth rate 

of 2.0 µm h-1. This difference might be due to the temperature where anodization took place 

in these two studies; in this Thesis, we used 8 °C compared to 1 °C in Nielsch´s work. In our 

group, Dr. Müller reported a growth rate of 3.25 and 4.00 µm h-1 for short (1 h) and long      

(65 h) anodization time, respectively. Generally, the pore length is proportional to the total 

current passed to the anode at oxide/Al interfaces. It was noticed that the limited diffusion 

of the electrolyte in long pores led to a non-linear pore length growth rate29. Lee et al. 

reported that pore lengths of more than 50 µm limited the diffusion of anions reaching the 

oxide/Al interfaces and that the oxidation rate consequently decreased with the anodization 

time30. The pore length is governed by two processes, namely, Al oxidation and chemical 

dissolution of oxide. The oxide formation process is dominant because it depends on the 

availability of the cationic and anionic species (H3O+ and OH-) at the oxide/Al interfaces. 
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Figure 4.9:  Dependence of the pore length on the anodization time (in 0.3 M oxalic acid at 

40 V). a) FESEM cross-section images for anodization times b) Linear fitted graph between 

mean pore length of AAO (n = 3, the error bars denote the standard deviation) and the 

anodization time. The solid line corresponds to linear least squares fit of 0 to 4 h, revealing a 

slope of 3.2 µm h-1.   

a) 
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While the two-step MA forms ordered circular pores along the entire length, the synthesis 

of long pores is very time consuming due to the low anodization current. By contrast, HA 

yields long AAO pores in a short time. For HA, the anodization is started at a lower voltage 

of 40 V to create a protective oxide layer, which is not ordered (Figure 4.10). Then, the 

voltage is slowly increased to the final voltage of 130 V. After removing the aluminum from 

the backside and the barrier oxide layer, a free-standing membrane is obtained, which is 

well-ordered at the backside. 

 

Figure 4.10: FESEM images of HA anodized AAO in oxalic acid (0.3 M) at 130 V for 4 h.          

a) topside forming the protective layer for the anodization at high voltage (formed at 40 V) 

and b) backside after removal of the aluminum, c) cross-sectional view of AAO with low 

magnification, two red lines were used to determine the top and bottom of AAO film, and 

d,e) high magnified cross-sectional view of top and bottom of the pores, respectively.             

f) A plot showing schematic programming of the applied voltage in the HA. 

4.4 Wetting of AAO 

The wetting of the AAO pores was investigated using RIfS. Prior to the measurement, the 

top side of the AAO samples was sputter-coated with 7-8 nm of gold to enhance the 

reflectivity of the light at the air-AAO interface. The initially air-filled pores were filled with 

water, and the EOT was measured before and after pore filling. Figure 4.11 displays that the 
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EOT was increased when the pores were filled with water. The ΔEOT value was found to be 

585 ± 2 nm. The expected EOT values were also calculated for both air-filled and water-filled 

pores using the Maxwell-Garnett equation31,32. To calculate the effective refractive index, 

the refractive indices of bulk Al2O3 and air were considered as 1.760 and 1.000, 

respectively33. The refractive index of water was 1.333, which was measured using                 

a refractometer. The porosity and pore length values were determined from FESEM images 

and were found to be 28 ± 2 % and 3.250 ± 0.050 μm, respectively. Finally, the expected 

ΔEOT was calculated to be 590 nm. The fractional pore filling with water was calculated 

using Eq. 4.1: 

Pore filling (%) = 
       ΔEOTexperimental

ΔEOTcalculated
   x 100    ..................  (Eq. 4.1) 

According to equation 4.1, the pore filling was found to be 98 ± 2 %. The result shows no 

significant difference between the expected and experimental EOT, which means that the 

pores were entirely filled with water. 
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Figure 4.11: Plot of in-situ- RIfS measurement of the filling of air-filled AAO pores with water. 

The AAO was fabricated in 0.3 M oxalic acid at 40 V, 60 min second anodization, 17 min pore 

widening in 0.5 M phosphoric acid at 35 °C, which afforded a pore diameter, interpore 

distance, pore length, and porosity of 58 ± 2 nm, 108 ± 3 nm, 3.250 ± 0.050 μm and 28 ± 2 %, 

respectively. The inset shows the transient of filling the pores with water. 
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It is not surprising that water wetted AAO pores because the surface of AAO is highly 

hydrophilic, which was suggested by the measured static contact angle value of 10 ± 3°, 

close to the value reported by Lee and colleagues (14˚)34. 

Influence of Refractive Index of the Pore Content (void) on RIfS Measurements  

To study the effect of the refractive index of the solution on the EOT, an experiment using a 

water/glycerol mixture with different concentrations, i.e., 0.0, 2.5, 5.0, and 7.5 wt% of 

glycerol in water, was performed. These solutions were introduced into the AAO pores, and 

the EOT was recorded as a function of increasing the refractive index of solutions         

(Figure 4.12a). All the RIfS measurements were conducted at room temperature, as 

refractive indices of the solutions are known to depend on the temperature35,36. 

Firstly, water was introduced into the AAO pores, and the EOT was recorded in-situ. An 

increase in the ΔEOT value by 5 nm was observed after exchanging water with the 2.5 wt% 

glycerol in water. After 1 min, the cell with the AAO specimen was flushed with water, and a 

decrease in EOT value of 5 nm was observed. The same procedure was repeated for 

solutions of 5.0 wt% and 7.5 wt% of glycerol in water. The ΔEOT as glycerol was replaced by 

water (or vice versa) due to the increase in the refractive index of the solution inside the 

pores. As shown in Figure 4.12b, the ΔEOT increased linearly with increasing refractive 

index. Since the length of the AAO pores remains constant during the experiment, the EOT 

value depends upon the refractive index of the pore content of the AAO pores. It can be 

concluded that EOT was found to be sensitive to the change in the refractive index of the 

solution present inside the AAO pores. 
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Figure 4.12: a) ΔEOT values versus time obtained after injecting water/glycerol aliquots of 

different concentrations. b) Plot of ΔEOT values vs. refractive indices of the solutions used to 

fill the AAO pores (the solid line represents a least linear squares fit of the data points (n = 3, 

the error bars denote the standard deviation of ΔEOT). The AAO was fabricated in 0.3 M 

oxalic acid at 40 V for 60 min, and the pore widening was for 7 min in 0.5 M phosphoric acid 

at 35 °C which afforded a pore diameter, interpore distance, pore length, and porosity of     

42 ± 2 nm, 108 ± 3 nm, 3.250 ± 0.050 μm and 13.7 ± 1.4 %, respectively. 
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4.5 Covering the AAO with the Free-Standing Film of Poly(lactic Acid) (PLA) 

The strategy to close the nanopores with a thin layer of PLA was to transfer a free-standing 

thin film of the polymer. To fabricate such a layer, a PLA sheet was prepared on Si wafers, 

according to Takeoka and co-workers37. In order to reduce the adhesion of PLA to the native 

oxide covered Si surface, the pre-cleaned Si (2 cm x 2 cm) was functionalized with 

1H,1H,2H,2H-Perfluorododcyltrichlorosilane (FDTS)38 via vapor phase deposition. 

Afterwards, 150 µL of a 3 wt% of PLA prepared in chloroform was spin-coated for 20 sec at 

1000 rpm onto the Si wafer. The dry thickness, measured by ellipsometry, of the              

free-standing PLA film was 350 ± 20 nm. The static water contact angle was measured after 

each functionalization step. The result reveals that the Si surface was successfully covered 

with a thin layer of FDTS, which was evident by converting the surface from hydrophilic    

(13 ± 2°) to hydrophobic (114 ± 3˚) nature. The contact angle dropped to 65 ± 3˚ after spin 

coating a layer of PLA (Figure 4.13). These values are consistent with previously observed 

values of bare Si39, FDTS40, and PLA film41 (10-20°, 118°, 72°, respectively). 

 

 

Figure 4.13: Water contact angle for bare Si, functionalization with FDTS, and for PLA spin 

coated on Si surface. The chemical structures for FDTS and PLA are inserted.  
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Transfer of the free-standing PLA film requires detachment of the PLA film from the              

Si substrate. Unfortunately, the detachment of this thin film was challenging to achieve 

without damaging the PLA film. Hence, a second support layer was employed. It was 

reported that poly(vinyl alcohol) (PVA) was a good choice to support PLA sheets because 

PVA is water-soluble, and PVA/PLA layers were found to peel off relatively easily from the 

previously functionalized planar Si with FDTS42. Therefore, PVA was utilized as a supporting 

film. It was thus cast from the solution on the Si wafer that was previously covered with 

FDTS and PLA. After the drying process, the PVA/PLA film could be peeled off intact and 

suspended in water to dissolve the PVA (Scheme 4.2).   

 

Scheme 4.2: Schematic of Fabrication of the free-standing PLA film. A planar Si substrate was 

functionalized with FDTS. Then PLA dissolved in chloroform was dropped on the Si wafer and 

spin-coated. The Si-FDTS-PLA substrates were coated with PVA, and left to dry at room 

temperature. Next, the PLA-PVA film was peeled off from Si (support) and suspended in 

water for 2 h to release the PLA sheet from water-soluble PVA, obtaining a free-standing PLA 

flooding on water. 

Figure 4.14a shows the suspended PLA film in water, which could be scooped up with AAO. 

The PLA film was transparent and flexible, as shown in Figure 4.14b. Afterwards, the AAO 

covered with the free-standing PLA film was heated at 50 ˚C to promote the adhesion of the 

PLA to the AAO surface. The covered AAO with the free-standing film was analyzed by 

FESEM. 
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Figure 4.14 Photograph of the PLA film a) suspended in water, b) covering the AAO.        
Scale bar = 1 cm. 

Figure 4.15 displays the FESEM image of the PLA film laying on the AAO surface. The FESEM 

data confirmed that a homogeneous and defect-free PLA thin film could be successfully 

prepared and transferred onto AAO. The defect-free PLA film was guaranteed by using FDTS 

since employing this material provides the surface hydrophobic and enables a defect-free 

detachment of the film and its support43. The FESEM shows no PVA layer attached to the 

PLA layer, which suggests that PVA was dissolved in water and PLA was released. The latter 

was supported by comparing the thickness of PLA film on the AAO with the thickness of the 

PLA measured by ellipsometry. These observations confirmed that the thickness of this film 

did not significantly change before or after detachment from the Si surface (Figure 4.15). 

The observed crack in the FESEM image could be attributed to the broken underlying 

support, which might have happened during the mechanical cutting of the AAO for FESEM. 

 

Figure 4.15: FESEM image of AAO covered with PLA sheet. The AAO was fabricated in 0.3 M 

oxalic acid at 40 V, 60 min, 7 min pore widening in 0.5 M phosphoric acid at 35 °C, proving 

pore diameter and pore length of 42 ± 2 nm, 3.250 ± 0.050 μm, respectively. To enhance the 

attachment of PLA film, the covered AAO with PLA free-standing film was placed on a hot 

plate for 1 min at 50 ˚C. 
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Tests of the PLA/AAO Sensor 

To test whether the pores of the AAO were tightly sealed with PLA film, the PLA/AAO 

system was investigated by RIfS. The RIfS signal was recorded before and after water 

injection into the RIfS cell, and the ΔEOT values were calculated (Figure 4.16a). The data 

showed that ΔEOT increased gradually after injecting water and reached a plateau after     

35 min. The increase in the ΔEOT value was due to water penetration into the AAO pores. It 

means that the pores were not permanently sealed with film. This might be either due to   

(i) cracks in the PLA film that were not detectable in FESEM images, (ii) water, which could 

get under the PLA film from the edges and fill the pores either directly or by capillary 

condensation, or (iii) transport of water through the PLA film. These defects might have 

been formed during the peeling off of the PLA film or during the heating process. The 

transport of water through the PLA film was excluded as this should occur on much longer 

time scales44.  

A reference experiment was conducted to verify the change in EOT in opened pores 

(without PLA sheet). The data are shown in Figure 4.16b. The increase of ΔEOT was very 

sharp and reached the plateau in a few seconds. By comparison of the ΔEOT values in these 

two experiments, it was clear that pores were filled to the same extent (likely completely) in 

both systems (with and without PLA film on top of AAO); however, for the polymer-coated 

samples, this took much longer, it takes 15 min to fill in half of the pores compared to 2 min 

of the uncovered AAO. From this outcome, this method, covering the AAO pores with a PLA 

free-standing sheet, was unsuitable for our sensing design10. Therefore, an alternative 

protocol to achieve a maximum RIfS signal for sensing using PLA deposited into the pores of 

AAO was established and discussed later in this Thesis. 
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Figure 4.16: Plot of ΔEOT against the time of the online water- wetting of a) AAO covered 

with PLA layer, b) neat AAO. The pore diameter, pore length, and porosity of AAO were          

59 ± 2 nm, 3.350 ± 0.050 μm, and 28 %, respectively. The AAO was fabricated in 0.3 M oxalic 

acid at 40 V for 90 min, with 21 min pore widening in 0.5 M phosphoric acid at 35 °C. 
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4.6  Conclusion  

In this Chapter, the AAO samples were fabricated under optimized conditions to obtain 

homogenous circular pores with pore diameters and interpore distances ranging              

from 20 to 130 nm and 64 to 450 nm, respectively. Cooling the reactor is essential to 

prevent defects, such as uneven pore diameters, that might be formed due to the 

fluctuation in temperature.  

After the electropolishing or anodization step, the aluminum/AAO was checked with FESEM. 

The data showed that the surface with reduced roughness provided an optimal requirement 

for anodization. The synthesized AAO samples obtained via the two-step anodization were 

well-ordered with hexagonal pore shapes. The anodization parameters were adjusted to 

fabricate the AAO desired for experimental purposes, and the formed AAO samples were 

investigated. Sulfuric, oxalic, and phosphoric acids with varying voltages were used as 

electrolytes, offering different pore diameters and interpore distances. In agreement with 

the literature, the interpore distance was linearly proportional to the anodization voltage. 

The pores of the synthesized AAO in oxalic acid were widened in phosphoric acid. The 

FESEM data confirmed that the pore diameters increased linearly with the widening time. 

The pore diameter was widened from 32 nm to 85 nm after immersion in phosphoric acid 

for 35 min. The porosity was also calculated and scaled linearly with widening time. 

Additionally, the dependence of the pore length on the anodization time was studied. AAO 

synthesized in oxalic acid at 40 V exhibited pores ranging from 1.6 to 12.8 μm in length 

when the anodization was conducted from 0.5 to 4.0 h. 

The wetting of the AAO pores was investigated using RIfS. The ΔEOT value dramatically 

increased when the pores were filled with water. Based on the calculated and experimental 

ΔEOT, the pore filling was found to be 99.5 %. The latter proved that the pores of AAO were 

filled with water. Furthermore, the dependence of ΔEOT on the refractive index of the filling 

solution was studied in RIfS, showing a linear trend of ΔEOT with the refractive index of the 

pore content. 

To control the wetting of AAO for further sensing experiments, the top side of AAO was 

covered with a 350 ± 20 nm thin PLA free-standing sheet. The PLA sheet was successfully 
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prepared on a pre-treated Si wafer using the spin-coated method and transferred to AAO, 

which covers the top side (the pore gate). 

The impact of the PLA sheet on the wetting on AAO was evaluated using RIfS. Two identical 

AAO samples were used for comparison, covering one with the PLA sheet. The RIfS was 

conducted during the infiltration of water into the pores. The data showed that the ΔEOT   

measured on AAO covered with PLA gradually increased and reached the plateau in 35 min. 

In contrast, on the bare AAO (uncovered), the ΔEOT increased rapidly and reached a plateau 

in a few seconds. The latter indicates that the pores were wet with water faster than in the 

case of covered pores, where the PLA sheet altered the filling of the pores but did not affect 

the wettability of the pores, which was proved by the EOT values for these samples. 

4.7 Materials and Methods 

Aluminum sheets (99.999 %, 0.5 mm x 100 mm x 250 mm, Evochem), silicon wafers (<100> 

orientation, Siegert Wafer), sodium hydroxide (>98.8 %, ChemSolute), perchloric acid (70 %, 

VWR, AnalaR NORMAPUR), ethanol absolute (99.8 %, VWR), 1H,1H,2H,2H-

Perfluorododcyltrichlorosilane (97 %, Sigma Aldrich), oxalic acid dihydrate (Merck, >99.5%), 

phosphoric acid (Roth, 85 wt%), chromium(VI)-oxide (>99.0 %, Sigma-Aldrich), hydrochloric 

acid 38 wt% (analytical reagent grade, Fisher Scientific), copper (II)-chloride dihydrate (99 %, 

Riedel-de Haën), Milli-Q water (Milli-Q Direct 8 with Millipak Express 40 filter, 18 MΩ cm, 

Merck, Germany). 

Instruments 

Reflectometric Interferometry Spectroscopy (RIfS) 

RIfS spectra were measured on AAO, pSi, and pSiRF samples at ambient temperature. The 

desired samples were fixed into a home-made flow cell and illuminated with white light at a 

normal incident angle using a tungsten halogen (LS-1) through one arm of a bifurcated optic 

fiber. The reflected light was collected through another arm of a bifurcated fiber and 

analyzed using a charge-coupled device (CCD) detector (USB-2000+VIS-NIR-ES). The 

measurements were recorded using the software SpectraSuite (Ocean Optics). The RIfS 

signal was recording intervals of 1-60 sec (depending on the experiment), an integration 

time of 10 msec, a scan to the average value of 500, and a boxcar width of 5. The data was 

analyzed using the Igor program (Wavemetrics Inc.). 
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Field Emission Scanning Electron Microscopy (FESEM) 

For the characterization of the morphology of the AAO, pSi, and pSiRF samples, FESEM 

micrographs were acquired on a Zeiss Ultra 55cv Field Emission Scanning Electron 

Microscopy (FESEM) (Zeiss, Oberkochen, Germany). The operation voltage for all the 

measurements was 10 kV, and the detector was the Inlens detector. Prior to the 

measurements, the AAO surface was sputtered with gold for 40 sec, providing a layer           

of ~ 8 nm, to enhance the conductivity of the surface. The FESEM micrographs were 

analyzed using ImageJ software (v1.50d).  

Fabrication of AAO 

If not stated otherwise, the aluminum substrates were degreased in acetone for 3 min and 

then were rinsed with Milli-Q water and dried in a nitrogen stream. To remove the native 

oxide layer, the aluminum substrates were immersed in an aqueous solution of              

NaOH (0.5 M) for 5 min, then rinsed with Milli-Q water and dried in a nitrogen stream. 

Afterwards, the samples were electropolished at room temperature in a 3:1 mixture (v %) of 

ethanol and perchloric acid at a constant voltage of 20 V using a power supply (EA-PSI 8160-

04T, Electro-Automatic GmbH, Viersen) for 4 min. 

