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Abstract 

A label-free porous silicon (pSi) based, optical biosensor, using both an antibody and aptamer 

bioreceptor motif has been developed for the detection of insulin. Two parallel biosensors 

were designed and optimised independently, based on each bioreceptor. Both bioreceptors 

were covalently attached to a thermally hydrosilylated pSi surface though amide coupling, 

with unreacted surface area rendered stable and low fouling by incorporation of PEG 

moieties. The insulin detection ability of each biosensor was determined using 

interferometric reflectance spectroscopy, using a range of different media both with and 

without serum. Sensing performance was compared in terms of response value, response time 



and limit of detection (LOD) for each platform. In order to demonstrate the capability of the 

best performing biosensor to detect insulin from real samples, an in vitro investigation with 

the aptamer-modified surface was performed. This biosensor was exposed to buffer 

conditioned by glucose-stimulated human islets, with the result showing a positive response 

and a high degree of selectivity towards insulin capture. The obtained results correlated well 

with the ELISA used in the clinic for assaying glucose-stimulated insulin release from donor 

islets. We anticipate that this type of sensor can be applied as a rapid point-of-use biosensor 

to assess the quality of donor islets in terms of their insulin production efficiency, prior to 

transplantation. 
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1.Introduction 

Type 1 diabetes is an auto-immune disease in which the beta cells of islets of Langerhans, 

responsible for production of insulin, are attacked and destroyed by the body’s own immune 

system. The destruction of beta cells in the pancreas results in the inability to produce 

sufficient insulin, and as a result high blood glucose levels that can lead to severe long-term 

organ damage (Alberti and Zimmet 1998; Atkinson et al. ; Inzucchi and Sherwin 2011). 

There is currently no prevention or cure for type 1 diabetes, and the early onset of this 

condition exposes patients to more severe health repercussions and thus requires lifelong 

careful management of blood glucose levels by multiple daily insulin injections (Chiang et al. 

2014). Even with advances in management strategies, recent research still highlights a 

significant loss of life expectancy, approximately 11 years for men and 13 years for women 



with type 1 diabetes (Livingstone et al. 2015). These factors emphasize the need for novel 

diagnosis and treatment methods. 

 

The most promising alternative treatment for type 1 diabetes is in form of islets 

transplantation. This treatment is indicated for patients with hypoglycemic unawareness, who 

have significantly high mortality rate (Cryer 2011; Feltbower et al. 2008; Nathan 2014; 

Skrivarhaug et al. 2006). In this process, islets are isolated from a donor and, in the most 

common protocols, infused into the portal vein of a type 1 diabetic patient through a catheter, 

where they lodge in the liver (Paty 2005; Piper et al. 2004).. Islet transplantation reduces or 

eliminates the need for insulin injections and reduces the occurrence of severe hypoglycemic 

episodes (Rickels et al. 2005; The National Institute of Diabetes and Digestive and Kidney 

Diseases US). Recently, significant progress has been made in the field of islets 

transplantation; however, many challenges remain that prevent its widespread application, 

such as donor shortage, transplant failure and the need for lifelong immuno-suppressive 

therapy (Bottino and Trucco 2015; Leitão et al. 2008; Montane 2015; Rother and Harlan 

2004; The National Institute of Diabetes and Digestive and Kidney Diseases US). One of the 

key challenges of islet transplantation is the assessment of donor islet function by insulin 

production efficiency before transplantation, since loss of islet function ex vivo is a key 

determinant of transplant failure (Kin et al. 2008; Rother and Harlan ; Trabucchi et al. 2014; 

Van Der Windt et al. 2007). The average pancreatic insulin content is ~10 µM (Cha et al. 

2011). When it comes to in vitro analysis of islets for insulin secretion, this values depends 

various factors such as number and size of islets, amount and duration for which glucose 

stimulation is performed. Currently available methods to determine insulin output include 

enzyme linked immunosorbent assay (ELISA), radio immunoassay (RIA), chromatography 

and mass spectroscopy (Farino et al. 2016; Kekow et al. 1988; Luo et al. 2013; Ohkubo 



1994). These techniques are typically laborious, time consuming and expensive, while also 

requiring sophisticated laboratory equipment and trained personnel. In addition, some of 

these methods require the labelling of insulin, which can affect its intrinsic properties and 

hence can affect the assay result (Daniels and Pourmand 2007; Huh et al. 2011; Sang et al. 

2013). Importantly, none of these methods has the capacity for direct, point of use monitoring 

of glucose-stimulated insulin secretion, which is essential to assess the islets for their insulin 

secretion efficiency before transplantation (Cha et al. 2011). The ideal system to determine 

insulin production from donor islets would be an in situ, label-free, non-invasive sensor that 

could report the insulin level. The development of such a biosensor has remained a challenge, 

but would likely provide significant benefit to the islet transplantation treatment process.  

