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Abstract: Levels of total human kallikrein 2 (hK2), a protein involved the pathology of 

prostate cancer (PCa), could be used as a biomarker to aid in the diagnosis of this disease. 

In this study, we report on a porous silicon antibody immunoassay platform for the 

detection of serum levels of total hK2. The surface of porous silicon has a 3-dimensional 

macro- and nanoporous structure, which offers a large binding capacity for capturing probe 

molecules. The tailored pore size of the porous silicon also allows efficient immobilization 

of antibodies by surface adsorption, and does not require chemical immobilization. 
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Monoclonal hK2 capture antibody (6B7) was dispensed onto P-Si chip using a piezoelectric 

dispenser. In total 13 × 13 arrays (169 spots) were spotted on the chip with its single spot 

volume of 300 pL. For an optimization of capture antibody condition, we firstly performed 

an immunoassay of the P-Si microarray under a titration series of hK2 in pure buffer (PBS) 

at three different antibody densities (75, 100 and 145 µg/mL). The best performance of the 

microarray platform was seen at 100 µg/mL of the capture antibody concentration (LOD was 

100 fg/mL). The platform then was subsequently evaluated for a titration series of  

serum-spiked hK2 samples. The developed platform utilizes only 15 µL of serum per test 

and the total assay time is about 3 h, including immobilization of the capture antibody. The 

detection limit of the hK2 assay was 100 fg/mL in PBS buffer and 1 pg/mL in serum with a 

dynamic range of 106 (10−4 to 102 ng/mL).  
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1. Introduction 

Human tissue kallikrens (hKs) are secreted from human proteases with diverse expression and 

physiological roles [1]. They consist of 15 (hK1-hK15) genes located on chromosome 19, in the 

q13.3–13.4 region. Among them, three kallekreins (hK1, hK2 and hK3) have high amino acid 

homology each other. hK2 and hK3 (PSA) share 80% amino acids while KLK1 shows 62% to 67% 

homology with PSA and hK2, respectively [2]. As a biomarker of prostate cancer, the levels of 

prostate specific antigen (PSA or hK3) in the serum, originating from leakage of pathological tissue to 

the vascular system, are routinely measured, and have been shown to be proportional to the tumor 

burden [3]. Even though it is the most commonly used biomarker for diagnosis of prostate cancer, and 

PSA screening tests are reported to have a significant correlation with 20% reduction in cancer 

mortality, a PSA concentration above the frequently used diagnosis cutoff (3–4 ng/mL) does not 

necessarily mean cancer as the serum PSA assay lacks specificity, i.e., the capability of distinguishing 

prostate cancer from some non-malignant prostatic pathologies such as benign prostatic hyperplasia or 

prostatitis [4], with the drawback of requiring unnecessary painful biopsies because of the low 

specificity [5]. It should also be noted that only 25% of men with slightly elevated PSA levels do have 

PCa [5]. In addition, a PSA concentration below the cutoff may actually be cancer. Moreover there are 

strong arguments challenging the usefulness of PSA screening tests because of the large discrepancies 

between decreasing disease aggressiveness and increasing levels of treatment. This has led to 

widespread criticism that prostate cancer is now an “overdiagnosed” and “overtreated” cancer [6]. 

Therefore, requirement for additional prostatic tumor markers are increasingly high. 

Some other kallikrein family proteins are recognized as useful biomarkers of prostate cancer. It is 

reported that higher KLK4 mRNA levels in the prostate tissue obtained by biopsy are correlated with 

prognosis and cancer stage [7]. Kallikrein-related peptidase 5 (KLK5) is overexpressed in normal tissues 

compared to cancerous prostatic ones and it shows an inverse relationship between KLK5 levels and 

pathologic tumor stage [8]. Moreover, elevated KLK 11 mRNA expressions have been found to be 

associated with a less advanced stage, and an optimistic disease course for prostate cancer [7]. Human 
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kallikrein 2 (hK2) is a serine protease with trypsin-like specificity and has many similarities to PSA. 