The anodization process was performed under a controlled temperature using a cooling 

system (LAUDA PK20). The reaction temperatures were 5 and -5 °C for the mild and hard 

anodization, respectively. In the mild anodization, the AAO was fabricated in two steps. In 

the first step, AAO was anodized in the aqueous solution of oxalic acid (0.3 M) for 5 h          

at 40 V. The first layer of Al2O3 was etched in a solution of phosphoric acid (7.06 g) and 

chromium oxide (1.53 g) in Milli-Q water (91.42 g) at a temperature of 65 °C. The second 

anodization step was conducted in the same oxalic acid solution under the same conditions 

as in the first step. 

To achieve the desired pore diameter, the AAO was widened in 0.5 M phosphoric acid          

at 35 °C for a given time (as mentioned in this Chapter). 

The hard anodization was conducted in oxalic acid (0.3 M) at 130 V. In this process, the 

voltage gradually increased from 40 to 130 V (Table 4.1). Afterwards, the pores were 

widened for 20 min. 
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Table 4.1: Voltage and current program applied for the HA in oxalic acid (0.3 M). 

 

Time (min) Voltage (V) Current (A) 

0 40 0.20 

8 40 0.20 

1 80 0.15 

3 105 0.15 

1 130 0.15 

5 130 0.15 

1 130 0.05 

240 130 0.05 

 

Fabrication of Free-Standing PLA Film 

The flat Si wafers were sonicated in acetone for 5 min by washing them with MQ water and 

drying them in streaming nitrogen. Afterwards, the cleaned Si wafers were placed in a Uv-

Ozone cleaner for 15 min. The functionalization with FDTS was performed by keeping the Si 

substrates with a vial containing 5 drops of FDTS in the desiccator at a reduced pressure of 

16 mbar at room temperature for 12 h. Afterwards, 150 µl of 3 wt% of PLA solution was 

dropped on a planar Si wafer and spin-coated for 20 sec at 1000 rpm. 1 mL of 10 wt% of PVA 

(dissolved in distilled water) was cast on the pre-functionalized Si wafer and left to dry at 

room temperature for 24 h. The PVA/PLA film was peeled off and suspended in water        

for 2 h. Then, the PLA free-standing sheet was fished by a home-made metal ring. The top 

side of AAO was covered with this PLA free-standing and placed on a hot plate for 1 min     

at 50 ˚C. 
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Chapter 5. Enzymatic Degradation of Poly(lactic acid) on Planar Si 

and Nanoporous AAO 

5.1    Introduction 

In recent years, anodic aluminum oxide (AAO) has been among the interesting nanoporous 

materials due to its potential applications, including drug delivery1,2, energy storage3, and 

biosensing4,5,6. Modifying AAO structures with polymeric materials is one of the protocols 

for designing enzyme biosensing systems. The concept of enzyme sensors possesses the 

potential for future (bio)medical applications, e.g., to detect bacterial infections via the 

detection of hydrolytic bacterial enzymes that may be present in high local concentrations 

when secreted by bacteria in bacterial biofilms7. In this Chapter, AAO was coated with a 

biodegradable polymer to design a composite system to detect a particular bacterial 

enzyme. The fungal enzyme proteinase K was used as a model enzyme for proteases 

secreted, e.g., by Pseudomonas aeruginosa (P. aeruginosa)8,9,10. Nanoporous AAO and 

planar Si substrates were coated via spin coating with poly(lactic acid) (PLA) and the 

enzymatic degradation of PLA as a function of film thickness was studied. Scheme 5.1 

illustrates the coating of the top side of the AAO specimen surface with PLA and the 

enzymatic degradation of PLA by exposing the sensor to proteinase K. The degradation of 

the PLA film was monitored using ellipsometry, contact angle, Fourier transform infrared 

spectroscopy (FTIR), atomic force microscopy (AFM), reflectometric interference 

spectroscopy (RIfS), and field emission scanning electron microscopy (FESEM) to provide 

insight into structure-property relationships. 

 

Scheme 5.1: Schematic of the AAO-based sensor for the detection of enzymes. PLA was spin-

coated on AAO before performing the enzymatic degradation, which leads to the opening of 

the previously closed pore.  
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5.2 Modification of Planar Si with PLA by the Spin Coating Method 

The spin coating process of PLA was initially performed on planar silicon (Si) wafers. PLA 

solutions of different concentrations were spin-coated onto pre-cleaned Si wafers at             

a spinning rate of 1000 rpm for 20 sec. The thicknesses of the resulting films were measured 

via ellipsometry. Figure 5.1a shows that the dry ellipsometric thickness of the PLA films 

increased monotonically with the concentration of PLA, in accordance with general 

observations in spin coating11. Specifically, Okamura and his group reported that the film 

thickness of PLA on planar Si prepared via spin coating increases proportionally to the PLA 

concentration utilized12. 

Static water contact angle measurements were performed on planar Si surfaces before and 

after PLA deposition to confirm qualitatively the surface modification. The results of the 

static water contact angle are presented in Figure 5.2b. The mean value of the measured 

contact angle of the pre-cleaned Si surface increased from 16 ± 2˚ to 74 ± 3˚ after PLA 

coating; the latter value is in good agreement with data reported in the literature13. It is well 

known that the higher the water contact angle, the lower the hydrophilicity of the surface14. 

Therefore, the change in contact angle agrees with the presence of the PLA on the Si 

surface, which changes the surface wettability of oxide covered Si (wettable with water).  

The effect of the PLA thickness on contact angle values was also investigated. As shown in 

Figure 5.1b, there is no significant change in the contact angle values of PLA-coated Si for 

the film thickness ranging from 14 ± 2 to 172 ± 6 nm, which suggests that homogenous PLA 

films on the Si wafers were prepared.  

Noteworthy, the wettability of the substrate-supported polymer thin film could be 

thickness-dependent for ultrathin films. Petek and co-workers studied the effect of the film 

thickness on van der Waals interactions15. Their study explored how the underlying 

substrates (beneath the polymeric thin film) or a homopolymer bilayer system result in van 

der Waals interactions through the top layer (film). They found that the wetting of a PS thin 

film with a thickness of 10 nm and below (critical thickness) is mainly dominated by the van 

der Waals forces, whereas there is no effect of the van der Waals on the wetting of the 

thicker film. Other researchers reported another value of the critical film thickness. They 
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argued that the van der Waals interactions had no effect on the wettability of an epoxy 

resin film if the film thickness was below 18 nm16.  

It is worth pointing out that parameters other than the van der Waals interactions may 

affect the wettability of the thicker polymer film, such as polymer chain mobility17 or surface 

roughness18. For instance, Hirt et al. reported that a change in the wettability of PLA thin 

film was observed after manipulating the surface chemical properties and roughness by 

treating the film with UV radiation19. These authors found that the water contact angles 

decreased with UV exposure time. Another study conducted by Schimmel and coworkers 

proved that surface wettability changes with surface roughness20. They reported that the 

measured water contact angle of the porous polymer film was reduced by 30° after 

smoothing the polymer film by isothermal annealing near the glass transition temperature. 

 

 

 

   

 

  

 

Figure 5.1: a) Dry ellipsometric thickness versus concentration of PLA solutions (0.1, 0.3, 0.5, 

1.0 wt% in chloroform) spin-coated at 1000 rpm for 20 sec on planar oxide covered Si 

substrates. The solid line corresponds to a linear least-squares fit of the data, which are 

presented as mean values. The error bars denote the standard deviations (n = 3). b) Values of 

static water contact angle (sessile drop) versus the thickness of PLA films. The insets are 

photographs of water droplets on a pristine and a PLA-coated Si wafer, respectively.  

The chemical structure of the PLA spin-coated films on Si was confirmed by FTIR in 

transmission mode. In the FTIR spectrum shown in Figure 5.2a, the bands at 2997 cm-1 and 

2946 cm-1 are attributed to the CH stretching region21. The band at 1759 cm-1 is due to the 

stretching vibrations of C꓿O bonds22. The band at 1456 cm-1 is assigned to the -CH3 groups, 

whereas the bands at 1381 cm-1 and 1363 cm-1 are related to the -CH groups23. The bands  
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at 1189 cm-1 and 1090 cm-1 correspond to the stretching vibrations of C-O-C groups21. FTIR 

spectroscopy was also performed on different PLA films with different thicknesses. As the 

different PLA thicknesses displayed essentially very similar spectral characteristics in the 

region 2000-1500 cm-1, the FTIR spectra of these PLA films are presented as a stack plot in 

Figure 5.2b. As shown in Figure 5.2b, the absorbance of the band attributed to the C꓿O bond 

vibration increased dramatically with the dry thickness of PLA films. The peak areas of C꓿O 

groups were determined from the corresponding FTIR spectra and are shown in Figure 5.3c. 

The values increase linearly with increasing PLA film thickness. The data confirms that PLA 

was deposited on the Si surface, whereas no peak of the C꓿O bond was detected in the neat 

Si substrate.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: a) FTIR spectrum of PLA film (1.0 wt% PLA solution in chloroform) that was spin-

coated at 1000 rpm for 20 sec on planar Si substrates. b) FTIR spectra stack plot for the 

region 2000-1500 cm-1 (where the peak of carbonyl groups is shown) of different thicknesses 

of PLA films (prepared with PLA solutions of 0.1, 0.3, 0.5, 1.0 wt% in chloroform).                    

c) Dependence of carbonyl peak area on the PLA film thickness. The solid line corresponds to 

linear least-squares fits of the data. The error bars denote the standard deviations (n = 3).  
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5.3    Modification of AAO with PLA by the Spin Coating Method 

Subsequently, PLA was utilized to cover the top side of AAO (i.e., the top side with open 

pores). The coating of PLA onto AAO was performed using the spin coating method. A series 

of PLA concentrations were chosen to examine the minimum film thickness of PLA that 

could effectively seal the AAO pores against the ingress of water. This was also done 

because it has been reported that the thickness of the deposited polymer on the AAO pores 

impacts the designing of sensor-based AAO24. Such a PLA film was supposed to be exposed 

to an enzyme aqueous solution to study the degradation process catalyzed by the enzyme. 

Therefore, the smaller the PLA film thickness, the shorter the expected degradation time, 

which is necessary for sensing.  

The deposited PLA on AAO sensors was first investigated by FESEM. Figure 5.3a-d shows 

FESEM images of AAO before and after the coating with solutions of different 

concentrations of PLA. The FESEM data revealed that the pores of AAO were not covered 

when the low PLA concentrations (3 and 4 wt% in chloroform) were used, whereas in the 

case of the higher concentration of 5 wt% in chloroform, the top side of AAO was covered 

and no pores were visible. The disappearance of discernible pores on the AAO surface 

demonstrates that the spin coating method produces a PLA film that successfully covers the 

pores of the AAO (here, with a mean diameter of 42 ± 3 nm).  

A thicker PLA layer is required to seal the AAO pores because of the difference in porosity 

and roughness between AAO and the planar Si. Jennings and his group observed a variation 

in the thickness of the polymer coating on porous and nonporous substrates despite 

employing the same quantity of polymer25. These authors attributed this variation to the 

differences in the surface morphologies of the porous and nonporous substrates.  

Figure 5.3e,f shows cross-sectional images of bare AAO and PLA film atop the AAO. Only the 

AAO sample that was covered with a higher concentration (5 wt%) of PLA solution is shown. 

The data reveals that the PLA film successfully covers the top side of the AAO surface with a 

film thickness of 340 ± 30 nm. Based on the FESEM images, the spin coating method can be 

utilized to prepare a uniform polymer film on both planar and porous surfaces. 
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Figure 5.3: Top view and cross-sectional FESEM images of AAO (Di = 103 nm, Dp = 42 nm,        

l = 3.2 μm; 40 V, 0.3 M oxalic acid, 2nd anodization: 60 min, widening: 7 min in H3PO4 at       

35 °C). a,e) bare AAO, b,c) spin-coated of 3, 4 wt% PLA, and d,f) spin-coated of 5 wt% PLA in 

chloroform. 
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Attenuated total reflectance FTIR (ATR-FTIR) spectroscopy measurements were performed 

on the top side of the AAO surface covered with different amounts of PLA. The AAO samples 

were measured by ATR-FTIR spectroscopy before and after PLA coating and the recorded 

spectra are presented in Figure 5.4a. As discussed previously in this Chapter, the absorbance 

at 1759 cm-1, which was assigned to C꓿O groups in PLA, was used to evaluate the coating 

process. The ATR-FTIR spectroscopy measurement on the neat AAO could not detect any 

band at 1759 cm-1 compared to the coated AAO with PLA. The FTIR spectra confirmed that 

the prominent carbonyl absorption band increased with PLA concentration due to the 

increase in the thickness of the PLA film. The area under the band of the carbonyl group 

stretching vibration showed a linear relationship with PLA concentration from 1 to 4 wt% in 

chloroform. By contrast, a maximum height and peak area for the carbonyl peak was 

observed at the higher PLA concentration (5 wt% in chloroform); additionally, a deviation 

from the linear trend was observed (Figure 5.4b). The latter phenomenon is attributed to 

the higher viscosity of the polymer solution at the high concentration26. Torkelson and co-

workers investigated the effect of the viscosity of the PS and PMMA solutions on the film 

thickness using the spin coating method26. They reported that the high viscosity of the 

polymer solution (higher concentration) hinders the flow (of the solution) on the substrate; 

subsequently, the solvent's evaporation will occur before the film thinning process, which is 

necessary to prepare a homogenous polymer film26. Therefore, the more viscous the 

polymer solution, the thicker the film is formed27. Mattoli´s group conducted a study to 

prepare a free-standing PLA film for cell-polymer interaction; the data showed a non-linear 

behaviour of the prepared PLA film with the higher polymer concentrations28.  

The PLA film coated on AAO may differ in thickness from that on the planar Si surface even if 

the same concentration of polymer is used due to the difference in the wetting behaviour of 

those surfaces, as they have different properties and morphologies29. 
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Figure 5.4: a) ATR- FTIR spectra stack plot for PLA thin films prepared by spin coating using 

different concentrations of PLA in chloroform on AAO. b) Dependence of carbonyl peak area 

at 1755 cm-1 on the PLA film thickness. The solid line corresponds to linear least-squares fits 

of the data. The error bars denote the standard deviations (n = 3).  

The thermal degradation behaviour of the neat PLA and PLA-covered AAO is shown in Figure 

5.5a,b. PLA is thermally unstable and exhibits a reduction in molar mass during the thermal 

treatment30. This reduction is due to the tendency of ester linkages of PLA to break down 

during the thermal process31. The TGA measurement of neat PLA exhibited a rapid change in 

its mass with elevated temperature. Figure 5.5a shows the thermal degradation of neat PLA 

starting at a temperature of 281 °C and continuing up to 460 °C, where 99 % of PLA was 

thermally degraded. The onset of decomposition of PLA was found to be around 335 °C. 

There was an inflection point at 370 °C, and the PLA was degraded completely below 460 °C. 

Figure 5.5b shows the TGA data acquired from PLA coated on AAO as well as neat AAO. 

Initially, a weight loss (expressed as weight %) was observed for neat AAO between           

100 and 175 °C, with no further reduction. For AAO coated with PLA, weight loss occurred 

between 100 °C and 275 °C. These losses for both systems could be attributed to the 

absorbed water or adsorbed species besides the chloroform residuals in the PLA/AAO 

composite. The degradation of PLA slowly started at a temperature of 280 °C, and most of 

the PLA was degraded below 450 °C, but the thermal degradation of PLA continued even 

beyond 550 °C. It is worth mentioning that the remaining weight % (thermogram of spin-

coated PLA in Figure 5.5b) corresponds to the AAO template, which is the majority of the 

PLA/AAO composite being measured. 
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The difference in decomposition behaviours of the polymer as bulk and as coated on AAO 

could be associated with the tightly bound polymer on the top AAO surface and inside the 

pores32. Zhong and his colleagues measured TGA on the AAO filled with poly(methacrylic 

acid)32. Their data revealed that although most of the polymer was decomposed below    

420 °C, the decomposition of the polymer continued at further temperatures                    

(e.g., above 600 °C) compared to the bulk polymer. Furthermore, the decomposition of the 

polymer deposited inside the pores may affect the mass transport of gaseous residual 

products and volatile residual products from the pores, leading to a delay in the thermal 

decomposition process33.  

 

 

 

Figure 5.5: TGA thermograms of PLA a) in bulk (as powder), b) spin-coated PLA on AAO, 

which was prepared in oxalic acid at 40 V for 1 h and widened in phosphoric acid for 7 min 

with an average pore diameter of 42 ± 4 and pore length 3.2 ± 0.3 μm. The heating ramp 

was conducted from 100 to 600 °C with a heating rate of 10 °C per minute in a 15 mL min-1 

nitrogen gas flow. A 5 wt % PLA solution was spin-coated on AAO at 1000 rpm for 20 sec. 

To assess the distribution and presence of PLA within the pores, a cross-sectional view of 

the PLA-filled AAO sample was analyzed using energy dispersive x-ray spectroscopy (EDX). 

Figure 5.6a shows a cross-sectional FESEM image of AAO marked with four points: three 

along the pores and one on the PLA layer on the top side of AAO. Those points were 

targeted by the point mode measurement in EDX, resulting in four separated EDX spectra 

being recorded from those four points, as shown in Figure 5.6b-e.  
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Figure 5.6: a) Cross-sectional FESEM image of AAO covered with PLA and the EDX 

measurements were conducted on four position points (numbered 1-4) across the pores.      

b-e) EDX spectra for these points 1, 2, 3, and 4, respectively. f) C/Al weight elemental ratio 

calculated from the EDX spectra for those four positions points shown in a. 

The EDX spectra demonstrate four detectable peaks belonging to the carbon, oxygen, 

aluminum, and gold elements. The carbon signal located at 0.277 keV, beside the oxygen at 

0.525 keV, is the essential building element of PLA34. The Al signal at 1.486 keV came from 
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the building element of AAO, together with O35. The observed signal at 2.120 keV resulted 

from the passivated layer of Au36, which was used as a conductive layer for FESEM 

measurement37. The elements observed for the PLA and AAO agree with previous 

studies38,39. Thus, EDX analysis confirms the presence of PLA in the pores and not only on 

the pore gate/top side of AAO. The C/Al weight elemental ratio was calculated and shown in 

Figure 5.6f. The EDX data displays that the PLA was distributed along the pores and that the 

quantity of PLA was low in regions placed more profoundly into the pores.  