 

 

The analytical efficiency of any biosensor is highly dependent on the bioreceptor conjugated 

to it, which should impart a high degree of specificity to the sensor (Vo-Dinh and Cullum 

2000). To date, antibodies are the most extensively employed bioreceptors, not only for 

fabrication of biosensors but also in standard immunoassay analysis (Schumacher and Seitz 

2016; Steward and Lew 1985; Strehlitz et al. 2008). This is because of their unique ability to 

selectively bind to their target molecule (Mariuzza et al. 1987; Vo-Dinh and Cullum 2000). 

Additionally, the commercial availability of antibodies has contributed to their widespread 

application as bioreceptors. Although antibodies possess several unique advantages, there are 

certain drawbacks that would justify an alternative option, such as high cost, large size, 

instability and they are usually produced in animals, which raises ethical concerns and can 

also result in batch-to-batch variation (Mairal et al. 2008; Song et al. 2008; Zhou et al. 2014). 

Aptamers are the most promising alternative to antibodies. An aptamer is a single stranded 

DNA or RNA that when folded into a specific conformation is known to mimic the function 



of an antibody. Despite numerous advantages of aptamer over antibodies, the complete 

replacement of antibody receptors with aptamers is not likely due to the limited number of 

examples that demonstrate the use of aptamers as an effective bioreceptor. The beauty of 

aptamers is that they possess several distinct advantages over antibodies such as cost 

effectiveness, smaller size, high stability. Importantly, they can be easily synthesised in a 

laboratory by the SELEX (systematic evolution of ligand by exponential enrichment) process 

(Song et al. 2008; Zhou et al. 2014). On top of these advantages, aptamers offer at least 

equivalent or in some cases higher selectivity and affinity than antibodies (Mairal et al. 2008; 

Tombelli et al. 2007).  

 

Recently, porous silicon (pSi) has received considerable interest as a material to construct 

low cost, sensitive and biocompatible optical biosensors (Alhmoud et al. 2015; Krismastuti et 

al. 2014a; Krismastuti et al. 2013; McInnes et al. 2015; Reta et al. 2016; Tong et al. 2016). 

This is due to its captivating features such as availability at relatively low cost, simple 

fabrication process and inherent optical properties, which allows the design of high 

performance, simple, compact biosensors (De la Mora et al. 2013; Dhanekar and Jain 2013). 

Relevant biosensing properties of pSi can be optimised to suit specific applications, including 

pore size, pore depth and porosity, which is achieved simply by controlling the etching 

parameters (De Stefano et al. 2015; Jane et al. 2009). The high surface area to volume ratio of 

pSi (up to 800 m
2
/g) facilitates the attachment of a large number of bio-receptors and hence 

enhances the sensitivity of the fabricated biosensor (Basu and Kanungo 2011; Steiner and 

Lang 1995). Further to these advantageous properties, pSi is biocompatible and 

biodegradable, making it an ideal candidate for use as a sensing scaffold for various 

biomedical applications (Coffer et al. 2005; Low et al. 2009; Shabir 2014). Hence, the 

combination of the distinctive properties of pSi, coupled with a suitable transduction 



mechanism, provides a means to fabricate highly selective, sensitive and label-free, non-

invasive biosensors. 

 

Amongst the various pSi biosensor devices currently available, optical biosensors using 

interferometric reflectance spectroscopy (IRS) offer distinct advantages (Monošík et al. 2012; 

Perumal and Hashim 2014; Vo-Dinh 2014) . This technique enables label-free, remote 

sensing with an extremely simple set up (Dancil et al. 1999; Lin et al. 1997; Shang et al. 

2010), providing an ideal method for various cell and tissue culture analysis. In IRS, 90 

incident white light is reflected from the two interfaces (air-pSi and pSi-bulk Si) of the 

porous material to produce a Fabry-Perot interference fringe pattern, dependent on the optical 

thickness and refractive index (n) of the porous material, (Janshoff et al. 1998; Lérondel 

2015; Pacholski et al. 2005). The fringe pattern is described by equation 1; 

                    Eq. 1                mλ =2nL 

λ = maximum wavelength of consecutive fringe order of magnitude m, L is the thickness of 

the porous layer and ‘2nL’ is called the effective optical thickness (EOT). The EOT can be 

determined directly by applying a Fast Fourier Transformation (FFT) to the observed 

interference fringe pattern and is often the parameter used to measure sensor response. When 

an analyte is captured within the porous matrix by a tethered bioreceptor moiety, a resultant 

red shift of the fringe pattern is observed. The induced red shift is due to the replacement of 

water (n = 1.33) within the pores with protein, which has a higher refractive index (n ≈ 1.45) 

(Jane et al. 2009; Lin et al. 1997). This results in an increase of the net refractive index within 

the porous matrix and hence an increase in the EOT value (observed as a red shift of the 

fringe pattern) (Dancil et al. 1999; Jane et al. 2009; Pacholski et al. 2005). Thus, IRS enables 

the detection of analytes simply by monitoring changes to the EOT over time.  