Since the expression of hK2 protein is higher in malignant prostatic tissue versus benign tissue it has 

been also considered as a prostate cancer (PCa) biomarker since levels of hK2 in serum from PCa 

patients are increased relative to individuals with BPH [9–12]. Expression analysis by RT-PCR has 

shown the down-regulation of PSA mRNA, while hK2 mRNA is up-regulated in aggressive  

tumors [13]. It is suggested that hK2 could also be useful in predicting pathologic stage and grade 

along with biochemical outcome in patients treated with radical prostatectomy [14]. In patients with 

mildly elevated PSA levels, hK2 acts as an independent predictor for PCa diagnosis [15]. Moreover, 

hK2 might be suggested as a potential biomarker in diagnosing poorly differentiated tumors [16], as 

well as differentiating between organ-confined cancer and extra-capsular disease [17]. 

The concentration of hK2 in human prostates is approximately 10%–50% of the PSA level and it is 

50- to 100-fold lower than the PSA concentration in blood serum [18,19]. Despite the intrinsically low 

expression levels of hK2, development of sensitive assay methods of hK2 is insufficient compared to 

that of PSA assay [20–24]. Only the Dissociation-Enhanced Lanthanide Fluorescent Immunoassay, the 

so called DELFIA system that utilizes the unique chemical properties of lanthanide chelates in concert 

with time-resolved fluorescence (TRF) detection, has reported a limit of detection of hK2 in the  

low pg/mL with a 103 order (3 pg/mL to 3 ng/mL) dynamic range [10,25]. This method requires 

laborious labeling procedures and a sophisticated optical system. Therefore, a robust, simple but highly 

sensitive assay technology for hK2 detection is still required. 

The 3-D macro-pore structures of the P-Si enlarges the surface area for immobilization [26,27] and 

hence results in an increased density of capture antibody on the surface [28]. Since physical adsorption 

is the main method to bind the antibody on the surface, it provides fast immobilization of capture 

antibody (after less than a few minutes of incubation) without any chemical treatment on the  

surface [28]. Antibody or protein (such as IgG and Protein A) is strongly adsorbed on the silicon 

surface when the molecules are dispensed as small droplets and the droplets are quickly dried  

out [26–28]. Numerous factors, including pore size, protein size, surface chemistry and layer thickness, 

will influence the amount of protein adsorbed, as well as its structure and function [29,30]. There are 

hundreds of different cross-linking reagents available, resulting in covalent binding between the 

biomolecules and silicon surface, however, it is very beneficial to find a surface that adsorbs protein 

spontaneously since derivation might affect the other surface properties, such as hydrophobicity, 

fluorescent background and surface charges [30]. 

P-Si enables one to set up a sensitive and simple assay protocol compared to the other proposed 

amplification methods such as modifying the detection antibodies, by e.g., dendritic amplification [31], 

catalyzed signal amplification with colorimetric readout [32,33] or detection with rolling-circle 

amplification [34]. We previously developed a P-Si (porous silicon) antibody microarray  

platform for analyzing prostate specific antigen (PSA) in serum [24] and α-synuclein in cerebrospinal 

fluid (CSF) [35] with high sensitivity and reproducibility. P-Si with sub-micron pores is optimal for 

antibody immobilization. We investigated immunoassays using a P-Si microarray at three different 

capture antibody (PSA––prostate specific antigen) concentrations, analyzing the influence of the 

antibody density on the assay detection sensitivity. The microarray showed a LOD of 800 fg/mL and a 

dynamic range of 800 fg/mL to 80 ng/mL in serum-spiked PSA [24]. Usage of our P-Si microarray 

also extends to α-synuclein in CSF which is one of the potential biomarker of Parkinson’s disease. The 
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porous silicon microarray displayed a 35 pg/mL LOD and a dynamic range of four orders of 

magnitude (17 pg/mL to 500 ng/mL) [35]. The substrate is well suited for surface-based immunoassays 

because the micro- and nonporous structure of the substrate adsorbs antibodies in an intact state on the 

enlarged 3-D surface. It can be noted that this surface is also compatible with mass spectrometric 

readout [28,36]. Table 1 present several supports materials for microarrays and their respective 

advantages and disadvantages. 

Table 1. Solid microarray supports. 

 Derivatized Glass Filter/Membrane Gel Pad/Agarose Film Porous Silicon 

Advantages Cheap Low cost High sample capacity High sample capacity 

 
Compatible with 

most micro-arrayers 
Reusable  Spot homogeneity 

    Low unspecific binding 

Disadvantages 
Non-uniform spots 

(Coffee ring effect) 
Limit of spot density Expensive Laborious procedures 

   Laborious procedures  

The protein/antibody microarray format should ultimately be used not only for qualitative analysis 

such as profiling the abundance of thousands of proteins [37,38], or globally analyzing protein 

phosphorylation [39], but also to evolve into the development of a quantitative approach [40,41]. 