However, EDX was also conducted on neat AAO, specifically in the middle of the cross-

sectional AAO film, as shown in Figure 5.7a, and the EDX spectrum was recorded          

(Figure 5.7b). The analysis of the EDX spectrum indicated that the C/Al ratio is four times 

smaller than that observed in the spectrum of PLA-filled AAO shown in Figure 5.6c. The 

presence of the C peak on the EDX spectrum of the neat AAO could be attributed to 

contaminations during sample preparation under the ambient environment40 or the oxalic 

impurities incorporated into the AAO film during the anodization of Al41,42,43. Zhang and 

coauthors studied the photoluminescence (PL) of AAO prepared in oxalic acid44. They 

reported that the AAO showed a PL band at 470 nm, which was caused by oxalic impurities 

found after the fabrication of AAO. Other researchers fabricated the AAO in a mixture of 

malonic and sulfuric acid and found a similar behaviour45. 

 

Figure 5.7: a) Cross-sectional FESEM image of neat AAO showing one point where EDX was 

measured, b) EDX spectrum obtained from a. The C/Al ratio was calculated to be 0.05. 
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5.4 Enzymatic Degradation of PLA on Nonporous and Porous Substrates  

5.4.1   Enzymatic Degradation of PLA on the Planar Si 

As discussed in Chapter 2, the presence of bacteria can be indirectly determined via their 

secreted enzymes, specifically by the degradation of a polymer by the enzyme. In this 

Chapter, proteinase K was used as a model enzyme to degrade the PLA coatings on planar Si 

and AAO substrates. The degradation of PLA on planar Si was studied using ellipsometry, 

contact angle (CA), FTIR spectroscopy, FESEM and AFM. The degradation of a PLA film with        

68 ± 3 nm thickness was investigated by ellipsometry to determine the change in the dry 

PLA film thickness (Figure 5.8). The PLA film was incubated in the proteinase K solution for 

different interval times, and the dry film thickness was measured every 7 min. The data in 

Figure 5.8 showed that the thickness of the PLA film decreased linearly with incubation 

times. The dry thickness of PLA film (prepared by spin coating a 0.5 wt% solution of PLA in 

chloroform), decreased from 68 to 54 nm within 7 min. After 22 min incubation time, the 

thickness was lowered to 19 nm; a similar degradation rate and trend were also reported in 

literature46. The degradation rate was evaluated from the linear fit of the data in Figure 5.8, 

which yielded 2.27 nm min-1. The enzymatic degradation time is expected to be longer for 

the degradation of the thick PLA films. 

 

Figure 5.8: Dry ellipsometric thickness of PLA film spin-coated on planar Si versus the 

enzymatic degradation in 1 mg mL-1 proteinase K for 7, 14 and 22 min.                                     

(D = 858 nm – 2.27 x tdeg, R2 = 0.97). The solid red line corresponds to a linear least-squares 

fit of the ellipsometric data. The error bars denote the standard deviations (n = 3). 
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The static water contact angle of PLA films on planar Si was monitored after each 

degradation time. Figure 5.9 shows that the PLA film becomes slightly more hydrophilic 

after treatment with proteinase K. This can be explained by the increase in carboxylic acid 

and hydroxyl residues on the surface due to degradation, causing a change in the surface 

morphology47.  

 

Figure 5.9: Static water contact angle of PLA film on planar Si surface versus the enzymatic 

degradation in 1 mg mL-1 proteinase K for 7, 14 and 22 min. The insets are the contact angle 

photograph before and after degradation for 22 min. The error bars denote the standard 

deviations (n = 3). 

FTIR spectroscopy was performed to monitor the effect of the degradation time on the PLA 

film spin-coated on planar Si. As demonstrated in Figure 5.10a, the characteristic band of 

PLA is located at 1754 cm-1 (C=O stretching vibration of the carbonyl group). The calculated 

area of the carbonyl peak from the FTIR bands decreased linearly with the increasing 

degradation time (Figure 5.10b). The reduction in the band area of carbonyl is associated 

with the reduction of the PLA film thickness after being subjected to enzymatic degradation, 

subsequently confirming the occurrence of the degradation process. This effect was 

consistent with the ellipsometric data discussed in the previous section. 
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Figure 5.10: a) FTIR spectra stack plot for PLA thin films spin-coated on planar Si after 

incubation in 1 mg mL-1 proteinase K at different times. b) Dependence of carbonyl peak area 

at 1755 cm-1 on the degradation time (A = 1.42 nm – 0.055 × tdeg, R2 = 0.96). The solid line 

corresponds to linear least-squares fits of the data. The error bars denote the standard 

deviations (n = 3).  

The surface morphology of the PLA-covered Si before and after performing the enzymatic 

degradation was analyzed by FESEM and AFM. To minimize potential morphological 

variations between different samples, the FESEM and AFM measurements were conducted 

on the same Si-PLA sample, which was divided into halves; one-half of the covered Si with 

PLA was immersed in the proteinase K solution, and another half was left out of the enzyme 

solution as demonstrated in Figure 5.11. 

 

Figure 5.11: Scheme of performance of the enzymatic degradation of PLA-covered planar Si; 

only half of the sample was immersed in proteinase K solution. 
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Figure 5.12 displays the photograph of PLA film spin-coated on planar Si and the 

corresponding FESEM images. The light grey and dark areas on the Si-PLA sample represent 

areas before and after immersion in the enzyme solution for 22 min (Figure 5.12a). 

According to the research conducted by Reynolds and co-workers48, the color of a polymer 

thin film is directly associated with its thickness; therefore, the change in the color of the 

PLA films after degradation is due to the change in the film thickness upon the film 

degradation. As shown in Figure 5.12b,c, the FESEM images exhibit no significant erosion on 

the surface of the PLA film despite the reduction in the film thickness, as confirmed by 

ellipsometry. This can be explained by PLA degradation occurring homogeneously by erosion 

of the PLA surface within this time scale49. Furthermore, the FESEM images show no 

difference in the morphology of PLA on the planar surface before and after degradation. The 

tiny cracks visible on both surfaces are probably from the sputtered gold used to enhance 

the conductivity of the surface for FESEM measurement, or they formed during the FESEM 

measurement due to the focused current beam used for high-resolution images, which 

leads to local heating, or could also be caused by measurement artifacts50. 

 

Figure 5.12: Spin-coated PLA on the planar Si, a) Photograph, b) and c) FESEM images before 

(light grey part) and after immersion in proteinase K (1 mg mL-1) for 22 min (dark grey part), 

respectively. Enzymatic degradation of the PLA film was performed as depicted in          

Figure 5.11. 

https://www.mdpi.com/2073-4360/10/11/1266#fig_body_display_polymers-10-01266-f005
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AFM measurements were conducted in tapping mode under ambient conditions to assess 

the impact of the enzymatic degradation on the PLA surface morphology that previously 

covered the planar Si. As described in the FESEM above, the AFM was also conducted on the 

Si-PLA sample (Figure 5.13a) and the change in roughness of the treated and untreated 

parts with the enzyme was evaluated. The AFM data showed that the Rq surface roughness 

of PLA film was 1.19 ± 0.02 nm and increased after the enzyme treatment with the enzyme 

to 1.31 ± 0.09 nm (scan size 25 μm²), as shown in Figure 5.13b,c. The change in the surface 

roughness is expected when the PLA film undergoes a dissolution, which can be due to 

chemical or biological effects51,52. Doi and co-workers observed that the Rq surface 

roughness of the PLA film increased from 0.2 to 0.5 nm after exposure to proteinase K for 14 

min46. Thus, the slightly increasing surface roughness implicated the degradation of PLA. 

 

Figure 5.13: Spin-coated PLA on the planar Si, a) Photograph, b) and c) AFM images before 

(light grey part) and after immersion in proteinase K (1 mg mL-1) for 22 min (dark grey part), 

respectively. Enzymatic degradation of the PLA film was performed as depicted in          

Figure 5.11. 
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5.4.2   Enzymatic Degradation of PLA on the AAO 

The degradation of the PLA-covered AAO via the enzyme was also investigated. FESEM, 

contact angle, AFM, and RIfS techniques were used to evaluate the degradation process.  

The degradation reaction occurred under the same conditions for degrading PLA on Si 

planar substrates except for the degradation time. Figure 5.14 demonstrates the setup for 

treating the AAO substrates (covered with PLA) with Tris-HCl buffer and proteinase K. Two 

sets of experiments were performed: one set was incubated in Tris-HCl buffer as a 

reference, and another set was incubated in Proteinase K for 300 min.  

 

Figure 5.14: Scheme of the configuration of the immersion of the PLA-covered samples in 

Tris-HCl buffer (left) and proteinase K (1 mg mL-1) (right) solutions for 300 min, respectively. 

The FESEM measurement was conducted before and after treatment with proteinase K and 

the buffer solution for 300 min (Figure 5.15). The top-view and cross-sectional FESEM 

images of the PLA-covered AAO sample are shown in Figure 5.15a,b. After incubation of this 

sample in the buffer solution, the PLA film survived, as displayed in Figure 5.15c,d. However, 

it was not the case, when a similar sample was treated with proteinase K; the PLA film was 

degraded, leaving the pores of AAO clearly visible in the FESEM images (Figure 5.15 e,f).  

This data confirmed that the PLA was stable throughout the incubation in buffer solution, 

and no significant effect on the PLA film morphology was observed. It can be concluded that 

the disappearance of the PLA was due to enzymatic degradation. Furthermore, the data was 

consistent with PLA films on planar Si, where no significant change in surface morphology 

was observable after degradation. This observation confirmed that the enzymatic 

degradation took place homogenously by surface erosion. Song and his group also reported 

such observation52. They noted that the PLA surface did not change after being degraded by 

the enzyme esterase for 7 days, despite a weight loss of PLA fibers, but a slight change in the 

morphology was observed for a longer incubation time (14 days and above). 
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Figure 5.15: Top-view and cross-sectional FESEM images of the AAO (fabricated in 0.3 M 

oxalic acid at 40 V for 50 min), a,b) after PLA deposition, c,d) after immersion in Tris-HCl 

buffer for 300 min, e,f) after immersion in proteinase K (1 mg mL-1) for 300 min. 

The static water contact angles were analyzed to evaluate the effect of the treatment of the 

AAO and PLA surfaces. The measurements were conducted on the AAO sample before and 

after PLA deposition and enzymatic degradation. Initially, the water contact angle 

measurement was performed on bare AAO. The result displays a water contact angle value 

of 10 ± 3˚ (Figure 5.16), indicating that the bare AAO's surface is hydrophilic. It was reported 

that the freshly prepared AAO has a hydrophilic surface53. For instance, Lee and colleagues 

stated that the water contact angle on bare AAO was 14˚, which is close to the value 

reported in this Chapter54. The wettability of the AAO changed after the PLA deposition and 

the water contact angle increased by 61˚. Thus, suggesting that the AAO surface was 
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covered with PLA, which matches the contact angle data of the covered planar Si with PLA, 

which was discussed initially in this Chapter. It is worth mentioning that this value is 

independent of the underlying surface (i.e., AAO) due to the full coverage of the AAO by a 

thick PLA film, which was thick enough to exclude the effect of the AAO surface on the 

wettability55. The water contact angle measurement after immersion of the AAO-PLA 

sample in buffer solution had a value of 73 ± 2˚, which is close to the value before the 

immersion (71 ± 2˚), indicating that the PLA film remained on the AAO surface. Although 

there is a slight difference in contact angle values, it cannot be concluded that no 

degradation occurred because, as was discussed earlier in this subchapter, the deviation in 

the contact angle values of PLA film during the degradation is insignificant. 

 

Figure 5.16: The water contact angle of bare AAO, PLA spin-coated on AAO, before and after 

degradation by proteinase K (1 mg mL-1) for 300 min. 

By contrast, the value of the static water contact angle dropped to 37 ± 3˚ after enzymatic 

degradation for 300 min. The reduction of the contact angle values indicated a change in the 

surface morphology after immersion in the enzyme solution. This can be explained by 

removing the PLA film from atop AAO due to the degradation process by proteinase K. As 

shown in Figure 5.15e, the PLA film was degraded, and the AAO was exposed, which 

changed the wettability because the AAO is more hydrophilic than the PLA film. It is worth 

noting that the contact angle value of the AAO after PLA degradation did not match its 
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original value (before PLA deposition), which could be explained by the presence of the 

small amount of PLA or its fragments or other contaminations on the AAO surface after 

enzymatic degradation.  

AFM measurements were also conducted before and after the enzymatic degradation of 

PLA on AAO. Figure 5.17 displays AFM images after the deposition of PLA on AAO, after PLA 

incubation in the buffer solution and after enzymatic degradation, respectively. The Rq 

surface roughness of PLA film before the treatment with the buffer or with the enzyme was 

0.48 ± 0.91 nm (scan size 1 μm²), respectively (Figure 5.17a). Whereas the Rq of the treated 

sample with the buffer was 0.54 ± 1.2 nm. The high standard deviation value could be due 

to the slight swelling of the PLA film56. In contrast, the Rq value increased significantly after 

the treatment with the enzyme (7.24 ± 0.66 nm) due to removing PLA, and the pores were 

uncovered.  

 

Figure 5.17: AFM images of spin-coated PLA on AAO Di = 103 nm, l = 3,0 μm; 40 V, 0.3 M 

oxalic acid, 2nd anodization: 50 min), a) after PLA deposition, b) after immersion in Tris-HCl 

buffer for 300 min, c) after immersion in proteinase K (1 mg mL-1) for 300 min. 

The RIfS technique also proved the enzymatic degradation of PLA on the AAO. The RIfS 

measurements were conducted on the AAO before and after PLA deposition as well as after 

incubation in buffer and the enzyme solutions for 300 min. The effective optical thickness 

(EOT) curves, which were acquired from RIfS spectra by applying a fast Fourier 

transformation (FFT), are shown in Figure 5.18. The EOT values for the bare AAO samples 

ranged between 9975 and 9995 nm. This slight variation could be due to a minor difference 

in the pore geometry during the AAO fabrication or the pore widening. However, an 

increase in the EOT values was observed after the spin coating of PLA on the AAO. As 

discussed in this Chapter, the concentration used to cover the AAO was 5 wt% in 
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chloroform. The spin coating of 5 wt% of PLA on the AAO causes a shift in EOT at about    

494 nm (AAO-filled PLA/air). However, this change in EOT, upon PLA deposition, is more 

significant than the calculated one for 100 % pore filling, which was determined by applying 

the Maxwell-Garnett equation described in Chapter 2 and comparing the maximum EOT of 

the bare AAO. Based on the calculated EOT value and corresponding calculated pore filling 

(assuming 100 % PLA filling), the pore filling of the AAO sample (with spin-coated PLA) was 

estimated to be 132 %. This overestimation can be understood by considering the polymer's 

location in the porous material. The calculated EOT represents only AAO and the polymer 

infiltrating the pores (100 % PLA filling). In the current case, the experimental EOT 

represents the AAO with the PLA located atop and inside the pores, as confirmed by SEM 

and EDX data. The formation of a PLA layer on top of the AAO pores results in a maximum 

EOT value due to the sum of both layers (AAO plus PLA and the PLA top layer). 

 

Figure 5.18: EOT curves obtained from AAO samples (Di = 103 nm, l = 3,0 μm; 40 V, 0.3 M 

oxalic acid, 2nd anodization: 50 min). Pore diameter: 42 nm (widening: 7 min in H3PO4 at     

35 °C). a-c) From bare AAO, after PLA spin coating and after immersion in Tris-HCl buffer for 

300 min, respectively. d-f) From bare AAO, after PLA spin coating and after immersion in 

proteinase K (1 mg mL-1) for 300 min, respectively. All the samples were measured in the 

dried state.   
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Despite this issue, the enzymatic degradation of PLA atop AAO could be investigated using 

RIfS. The EOT of the PLA/AAO samples was determined after incubation in the Tris-HCl 

buffer and proteinase K solutions. Figure 5.19 displays the change in EOT (ΔEOT) after PLA 

deposition of AAO as well as after enzymatic degradation. To assess the buffer's effect on 

the PLA film, the ΔEOT values were compared before and after immersion. The data show a 

decrease in ΔEOT by 7 % (from 492 ± 10 to 454 ± 13 nm) after 300 min immersion of        

PLA-coated AAO in Tris-HCl solution. This reduction in ΔEOT could be explained by removing 

a small amount of PLA from the PLA/buffer interface during the immersion in the buffer or 

during the post-process, e.g., washing the PLA/AAO sample. Although one could not observe 

this slight change in the FESEM, AFM, or contact angle data, the RIfS could detect it, making 

this technique a good candidate for investigating the enzymatic reaction in porous 

materials.  

By contrast, the value of ΔEOT of the sample treated with the enzyme solution was 

enormous compared to that in the buffer. The ΔEOT value was decreased by 447 ± 13 nm, 

which gives a reduction of 91 % compared to 7% in the buffer. This drop in ΔEOT is 

explained by water entering the air-filled pores and confirmed that the enzyme could 

degrade most of the PLA at this time. It was clear that ΔEOT did not recover its original value 

(i.e., that for bare AAO).  This could be due to the remaining residual PLA, as non-degraded 

or not washed out polymer, inside the pores excluding and change in the morphology of 

AAO substrates during the enzymatic degradation, since the AAO is stable in the basic 

environment, as discussed in Chapter 4. In the next Chapter, the enzymatic degradation of 

PLA coated in AAO will focus on the PLA inside the pores by removing the PLA from the top 

side of AAO prior to the enzymatic degradation, which offers an advantage such as a 

response time or sensitivity of the AAO sensor. 
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Figure 5.19: Evaluation of the ΔEOT from Figure 5.18 demonstrating the dependence of the 

EOT on change in the PLA amount when immersion in the Tris-HCl buffer (PH 8.5) and 

proteinase K (1 mg mL-1)solutions for 300 min. The error bars denote the standard deviations 

(n = 3). All the measurements were performed after washing and drying PLA/AAO sensors. 

5.5 Conclusion  

This Chapter investigated the deposition and enzymatic degradation of PLA on the planar Si 

and AAO. The PLA deposition process was performed using the spin coating method. 

Different concentrations of PLA solution were spin-coated on both planar Si and AAO and 

measured using ellipsometry, water contact angle, and FTIR techniques. 

The dry thickness of the PLA film on a planar Si increased linearly with the concentration in 

the spin coating solution. The water contact angle data confirmed the presence of the PLA 

on the surface due to the change in wettability. Moreover, the FTIR data were consistent 

with the ellipsometric and contact angle data where the PLA layer was successfully 

deposited on the Si surface. The carbonyl band area increased linearly with the dry PLA 

thickness. The deposition of the PLA on the AAO substrates was examined using the same 

techniques: contact angle, FESEM, ATR-FTIR, EDX, and TGA. In this Chapter, the intended 

protocol was to cover the AAO pores entirely with the PLA layer to seal them and reopen 

them using a specific stimulus (such as an enzyme), enabling their use as a bacterial enzyme 

sensor. Different concentrations of the PLA solutions were used to ensure optimal pore 
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coverage. The optimal PLA concentration was 5 wt% in chloroform, resulting in 300 nm film 

thickness estimated from FESEM images. 