 



There are many examples of pSi-based optical biosensors in the literature, applied to the 

detection of various biomolecules such as proteins, enzymes, DNA and even whole cells 

(Choi et al. 2012; Dancil et al. 1999; Holthausen et al. 2012; Krismastuti et al. 2013; Lin et 

al. 1997; Merkl et al. 2012; Pacholski et al. 2005). However, to the best of our knowledge, 

this platform has not been applied for the detection of insulin and neither to the direct 

detection of hormones produced by primary human tissues. To date, label-free insulin 

biosensors have relied on electrochemical techniques, measuring from buffer (Qu et al. 2006; 

Rafiee and Fakhari 2013; Wang and Musameh 2004; Wang et al. 2007; Yu et al. 2016) or in 

some cases from serum (Luo et al. 2013; Singh and Krishnan 2015; Yagati et al. 2016), but 

not from islets suspensions. Tae-Gon Cha and colleagues approached a label-free detection of 

insulin secreted from islets. However, this was achieved by using fluorescent single wall 

carbon nanotubes (Cha et al. 2011).  

 

Herein, we aimed to design a label-free pSi based optical biosensor for the detection of 

insulin secreted by human pancreatic islets. For this, single layer pSi was used as the 

biosensing platform and functionalised by applying the commonly used hydrosilylation 

method. This generic surface chemistry allows two different bio-receptor interfaces to be 

prepared in parallel. The first interface involved an antibody-modified surface (Ab-modified) 

and secondly an aptamer-modified surface (Ap-modified). Following conjugation of the 

bioreceptors, unreacted surface sites were passivated with a poly(ethylene glycol) (PEG) 

compound. PEG passivation has been shown to prevent non-specific binding (Raftery et al. 

2016; Sharma et al. 2004; Yu et al. 2011) to the prepared interfaces during the biosensing 

process. The biosensing performance and calibration of both interfaces was evaluated in 

Krebs Ringer buffer; a commonly employed buffer used for the glucose-stimulated insulin 

secretion (GSIS) assay in the clinic (Grant et al. 1980; Pi et al. 2007; Qureshi et al. 2015). 



Finally, we demonstrated insulin detection using the Ap-modified biosensor from a real 

sample, i.e. insulin secreted by human islets on stimulation with glucose. One of the most 

significant aspects of insulin detection in the real sample is that the sample required no pre-

treatment and could be applied directly to the pSi biosensor interface.  

 

2. Materials and Methods 

 

2.1 Materials and reagents 

Silicon wafers (boron doped p
++

 ≤ 0.002 Ω cm resistivity) were purchased from Siegert 

(Germany). Hydrofluoric Acid (HF 48 %) was purchased from Scharlau (Australia).  Ethanol 

and acetone were purchased from Chem-Supply (Australia). Sodium hydroxide was 

purchased from Merck (Australia). Rabbit polyclonal insulin antibody was obtained from 

Santa Cruz Biotechnology (USA). The newly developed 30-mer insulin binding aptamer (5’-

GGT GGT GGG GGG GGT TGG TAG GGT GTC TTC-3’) (Yoshida et al. 2009); 3’ 

modified with -NH2, was synthesised by Gene Works (Australia). Rat/Mouse insulin ELISA 

kits were obtained from Millipore, USA. All other chemical were purchased from Sigma-

Aldrich (Australia) unless otherwise mentioned.  

 

2.2 Fabrication of pSi single layer structures 

Two pSi single layer (pSiSL) structures were fabricated with different pore sizes; larger pore 

size (pSiSL-1) and smaller pore size (pSiSL-2). Etching was carried out by applying an 

electrochemical anodisation process in a 1:1 HF:ethanol (48 % HF:absolute ethanol) solution. 

Etching was performed in a custom-built Teflon cell, connected to a source meter (2425 

Keithley, USA). An Al sheet placed at the back side of the Si wafer acted as an anode while 

platinum mesh acted as cathode (Jamois et al. 2011; Mora et al. 2013; Wang et al. 2012) . 



pSiSL-1 and pSiSL-2 were fabricated by applying a current density of 95 mA/cm
2
 for 30 s 

and 35 mA/cm
2
 for 100 s, respectively. Etching was performed in a two-step process with the 

previously mentioned etching parameters used for both the steps in the fabrication of pSiSL-1 

and pSiSL-2 samples. In the first step, a parasitic pSi layer was formed which was dissolved 

with 1 M NaOH after anodisation (Sciacca et al. 2011), followed by three times washing with 

MilliQ water and ethanol, before drying with compressed air. The second etching step was 

performed by applying the same etching parameters as for step one. The second etching step 

produced the working pSi film, pSiSL-1 or pSiSL-2. The morphology of the prepared pSiSLs 

were analysed by scanning electron microscopy (SEM) to determine pore size and thickness 

of the porous layer. 