Although the potential of protein microarray technology was foreseen more than 20 years ago by  

Ekins [42], it is only recently that it started to find its way into proteomics research, diagnosis and drug 

discovery [43–45]. 

Sandwich immunoassays are widely used for diagnostics, frequently in 96 well formats. They 

consist of a pair of antibodies (capture antibody and detection antibody) that bind to the target 

biomarkers in a sandwich format. Sandwich assays offer high detection sensitivity resulting from the 

enrichment of the target proteins by the capture antibody [46,47]. 

In this study, we developed a P-Si-based antibody microarray platform for improving the detection 

sensitivity of the hK2 assay. Detection sensitivity and dynamic ranges of the P-Si assay platform were 

investigated by varying the density of the capture antibody on the spots. Figure 1 shows the procedures 

of the developed hK2 immunoassay. Three different concentrations of capturing antibody were arrayed 

on a porous silicon chip and evaluated in the detection hK2 in buffer (PBS). The P-Si antibody 

microarray format, with optimized capture antibody concentration, was subsequently evaluated in the 

detection of hK2 spiked into human female serum. We also investigate the cross-reaction between hK2 

capture antibodies and PSA antigen since PSA and hK2 antigen have high homology [9,10]. HK2 

capture antibodies were dispensed on the P-Si chip and PSA spiked serum samples were incubated on 

the chip for testing the level of cross-reaction. The developed platform has the advantages of low sample 

consumption, time efficiency and robustness. It took in total time of around 3 h from dispensing the 

capture antibody on the surface to the end of the immunoassay. 
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Figure 1. Schematic of the P-Si chip immunoassay procedure, starting with the dispensing 

of hK2 capture antibodies onto the porous silicon surface. The porous silicon chip  

with physically adsorbed antibodies is placed into an assay well made of  

polydimethyl-polysiloxane (PDMS), and hK2-containing serum samples are added; the 

size of the PDMS assay is well suited for each P-Si chip and makes it easy to perform 

parallel pipetting. Subsequently, detection antibody (polyclonal primary and Alexa 488 

labeled secondary antibody) is used for measuring fluorescent signals under a microscope. 

2. Experimental Section 

2.1. P-Si Fabrication  

The porous silicon fabrication is governed by various etching parameters such as HF  

concentration, current density, anodization time, illumination, orientation of crystal, silicon types, 

doping level, etc. [39]. The porous silicon fabrication procedure in this paper followed optimum 

antibody immobilization conditions described previously [48]. Briefly, silicon, 6–8 Ω·cm resistivity 

(boron doped p-type), <100> orientation, was purchased from Addision Engineering (San Jose, CA, 

USA). The wafer was placed in an electrochemical-etching cell. The electrolyte solution consisted of 

3.6% hydrofluoric acid and 90.7% dimethylformamide (Merck, Darmstad, Germany). The silicon was 

anodized for 70 min with backside illumination. Current density during anodization was 90 mA/m2, 

after which the silicon was washed in ethanol three times and diced into 3 mm × 3 mm pieces to fit a 

microtiter plate format (Corning Costar Corporation, Cambridge, MA, USA). 
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2.2. PDMS Well 

A 45 mm× 70 mm size and 5 mm thickness polydimethylpolysiloxane (PDMS) slab was prepared 

to well format as seen in Figure 2. The slab was fabricated with a Syglad 184 kit (Dow Corning Toray, 

Tokyo, Japan) that contains a PDMS monomer base and a curing elastomer reagent. The base and 

curing reagent were mixed in 10:1 weight ratio, and poured over a flat surface (i.e., silicon or glass). The 

mixture was kept at 0.02 MPa for 30 min in a vacuum chamber to remove the trapped air bubbles from 

the liquid PDMS. After removing the bubbles, the mixture were baked at 70 °C for 1 h. Finally, 9 mm 

holes were punched on the PDMS slab to set up PDMS wells. 