The FTIR spectroscopy data revealed that as the PLA concentration increased, a deviation 

from the linear dependence was observed, presumably due to the increase in the viscosity 

when the concentrated PLA solution was utilized. The TGA data also confirmed the presence 

of the PLA in the AAO substrate but did not confirm whether the PLA was only on the top 

side or inside the pores of the AAO sample. Therefore, the EDX measurement was 

conducted on the coated AAO at four points along the AAO (from top to bottom). The EDX 

analysis confirms the presence of PLA inside the pores and on the pore gate/top side of 

AAO. The C/Al weight elemental ratio was calculated from those four points, and it was 

concluded that the PLA was distributed along the pores, but the quantity of PLA was low in 

regions placed more profoundly into the pores. 

After confirming the presence of PLA on planar Si and AAO substrates, the enzymatic 

degradation of PLA on those substrates was investigated. The degradation was conducted 

by proteinase K, which could cleave the ester bond on the PLA backbone. Firstly, the 

enzymatic degradation of PLA was tested on planar Si substrates. A reduction in dry 

thickness was observed with an increase in degradation time. The ellipsometric data 

showed that 73 % of the PLA film with a thickness of 68 ± 3 nm was degraded in 22 min by 

the enzyme. 

Moreover, the contact angle measurements showed a slight change in wettability after the 

enzymatic degradation, with no further significant change in wettability throughout the 

degradation process. The FTIR spectroscopy data supported the ellipsometric data by 

showing a linear trend with the degradation time. FESEM and AFM were performed on the 

PLA film before and after degradation. The FESEM could not qualitatively differentiate 

between the PLA film before and after treatment with the enzyme, suggesting that the 

degradation was homologous on the entire surface. AFM could provide more information 

about the surface roughness, whereas the PLA film treated with the enzyme was rougher 

than the untreated one. The enzymatic degradation of the PLA was then investigated on the 

AAO. The FESEM images showed that the enzyme totally degraded the PLA film on the AAO 

surface. The reference experiment using an enzyme-free solution showed no degradation, 

and the PLA film remained intact. The contact angle data also confirmed this process, where 
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a significant reduction in the contact angle was observed before and after the degradation 

(from 73 ± 2 to 37 ± 3˚). The AFM data showed a slight increase in Rq value after immersion 

in the buffer solution for 300 min. However, this change was prominent after treatment 

with the enzyme for the same incubation time, which is also clearly displayed in the AFM 

images. Finally, the degradation of PLA on the AAO substrate was investigated with the RIfS. 

The EOT data confirmed that the PLA was deposited on the AAO substrate due to the 

increase in the effective refractive index. Furthermore, the EOT was decreased after 

treatment with proteinase K due to the occurrence of the degradation of PLA film, 

suggesting a reduction in the pore filling by 91 % in 300 min, which was more significant 

than that of the sample treated with buffer (7 %).  

The data presented in this chapter suggest that further investigation into the enzymatic 

degradation of PLA and other biodegradable polymers across varying pore morphologies 

would be beneficial for optimizing sensor performance. Another recommendation would be 

to use this system, PLA covers the AAO pores, to design a platform for drug delivery with an 

enzyme-triggered gate. This system would mean the pore could be loaded with a drug/dye 

and sealed with PLA film. The latter could be enzymatically degraded, releasing the drug 

from the pores to treat, for instance, the infected area.  

5.6  Materials and Methods 

Chemicals, materials, and instruments, which have already been mentioned in Chapter 4, 

will not be stated here again. 

Fabrication of AAO Sensors 

A series of AAO samples were fabricated in oxalic acid at (40 V) for 1 h. Then, they were 

widened at 35 °C in phosphoric acid for 7 min. The pore diameter and the pore length were 

around 42 nm and 3.2 µm, respectively. Then, the surface of the AAO sensor was sputtered 

with gold for 40 sec, providing a layer of ~ 8 nm. The covering process of PLA on the top 

side of AAO was performed using a spin coating method. A series of PLA concentrations (1, 

3, 4, and 5 wt% ) were prepared in chloroform. 

Static Contact Angle Measurements 

The static water contact angle was measured using a sessile drop method (Dataphysics OCA-

15, Filderstadt, Germany). A 2 μL of the Milli-Q water droplet was dispensed onto the planar 
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Si or AAO substrates covered with PLA, and the images were taken directly. The CA 

measurements were conducted on three positions on each sample. The obtained result is 

presented as the arithmetic mean with the standard deviation as an error in the data. 

Ellipsometry 

The thickness measurements of the thin films were done with an alpha-SE variable angle 

spectroscopic ellipsometer (J.A.Woolam Co., Lincoln, NE) with EASE software. Three 

different incidence angles, i.e., 65°, 70°, and 75°, were chosen to perform measurements at 

three different points in the center area of each sample. The data was then fitted using the 

Cauchy model with a bare Si wafer taken as background. The obtained result is presented as 

the arithmetic mean with the standard deviation as an error in the data. 

Fourier Transform Infrared (FTIR)/Attenuated Total Reflectance Fourier Transform 

Infrared (ATR-FTIR) Spectroscopy 

The measurements of PLA thin films coated on planar Si wafer before and after enzymatic 

degradation were done with the IFS 66 v spectrometer (Bruker Optics, Ettlingen, Germany), 

which was equipped with a liquid nitrogen-cooled MCT detector (1000 scans with spectral 

resolution 4 cm-1) in transmission mode. The background spectrum was collected by 

scanning a cleaned planar Si wafer. The ATR-FTIR spectra for spin-coated PLA on AAO were 

recorded in a range between 600 cm-1 and 4000 cm-1 with a resolution of 0.5 cm−1 using a 

Bruker Tensor 27 (Ettlingen, Germany) with a diamond lens ATR module. The ATR-FTIR 

measurements were performed by Dr. Maximilian Meier. 

Field Emission Scanning Electron Microscopy (FESEM) 

Prior to the FESEM measurements, the PLA films coated on the planar Si and on the AAO 

surface were sputtered with gold for 40 sec, providing a layer of ~ 8 nm, to enhance the 

conductivity of the surface. The FESEM analysis was conducted using a Zeiss Ultra 55cv field 

emission scanning electron microscope (FESEM, Zeiss, Oberkochen, Germany) with the 

Inlens detector. The measurements were performed with two operation voltages: 5 kV and 

10 kV. The FESEM images were analyzed using the ImageJ software (v1.50d).  
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Atomic Force Microscopy (AFM)  

The AFM measurements were conducted on the planar Si and AAO samples using Asylum 

Research MFP-3D Bio AFM (Asylum Research, Santa Barbara, California) in tapping mode. 

The resolution of the images was set to 512 pixels x 512 pixels. A Si cantilever with a 

nominal tip radius of 7 nm and a resonance frequency of 300 ± 100 Hz was used (AC160TS, 

Olympus, Japan). The AFM Measurements were performed and analyzed by Dr. Anna 

Schulte. 

Preparation of PLA Thin Films 

Pieces of Si wafers (with a size of 1.2 x 1.2 cm2) were cleaned in a beaker containing ethanol 

for 15 min and then in Milli-Q water for 10 min in a sonication bath. The wafers were then 

dried with a nitrogen stream, followed by cleaning in UV-Ozone cleaner (ProCleaner TM 

system, supplied by BIOFORCE NANOSCIENCES) for 30 min. 1 wt% PLA solution was 

prepared in chloroform (99 %, purchased from Carl Roth), and serial dilutions with 

chloroform were made to prepare PLA solutions with concentrations of                                

0.1, 0.3, 0.5 and 1.0 wt%. The spin coating technique was used to prepare PLA thin films 

from different concentrations on cleaned Si-wafers. In each case, the spinning time and 

spinning speed of the spin-coater were 20 sec and 1000 rpm, respectively. A volume            

of 300 µL from the PLA solution was deposited on the planar Si and the spin coater. For the 

AAO, 80 µL from the PLA solution was deposited on the AAO substrate, and the spin coater 

(ELV, Ostfriesland, Germany) was immediately run for 20 sec at 1000 rpm. Afterwards, the 

PLA/AAO/Si was left for 24 h under ambient temperature for drying. Prior to each 

experiment, those samples were vacuumed for 2 h for further drying. 

Enzymatic Degradation of PLA with Proteinase K  

The AAO and planar Si substrates coated with PLA were placed in a 6-well plate containing   

2 mL of Tris-HCl buffer with pH 8.5 or 1 mg mL-1 proteinase K solutions at 25 °C. For the 

planar Si, the samples were kept in the enzyme solution for 7, 14, and 22 min, whereas for 

AAO samples, the degradation time was 300 min. Afterwards, the samples were washed 

with Milli-Q water and dried in a stream of nitrogen, then kept in the desiccator at 5 mbar 

for 2 h, followed by the intended analysis.  
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Chapter 6. Optimizing the Response of a PLA-AAO Sensor: Towards 

the Detection of Bacterial Enzymes 

6.1 Introduction 

As discussed in Chapter 2, nanoporous materials, such as AAO, have been considered 

suitable candidates as transducers for sensing due to the signal enhancement that can be 

achieved by their large surface area compared to planar substrates1. Furthermore, they can 

be coupled with a wide range of chemical species to design label or label-free sensors for 

chemical sensing or biosensing2,3. For instance, AAO functionalized with polyelectrolyte 

multilayers has been used as host materials for enzyme-responsive polymers to detect 

enzymes4. These polymers can be specifically degraded by the target bacteria enzymes, 

which may be exploited to indicate the presence of targeted bacteria5. 

In this Chapter, the response of polymer-modified AAO for sensing enzymes6 was optimized. 

The nanopores of AAO were filled with PLA via the droplet evaporation method. Unlike the 

functionalization approach discussed in Chapter 5, the PLA layer on the top side of the AAO 

was removed before performing the enzymatic degradation. This optimizes the performance 

of the sensor by eliminating the undesired signal generated due to the presence of the PLA 

on the top surface of AAO from the signal obtained due to the enzymatic reaction inside the 

pores (Scheme 6.1). Furthermore, the modification process of PLA inside the pores was 

investigated using the reflectometric interference spectroscopy (RIfS) technique7.  

As discussed in Chapters 2 and 5, the PLA can be degraded by selected proteases such as 

proteinase K8,9,10. Thus, the enzymatic degradation of PLA inside the pores can be 

discernible, inducing a change in the refractive index of the AAO and leading to a change in 

the EOT. The deposition and degradation of PLA by proteinase K were analyzed using RIfS. 

The shifts observed in the characteristic RIfS fringe pattern following pore filling and 

enzymatic degradation of the PLA film were quantitatively analyzed. The pore filling was 

evaluated by analyzing the RIfS spectra. This sensor, which is comprised of AAO and filled 

with PLA, explored a promising approach for both in-situ and ex-situ enzyme detection. 
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Scheme 6.1: Schematic of the AAO-based sensor for enzyme detection: a) neat AAO; b) AAO 

after deposition of PLA; c) removal of PLA from the top side of the AAO and leaving behind 

PLA inside the pores; d) incubation of PLA-filled AAO with enzyme; e) degradation of PLA 

inside the pores by enzyme; f) AAO after the enzymatic reaction followed by washing and 

drying. 

6.2 Modification and Characterization of AAO with PLA by Casting Method 

The solvent casting method, also known as droplet evaporation, is a direct and simple 

method to functionalize the AAO pores. Russell et al. also investigated this method11. They 

reported the fabrication of poly(methyl methacrylate) (PMMA) nanotubes through the 

wetting of AAO with PMMA solution in chloroform. Other researchers have demonstrated 

that this method offers a simple approach to preparing polymer nanostructures inside AAO 

pores, provided the solution can infiltrate and wet the AAO pore walls, as with acetone as a 

polymer solvent12. Thus, in this Chapter, the AAO pores were modified with PLA using this 

method, as illustrated in Scheme 6.1. The PLA solution was dropped onto the top AAO 

surface, and the solvent (i.e., chloroform) evaporated under ambient conditions, leaving 

behind a solidified PLA film. The applied PLA solution on AAO partially infiltrated the pores, 

and the majority of the polymer was located on the top side of the AAO surface. After the 

completion of the drying process, FESEM was conducted and revealed that a substantial 
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amount of PLA was observed on the top side of AAO, as shown in Figure 6.1a,b. To optimize 

the AAO sensor, by confirming that any characteristic observed due to PLA degradation was 

strictly from PLA deposited into the AAO pores, the PLA film on the top AAO surface was 

removed by wiping the AAO surface with chloroform-wetted tissue. Figure 6.1c confirmed 

that the layer of PLA was removed from the top surface of AAO, showing that the majority 

of the pores were opened.  

 

Figure 6.1: Top view FESEM images of AAO nanopores (Di = 103 nm, Dp = 42 nm, l = 3.2 μm; 

40 V, 0.3 M oxalic acid, 2nd anodization: 60 min, widening: 7 min in H3PO4 at 35 °C) a) bare, 

b) after the casting of PLA (5 wt% in chloroform), c) after surface cleaning.  

Figure 6.2a,b displays cross-sectional FESEM images before and after the PLA deposition on 

the AAO surface. The FESEM image estimated the PLA film thickness on the top side of the 

AAO to be approximately 5.7 µm. This thick layer was removed to prevent it from affecting 

the response of the AAO-PLA sensor since this layer must be degraded prior to the 

degradation of the confined PLA inside the pores. Figure 6.2c also confirms the cleaning 

efficiency of the PLA from the AAO surface. The magnified image of Figure 6.2c reveals that 

PLA can be seen at the bottom of the pores, which emphasizes the penetration of the PLA 

solution deep into the pores (Figure 6.2d). The pore filling with PLA will be discussed later in 

this Chapter. 
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Figure 6.2: Cross-sectional FESEM images of AAO nanopores (Di = 103 nm, Dp = 42 nm,            

l = 3.2 μm; 40 V, 0.3 M oxalic acid, 2nd anodization: 60 min, widening: 7 min in H3PO4 at       

35 °C; a) bare, b) after casting of PLA, c,d) after surface cleaning at low and high 

magnification, respectively. 

6.3 Characterization of PLA inside the Pores by RIfS 

The pore filling (volume fraction) of PLA in the AAO pores was determined by RIfS 

measurements. Different concentrations of PLA were drop-casted onto AAO substrates with 

similar pore geometry, and the AAO surface was cleaned before RIfS measurements. The 

filling percentage was calculated by employing the Maxwell-Garnett equation described in 

Chapter 2 and comparing the maximum EOT of the neat AAO to the functionalized AAO. 

The RIfS spectra before and after PLA deposition into AAO pores are shown in Figure 6.3 a-d. 

The values of ΔEOT increased with PLA concentrations due to an increase in the amount of 

PLA in the pores (pore filling). The calculation of pore filling percentage was detailed in 

section 6.6, Materials and Methods. 
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Figure 6.3: Change of EOT upon loading with different PLA concentrations a) 1 wt%,             

b) 3 wt%, c) 4 wt%, and d) 5 wt%. AAO: pore diameter = 42 nm (widening: 7 min in H3PO4 at 

35 °C), pore length = 3.2 μm (anodization: 60 min); 40 V, 0.3 M oxalic acid, 2nd anodization: 

60 min). All samples were surface cleaned after casting the PLA. The pore filling was 

calculated using the Maxwell-Garnett equation. All measurements were performed on dried 

AAO-PLA samples (the pores were air/PLA-filled).  

Figure 6.4 displays a plot of the ΔEOT versus the pore filling, revealing a linear relationship 

within this concentration range. It was reported that as the polymer concentration 

increases, the viscosity of the polymer solution also increases13. The high viscosity of the 

polymer solution hinders its penetration by clogging the pores, leading to less polymer filling 

the pores of AAO14. 
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Figure 6.4: Plot between the ΔEOT and pore filling (%) extracted from Figure 6.3 a-d. The 

error bars are the standard deviations (n=3). 

6.4 Enzymatic Degradation of PLA inside the Pores of AAO 

As previously discussed, the deposition of PLA in AAO causes an increase in EOT due to an 

increase in neff of the AAO film. The PLA‐modified AAO could be used to design a sensor to 

detect enzymes such as proteinase K. As discussed in Chapter 2, the reduction in the 

amount of deposited material inside the pores of AAO caused a blue shift in peaks (also 

referred to as fringes) in the interferometric spectrum. Therefore, the enzymatic 

degradation of PLA in the pores by proteinase K or bacterial enzymes should lead to a 

change in the neff of the AAO film. The reflectance spectrum was recorded before and after 

the incubation of PLA-modified AAO with proteinase K for different internal times 

(Figure 6.5). As shown in Figure 6.5, a blue shift in the maxima wavelength of the 

interferometric spectrum was observed, indicating that PLA was removed from the pores of 

AAO, confirming the occurrence of enzymatic degradation on PLA inside the pores.  
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Figure 6.5: RIfS spectra of PLA-modified AAO before and after enzymatic degradation of PLA 

with proteinase K (1 mg mL‐1) at different times. The inset figure is the zoomed fringes to 

show the shift due to the degradation. 

In the RIfS technique, a fast Fourier transform (FFT) analysis was applied to the 

interferometric spectrum to obtain the EOT value. Figure 6.6 shows EOT curves obtained 

after the enzymatic reaction at different times. As can be seen, the maxima of the EOT 

curves were blue-shifted with the degradation time. The spectrum of the PLA-modified AAO 

shows an EOT value of 10121 nm at time zero (t = 0). Fifteen minutes after starting the 

enzymatic reaction, the EOT value was reduced by ~17 nm, which attributed to a decrease 

in the refractive index after partially removing PLA from the pores. The EOT value reduced 

(by ~44 nm) up to 50 min. A slight reduction (by only 2 nm) was recorded at longer 

incubation times, providing 100 % degradation of the loaded PLA, and the EOT of unloaded 

AAO was significantly restored. This observation indicated that the PLA in AAO was 

degraded by proteinase K, and the resulting degraded fragments were removed in the 

washing step. 
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Figure 6.6: EOT curves of PLA-modified AAO before and after enzymatic degradation of PLA 

with proteinase K (1 mg mL-1) at different times. The maxima of EOT curves were shifted with 

the degradation time. The PLA/AAO samples were measured by RIfS after washing and 

drying steps for each degradation time (15, 25, 35, 50, and 70 min). 

Next, the response of the PLA-modified AAO sensor was investigated for different 

proteinase K concentrations. As shown in Figure 6.7, the decrease in EOT values obtained 

after applying proteinase K to the PLA-modified AAO sensor for a given time exhibited an 

increase with increasing enzyme concentration. Furthermore, there was no significant 

change in the ΔEOT value of the PLA-modified AAO incubated in a buffer solution compared 

to the enzyme. This data suggested that the proteinase K could degrade the PLA film. 
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Figure 6.7: Plot of EOT shift of four sets of PLA-modified AAO in the dry state, after 

incubation in 0.10, 0.25, 0.50, and 1.00 mg mL‐1 of proteinase K solution for 0, 15, 25, 35, 50, 

and 70 min at 25 °C. The error bars are the standard deviations (n=3). The inset scheme 

represents the filled AAO with PLA before and after PLA degradation. 