 

2.3 pSiSL functionalisation  

 

(A) Thermal hydrosilylation  

Freshly etched pSiSLs were subjected to a thermal hydrosilylation reaction with neat 

undecylenic acid (UA) at 150 C for 24 h under a constant flow of N2(g). The modified 

samples (denoted pSiSL-1-UA and pSiSL-2-UA), were washed with copious amount of 

ethanol, dried and stored in a desiccator until further surface reaction. 

 

(B) 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/ N-hydroxysuccinimide ester 

(NHS) activation  

 

pSiSL-1-UA and pSiSL-2-UA were allowed to react with EDC/NHS to form pSiSL-1-NHS 

and pSiSL-2-NHS, respectively. For this reaction, the pSiSLs were reacted in a 5 ml solution 

of 1:1 mixture of 10 mM EDC and 10 mM NHS in 1 x phosphate buffer saline (PBS) for 1 h 



at room temperature. The surfaces were then rinsed three times with MilliQ water and 1 x 

PBS. NHS ester functionalised surfaces were used immediately for conjugation of the 

bioreceptors. 

 

(C) Attachment of bioreceptor 

(i) Attachment of antibody  

pSiSL-1-NHS was reacted with 30 µg/ml insulin antibody in 1 x PBS with agitation for 3 h at 

room temperature, followed by overnight incubation at 4 C (Holthausen et al. 2012; 

Krismastuti et al. 2014b; Krismastuti et al. 2016; Reta et al. 2016). The surface was then 

washed with MilliQ water and 1 x PBS to produce pSiSL-1-Ab.   

 

(ii) Attachment of aptamer  

pSiSL-2-NHS was reacted with insulin-binding aptamer, 50 µM in TKN (50 mM Tris–HCl, 

10 mM KCl, 100 mM NaCl, pH 8.0) buffer. The reaction time and temperature was the same 

as in the case of antibody immobilisation. Importantly, before being immobilised, the 

aptamer solution was heated up to 95 C for 5 min and then allowed to cool down for at least 

20 min at room temperature prior to surface immobilisation. Aptamer conjugation produced 

surface pSiSL-2-Ap. 

 

(D) Blocking 

Finally, blocking of residual active NHS sites on both surfaces (pSiSL-1-Ab and pSiSL-2-

Ap) was carried out by reaction with 1 mg/ml bis PEG-amine (BPA) (3000 Mw) for 1 h in 1 

x PBS and TKN buffer for pSiSL-1-Ab and pSiSL-2-Ap, respectively. This was followed by 

washing with MilliQ water to complete the fabrication of Ab-modified and Ap-modified 



interfaces, respectively. Ab-modified surfaces were stored in PBS and Ap-modified in TKN 

buffer at 4 C prior to use in sensing experiments. 

 

 

 

2.4 Characterisation methods 

 

2.4.1 Scanning electron microscopy (SEM) 

SEM images were obtained on a Quanta 450 field emission gun environmental scanning 

electron microscope, equipped with a solid state detector and operated at voltage of 30 kV. 

The images were analysed using Image J software (1.48v).   

 

2.4.2 Fourier transform infrared (FTIR) spectroscopy 

Surface characterisation of the prepared bio-recognition interfaces at each functionalisation 

step was performed using an FTIR microscope (Hyperion 1000, Bruker, Germany). The 

microscope is equipped with a Vertex 70 IR source coupled to a liquid nitrogen cooled 

Mercury-Cadmium-Telluride (MCT) detector. IR spectra were collected in reflection mode. 

All spectra were recorded between the range of 400 cm
-1

 to 4000 cm
-1

 with a 4 cm 
-1

 

resolution and averaging 64 scans. Flat unetched silicon wafer was used as a background for 

the analysis. All spectra were collected and processed using Opus 7.2 software.    

 

2.4.3 Flow cell and interferometric reflectance spectroscopy (IRS) 

Optical sensing experiments were performed using an interferometric reflectance 

spectroscope, operated at room temperature. A pSi sample was clamped into a custom-made 



plexiglass flow cell which was then connected to a peristaltic pump to allow solution to flow 

through it at flow rate of 1.5 ml/min. White light (halogen light source HL-2000, Ocean 

Optics) was focused onto the pSi surface through the plexiglass flow cell at 90
o
 incident 

angle using a bifurcated fibre optic probe. The reflectance spectrum of the pSi was measured 

using a charge couple device (CCD) spectrometer (USB 2000, Ocean Optics) connected to 

the output end of bifurcated optic cable. Data was recorded using Laboratory View software 

(8.2.1 version), analysed using Wavemetric Inc. Igor program and plotted with Origin (9.1.0). 