 

Figure 2. Porous silicon (P-Si) matrix used for microarrays. P-Si chips and PDMS wells  

(a) Capture antibody spotted P-Si chips were located in the wells to start the immunoassay.  

The scanning electron micrographs show a sequential zoom into a typical surface;  

(b) Macro-pores of micrometer size are clearly seen, combined with a micro- and  

nano-morphology (pore size around sub-µm to µm). 

2.3. Proteins and Reagents 

The monoclonal mouse antibody against hK2 (6B7, ab40749) was obtained by Abcam (Cambridge, 

UK). The polyclonal goat anti–hK2 antibody (PAB7226) and Alexa Fluor 488 labeled donkey  

anti-goat (ab150129) antibody were obtained at Abnova (Taipei City, Taiwan) and Abcam, 

respectively. Recombinant hK2 (ATGP2175) was obtained from ATGen (Pankyo, Korea) and prostate 

specific antigen (PSA) from human semen was obtained from Sigma-Aldrich (St. Louis, MO, USA). 

2.4. Analytical Samples 

Female single donor serum was purchased from BBI Solutions (S122–1, Cardiff, UK) and stored at 

−80 °C following the company’s recommendations. The serum was spiked with the recombinant hK2 

in a titration series ranging from 100 fg/mL to 100 ng/mL. 

  



Sensors 2015, 15 11978 

 

 

2.5. Sandwich Assay 

Monoclonal mouse capture antibody (6B7) for hK2 was dispensed onto the porous silicon chip,  

3 × 3 mm size, using a piezoelectric dispenser (DW Scienion AB, Berlin, German) with a spot to spot 

distance of 150 µm. The antibodies were immobilized on the chip surface by physical adsorption.  

A drop volume was around 300 pL and a 13 × 13 (169 spot) array was spotted on the surface for each 

array. The microarray chips were placed in the PDMS well plates for the immunoassay. The porous 

silicon microarray immunoassay was evaluated using samples with hK2 spiked into both pure buffer 

(PBS) and female serum to obtain a final concentration ranging from 100 fg/mL to a few 100 ng/mL. 

The following steps were performed at room temperature: 

1 After arraying the antibody, the chips were washed three times using 10 mM PBS to remove 

loosely bound antibodies. 

2 The chips were incubated for 1 h in 100 µL blocking solution (5% (w/v) non-fat dry milk in  

PBS (Bio-Rad, Hercules, CA, USA)) to prevent non-specific binding and washed  

3 times using 0.05% Tween 20 in 10 mM PBS. 

3 Following blocking, the chips were incubated with 15 µL of spiked sample for 1 h, then washed (as 

above) and subsequently incubated with 15 µL of detection antibody (polyclonal goat anti-hK2). 

4 After another washing step, 15 µL of AF488 labeled anti-goat polyclonal antibody was added 

onto the chips and incubated for 1 h. 

5 Finally, the chips were washed three times and dried at room temperature. 

6 The fluorescent spots images were observed using a eclipse TE2000-U fluorescence 

microscope (Nikon, Tokyo, Japan). 

7 The captured images were analyzed by the open source image-processing tool Image J. 

2.6. Mean Spots Intensities and Limits of Detection 

The mean intensities of spots were measured and quantified by Image J among all microarray spot 

images, we selected nine spots (a 3 × 3 array) on each P-Si chip for quantification of the data since 

they fitted well in a single screen image. A total of 18 spots were chosen for data analysis since all 

experiments were performed on two independent chips. The spot intensities (S) were measured and 

quantified across the area. The local background (B) was collected in the same way and subtracted 

from the spot signals, generating mean spots intensities (S-B) as presented in the graphs. Mean spot 

intensity (S-B) can be defined as ∑ (ܵ − ௡/݊௡ଵ(ܤ . The limit of detection (LOD) was followed 3-sigma 

 defined as the lowest detectable signal from 3-sigma standard deviation above the mean spot (ߪ)

intensities of negative control (N). The choice of LOD can be written as > (ܵ − ே(ܤ + ܵ) when ,ߪ3 −  .is standard deviation of negative control ߪ ே is mean spot intensity of negative control (N) and(ܤ

3. Results and Discussion 

3.1. General Remarks 

Surface bound immunoassays generally become more sensitive when the affinity or/and the density 

of the capture antibody increases [48]. The 3-D morphology of the micro/nano porous silicon surface 
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layer offers a high antibody immobilization capacity and hence an increased antibody density per spot 

area [24,28]. Figure 2 shows macroporous layers with a characteristic size of sub micro −1 µm on the 

silicon surface recorded by Field Emission Scanning Electron Microscopy (FESEM). 