The extent of the reaction x can be expressed as a function of incubation time15. 

                    x = 
ΔEOT0 ‐ ΔEOTt

ΔEOT0 ‐ ΔEOT∞
      ................................. (Eq. 6.1)     

where ΔEOT0 is the shift in the EOT at time zero, ΔEOTt at time t and ΔEOT∞ at infinite time.  

Figure 6.8 illustrates the course of the enzymatic degradation ([1 − x], with the extent of 

reaction (x) as a function of reaction time), along with the change in the pore filling. The 

pore filling was determined by applying the Maxwell-Garnett equation described in   

Chapter 2. The PLA pore filling was reduced with the incubation time following the 

reduction in the refractive index in the pores. Furthermore, Figure 6.8 shows that the extent 

of the reaction increased substantially with an elevated concentration of proteinase K. In 

contrast, the sensor had no significant response in the absence of the proteinase K         

(Tris-HCl buffer). Hence, since the response is due to the enzymatic reaction, we may 

conclude that the PLA film in the AAO was stable in the buffered medium for at least 1 h. 

The data were least-squares fitted to evaluate the apparent rate constants. 
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Figure 6.8: Plot of ln(1-x) (x: extent of reaction) and the pore filling as a function of 

incubation time for the degradation of PLA inside pSiRF in 0.10, 0.25, 0.50 and 1.00 mg mL‐1  

proteinase K solution at 25 °C for 0, 15, 25, 35, 50, and 70 min. The pore filling was 

determined by applying the Maxwell-Garnett equation. The data are presented as          

mean ± standard deviation. The solid lines correspond to the linear least squares fit of RIfS 

data. All measurements were conducted in the dried state. 

The apparent rate constants (k) were plotted against the proteinase K concentrations 

(Figure 6.9). It was observed that k increased linearly for the lower proteinase K 

concentrations. For higher proteinase K concentration, i.e., 1 mg mL-1, the k value deviated 

from linearity, recording a higher degradation rate. The latter observation could be 

attributed to the substrate (PLA) availability inside the AAO pores to proteinase K, which 

may be because of the low pore filling (12 %), providing more free space in the pores. The 

confined pores of nanostructures may affect the kinetics of enzymatic reaction by 

influencing the diffusion of the degraded polymer fragments out of the pores. The size of 

the pores might hinder the mobility of PLA molecules, impacting the substrate's accessibility 

to enzyme molecules and thus affecting the enzymatic reaction rate. Furthermore, if the 

pores are too narrow, an interaction between the enzyme and the substrate may occur, 

inhibiting the enzyme's mobility inside the pores. 
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 Unfortunately, no higher concentrations were applied to determine whether this behavior 

(drift from linearity) continues with increasing enzyme concentration. 
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Figure 6.9: Plot of apparent rate constant (k) versus proteinase K concentrations (0.10, 0.25, 

0.50, and 1.00 mg mL−1). The values for k were obtained from linear fits in Figure 6.8; the 

error bars denote the standard deviation from these fits. The solid line corresponds to the 

linear least‐squares fit of the first three data points to estimate the corresponding slope 

(0.024 mg mL−1 min−1). 

The enzymatic reaction of the PLA-modified AAO with proteinase K was conducted in-situ by 

RIfS. Figure 6.10 shows two ΔEOT and degradation time datasets: one is for PLA-modified 

AAO incubated with Tris-HCl buffer (as a blank), and the other is for PLA-modified AAO 

incubated in proteinase K solution (1 mg mL-1). Before the enzymatic degradation, Tris-HCl 

buffer was injected over PLA-modified AAO for 10 min, followed by injecting enzyme 

solution. The data shows no significant change in ΔEOT with incubation in the buffer for    

260 min. In contrast, an instantaneous decrease in ΔEOT was observed after the injection of 

the enzyme solution. The reduction in ΔEOT is due to the reduction in the refractive index of 

the medium in the pores because of the replacement of the PLA by the enzyme solution.     

A value for k of 0.003 min−1 was calculated from Figure 6.10. This value of k is smaller than 

that obtained in ex-situ measurements, where the samples were removed from the 

incubation solutions, washed, dried, and then measured with RIfS (Figure 6.7). In contrast, in 
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this in-situ experiment, no washing or drying steps were applied; hence, no convection took 

place, and degraded PLA may have remained trapped inside the pores of AAO, resulting in a 

lower observed degradation rate. 
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Figure 6.10: Plot of in-situ RIfS measurement of enzymatic reaction on PLA-modified AAO 

with proteinase K solution (1 mg mL−1) and Tris‐HCl buffer. The inset is a Plot of ln(1-x) and 

the pore filling as a function of incubation time for the degradation of PLA inside AAO in        

1 mg mL−1 of proteinase K solution at 25 °C. 

The PLA-modified AAO sample was also used as a biosensing platform in a biological 

environment. The PLA-modified AAO was treated with a sterile filtered supernatant of 

P. aeruginosa (PAO1) in the LB medium. The pure LB medium was chosen as a blank.    

Figure 6.11 shows the RIfS measurement carried out during incubation in the sterile 

bacterial supernatant and in the pure LB medium, respectively. It was observed that the 

ΔEOT was reduced for the P. aeruginosa supernatant by 20 nm (30 %), whereas the ΔEOT 

value was reduced only by 2 nm (3 %) in LB for the same incubation time (360 min). The 

results confirm that PLA was stable in the LB medium and degraded in the P. aeruginosa 

(PAO1) supernatant, thus indicating that enzymes secreted by P. aeruginosa in this medium 

can be detected by this sensor.  The results showed that the reaction was slow compared to 

that of the highly concentrated proteinase K solution, possibly due to a lower enzymes 

concentration in the supernatant than in the case of pure proteinase K. Moreover, the 
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supernatant composition is more complex and will contain different proteinases that may 

have different capabilities for PLA hydrolysis.  
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Figure 6.11: Plot of ex-situ RIfS measurement before (solid) and after (stripes) incubation of 

a PLA‐modified AAO in sterile P. aeruginosa (PAO1) supernatants obtained from                      

a 1.9 × 109 CFU mL−1 suspension and in pure LB medium for 360 min at 25 °C. The ΔEOT 

before the incubation was calculated by subtracting the EOT values before and after PLA 

deposition in AAO, whereas ΔEOT after degradation was calculated by subtracting the EOT 

values before and after PLA degradation. The RIfS measurements were conducted in the 

dried state (after washing and drying steps). The error bars are the standard deviations 

(n=3). 

The PLA-modified AAO sample was also measured in-situ during the incubation in the LB 

medium and sterile P. aeruginosa (PAO1) supernatants. The RIfS were measured for 900 min 

in Figure 6.12. The result revealed that ΔEOT was relatively stable in LB compared to 

samples incubated in the supernatant. In the latter, ΔEOT decreased with time. 

Furthermore, Figure 6.12 shows that the ΔEOT measured in the LB medium initially 

increased by ~ 2 nm and decreased by ~ 2 nm after a few minutes. This fluctuation in ΔEOT 

continued for the entire reaction. A possible explanation for this behavior upon initial 

incubation may be due to the penetration of the solution into the blocked pores with PLA.  
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Figure 6.12: Plot of in-situ RIfS measurement during incubation of a PLA-modified AAO in 

sterile P. aeruginosa (PAO1) supernatants obtained from a 1.9 × 109 CFU mL−1 suspension by 

filtration (red line) and in pure LB medium (black line). The measurement was conducted     

at 25 °C. The pore filling was determined by dividing the measured ΔEOT values by the 

calculated ΔEOT value obtained by applying the Maxwell-Garnett equation described in 

Chapter 2. The porosity and the pore length of AAO were determined with FESEM to be 13 % 

and 3,2 µm, respectively. 

6.5 Conclusion 

This Chapter investigated the modification of AAO pores with PLA and the enzymatic 

degradation of the PLA inside the AAO pores. The PLA modification process was performed 

using the casting method. Different concentrations of PLA solution were cast on AAO, 

followed by removing the remaining PLA from the top side of the AAO surface. Pore filling 

was determined based on the ΔEOT measured by RIfS and ΔEOT calculated by the    

Maxwell- Garnett equation. The data showed that the ΔEOT increased linearly with the pore 

filling.  

The FESEM was conducted on the AAO sensor before and after PLA deposition and after 

surface cleaning. The FESEM images confirmed that the PLA covered the AAO, and the 

consequent cleaning was successful. The cross-sectional FESEM also suggests the presence 

of PLA inside the pores. PLA degradation was conducted by immersing the AAO sensor in 
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proteinase K solution for a given time. The RIfS measurement was conducted on the AAO 

sensor after washing and drying. The RIfS spectra showed a blue shift in the fringes with 

degradation time. The FFT was applied to the RIfS spectra to obtain the EOT. The EOT values 

also decreased over time when incubated in proteinase K. This reduction was attributed to a 

decline in the neff inside the pores, which results from enzymatic degradation of PLA, 

involving the cleavage of ester bonds along the PLA backbone and subsequent 

fragmentation of PLA into smaller entities capable of diffusing out of the pores. 

The enzymatic degradation of PLA was also tested on an AAO sensor at different enzyme 

concentrations. The result revealed that the rate of enzymatic reaction increased with 

enzyme concentration. Finally, the AAO sensor was tested in the sterile                                    

P. aeruginosa (PAO1) supernatant. The reaction was conducted both in-situ and ex-situ and 

monitored by RIfS. In both cases, the ΔEOT decreased when the AAO sensor was treated 

with P. aeruginosa supernatant compared to the LB medium. The last finding suggests that 

the AAO sensor could be used as a versatile sensor platform in the biological environment to 

detect bacterial enzymes. 

6.6  Materials and Methods 

Modification of AAO with PLA 

The procedure for fabricating the AAO sensors was discussed in Chapter 5. The filling 

process of AAO pores with PLA was performed using the solvent casting method. A series of 

PLA concentrations (1, 3, 4, and 5 wt%) were prepared in chloroform (99 %, purchased from 

Carl Roth). Prior to the modification, the AAO sensors were sputtered with ~ 8 nm gold. 

Then, 80 µL of PLA solution was cast on the surface of the AAO sensor and was left for 24 h 

under ambient temperature for drying. After solvent evaporation, the PLA film covering the 

AAO sensor was removed by carefully cleaning the top surface of AAO with chloroform-

soaked tissue. Finally, the AAO sensor was heated on a hot plate at 70 °C for 1 min and 

cooled to ambient temperature. Prior to each experiment, the samples were vacuumed at 5 

mbar for 2 h for further drying. 
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Calculation of Pore Filling based on the EOT Values  

The Theoretical EOT was calculated according to the Maxwell-Garnett equation (Chapter 2), 

assuming 100% pore filled by air or PLA. The pore length and porosity were obtained from 

FESEM measurements. The experimental EOT for AAO before and after PLA modification 

was determined from RIfS. By comparing these EOT values, the volume fraction (fractional 

pore filling in %) can be obtained by applying Eq. 6.2. 

             pore filling % = 
   ΔEOTexperimental

ΔEOTtheoretical
      ............................ (Eq. 6.2)     

where ΔEOTexperimental, and ΔEOTtheoretical, are the changes in EOT before and after the 

changing of void in the pores, respectively. 

Enzymatic Degradation of PLA with Proteinase K  

The AAO sensors coated with PLA were placed in a transparent polystyrene 6-well plate 

(Sarstedt, Nümbrecht, Germany) containing 2 mL of Tris-HCl buffer (pH 8.5) or proteinase K 

solutions (in Tris-HCl buffer, pH 8.5). For the ex-situ experiment, the samples were kept in 

the enzyme solution at 25 °C for 0, 15, 25, 35, 50, and 70 min. Prior to the RIfS 

measurement, the AAO sensors were washed with Milli-Q water, dried in a stream of 

nitrogen, and then kept in the desiccator at 5 mbar for 2 h. For in-situ RIfS measurements, 

the PLA-modified AAO sensor was placed in a homemade flow cell (volume 0.3 mL), and the 

proteinase K or Tris-HCl buffer solutions were introduced for 260 min. 

Enzymatic Degradation of PLA with Bacterial Supernatant  

One single colony of P. aeruginosa (PAO1 strain, (ATCC 15692)), provided by M. Laabei at 

the University of Bath, UK, Jenkins group, was transferred from an agar plate to a 15 mL 

reaction tube within 5 mL LB medium, then incubated under 200 rpm for 24 h at 37 °C. The 

absorbance (Abs) of the resulting bacterial suspension was measured by UV−Vis 

spectroscopy (see below) at λ = 600 nm in transparent 96-well plates containing 100 µL of 

the bacterial suspension. UV-Vis measurement was performed by Dr. Zhiyuan Jia, whereas 

the preparation of P. aeruginosa (PAO1) suspension and supernatant was conducted by 

M.Sc. Faria Afzal.  The absorbance at λ (Abs600) = 600 nm of P. aeruginosa (PAO1) grown for 

24 h is shown in Figure 6.13. Afterwards, the bacterial suspension was diluted to Abs600 = 0.8 

with fresh LB medium. The diluted bacterial suspension (200 µL) with Abs600 = 0.8 was 
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transferred to 50 mL reaction tubes containing 20 mL of LB medium and further incubated 

under 200 rpm for another 24 h at 37 °C for the growth of P. aeruginosa. A 0.2 μm syringe 

filter (CME) was used to remove all the bacteria and the resultant sterile supernatant was 

used for further analysis. The AAO sensors coated with PLA were placed in a 6-well plate 

containing 2 mL sterile P. aeruginosa (PAO1) supernatant or LB medium for 360 min.  

The AAO sensors were gently washed with LB medium and Milli‐Q water and dried in a 

stream of nitrogen, and kept in the desiccator at 5 mbar for 2 h. For in-situ measurements 

(sterile P. aeruginosa (PAO1) supernatant or LB medium), the same protocol for proteinase 

K was followed except for the incubation time. 

 

 

Figure 6.13: Bacterial growth curve of P. aeruginosa (PAO1) grown at 37 °C, 200 rpm, for     

24 h. The error bars indicate standard deviation (n=3 technical replicates: wells filled with 

bacterial cultures). This figure was reproduced with permission from reference [16]: 

Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; Müller, M.; Schönherr, H. Bare Eye 

Detection of Bacterial Enzymes of P. aeruginosa with Polymer Modified Nanoporous Silicon 

Rugate Filters. Biosensors 2022, 12 (12), 1064. Copyright 2014. MDPI. 
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UV−Visible Spectroscopy 

UV−Vis spectroscopy measurements were carried out on a microplate reader (Tecan SAFIRE, 

Tecan, Switzerland) at 25 °C. The absorbance of the cultured bacterial suspension at 600 nm 

was recorded using a 96-well plate (transparent, polystyrene, flat bottom, Sarstedt, 

Germany) as a sample holder with a clear view seal sealer (Greiner Bio-One, Austria). 
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Chapter 7. Fabrication and Characterization of PSi and PSi Rugate 

Filters (pSiRF) and their Modification with Polymers 

7.1   Introduction 

Porous silicon (pSi) and porous silicon Rugate Filter (pSiRF) have become attractive materials 

for biosensing due to their structural properties, such as the high surface area and 

controllable structure coupled with suitable optical properties1,2. For instance, sensing with 

pSiRF exploits both the large internal surface area and the photonic properties of these 

nanomaterials, making it a suitable material platform in many sensing protocols. In this 

Chapter, pSiRF was investigated as a photonic material in conjunction with a biodegradable 

polymer to detect bacteria via sensing of particular bacterial enzymes. 

The synthesis of pSi can be achieved by electrochemical etching of Si in hydrofluoric acid 

(HF). The desirable structures (i.e., the pore diameter, pore length, porosity) of pSi depend 

on the synthesis conditions, such as the concentration of HF, applied current, resistivity of 

the Si, and type of doping (N-type or P-type). For instance, increasing the applied current 

leads to an increase in the porosity of pSi3,4,5. The latter is an essential factor for fabricating 

pSi photonic structures, such as pSiRF6.  

In this Chapter, the synthesis of pSi/pSiRF substrates is described. Starting with the etching 

of pSi, the etching parameters, such as applied electric current density and etching time, are 

discussed. Furthermore, the period time, the number of cycles, and the offset current 

density, critical parameters in the synthesis of pSiRF, were also investigated. The pore 

diameter and pore length of the fabricated samples were demonstrated and measured by 

field emission scanning electron microscope (FESEM) and reflectometric interference 

spectroscopy (RIfS). Finally, the modification of the nanomaterials with a known bacterial 

enzyme-labile polymer is addressed. 
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7.2   Fabrication and Characterization of PSi and PSiRF 

Fabrication of PSi 

The applied electric current density and etching time are two critical parameters that 

influence the structures of pSi7,8. To evaluate the effect of these two parameters, a series of 

pSi samples were prepared. Firstly, three current densities (15, 55, and 75 mA cm-2) were 

applied to fabricate three sets of porous silicon whose structures were examined by FESEM. 

Figure 7.1a-c represents the top views of these samples. The FESEM images for the same 

sample show that the pores have different diameters and circularity. Furthermore, the pore 

diameters for those three samples are also different.  

 An increase in pore size was observed with increasing applied current density. A similar 

observation was also reported in the literature9. It was also seen that the pores of pSi are 

not uniform in terms of their diameters, while they are typically uniform in AAO10. Figures 

7.1 d-f show that the pore sizes (equivalent diameters) in pSi were 12 ± 4, 48 ± 5, and           

63 ± 6 nm when the applied current densities were 15 , 55, and 75 mA cm-2, respectively.  
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Figure 7.1: FESEM images of top views of prepared pSi at current densities of a) 15 mA cm-2, 

b) 55 mA cm-2 and c) 75 mA cm-2, d-f) Histograms of pores diameter, and g) Linear fitted 

graph between mean pore diameter of pSi and applied current density. The error bars are 

the standard deviation (n=3). The solid line corresponds to a linear least squares fit of            

0 to 75 mA cm-2 revealing a slope of 0.84 nm mA-1 cm-2. 

Figure 7.2 a-c depicts the cross-sectional FESEM images of the fabricated pSi after 60, 120, 

and 240 sec of etching at a current density of 55 mA cm-2. The pores were grown 

perpendicularly in the silicon sample from top to bottom, as seen in Figure 7.2a-c. The 

longer duration of the etching increases the length of the pores. A smaller pore length         
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of 2.18 ± 0.03 µm was obtained after 60 sec of etching in ethanol/HF, while an increased 

pore length (8.04 ± 0.03 µm) was achieved after 240 sec of etching. As shown in Figure 7.2d, 

the length of the pores was found to increase linearly with the etching time.  