 

2.5 Insulin detection in buffer 

Detection of insulin supplemented into Krebs buffer was performed using both the Ab-

modified and Ap-modified pSi interfaces at concentrations of 5 µg/ml, 10 µg/ml, 20 µg/ml, 

30 µg/ml, 40 µg/ml and 50 µg/ml. The reflectance spectra were collected at per min intervals 

using IRS. For the first 20 min, Krebs buffer (no insulin) was introduced to the biosensor 

surface to establish a baseline, followed by insulin solution in Krebs buffer (80 min for Ab-

modified, 60 min for Ap-modified). Signal change specificity to insulin was achieved by 

reintroduction of Krebs buffer (no insulin) for 20 min as the third stage of detection. The 

control experiments were performed in a same way, using sensors in which a non-specific 

antibody and non-specific control DNA was conjugated to the Ab- and Ap-modified pSi 

interfaces respectively. The sensing capability of the pSi interfaces was also tested in 

different media including PBS, cell culture medium (CLM) (without serum) and CLM (with 

serum) (data for these sensorgrams is provided in the Supporting Information).  

 

2.6 Detection of insulin from real sample  

Human islets of Langerhans allocated for research use were provided by the St. Vincent’s 

Institute of Medical Research, Victoria, Australia. Approval for research use of human islets 



was obtained from the Royal Adelaide Hospital and University of South Australia research 

ethics committees (protocol number 0000033541). Human islets were cultured in CMRL 

1066 medium supplemented with 15 % fetal calf serum, 2 mM GlutaMax, 10 mM HEPES at 

37 °C and 5 % CO2. The Ap-modified surface was applied for the detection of insulin from a 

real sample of glucose-stimulated human islets. 40,000 IEQ (islet equivalents) were 

stimulated with a 10 ml solution of 20 mM glucose in Krebs buffer for 2 h to induce insulin 

secretion. Following stimulation, the cells were pelleted by centrifugation and the supernatant 

was collected and used for sensing experiments on the Ap-modified surface. For this, Krebs 

buffer (with 20 mM glucose) was firstly flowed over the pSi surface for 20 min, followed by 

the collected supernatant for 100 min, and then finally washing with Krebs buffer (20 mM 

glucose) for 20 min. The control experiment was performed in same manner but with a pSi 

surface modified with negative control DNA oligonucleotide instead of the aptamer. 

Validation of the insulin content of islet-conditioned Krebs buffer samples was performed via 

insulin ELISA (EMD Millipore), according to the manufacturer’s instructions. Islet 

conditioned Krebs buffer samples were diluted 1/1000 before analysis. A standard curve 

constructed in the range 1-100 ng/ml human insulin was fitted to a four parameter sigmoidal 

function (Prism, Graphpad) and the content of the islet-conditioned samples interpolated 

from this standard curve. Measurement of samples and standards was performed in triplicate. 

 

 

3. Result and Discussion  

 

3.1 Fabrication and characterisation of pSiSLs 

 



In this study, two pSiSL structures were fabricated using a two-step electrochemical 

anodisation process. The resulting surface and internal pore structure was characterised by 

SEM. pSiSL-1 and pSISL-2 were fabricated by applying a current density of 95 mA/cm
2
 for 

30 s and 35 mA/cm
2
 for 100 s, respectively. Figure S1 displays the top view (a-b) and cross 

section (c-d) SEM images for pSiSL-1 and pSiSL-2, respectively. The resulting pore size of 

pSiSL-1 was ~ 72 nm, which was large enough to allow ingress of the IgG antibody (150 

kDa). This surface was subsequently used for the fabrication of Ab-modified biosensor. 

pSiSL-2 resulted in a pore size of ~ 27 nm, and was used for the fabrication of Ap-modified 

surface since the aptamer (9.7 kDa) is much smaller than the antibody. The thickness of both 

pSiSLs was approximately 1.2 µm.  

 

 

3.2 pSiSL functionalisation   

 

Surface modification of the freshly etched pSiSLs was essential in order to fabricate highly 

selective and sensitive biosensors. Figure 1 shows a schematic diagram for the pSi surface 

functionalisation process used to generate interfaces for the detection of insulin. The process 

begins with freshly etched pSiSL subjected to (a) a thermal hydrosilylation reaction with 

undecylenic acid, followed by reaction with (b) EDC/NHS and then (c) immobilisation of 

antibody or aptamer and, finally (d) quenching of active NHS ester with BPA.  

 



 

Figure 1: Schematic of surface modification steps involved during fabrication of pSi 

biosensors for the detection of insulin: (a) thermal hydrosilylation of freshly etched pSi, (b) 

EDC/NHS activation, (c) immobilisation of the respective bio-receptor and (d) quenching 

with BPA. 

 

 



Figure 2: FTIR spectra collected in reflectance mode for each step of pSi surface 

functionalisation.  (a) Thermal hydrosilylation, (b) EDC/NHS activation, (c) reaction with 

Ab, (d) reaction with Ap, (e) blocking of NHS ester on Ab-immobilised surface with BPA 

and (f) blocking of NHS ester on Ap-immobilised pSi with BPA.    