3.2. hK2 Assay Performance against Density of Capture Antibody 

To optimize the P-Si hK2 immunoassay, we first evaluated the assay sensitivity by arraying the 

capture antibody, 6B7, at three different concentrations and performing the hK2 immunoassay in PBS 

buffer (10 mM, pH 7.2). Figure 3 shows a titration series of hK2 against three different capture 

antibody concentrations (75, 100 and 145 µg/mL).  

 

Figure 3. Titration series of hK2 in buffer (PBS) solution at three different concentrations 

of the capturing antibody 6B7 (75 µg/mL, 100 µg/mL and 145 µg/mL). The LOD was 

found to be 1 pg/mL when the capturing antibody was 75 µg/mL and was reduced to  

100 fg/mL when the capturing antibody concentrations were 100 µg/mL. The LOD became 

1 pg/mL again when concentration of the antibody was 145 µg/mL. 

Increasing concentrations of capture antibody yielded elevated fluorescent signals. However, the 

negative control (N) signal also increased at higher density of the antibody. The coefficient of variance 

(C.V) and mean spot intensities of arrays were shown in a right side of the figure. The fluorescent 

signal level of negative control (N) increased up to 70% (mean spot intensity is around 3) at a capture 

antibody concentration of 145 µg/mL compared to those at 75 and 100 µg/mL (mean spot intensity is 

around 2 at capture antibody 75 µg/mL and 1.95 at 100 µg/mL). In most cases, spot reproducibility 

within the chips shows good reliability (CVs~10%–20%) and also was in agreement with earlier 

results [33]. The linear regression of the mean spot intensities versus hK2 concentration corresponded 

to a coefficient of determination (R2) equal to 0.97, 0.99 and 0.906 for capture antibody concentrations 

of 75, 100 and 145 µg/mL, respectively. 

It was hypothesized that the unspecific binding between the capture antibody and the secondary or 

the detection antibody increased at elevated capture antibody concentrations. To define the limit of 

detection, we chose 3-sigma (σ) method, which is the lowest signal detection at least three times above 
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the standard deviation of the negative control (N). At a capture antibody concentration of 75 µg/mL the 

limit of detection (LOD) was found to be 1 pg/mL and at a capture antibody concentration of  

100 µg/mL the LOD was improved by one order of magnitude to 100 fg/mL. We believe that the  

100 fg/mL LOD reported for hK2 is competitive with the results of the DELFIA system for which a 

sub pg/mL LOD is reported [10,25]. 

A further increased density of capture antibody (145 µg/mL) did not yield an improved LOD as this 

also resulted in a significantly increased negative control level. The dynamic range was 105 (10−3 to  

102 ng/mL) at a capture antibody concentration of 75 µg/mL and increased to 106 (10−4 to 102 ng/mL) 

when the capture antibody concentration was 100 µg/mL. The signal intensities were enhanced in 

proportion to the concentration of the capturing antibody, which followed the expectations of 

improved LOD with increased surface density of the capture antibody. However in case of 145 µg/mL 

capture antibody, the readout signal intensity drastically increased up to 100 pg/mL of hK2 level and it 

was saturated at higher concentrations (over 1 ng/mL hK2 level). The dynamic range therefore, 

defined a 102 order (from 1 pg/mL to 100 pg/mL), which was reduced by two orders of magnitude. 

3.3. hK2 Immunoassay in Female Human Serum 

We evaluated the P-Si immunoassay platform subsequently in human serum since the final purpose 

of our platform development is to quantify the levels of hK2 in clinical samples. Initially, a high 

concentration of recombinant hK2 (over a few µg/mL) was spiked into a serum sample and the spiked 

samples were serially diluted up to 106 times with serum to achieve total hK2 levels ranging from a 

hundred fg/mL to a hundred ng/mL. As a negative control we assayed unspiked serum. 