Huber and his group also found that the thickness of the pSi increased linearly with the 

etching time11. They reported a value of 0.011 µm sec-1, less than the value reported in this 

Thesis. Numerous parameters, other than the etching time, must be considered to compare 

these values, such as the applied current density, HF concentration, and temperature. In 

Huber´s study, the current density was 12.5 mA cm-2, which was smaller than ours by a 

factor of ~4 (55 mA cm-2), also, they used a more concentrated HF solution. Additionally, 

and with unreported reaction temperature, the comparison may not be accurate unless the 

electrochemical etching of Si is performed in identical reaction conditions. The long pores 

produced with longer etching time showed a slight drift from the linearity due to the impact 

of mass transport in the longer pores, which slows down the etching of pSi11.  

 

Figure 7.2: FESEM cross-sectional images of pSi obtained by etching at 55 mA cm-2 of current 

density for a) 60 sec, b) 120 sec and c) 240 sec. d) Linear fitted graph between mean pore 

length of pSi and etching time. The error bars are the standard deviation (n=3). The solid line 

corresponds to a linear least squares fit of 0 to 240 sec, revealing a slope of 0.033 µm sec-1.  
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Fabrication of PSiRF 

pSiRF was prepared via the electrochemical etching of p-type Si (<100>) wafers in ethanolic 

hydrofluoric acid by applying two current densities in a sinusoidal manner to produce a 

structure with periodic layers. Figure 7.3 shows the FESEM image of pSiRF, prepared at the 

minimum current density of 15 mA cm-2 and maximum current density of 50 mA cm-2 with a 

period of 7 sec and 100 repeats.  

The pore length was 14.6 ± 0.5 μm, which was determined from the analysis of cross-

sectional FESEM images (Figure 7.3a). The magnified image shown in Figure 7.3a revealed a 

periodic nanostructure with a spacing of 148 ± 3 nm, which was oriented perpendicular to 

the surface of the pSiRF. The total thickness of the pSiRF structure is consistent with the 

thickness of one layer (148 ± 3 nm), and the number of repeats (cycles) was 100. 

However, the pSiRF is a photonic structure and has a band gap, which results in total 

reflection with a specific wavelength2. The peak position of this band gap at a normal 

incident angle defines the color of the pSiRF. Therefore, pSiRF with different colors can be 

produced by varying the number of repeating layers and applying current density and period 

time during the etching process.  
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Figure 7.3: SEM images of pSiRF with a current modulation of 15 – 50 mA cm-2 with a period 

time of 7 sec and 100 cycles. a) Cross-sectional FESEM image of the resulting pSiRF structure, 

the inset is a magnified image showing the periodic nanostructures along the pores. The 

schematic of the temporal current density profile corresponds to the data in the magnified 

image. b) Top view FESEM image of the sample; c) Histogram of pore sizes obtained by 

analyzing top view FE-SEM images of oxidized pSiRF with ImageJ software. 

The porosity of the pSiRF was also investigated. The pSiRF sample had a mean pore diameter 

of 12 ± 5 nm, which was determined from the top view of the FESEM image measured on 

the thermally oxidized pSiRF12 (Figure 7.3b,c). This image shows nanopores that are 

randomly distributed across the surface. The average porosity was obtained by analyzing the 

FESEM image and additionally by the Spectroscopic Liquid Infiltration Method (SLIM)13. In 

SLIM, the effective optical thickness is measured by RIfS before and after injecting ethanol, 

which completely wets the surface and efficiently and completely fills the pores, infiltrates 
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the pores, and displaces the air inside. The values of the porosity thus determined were     

45 ± 5 % and 44 ± 4 % by FESEM and SLIM, respectively.  

The influence of the above parameters on the generated structures was investigated. Firstly, 

the effect of the number of repeating layers on the position and width of the band gap peak 

was studied. A series of pSiRF were etched in 5, 15, 25, 50, 75, 100, and 150 cycles. The 

samples were then measured with RIfS and the interferograms were recorded (Figure 7.4). 

As shown in Figure 7.4, each spectrum showed a maximum value of reflectance at                  

a particular wavelength, which is the characteristic peak of the pSiRF, whereas other peaks 

(patterns) belong to the Fabry-Pérot interference. The latter is because of the interference 

of reflected light at the air/pSi and the pSi/bulk Si interfaces.  

The spectra show that the width of the maximum peak became narrower with the 

increasing number of etching cycles. The width of the maximum peak is related to the 

difference in refractive indices of the repeated layers (index contrast) and the number of 

these layers (number of cycles) within the pSiRF structure. The small peak width indicates a 

high-quality factor. The latter is recommended to enhance the sensor's performance14. The 

quality factor can be determined from the quotient of the peak position and the full width at 

half maximum (FWHM)3. 

It is anticipated that light can be transmitted less efficiently through the thicker porous 

silicon. Thus, the achievement of a narrow peak width is desired to enhance the sensitivity 

of pSiRF towards the sensing application. 
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Figure 7.4: RIfS spectra of pSiRF prepared by application of a sinusoidal current density-time 

profile (minimum current density: 15 mA cm-2 and maximum current density: 50 mA cm-2) 

using 5, 15, 25, 50, 75, 100 and 150 cycles etching for 7 sec for each cycle (period time). 
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The FWHM of the maximum peak for each sample described in Figure 7.4 was determined 

using Gaussian regression. Figure 7.5 shows that the determined FWHM of the maximum 

peak decreased with increasing cycles (from 5 to 150). Furthermore, the number of cycles 

beyond 100 caused an increase in FWHM. The increase in FWHM for the longer pores 

(prepared in 150 cycles) could be attributed to the mass transport limitation of the 

electrolyte solution into those pores, affecting the film's porosity and, consequently, the 

index contrast. Therefore, in this work, pSiRF sensors were prepared by etching a sinusoidal 

waveform with 100 cycles, providing the optimal quality factor for pSiRF sensors compared 

to the other sensors whose FWHM were shown in Figure 7.5. Moreover, partial dissolution 

of the pSi in the top could occur due to the longer exposure time to the HF, which affects 

the fabricated structure.  
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Figure 7.5: Full-width half maximum (FWHM) of the maximum peak of pSiRF sensors 

determined from the spectra in Figure 7.4 versus the number of cycles. The errors were 

calculated as 3 × the standard deviation from the Gaussian fit of the curves.  

To study the effect of the current density on the optical properties of pSiRF, a series of pSiRF 

were fabricated at the current densities of 15, 30, and 45 mA cm-2. The amplitude (the 

difference between the minimum and maximum currents) was kept constant during the 

fabrication of these samples; therefore, the variated offset is independent of a variation of 
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the average current, which finally generates the change of the peak position. These 

fabricated structures were measured by RIfS, and the recorded spectra are shown in     

Figure 7.6a-c. The spectra show that the peak position of pSiRF was red-shifted with the 

increase of the offset current. The peak shifted from 500 to 690 nm when the offset current 

density varied from 15 to 45 mA cm-2. Furthermore, it can be observed that the reflectance 

of those peaks increased along with the peak position. Li and coworkers investigated such 

observations on the prepared pSiRF at different current densities. They reported that the 

reflectance of the maximum peak was caused by the increase in the number of photons due 

to an increase in the thickness of the layer resulting from the application of higher current 

densities. Additionally, they stated that the reduction in photonic diffraction was observed 

at the higher peak positions15. It can also be seen in Figure 7.6a-c that a smoother peak of 

characteristic pSiRF was observed with a lower current density compared to the elevated 

current densities, which was also observed elsewhere16. 

Figure 7.6d reveals that the wavelength of the pSiRF was increased linearly with the increase 

of the offset current, where the change in the currents caused a change in porosity and, 

thus, in refractive index contrast in the pSiRF structure, which is consistent with the 

literature17,18. Furthermore, broader peaks were noticed for the larger pores (Figure 7.6e). 

As mentioned earlier in this Chapter, the change in the porosity of pSi leads to a change in 

the refractive index contrast within the structure. The latter and the discussed 

parameters that dominate the reflectivity led to a change in the peak width19. 
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Figure 7.6: RIfS spectra of oxidized pSiRF produced for 100 cycles with period time 7 sec at 

offset current density a) 15 mA cm-2, b) 30 mA cm-2, and c) 45 mA cm-2. The insets are the 

magnified of the maximum peaks, d) Peak wavelength versus offset current. e) FWHM, 

obtained from the Gaussian fitting on the maximum peaks, versus offset current density. The 

errors were calculated as standard deviation from the Gaussian fit of the curves for three 

sets of samples. 
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The effect of the period time in the sinusoidal current oscillation was also investigated. 

Therefore, pSiRF samples were fabricated in three different period times (7, 8, 9 sec). The 

single layer thickness in all three pSiRF samples was measured by FESEM. Figure 7.7 shows 

the corresponding FESEM images. It was observed that the thickness increased linearly with 

the period time, which is consistent with the literature3. The prepared pSiRF thickness for 

period 7 sec was 144 ± 5 nm, whereas 8 and 9 sec provided 174 ± 3 nm and 210 ± 6 nm 

thicker pSiRF, respectively.  

 

Figure 7.7: FESEM cross-sectional images of pSiRF prepared by the application of a 

sinusoidal current density-time profile (minimum current density: 15 mA cm-2 and maximum 

current density: 50 mA cm-2, a period of a) 7, b) 8 and c) 9 sec. The insets are photographs of 

pSiRF fabricated in periods of 7, 8, and 9 sec, respectively. d) Linear fitted graph between 

mean periodic layer thickness of pSi and period time (slope is 33 nm sec-1). The error bars are 

the standard deviation (n=3). 
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RIfS measurements were also performed for those samples. Figure 7.8a-c displays three RIfS 

spectra of the prepared pSiRF for a period time of 7, 8, and 9 sec. The pSiRF produced with a 

period time of 7 sec shows more intense Fabry-Pérot fringes than other samples. This can be 

explained by the difference in the total pSi film thickness, which leads to a low reflectance 

of the interference light at the air/pSi and pSi/bulk pSi interfaces. However, the central peak 

positions (photonic band gap), calculated with a Gaussian regression, exhibit a linear 

behavior when plotted versus period time (Figure 7.8d). This trend indicates that the red-

shift in wavelength with increasing periods of time was due to an increase in the light 

pathway within the single layer. The RIfS spectra confirmed that the sample prepared for     

7 sec had higher quality than others; therefore, it was utilized in further experiments. 

 

 Figure 7.8: RIfS spectra of dried pSiRF produced by application of a sinusoidal current 

density-time profile (minimum current density: 15 mA cm-2 and maximum current density:  

50 mA cm-2, a period of a) 7, b) 8 and c) 9 sec. d) Dependence of the peak position on period 

time, the red line represents the linear fit, revealing the slope of 60 nm sec-1). The error bars 

are the standard deviation (n=3). 
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7.3   Stabilization of PSiRF  

The freshly prepared pSi and other pSi structures, such as pSiRF, are highly reactive due to 

the presence of Si-H and Si-Si bonds20. Both of these species are reducing agents and can 

reduce water. Moreover, in the case of Si-Si bonds, new Si-H and Si-O bonds can be 

generated as a result of the reduction reaction. In this case, the dissolution of pSi can occur 

in aqueous solutions and subsequently reduce the sensitivity or stability of the pSi sensor21. 

Several approaches have been developed to stabilize the freshly etched pSi. These include 

thermal, ozone, or chemical treatments. The most common method is thermal oxidation, in 

which the Si-Si and Si-H bonds are stabilized at high temperatures22. 

In this Thesis, all pSiRF sensors were thermally oxidized at 600°C for 1 h in the air, as it was 

exhibited to be a suitable protocol to stabilize pSi for biological applications23,24. The RIfS 

spectra in Figure 7.9 show an apparent blue shift of the peak position from 570 to 513 nm 

due to the thermal treatment on the optical properties of the freshly prepared pSiRF. This 

blue shift of 57 nm is due to the transformation of Si to SiO2, which reduces the refractive 

index from 3.5 for Si to 1.4 for amorphous SiO2
25. Therefore, the shift in the reflectance 

spectrum upon thermal treatment was consistent with the formation of SiO2, which agrees 

with previous studies26,27. 
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Figure 7.9: RIfS spectra of pSiRF measured in air at 23 °C before (green) and after (blue) 

thermal oxidation in air at 600 oC for 1 h. 
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7.4   Modification of pSiRF with PLA by Casting Method  

pSiRF pores were filled with PLA by placing a droplet of PLA solution prepared in chloroform 

onto the surface of the sensors, which was allowed to evaporate. Figure 7.10a shows the 

FESEM of the pristine pSiRF exhibiting the open pores with a mean diameter of 12 ± 5 nm. 

The deposition of the PLA led to covering the top side of the pSiRF surface, and no pores 

could be observed (Figure 7.10b).  

As can be seen in Figure 7.10c, the PLA film covering the pores was successfully removed by 

cleaning the top surface with chloroform-soaked tissue, and most of the pSiRF pores were 

opened. 

 

Figure 7.10: FESEM images of: a) neat pSiRF, b) pSiRF after PLA deposition, and c) PLA-

coated pSiRF after cleaning of the top surface with a chloroform-soaked tissue. The insets 

show schematics of the pSiRF sensors before and after PLA deposition/removal of PLA. 

Similarly, the PLA-filled pSiRF nanopores exhibited a shift in the RIfS spectra compared to 

the neat air-filled pSiRF sensors. The position of the peak in the reflectance spectrum of the 

empty (air-filled, before PLA deposition) pSiRF was centered at 513 nm (Figure 7.11). The 

fringes in the reflectivity spectrum were caused by the interference of reflected light at the 

Si-SiO2 (bottom side) and air-SiO2 (top side) interfaces of the pSiRF. After the PLA deposition, 

the peak (blue) was red-shifted by 37 ± 2 nm due to an increase in the effective refractive 

index (neff) of the pSiRF.  
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The neff values of the empty and PLA-modified pSiRF can be determined using the        

Bragg–Snell law (Eq. 7.1)28. 

                    mλ= 2L √n2
eff - sin2          ....................................... (Eq. 7.1) 

where m is the interference order, λ is the wavelength, L is the periodic thickness obtained 

from the FESEM images (148 nm), and  is the incidence angle of light with respect to the 

normal (0°). 
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Figure 7.11: RIfS spectra dried pSiRF: The blue spectrum represents air-filled pSiRF, and the 

green spectrum represents PLA-filled pSiRF. 

Knowing the peak position before and after PLA deposition in pSiRF shown in Figure 7.11, 

the values of neff were determined to be 1.73 and 1.96 for empty pSiRF (air-filled) and     

PLA-filled pSiRF, respectively. The increase of neff after PLA infiltration in pSiRF is due to the 

replacement of air, which has a small refractive index (1.000)29, with the polymer PLA, which 

possesses a high refractive index (1.459)30. The Bruggeman effective-medium approximation 

was used to predict how much the spectral position of the stop-band peak would shift if the 

polymer infiltrates the pores of pSiRF (Eq. 7.2)31. 
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n2

void ‐ n
2

eff

n2
void + 2n2

eff
+ (1 ‐ P)

n2
SiO2

‐ n2
eff

n2
SiO2

 + 2n2
eff

 = 0      ............................  (Eq.7.2) 

Where P is the porosity, nvoid is the refractive index of the medium filling the pores, nSiO2
 is 

the refractive index of the SiO2 that makes up the porous structure3. 

If the pores are completely occupied with PLA, the peak of empty pSiRF shifts from            

513 to 580 nm, according to Eq. 7.1. However, the observed shift of 37 nm in the reflectance 

peak in the PLA-modified pSiRF is smaller; hence, the PLA did not fill the pores completely; 

the pore filling was 55 %. It is worth mentioning that the reflectance spectrum of both    

PLA-modified pSiRF and empty (air-filled) pSiRF did not show any sign of additional peaks 

(stop bands) or superposition of RIfS response. Additional or multiple peaks in the 

reflectance spectrum can appear if a modified pSiRF exists as a biphasic system. This refers 

to systems in which PLA fully occupies a part at the bottom or top of pores, and the rest 

remains air-filled32. 

Energy-dispersive X-ray spectroscopy (EDX) measurements were also conducted to assess 

the polymer penetration into pSiRF. Several positions across the PLA-filled pores were 

measured by the point mode of EDX. Points of the carbon/Si signal ratio demonstrate that 

PLA was loaded successfully into the pores (Figure 7.12). It can also be seen that the major 

amount of PLA was located close to the top side of the pSiRF, which was expected due to 

the evaporation of the polymer solution leaving the PLA blocking the mouth of the pores, 

sequentially, a non-uniform modification of pores with PLA. It is worth mentioning that the 

carbon signal in the spectra came only from PLA because the neat Si did not show any 

carbon signal. The last assumption was proven by measuring neat pSiRF by EDX. The data 

showed no carbon signal in the spectrum, as shown in Figure 7.13. 
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Figure 7.12: a) Cross-sectional FESEM image of PLA-modified pSiRF showing points (1-4) 

where EDX was measured, b) measured EDX carbon/Silicon ratio obtained from a. c-f) EDX 

spectra of points 1-4 in SEM image, respectively.  
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Figure 7.13: a) Cross-sectional FESEM image of neat pSiRF showing one point where EDX was 

measured, b) EDX spectrum obtained from a. 

The pore filling was also determined by thermogravimetric analysis (TGA). The PLA 

decomposition in the nitrogen atmosphere began at around 250 °C before a rapid 

decomposition occurred. Almost all of the PLA (bulk) was degraded below 410 °C           

(Figure 7.14a), whereas the PLA inside the pores, the decomposition, i.e., mass loss, 

continued beyond 410 °C (Figure 7.14b). This scenario can be explained by the limitation of 

mass transport of thermally degraded products inside the pores compared to the 

degradation of pure PLA.  Based on the TGA data, the pore filling was 54 ± 14 %, which is 

identical to the value determined by RIfS (55 %), as discussed previously in this Chapter.  