 

Characterisation at each step of the surface modification procedure was performed by FTIR 

spectroscopy, in reflectance mode (Figure 2). All spectra were collected using the larger pore 

size pSiSL-1 surface geometry (~ 72 nm) in order to avoid an interference effect observed 

when analysing the small pore size pSi (Voelcker et al. 2008). The displayed spectra have 

also been baseline corrected using Opus software. 

 

Firstly, a thermal hydrosilylation reaction with neat undecylenic acid was performed on 

freshly etched pSiSL (spectrum a). The IR spectrum for this surface showed peaks at 2928 

cm
-1

, 2853 cm
-1

, and 1454 cm
-1

, corresponding to aliphatic chain C-H stretching vibrations 

and deformation vibration of methylene group, respectively (Krismastuti et al. 2013; 

Sweetman et al. 2012; Sweetman et al. 2011b). The additional sharp peak at 1719 cm
-1

 is 

attributed to the -C=O stretching vibration from the terminal carboxylic acid group of 

undecylenic acid (Krismastuti et al. 2013; Sweetman et al. 2012; Sweetman et al. 2011b). 

The presence of these bands clearly confirms success of the thermal hydrosilylation reaction 

and indicated the formation of a dense alkyl monolayer onto the pSiSL surface. Formation of 

such an alkyl monolayer is known to protect the pSi surface from hydrolytic attack and hence 

should impart stability to the porous structure (Krismastuti et al. 2013; Sweetman et al. 

2011a). However, the observation of a blue shift of the baseline during the sensing 

experiments (Figure 4, section I), indicates slight degradation of the modified surfaces. This 

degradation is attributed to the presence of residual Si-Ox species, confirmed by the presence 



of a peak at 1054 cm
-1

 and indicates some oxidation of the Si-H surface (Krismastuti et al. 

2013; Szili et al. 2011). The oxidation likely occurred during the hydrosilylation reaction and 

handling of the pSi surface in air (Flavel et al. 2011; Sweetman et al. 2011a).   

 

The –COOH terminated pSiSL was then activated with NHS in the presence of EDC, to 

make the functionalised surface amine reactive (spectrum b). The peaks at 1739 cm
-1

 and 

1777 cm
-1

 can be assigned to the antisymmetric stretching and symmetric stretching 

vibrations from the carbonyl groups of the incorporated succinimidyl ring, respectively 

(Holthausen et al. 2012; Reta et al. 2016). In addition, the peak at ~ 1817 cm
-1

 belongs to 

symmetric stretching vibration of the succinimidyl carbonyl ester (Touahir et al. 2010). The 

appearance of peaks for the NHS ester are indicative of successful EDC/NHS reaction.  

 

Following the reaction with NHS ester, pSiSL surfaces were allowed to react with 

bioreceptors; Ab (spectrum c) and Ap (spectrum d). In both spectra, the peaks exhibited at 

1659 cm
-1

 and 1541 cm
-1

, are attributed to amide (I) and amide (II) bonds, respectively 

(Flavel et al. 2011; Krismastuti et al. 2013; Reta et al. 2016). These peaks strongly indicate 

that both bioreceptors have been covalently attached to the pSi surfaces through amide bonds. 

However, the presence of the triplet peaks of the NHS ester following bioreceptor 

conjugation indicates that some of this species remains unreacted. This is expected, as the 

large size of the biomolecules will sterically hinder complete conjugation to all active NHS 

ester sites within the porous matrix (Flavel et al. 2011; Krismastuti et al. 2013).  

 

In the last step, quenching of active NHS ester sites was performed by reaction with BPA of 

3,000 Da. A terminal amine group of the BPA reacted with the residual NHS ester via 

formation of a covalent amide bond and resulted in the disappearance of the peaks at 1817 



cm
-1

 and 1777 cm
-1

 (spectra e and f). This confirms the successful quenching of active NHS 

esters on the bioreceptor-immobilised pSi surface (Flavel et al. 2011; Reta et al. 2016). Along 

with quenching the remaining reactive NHS esters, inclusion of the PEG moiety to the 

modified interfaces can also effectively control non-specific binding and thus contribute to 

the selectivity and sensitivity of the biosensor (Raftery et al. 2016; Sharma et al. 2004; 

Sweetman et al. 2011b; Yu et al. 2011). 

 

3.3 Detection of insulin  

 

Both of the prepared interfaces (i.e. Ab-modified and Ap-modified surfaces) were 

investigated as an optical biosensing platform for the detection of insulin in Krebs buffer. 

Detection of insulin in other media, including PBS, CLM and CLM with serum, was also 

investigated and is presented in the Supporting Information.   

 

3.3.1 Sensing on Ab-modified surface 

Figure 3 represents a typical sensorgram for the detection of insulin by the Ab-modified pSi 

surface. The Ab-modified surface was exposed to Krebs buffer solution with no insulin for 20 

min in order to establish a baseline, before an insulin containing (50 µg/ml) Krebs buffer 

solution was introduced for 80 min, followed by a final wash with Krebs buffer for 40 min.  



 

Figure 3: Sensorgrams of response to insulin (50 µg/ml) in Krebs buffer on Ab-modified pSi 

surface and control (non-specific Ab) pSi surface.  

 

As shown in Figure 3, addition of Krebs buffer from 0 min to 20 min (section I) enables a 

baseline to be established where there are no significant changes in the ∆EOT value. When 

the insulin (50 µg/ml) solution was allowed to flow through the cell (section II) a significant 

increase in the ∆EOT was observed. During the first 60 min of insulin exposure, there was a 

steady increase in the ∆EOT value, amounting to a change of approximately 21 nm. This red 

shift is attributed to binding of insulin to the insulin-specific antibody present within the 

pores on the Ab-modified surface. This capture event causes an increase in the net refractive 

index of the porous layer and hence resulted in the increase of EOT. Between 82 – 103 min, 

no further increase in ∆EOT was observed. This plateau of the sensor response indicates 

saturation of the binding sites on the Ab-modified pSi surface or steric hindrance from bound 



species preventing the ingress of more insulin into the pores. Finally, the Krebs buffer 

washing step (section III), resulted in a small blue shift (~ 5 nm), due to removal of 

unbounded or loosely bounded insulin to the surface. The control surface (blue graph) 

showed a slight red shift (~ 5 nm) on addition of insulin (section II) that is attributed to the 

combined effect of a small refractive index change in the bulk solution and a small amount of 

non-specific protein adsorption. However, the surface returned to baseline levels following 

the washing steps. Thus, overall no significant changes to ∆EOT values were observed on the 

control surface. This confirms that the observed red shift on the Ab-modified pSi surface was 

due to the selective binding of insulin into the pores. An overall red shift of ~ 16 nm, with 

respect to initial base line, was observed for insulin sensing on the Ab-modified pSi surface, 

with a maximum ∆EOT response reached in ~ 60 min. 

  

3.3.2 Sensing on Ap-modified surface 

 

Following the successful detection of insulin using the Ab-modified pSi surface, the same 

insulin detection procedure was applied to the Ap-modified surface, with the resulting 

sensorgrams for detection on Ap-modified and control surfaces displayed in Figure 4. 



 

Figure 4: Sensorgrams of response to insulin (50 µg/ml) in Krebs buffer on Ap-modified pSi 

surface and control (non-specific DNA) pSi surface. 

 

Insulin detection was performed under the same conditions as for the Ab-modified pSi 

surface, with Krebs buffer for first 20 min, followed by insulin (50 µg/ml) solution for 60 

min and finally rinsing with Krebs buffer for 20 min. As expected, during the flow of Krebs 

buffer for first 20 min (section I), no change to ∆EOT was observed. Interestingly, on 

introduction of the insulin solution through the cell, the ∆EOT value increased dramatically 

(section II) and reached a maximum ∆EOT response (of ~ 40 nm), in just 12 min. Further 

incubation in the insulin solution (34 min to 82 min) did not result in any further changes to 

the ∆EOT value, which confirms saturation of the binding sites. The faster response time of 

the Ap-modified surface is attributed to the unique conformation change of the aptamer 

during interaction with the insulin, which allows rapid binding (Lei et al. 2015; Verdian-



Doghaei et al. 2015; Yoshida et al. 2009). Washing with Krebs buffer (section III), resulted in 

a blue shift of ~ 20 nm, due to removal of unbounded insulin. Thus, the Ap-modified pSi 

surface displayed an overall red shift of ~ 19 nm and maximum response was achieved in a 

time of 12 min, for insulin at 50 µg/ml in Krebs buffer. In contrast to the detection surface, 

the control surface displayed a ~ 10 nm red shift on incubation with the insulin solution 

(section II) and returned to baseline level following the washing step with Krebs buffer 

(section III). This indicates that the measured response on the detection surface was due to 

successful capture of the insulin within the pores. It should also be noted that this surface 

outperformed the Ab-modified pSi both in sensitivity (19 nm EOT shift compared to 16 nm 

EOT shift and also detection time, 12 min compared to 60 min); highlighting the potential 

performance benefits from using aptamers over antibodies as bioreceptors in biosensor 

devices. 

 

3.3.3 Limit of detection analysis  

In order to determine the limit of detection (LOD) for each sensing interface, a calibration 

curve was established for each using insulin concentrations of 5 µg/ml, 10 µg/ml, 20 µg/ml, 

30 µg/ml, 40 µg/ml and 50 µg/ml in Krebs buffer. Sensorgrams following the same 

experimental conditions at each concentration were performed, with the final EOT 

determined for each.  

 



 

  

Figure 5: ∆EOT shifts obtained on Ab- and Ap- modified pSi surfaces at insulin 

concentrations of 5 µg/ml, 10 µg/ml, 20 µg/ml, 30 µg/ml, 40 µg/ml, 50 µg/ml in Krebs 

buffer. The error was calculated from the standard deviation of three individual biosensor 

experiments.  