 

 

 

 

 

Figure 7.14: TGA thermograms of PLA a) in bulk, b) inside the pores of pSiRF with an average 

pore diameter of 12 ± 5 nm and pore length of 14.6 ± 0.5 μm. The heating ramp was 

conducted from 50 to 650 °C with a heating rate of 10 °C per minute in a 15 mL min-1 

nitrogen gas flow. The terms W and dW/dT are the mass and the mass derivative, 

respectively. 
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7.5   Conclusion  

In this Chapter, the fabrication of pSi and pSiRF was performed. The etching process was 

optimized to obtain the desired structures. The electrochemical etching of pSi/pSiRF was 

carried out in an HF/ethanol mixture (1:2 (v/v)).  Pore diameters scaled linearly with the 

current densities from 12 ± 4 to 63 ± 6 nm. The length of the pores increased linearly with 

the etching time up to 8.04 ± 0.03 µm. pSiRF sensors were successfully fabricated with a 

small FWHM of the stop-band peak, which was achieved with 100 cycles. Similarly, a narrow 

peak with a small FWHM in the RIfS spectrum was obtained with a small current density 

(minimum current density in the sinusoidal mode), which enhances the sensitivity of the 

pSiRF. The period time on the pSiRF structure had a prominent effect on the peak position; a 

red shift was recorded when the samples were etched at a higher period. Optimal 

parameters were applied to the pSiRF synthesis used in this Thesis. The minimum and 

maximum current densities were 15 and 50 mA cm-2, respectively, with a 7 sec period time 

and repeated 100 times. All the pSiRF samples were stabilized by thermal treatment in the 

air. Finally, the PLA was loaded into the pores of pSiRF using the casting method. The EDX, 

RIfS, and TGA data revealed that the polymer was successfully loaded inside the pores. The 

pSiRF samples loaded with PLA were further utilized in Chapter 8 for the detection of fungal 

and bacterial enzymes. 

7.6   Materials and Methods 

Chemicals, materials, and instruments, which have already been mentioned in Chapter 4, 

will not be stated here again. 

Materials 

P-type silicon wafers (<100> orientation, resistivity 0.01–0.02 mΩ cm, Siegert Wafer), 

Hydrofluoric acid (48 % aqueous, VWR Chemicals), ethanol absolute (99.8 %, VWR). 

Fabrication of PSi and PSiRF 

The pSi and pSiRF samples were etched into highly doped Si wafers (P-type) by an anodic 

electrochemical method33. A controllable current source (digital source meter model 2400, 

Keithley, USA) was used to supply the desired current. The Si wafer was washed with 

ethanol and Milli-Q water and then dried in a stream of nitrogen. Afterwards, the             
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pre-cleaned Si wafers were oxidized using a UV/ozone cleaner (ProcleanerTM, BIO FORCE, 

UK). The electrochemical etching was performed in a homemade Teflon cell with a 2 × 2 cm2 

piece of Si used as anode and a circular Pt wire immersed in the HF solution (see below) 

acted as a cathode (Caution: HF is highly toxic and contact with the skin must be prevented. 

Adequate safety measures must be taken)3. To remove the surface contaminations, an initial 

sacrificial etch was performed at constant current density (55 mA cm-2) for 30 sec in 

HF/EtOH 1:2 (v/v)34. Afterwards, the sacrificial layer was dissolved by dipping the specimens 

into 0.5 M aqueous sodium hydroxide (NaOH) solution, followed by rinsing with Milli-Q 

water and ethanol. The pSi samples were prepared at 25, 55, and 75 mA cm-2 for 60, 120, 

and 240 sec.  

In contrast, the pSiRF films were prepared by application of a sinusoidal current density-time 

profile (minimum current density: 15 mA cm-2 and maximum current density: 50 mA cm-2,    

a period of 7 sec was repeated 100 times). Then, the sensors were thoroughly rinsed with 

ethanol and dried in a stream of nitrogen. Freshly etched sensors were stored under             

vacuum (≤ 10 mbar, 4 h). Next, the sensors were thermally oxidized at 600 °C for 1 h in the 

air in a muffle furnace (Thermo Fisher, USA) with a heating ramp of 10 °C min-1 from/to 

ambient for both the heating and cooling phases35. The thermal treatment of the sensors 

was performed by M.Sc. Jamal N. M. Aman. 

Modification of PSiRF with PLA by Solvent Casting Method 

The pre-oxidized pSiRF was modified with PLA by the solvent casting method (also called the 

droplet evaporation method). At first, 150 µL of PLA solution (4 wt% in chloroform) was 

dropped from a glass pipette onto a pSiRF sample, followed by drying at ambient 

temperature (≈ 23 °C) for 4 h. The PLA layer, which remained on the top of the pSiRF sensor, 

was removed by carefully wiping the sensor surface 3 times with a paper tissue (Kimberly-

Clark) soaked with chloroform under a fume hood. Then, the PLA-modified pSiRF was dried 

in a stream of nitrogen and was kept in a desiccator at 5 mbar for 2 h. Finally, it was heated 

on a hot plate at 70 °C in the ambient atmosphere for 1 min and allowed to cool to ambient 

temperature.  
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Chapter 8. Bare Eye Detection of Bacterial Enzymes of 

Pseudomonas aeruginosa with PLA Modified PSiRFa 

8.1    Introduction 

With the increasing prevalence of antibiotic-resistant bacteria, including multi-drug resistant 

strains,1,2 research efforts worldwide are now concentrated on developing targeted 

diagnostics and therapies. Despite the development of ultrasensitive detection and 

identification techniques, such as mass spectrometry-based approaches,3 the vast plethora 

of challenges cannot be addressed satisfactorily.  

As discussed in Chapter 2, and in particular in Chapter 7, photonic materials become an 

attractive strategy for bacterial detection due to the absence of any chromophore for 

obtaining a strong color response. Hence, no bleaching occurs, if the sensors are irradiated 

(which results in vastly increased shelf-life) and no irritating and potentially toxic dyes are 

being released. Since pSi photonic structures possess a stop bandgap that limits reflected 

light to specific wavelengths4. This property makes them exceptionally responsive to 

changes in the refractive index of the photonic structure. 

In this context, our research focuses on the development of enzyme-responsive polymer-

modified pSiRF (porous silicon with reflective film) for the rapid optical detection of 

bacterial enzymes and bacteria. Specifically, we explore the potential for detecting enzymes 

secreted by Pseudomonas aeruginosa (PAO1) (P. aeruginosa (PAO1)) using this innovative 

approach (Scheme 8.1). By utilizing pSiRF as an optical transducer and incorporating the 

enzyme-sensitive polymer poly(lactic acid) (PLA), we have successfully detected bacterial 

enzymes, including proteinase K and those secreted by P. aeruginosa. This detection results 

in a noticeable color change, easily discerned by the naked eye. Importantly, this approach 

offers a simple and direct method for detecting P. aeruginosa (PAO1) based on the 

enzymatic activity of its secreted enzymes without interference from other PLA-degrading 

enzymes. 

 

 
a Part of this Chapter was published in “Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; Müller, 
M.; Schönherr, H. Bare Eye Detection of Bacterial Enzymes of Pseudomonas aeruginosa with 
Polymer Modified Nanoporous Silicon Rugate Filters. Biosensors 2022, 12 (12), 1064”.  
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Scheme 8.1: Schematic of the pSiRF-based sensor for bacterial enzymes: a) neat nanoporous 

pSiRF; b) pSiRF after deposition of PLA inside the pores; c) enzymatic degradation of PLA 

inside the pores; d) pSiRF after the reaction. The color change of the pSiRF from blue (bare) 

to green (pores modified with PLA) is due to the increase of the effective refractive index of 

the sensor caused by the compositional change inside the pores. The original color is 

recovered after enzymatic degradation of PLA. This Scheme was reproduced with permission 

from reference [5]: Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; Müller, M.; 

Schönherr, H. Bare Eye Detection of Bacterial Enzymes of Pseudomonas aeruginosa with 

Polymer Modified Nanoporous Silicon Rugate Filters. Biosensors 2022, 12 (12), 1064. 

Copyright 2014. MDPI. 

8.2    Enzymatic Degradation of PLA with Proteinase K  

As mentioned in Chapter 7, the deposition of PLA in pSiRF not only caused a red shift in the 

spectral position but also led to a color change from blue to green due to the concomitant 

increase in neff of pSiRF (Figure 8.1a,c). Figure 8.1b shows a photograph of the empty pSiRF, 

which showed a blue color in reflection, and later was changed to green after loading PLA 

into the pores. Additionally, the peak intensity increased after PLA modification due to the 

refractive index contrast at the interfaces (e.g., from air to polymer). This effect was also 

observed in the literature6. However, the PLA‐infiltrated pSiRF can, thus, be used to detect 

the enzyme proteinase K, which is known to cleave the ester bonds of PLA7,8,9. The 

degradation of PLA by proteinase K in the pores should lead to a change in neff of the pSiRF. 
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The reflectance spectrum was recorded after the incubation of PLA‐modified pSiRF with 

proteinase K for 7 h. 

 

Figure 8.1: RIfS spectra and photographs of dried pSiRF: a,b) air-filled pSiRF, c,d) PLA-filled 

pSiRF, and e,f) pSiRF after enzymatic degradation of PLA with proteinase K                         

(scale bars = 0.5 cm). This Figure was reproduced with permission from reference [5]: 

Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; Müller, M.; Schönherr, H. Bare Eye 

Detection of Bacterial Enzymes of Pseudomonas aeruginosa with Polymer Modified 

Nanoporous Silicon Rugate Filters. Biosensors 2022, 12 (12), 1064. Copyright 2014. MDPI. 

As can be seen in Figure 8.1e, the position of the peak is blue-shifted to the original position. 

This observation indicates that the PLA in pSiRF was indeed degraded by proteinase K, and 

the resulting degraded fragments were removed during the washing step. Figure 8.1f 

displays a photograph of the pSiRF, confirming a color change from green to blue, which was 

readily discernible by the bare eye after PLA degradation. 

This enzymatic reaction was also studied for different degradation times. As shown in  

Figure 8.2, the spectrum of the PLA‐modified pSiRF shows a peak centered at 550 nm at 
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time zero (t = 0). Thirty minutes after starting the enzymatic reaction, the peak was blue‐

shifted by ~ 6 nm, which is attributed to a decrease in the refractive index after partial 

removal of PLA from the pores. The peak was blue‐shifted by ~37 nm up to 240 min and 

remained unchanged at longer incubation times, providing 100 % degradation of the loaded 

PLA, and the peak position of unloaded pSiRF was restored. Moreover, the intensity of the 

peak decreased as the reaction progressed. 

 

Figure 8.2: RIfS spectra of PLA coated pSiRF after incubation with 1.00 mg mL-1 proteinase K 

for 0, 30, 60, 120, 240, and 360 min. The RIfS measurement was performed after the 

washing and drying steps of pSiRF. This Figure was reproduced with permission from 

reference [5]: Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; Müller, M.; Schönherr, H. 

Bare Eye Detection of Bacterial Enzymes of Pseudomonas aeruginosa with Polymer Modified 

Nanoporous Silicon Rugate Filters. Biosensors 2022, 12 (12), 1064. Copyright 2014. MDPI. 

Next, the response of the PLA‐modified pSiRF sensor was investigated for different enzyme 

concentrations. As shown in Figure 8.3, the shift in the peak positions obtained after 

applying proteinase K to the PLA‐modified pSiRF sensor for a given time exhibited an 

increase with increasing enzyme concentration. In contrast, there was no shift in the peak 

position when the PLA‐modified pSiRF sensor was exposed to the enzyme-free solution, 

indicating that no enzymatic degradation took place and the PLA was stable during this time 

frame. 
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Figure 8.3: Plot of wavelength shift of four sets of PLA-modified pSiRF sensors in the dry 

state after incubation in 0.10, 0.25, 0.50, and 1.00 mg mL-1 of proteinase K solution at 25 °C  

for 0, 30, 60, 120, 240, and 360 min. The error bars are the standard deviation (n=3). This 

Figure was reproduced with permission from reference [5]: Alhusaini, Q.; Scheld, W. S.; Jia, 

Z.; Das, D.; Afzal, F.; Müller, M.; Schönherr, H. Bare Eye Detection of Bacterial Enzymes of 

Pseudomonas aeruginosa with Polymer Modified Nanoporous Silicon Rugate Filters. 

Biosensors 2022, 12 (12), 1064. Copyright 2014. MDPI. 

The extent of the reaction x can be expressed as a function of incubation time10. 

                x = 
Δλ0 ‐ Δλt

 Δλ0 ‐ Δλ∞
         ................................................... (Eq. 8.1) 

where Δλ0 is the shift in the wavelength shift at time zero, Δλt at time t, and Δλ∞ at infinitive 

time. Figure 8.4 illustrates the course of the enzymatic degradation ([1 - x], with the extent 

of reaction (x) as a function of reaction time), along with the change in the pore filling. The 

PLA pore filling was reduced with the incubation time, following the reduction of the 

refractive index in the pores.  

Furthermore, Figure 8.4 shows that the extent of the reaction increases substantially with 

an elevated concentration of proteinase K. In contrast, the sensor did not respond 

significantly in the absence of proteinase K (Tris-HCl buffer). Hence, the response was due to 

the enzymatic reaction. We may conclude that the PLA-modified pSiRF is stable in the 
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buffered medium for at least 6 h. The data were least-squares fitted to evaluate the 

apparent rate constants k.  

 

Figure 8.4: Plot of ln(1 – x) (x: extent of reaction) and the pore filling as a function of 

incubation time for the degradation of PLA inside pSiRF in 0.10, 0.25, 0.50, and 1.00 mg mL-1 

of proteinase K solution at 25 °C for 0, 30, 60, 120, 240 and 360 min. The pore filling was 

estimated based on Figure 8.5. The data were presented as mean ± standard deviation. The 

solid lines correspond to the linear least-squares fit of RIfS data. All measurements were 

conducted in the dried state. This Figure was reproduced with permission from reference [5]: 

Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; Müller, M.; Schönherr, H. Bare Eye 

Detection of Bacterial Enzymes of Pseudomonas aeruginosa with Polymer Modified 

Nanoporous Silicon Rugate Filters. Biosensors 2022, 12 (12), 1064. Copyright 2014. MDPI. 

The pore filling in Figure 8.4 was estimated from the relation between the refractive index 

and peak shift. It was reported that the spectral peak position increased linearly with the 

refractive index of the void in the pores; therefore, a series of solvents were employed to 

estimate the pore filling11,12. The organic solvents were used in previous studies to ascertain 

how pSi sensors respond to changes in their porous medium13,14. In this Chapter, methanol, 

ethanol, ethyl acetate, hexane, isopropanol, and ethylene glycol were used to infiltrate the 

pores of pristine pSiRF, and the changes were monitored by RIfS. The refractive indices of 

the solvents outside the pSiRF pores were measured with an Abbe refractometer. The 
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positions of the peaks observed in RIfS were plotted against the refractive indices of the 

solvents (Figure 8.5). Based on a fit of these data, the refractive index of the dried             

PLA-modified pSiRF was calculated (Table 8.1 and Figure 8.6). 

 

Figure 8.5: Plot of the wavelength shift of neat pSiRF versus refractive indices of methanol, 

ethanol, ethyl acetate, hexane, isopropanol, and ethylene glycol infiltrated the pores,            

(λ (nm) = 147.38 nm × n + 364 nm, R2 = 0.98). The data are presented as a mean value of 

three measurements with the standard deviation as an error. The solid red line corresponds 

to a linear least-squares fit of the data. This Figure was reproduced with permission from 

reference [5]: Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; Müller, M.; Schönherr, H. 

Bare Eye Detection of Bacterial Enzymes of Pseudomonas aeruginosa with Polymer Modified 

Nanoporous Silicon Rugate Filters. Biosensors 2022, 12 (12), 1064. Copyright 2014. MDPI. 
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Table 8.1.  Calculated refractive index of the void (PLA plus air) in pSiRF (dried state) from 

Figure 8.5. The refractive index shift was calculated by subtracting n values at a given time 

(nt) from the n at time zero (nref). This Table was reproduced with permission from reference 

[5]: Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; Müller, M.; Schönherr, H. Bare Eye 

Detection of Bacterial Enzymes of Pseudomonas aeruginosa with Polymer Modified 

Nanoporous Silicon Rugate Filters. Biosensors 2022, 12 (12), 1064. Copyright 2014. MDPI. 

Incubation time (min) Refractive index of the void nvoid 

(PLA+air) in pSiRF 

Refractive index shift 

(nt-nref) 

0 1.262 0.000 

30 1.224 -0.038 

60 1.170 -0.092 

120 1.072 -0.190 

240 1.011 -0.251 

360 1.006 -0.256 

 

 

Figure 8.6: Plot of pore filling vs. refractive index of the voids (filling % = 234 × nvoid - 235,      

R2 = 0.99). The solid red line corresponds to a linear least-squares fit of the pore filling data. 

This Figure was reproduced with permission from reference [5]: Alhusaini, Q.; Scheld, W. S.; 

Jia, Z.; Das, D.; Afzal, F.; Müller, M.; Schönherr, H. Bare Eye Detection of Bacterial Enzymes of 

Pseudomonas aeruginosa with Polymer Modified Nanoporous Silicon Rugate Filters. 

Biosensors 2022, 12 (12), 1064. Copyright 2014. MDPI. 
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The k values were plotted against the proteinase K concentrations (Figure 8.7). It was 

observed that k increased linearly for the lower proteinase K concentrations and then 

leveled off. The latter observation is attributed to the limited fraction of exposed PLA inside 

the nanopores. For higher proteinase K concentrations, the amount of PLA became 

saturated with enzymes for the hydrolysis of ester bonds, and consequently, the rate did 

not increase further. 

 

Figure 8.7: Plot of apparent rate constant (k) versus proteinase K concentrations (0.10, 0.25, 

0.50, and 1.00 mg mL-1). The values for k were obtained from linear fits in Figure 8.4, the 

error bars denote the standard error from these fits. The solid line corresponds to the linear 

least-squares fit of the first three data points used to estimate the corresponding slope 

(0.022 mg mL-1 min-1) and serves, similar to the dotted line, as a guide to the eyes only. This 

Figure was reproduced with permission from reference [5]: Alhusaini, Q.; Scheld, W. S.; Jia, 

Z.; Das, D.; Afzal, F.; Müller, M.; Schönherr, H. Bare Eye Detection of Bacterial Enzymes of 

Pseudomonas aeruginosa with Polymer Modified Nanoporous Silicon Rugate Filters. 

Biosensors 2022, 12 (12), 1064. Copyright 2014. MDPI. 

The enzymatic reaction of the PLA-modified pSiRF with proteinase K was also followed 

under conditions identical to the previous experiment by RIfS. Figure 8.8 shows two 

wavelength-incubation time data sets: one is for PLA-modified pSiRF exposed to Tris-HCl 

buffer (blank), and the other is for PLA-modified pSiRF exposed to proteinase K solution. 
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Before the enzymatic reaction, Tris-HCl buffer was injected over PLA-modified pSiRF for   

120 min, followed by the injection of proteinase K solution. 

In contrast to the virtually constant wavelength observed in the blank experiment during 

1050 min, a blue shift in the wavelength was observed almost instantaneously after 

injection of the proteinase K. The blue shift of the peak position is due to the reduction in 

the refractive index of the void in the pores because of the replacement of the PLA by the 

buffer. A value for k of 0.003 min-1 was calculated from Figure 8.8. This value of k is three 

times smaller than that obtained in ex-situ measurements (compare Figure 8.4). This 

variation resulted from the procedures employed in performing the enzymatic reaction and 

the sample handling prior to the analysis. For instance, after each incubation of the sensor 

in the ex-situ experiment, the sensor was taken out of the medium, washed and dried, and 

then characterized with RIfS. By contrast, no washing or drying steps were applied in the in-

situ experiment, hence, no convection took place, and degraded PLA may have remained 

trapped inside the pores. 