 

Figure 5 shows the ∆EOT response plotted as a function of log [Insulin] (µg/ml). The ∆EOT 

value increased linearly with the log of insulin concentration, regardless of the bioreceptor 

attached to the pSi surface. However, the ∆EOT response obtained for every insulin 

concentration was higher on the Ap-modified surface compared to the response on the Ab-

modified surface. Moreover, the calculated R
2
 value for both graphs, indicate better 

correlation for the Ap-modified (R
2
=0.99) surface compared to the Ab-modified surface (R² = 

0.92). The limit of detection (LOD) was calculated by applying the following equation; LOD 



= 3Sa/b, where Sa is the standard deviation of the y-axis and b is the slope value. The 

theoretically calculated LOD on the Ab-modified surface was 4.3 µg/ml, and was 1.9 µg/ml 

on the Ap-modified surface. The determined LODs, maximum signal and response time all 

confirm a greater sensing performance on the Ap-modified surface in comparison to the Ab-

modified surface. Note the the detection range we obtained is sufficient to apply the prepared 

biosensors to assess the quality of islets before transplantation such as islets degranulation, a 

common problem with islets in which islets burst insulin either due to stress, death of or 

dying beta cell (Bottino et al. 2004; Dai et al. ; Papas et al. 2009; Qureshi et al. 2015).  

 

3.4 Application of Ap-modified pSi sensor to glucose-stimulated insulin secretion  

 

In the context of determining the insulin production efficiency of islets, it is important that 

the demonstrated biosensor platform can detect insulin in a real sample. Often, biosensors can 

perform under ideal conditions in the laboratory, but fail to perform when challenged with a 

real sample. This is often due to the presence of complex biological components such as 

proteins and cell debris. In this case, an aliquot of supernatant from glucose-stimulated 

human islets (harvested from a donor), was used to demonstrate the biosensor’s ability to 

measure insulin from a complex solution.  

 

The previously presented result for spiked insulin detection in Krebs buffer demonstrated that 

the Ap-modified surface outperformed the Ab-modified surface. Therefore, the Ap-modified 

surface was applied to detect insulin secreted by human donor islets. 40,000 IEQ human 

islets were stimulated with 20 mM glucose for 2 h in Krebs buffer, after which the cells were 

centrifuged and the insulin containing supernatant was collected.   

 



 

 

Figure 6: Sensorgram for the detection of insulin secreted by human islets upon stimulation 

with 20 mM glucose for 2 h in Krebs buffer using IRS.  

 

The supernatant was then applied for a sensing experiment following the previously detailed 

protocol. As shown in Figure 6, there was no change to ∆EOT for the first 20 min (section I) 

where the surface was exposed to Krebs buffer with 20 mM glucose. The surface was then 

exposed to the insulin containing supernatant (section II), and a gradual increase in ∆EOT 

was observed during first 80 min. The EOT reached equilibrium after this time and a 

maximum ∆EOT shift of ~ 17 nm was determined. During the washing step (section III), 

there was no significant change in ∆EOT and an overall red shift of ~ 17 nm was taken as the 

sensor reading. Applying this shift to the calibration curve obtained for the Ap-modified 

surface, gave an insulin concentration of 15.4 µg/ml. In addition, no significant changes to 



∆EOT were observed on the control surface, except for a small blue shift as a result of slight 

degradation of pSi in the aqueous medium (Alhmoud et al. 2015; Krismastuti et al. 2013). 

Using an ELISA, the insulin in the real sample was determined to be 16.9 +/- 0.2 µg/ml 

(Figure S5), in reasonable agreement with our biosensor. 

 

4. Conclusion  

Two label-free pSi based interferometric biosensing platforms were prepared using both an 

antibody and aptamer as the bioreceptor. This is simple platform has allowed the successful 

detection of insulin on both biosensing performs using IRS. It was observed that the Ap-

modified surface outperformed the Ab-modified surface in terms of response value, response 

time and LOD. Finally, we have demonstrated the capability for the Ap-modified surface to 

detect insulin secreted by human islets from a donor, upon stimulation with glucose. Indeed, 

this is the first time a pSi based IRS sensing platform has been applied for the detection of 

insulin from a human islets sample.   

These platforms have opened up avenues towards direct, real time detection of insulin 

secreted by human islets in the near future, which could be an effective method for assessing 

the quality of donor islets before transplantation. 
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Highlights 

 Porous silicon based optical biosensor using Interferometric reflectance 
spectroscopy (IRS) used for insulin detection in islet cell culture 

 Surface characterisation using scanning electron microscopy (SEM), Fourier 
transform infrared (FTIR) spectroscopy performed 

 Aptamer and antibody used and compared as bioreceptors 

 Application of aptamer modified surface for detection of insulin secreted by human 
islet on stimulation with glucose  

  