 

Figure 8.8: Plot of in-situ RIfS measurement of enzymatic reaction in PLA-modified pSiRF with 

proteinase K solution (1.00 mg mL-1) and Tris-HCl buffer at 25°C. This Figure was reproduced 

with permission from reference [5]: Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; 

Müller, M.; Schönherr, H. Bare Eye Detection of Bacterial Enzymes of Pseudomonas 

aeruginosa with Polymer Modified Nanoporous Silicon Rugate Filters. Biosensors 2022, 12 

(12), 1064. Copyright 2014. MDPI. 
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8.3    Enzymatic Degradation of PLA with Pseudomonas aeruginosa 

The essential step to demonstrate the functionality of bacterial enzyme detection is a test 

with the living target bacteria. The experiment was performed by immersing the               

PLA-modified pSiRF sensor directly into a suspension of P. aeruginosa (PAO1) (cultured for 

24 h) in a 6-well plate. The color changes due to the enzymatic reaction were documented 

with a conventional smartphone camera. As can be seen in Figure 8.9, a strong color change 

from green to blue was observed after exposing the PLA-modified pSiRF sensor to the 

suspension of P. aeruginosa in the LB medium for 24 h. As a control experiment, a PLA-

modified pSiRF sensor was immersed in a bacteria-free LB medium under the same 

conditions. Here, no significant color change was observed after 24 h. These results indicate 

that the color change on pSiRF occurs only when the target bacteria are present, which are 

known to secrete enzymes (proteases) that digest the PLA15,16. 

 

Figure 8.9: Photographs of the pre-dried PLA-modified pSiRF before and after the immersion 

in bacteria-free LB medium and P. aeruginosa (PAO1) suspension (bacteria starting 

concentration: 1.9 × 109 CFU mL-1 in LB medium at 37 °C for 24 h (end concentration:          

3.7 × 109 CFU mL-1). Scale bar = 1 cm. This Figure was reproduced with permission from 

reference [5]: Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; Müller, M.; Schönherr, H. 

Bare Eye Detection of Bacterial Enzymes of Pseudomonas aeruginosa with Polymer Modified 

Nanoporous Silicon Rugate Filters. Biosensors 2022, 12 (12), 1064. Copyright 2014. MDPI. 
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Finally, the PLA-modified pSiRF sensor was also tested in-situ in the corresponding sterile 

filtered supernatant of P. aeruginosa (PAO1). Again, the LB medium was chosen as a blank. 

Figure 8.10 shows the RIfS measurement carried out during the incubation in the sterile 

bacterial supernatant and in the LB medium, which has not been in contact with any 

bacteria, respectively. It was observed that the peak was blue-shifted for the P. aeruginosa 

supernatant, whereas no significant change in the peak position was recorded in LB 

medium, even after 1350 min of incubation. The results confirm that PLA was stable in the 

LB medium and degraded in the P. aeruginosa supernatant, thus indicating that enzymes 

secreted by P. aeruginosa in this medium can still be detected after removing the bacteria. 

Not surprisingly, the results revealed that the reaction in the bacterial supernatant was 

slower compared to the reaction in the bacterial suspension. A possible explanation for 

these results may be the lower enzyme concentration in the supernatant compared to those 

in the bacterial suspension, which is due to adsorption to the filters used. Further, it was 

reported that the filtration process caused an effect on enzyme activity due to the enzyme 

denaturation and/or the reduction in the concentration of enzyme17,18. Also, the increase in 

the bacteria concentration (from 1.9 × 109 to 3.7 × 109 CFU mL-1) after 24 h incubation of the 

PLA-modified pSiRF sensor in bacterial suspension cannot be neglected, which leads to an 

enhancement in the concentration of secreted enzymes. Thus, no further enzymes were 

consistently produced in bacterial supernatants, in contrast to metabolically active bacterial 

suspensions (presence of bacteria). 

The results underlined the feasibility of this sensing platform to be potentially used as a PoC 

system for bacterial enzyme detection by the bare eye. The response times and sensitivities 

are currently inferior compared to other nanocapsule or hydrogel-based approaches19,20, 

but the sensor design and the materials render this macro(molecule)-nano(porous) platform 

extremely robust.  
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Figure 8.10: Plot of in-situ RIfS measurement during incubation of a PLA-modified pSiRF 

sensor in sterile P. aeruginosa (strain: PAO1) supernatants obtained from                                  

a 1.9 × 109 CFU mL-1 suspension by filtration (black line) and in pure LB medium (red line). 

The PLA-modified pSiRF sensor was stable in LB for more than 22 h, whereas incubation in P. 

aeruginosa supernatant caused a quasi-linear blue shift in the wavelength. The spectral 

positions of the characteristic peaks were corrected by subtracting the wavelength obtained 

before incubation in the bacterial supernatant or the LB medium. This Figure was reproduced 

with permission from reference [5]: Alhusaini, Q.; Scheld, W. S.; Jia, Z.; Das, D.; Afzal, F.; 

Müller, M.; Schönherr, H. Bare Eye Detection of Bacterial Enzymes of Pseudomonas 

aeruginosa with Polymer Modified Nanoporous Silicon Rugate Filters. Biosensors 2022, 12 

(12), 1064. Copyright 2014. MDPI. 

The color change of the sensor from green to blue may be challenging to discern, depending 

on the lighting conditions in a real application, but the colors can be adapted by changing 

the Rugate structure. Additionally, objective detection utilizing smartphone-based detection 

is an already demonstrated option21. The response time depends on the enzyme 

concentration, hence, LOD values (not determined here) are time-dependent, as discussed 

before22. Moreover, this approach could be employed for real-time detection of secreted 

enzymes from a broad range of bacteria if PLA is replaced by, e.g., hyaluronan or          

poly(ε-caprolactone) or other labile polymers specifically prone for degradation by bacterial 

enzyme selective for other clinically labile bacteria, such as hyaluronidase or lipases from 

Staphylococcus aureus23,24,25. 
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8.4    Conclusion  

This Chapter demonstrates a poly(lactic acid) (PLA)-modified porous silicon with reflective 

film (pSiRF) nanoporous sensor for the visual detection of bacterial enzymes produced by P. 

aeruginosa. This macro-molecule-nano-porous platform, achieved through the 

functionalization of pSiRF with the biodegradable polymer PLA using a solvent casting 

method, showcases promising results. 

The role of pSiRF as an optical transducer is evident through significant changes in 

wavelength observed in the reflectometric interference spectroscopy (RIfS) spectra and the 

noticeable color shifts in the sensor, transitioning from blue to green when exposed to pure 

proteinase K solution, P. aeruginosa (PAO1) cultures, and their corresponding sterile culture 

supernatants. This change is attributed to an increase in the effective refractive index 

caused by the infiltration of PLA into the nanopores of pSiRF. Moreover, the wavelength can 

be reversed, shifting from 550 nm back to 513 nm upon enzymatic degradation of PLA, 

resulting in the sensor returning to a blue color. The color transition of the pSiRF sensor 

from green to blue could be detected by the bare eye after incubation in a suspension of    

P. aeruginosa immersion, washing it, and drying it.  

The combined results of ex-situ and in-situ RIfS measurements, on the one hand, and the 

visual inspection of the photonic sensors, on the other hand, indicate that this principle may 

be utilized for sensing bacterial enzymes of clinically relevant bacterial pathogens. 

8.5    Materials and Methods 

Chemicals, materials, and instruments, which have already been mentioned in Chapter 4 

and Chapter 7, will not be stated here again. 

Enzymatic Degradation of PLA with Proteinase K  

The PLA-modified pSiRF sensors were placed in a 6-well plate containing 300 µL of Tris-HCl 

buffered proteinase K solution (pH 8.5) with varying concentrations (0.10, 0.25, 0.50, and 

1.00 mg mL-1). After 0, 30, 60, 120, 240, and 360 min, the reacted sensor was washed with 

Milli-Q water, dried in a stream of nitrogen, and then kept in the desiccator at 5 mbar for     

2 h, followed by RIfS analysis. For in-situ RIfS measurements, the PLA-modified pSiRF was 
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inserted in a homemade flow cell (volume 0.3 mL), and the proteinase K or Tris-HCl buffer 

solutions were injected. 

Bacteria Tests 

The preparation of the suspension and sterile supernatant of sterile P. aeruginosa (PAO1) 

was detailed in Chapter 6. Dr. Zhiyuan Jia participated in performing the bacteria test on 

pSiRF sensors. The enzymatic reaction was conducted by adding 3 mL of resulting bacterial 

suspension into the well of the transparent 6-well plates containing a PLA film-coated pSiRF, 

followed by incubation for 24 h at 37 °C. A part of the suspension was diluted and spread 

out onto an LB agar plate and incubated at 37 °C overnight to determine the bacterial 

colony forming units mL-1 (CFU mL-1) of the inoculums. The PLA-modified pSiRF was 

removed from the bacterial suspension or the LB medium and washed gently with the LB 

medium and Milli-Q water. Finally, the pSiRF was dried in a laminar flow cabinet for 1 h. For 

in-situ analysis, PLA-coated pSiRF sensors were inserted in a homemade flow cell (volume 

0.3 mL) and incubated in the LB medium or the supernatant solution. 
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Chapter 9. Summary and Conclusion 

This Thesis focused on anodic aluminum oxide (AAO) and porous silicon rugate filter (pSiRF) 

nanoporous substrates and studied their potential use in biological contexts. The main aim 

was to modify these porous materials to generate functional nanocomposites that could 

potentially benefit enzyme or bacteria detection approaches. The AAO/pSiRF sensors were 

modified with a biodegradable polymer, i.e., poly(lactic acid) (PLA), to design a composite 

system to detect a bacterial enzyme. The fungal enzyme proteinase K was used as a model 

enzyme for proteases secreted, e.g., by Pseudomonas aeruginosa (P. aeruginosa). The AAO 

or pSiRF sensors modified with PLA were also tested in a bacterial environment.  

Firstly, the AAO substrates were fabricated under optimized conditions to obtain 

homogenous circular pores with pore diameters and interpore distances ranging from        

20 to 130 nm and 64 to 450 nm, respectively. The synthesized AAO samples obtained via the 

two-step anodization were well-ordered with hexagonal pore shapes. Next, the anodization 

parameters were adjusted, and the formed AAO was investigated. The pores of the 

synthesized AAO were widened in phosphoric acid. The FESEM data confirmed that the pore 

diameters increased linearly with the widening time. The pore diameter was widened from 

32 nm to 85 nm after immersion in phosphoric acid for 35 min. The porosity was also 

calculated and was found to scale linearly with widening time. The pore length's 

dependence on the anodization time was also studied. AAO synthesized in oxalic acid at     

40 V exhibited pores ranging from 1.6 to 12.8 μm in length when the anodization was 

conducted from 0.5 to 4.0 h. 

The wetting and filling of the AAO pores were investigated using RIfS. The EOT value 

dramatically increased when the pores were filled with water. Based on the calculated and 

experimental ΔEOT, the pore filling was found to be 99.5 %. Later, it was proved that the 

pores of AAO were filled completely with water. Furthermore, the dependence of ΔEOT on 

the refractive index of the filling solution was studied in RIfS, showing a linear trend of EOT 

with the refractive index of the pore content. The wetting of AAO covered with a PLA sheet 

was also investigated. The top side of AAO was covered with a 350 ± 20 nm thin, free-

standing PLA sheet. The PLA sheet was successfully prepared on a pre-treated Si wafer using 

the spin-coated method and transferred to AAO, which covers the top side with the exposed 

pore mouth. The impact of the PLA sheet on the wetting on AAO was evaluated using RIfS. 
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Two identical AAO samples were used for comparison, covering one with the PLA sheet. The 

RIfS was conducted during the infiltration of water into the pores. The data showed that the 

EOT measured on AAO covered with PLA gradually increased and reached a plateau after   

35 min. In contrast, on the bare AAO (uncovered), the EOT increased rapidly and reached a 

plateau in a few seconds. The latter indicates that the pores were filled with water faster 

than in the case of covered pores, where the PLA sheet altered the filling of the pores, but 

did not affect the wettability of the pores, which was proven by the EOT values for these 

samples. The fabrication of pSi and pSiRF nanostructures was also performed. The etching 

process was optimized to obtain the desired structures. The electrochemical etching of 

pSi/pSiRF was carried out in HF/ethanol mixtures. Pore diameters scaled linearly with the 

current densities from 12 ± 4 to 63 ± 6 nm. Also, the length of the pores increased linearly 

with the etching time up to 8.04 ± 0.03 µm. The pSiRF sensors were successfully fabricated; 

the etching process was optimized by controlling the FWHM of the stop-band peak, the 

number of repeating cycles, and the period time. The result revealed that the 

narrow FWHM of the peak was obtained with a small current density. The data showed that 

with a 7 sec period time and repeated 100 cycles, an optimal pSiRF structure for the sensing 

protocol was prepared in this Thesis.  

The deposition and enzymatic degradation of PLA on planar Si, AAO, and pSiRF were 

investigated. Firstly, the PLA deposition process on planar Si was performed using the spin 

coating. Ellipsometry showed that the dry thickness of the PLA film on a flat Si increased 

linearly with the PLA concentration. The water contact angle data confirmed the presence of 

the PLA on the surface due to the change in wettability. Moreover, the FTIR data were 

consistent with the ellipsometric and contact angle data where the PLA layer was 

successfully deposited on the Si surface. The carbonyl band area increased linearly with the 

dry PLA thickness.  

For AAO sensors, two protocols were used to deposit PLA; one was done by spin coating and 

the other by the solvent casting method. The spin-coated PLA on the AAO sensor was 

examined using contact angle, FESEM, ATR-FTIR spectroscopy, EDX, and TGA. Different 

concentrations of the PLA solutions were used to ensure optimal pore coverage. The 

optimal PLA concentration was 5 wt% in chloroform, equivalent to ~ 300 nm film thickness 

estimated from FESEM images. The FTIR spectroscopy data revealed that a deviation from 
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the linear dependence was observed as the PLA concentration increased. The TGA data also 

confirmed the presence of the PLA on the AAO. The EDX measurement was conducted on 

the coated AAO at four points along the AAO (from top to bottom). The EDX analysis 

confirmed the presence of PLA inside the pores and on the pore gate/top side of AAO, and 

it was concluded that the PLA was distributed along the pores, but the quantity of PLA was 

low in regions placed more profoundly into the pores. In the cast solvent approach, 

different concentrations of PLA solution were cast on AAO, followed by removing the PLA 

film from the top side of the AAO surface, leaving part of the PLA loaded into the pores. The 

FESEM data suggests that the PLA covered the AAO, and the consequent cleaning was 

successful. The cross-sectional FESEM also suggests the presence of PLA inside the pores. 

The volume fraction of the pores after PLA modification (pore filling) was determined based 

on the ΔEOT measured by RIfS and ΔEOT calculated by the Maxwell-Garnett equation. The 

data showed that the ΔEOT increased linearly with the pore filling.  

The prepared pSiRF sensor was loaded with PLA using the solvent casting method. The PLA 

film was removed from the top side of pSiRF. The EDX, RIfS, and TGA data revealed that the 

PLA was successfully loaded inside the pores. After the comprehensive investigation of the 

presence of PLA on planar Si and AAO substrates, the enzymatic degradation of PLA on 

those substrates was investigated. The degradation was conducted using proteinase K. 

Firstly, the enzymatic degradation of PLA was tested on planar Si substrates. A reduction in 

dry thickness was observed with an increase in degradation time. Moreover, the contact 

angle showed a slight change in the wettability after the enzymatic degradation, with no 

further significant change in wettability throughout the degradation process. The FTIR data 

supported the ellipsometric data by showing a linear trend with the degradation time. 

FESEM and AFM were performed on the PLA film before and after degradation. The FESEM 

could not qualitatively differentiate between the PLA film before and after treatment with 

the enzyme, suggesting that the degradation was homologous on the entire surface. AFM 

could provide more information about the surface roughness, whereas the PLA film treated 

with the enzyme was rougher than the untreated one.  

The enzymatic degradation of the spin-coated PLA on the AAO was then investigated. The 

FESEM data showed that the enzyme degraded the PLA film on the AAO surface, whereas 

the enzyme-free solution showed no degradation. The contact angle data also confirmed 
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this process, where a significant reduction in the contact angle was observed before and 

after the degradation (from 73 ± 2 to 37 ± 3˚). The AFM data showed a slight increase in Rq 

value after immersion in the buffer solution for 300 min. The RIfS data exhibited that the 

EOT decreased after treatment with proteinase K due to the occurrence of the degradation 

of PLA film. PLA degradation in AAO pores (prepared using the solvent casting method) was 

conducted. The RIfS spectra showed a blue shift in the fringes with degradation time. The 

ΔEOT values also showed a blue shift with incubation time in proteinase K. The RIfS data 

revealed that the enzymatic reaction increased with enzyme concentration. Finally, the AAO 

sensor was tested in the sterile P. aeruginosa (PAO1) supernatant. The reaction was 

conducted in in-situ and ex-situ and monitored by RIfS. In both cases, the ΔEOT decreased 

when the AAO sensor was treated with P. aeruginosa supernatant compared to the             

LB medium. The last finding suggests that the AAO sensor could be used as a versatile 

sensor platform in the biological environment to detect bacterial enzymes. 

Finally, the enzymatic degradation of PLA-modified pSiRF was investigated. The pSiRF sensor 

provides a visual detection approach to bacterial enzymes. The noticeable color shifts in the 

sensor, transitioning from blue to green, were observed when exposed to pure proteinase K 

solution, P. aeruginosa cultures, and their corresponding sterile-filtered culture 

supernatants. RIfS measurement exhibited that the wavelength in the pSiRF sensor shifted 

from 550 to 513 nm upon enzymatic degradation of PLA, resulting in the sensor returning to 

a blue color. The pSiRF sensor's color transition from green to blue could be detected by the 

naked eye after incubation in a suspension of P. aeruginosa, washing, and drying. The 

combined results of ex-situ and in-situ RIfS measurements, on the one hand, and the visual 

inspection of the photonic sensors, on the other hand, indicate that this principle may be 

utilized for sensing bacterial enzymes of clinically relevant bacterial pathogens. 

This research lays the foundation for in-depth studies of the detection of bacterial enzymes 

employing porous structures combined with biodegradable polymers. For instance, using 

different biodegradable polymers may provide a deep understanding of the sensor's 

spontaneous response to different analytes or how varying pore morphologies affect sensor 

efficiency.  
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