 

Figure 4. hK2-spiked human female serum analyzed with the sandwich microarray at two 

different capturing antibody concentrations (75 µg/mL and 100 µg/mL). The LOD was  

10 pg/mL and 1 pg/mL when the concentrations of capture antibody were 75 µg/mL and  

100 µg/mL, respectively. Increased assay sensitivity was observed with an elevated 

concentration of the capturing antibody (6B7). The negative signal also increased at the 

higher concentrations of the capture antibody. 
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We chose to spot capture antibody concentrations of 75 µg/mL and 100 µg/mL since they showed 

good assay readouts with a minimum negative (N) control (Figure 3). The corresponding titration 

series of hK2 in female serum was recorded for microarrays with the two different antibody 

concentrations (Figure 4). In the case of the 100 µg/mL antibody concentration, spot intensities could 

not be clearly distinguished against the negative controls (N) at an hK2 level of 100 fg/mL. The spot 

intensity of 1 pg/mL was however clearly distinguished (over 3 σ) from the negative control (N), and 

was defined as the LOD in the serum sample experiments. In the case of a capture antibody 

concentration of 75 µg/mL the signals were not distinguishable against the negative control until a 

level of 10 pg/mL of hK2 was reached (Figure 4).  

From the sensitivity point of view, the serum spiked hK2 immunoassay at 75 µg/mL of capture 

antibody concentration showed the best assay performance. Total assay time is less than 3 h, which 

included 40 min for each blocking, sample incubation, primary antibody incubation and secondary 

incubation. All the microarray experiments had a coefficient of variation (CV) of less than 25%, 

indicating good spot reproducibility of the chips. The negative control signal (N) increased up to 100% 

as compared to the PBS buffer readout. This may be explained by cross-reaction of the antibody in the 

complex serum sample. Since serum contains various components such as nucleotides, peptides and 

proteins, one or some of these contents might have a cross-reaction with the antibodies. The intensity 

of the negative signal (N) is similar to the pg/mL level of hK2 in pure buffer condition and all 

intensities of serum sample are higher than those in PBS, which indicates a correlation between 

antibodies and serum. 

Since the negative signal intensity (N) of the serum was similar to the intensity of 1 pg/mL of hK2 

spiked PBS buffer sample, we further evaluated the platform through a serum PBS dilution series at 

four different concentrations (1/50, 1/10, 1/5, and 1/2). The microarray chips with 100 µg/mL of 

capture antibody were used for immunoassay of the four-dilution serum sample. Figure 5 shows 

readout signals of the microarray against the diluted serum samples. Dwindling signal was observed 

down to 50 times dilution. It could be caused by cross-reaction of several components in the serum to 

capture antibody and/or it also might be considered that intrinsic hK2 exists even in female serum that 

is extremely low levels not detected by a normal ELISA format. 

 

Figure 5. Immunoassay signals of the diluted serum samples. Serum samples were diluted 

down to 50 times and the samples were immunoassayed on microarray chips. The 

concentration of capture antibody was 100 µg/mL. Mean spot intensities and coefficients 

of variant are presented with spot images in the left panel. 
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3.4. Cross Reaction of hK2 Antibody against PSA 

Since human kallikrein 2 (hK2) has a high homology to prostate specific antigen (PSA) there is a 

critical need to carefully determine the hK2 assay design against PSA. We therefore performed  

serum- spiked PSA assays using the hK2 antibody microarrays to investigate the ratio of cross-reaction 

between PSA and hK2. We dispensed hK2 capture antibody with 100 µg/mL concentration on P-Si 

substrates and performed immunoassays of PSA-spiked serum at four different concentration (5, 50 

and 500 ng/mL and 5 µg/mL). Figure 6 shows the readout microarray signals of PSA-spiked serum 

with negative control. All four signals of PSA-spiked serum are not significantly different from that of 

the negative control, from which it can be determined that there is no cross-reaction between hK2 

capture antibody and PSA. The developed P-Si microarray platform therefore, is sufficient to quantify 

of hK2 abundance in serum without worrying about any cross-reaction with PSA. 

 

Figure 6. Cross-reaction tests of hK2 antibody spots against PSA spiked serum. 

Immunoassay signal of negative control (female serum sample) was compared with four 

PSA-spiked serum samples (5, 50 and 500 ng/mL and 5 µg/mL). HK2 capture antibody 

was spotted on P-Si chips at a concentration of 100 µg/mL. 

4. Conclusions 

This paper reports a simple and robust detection methodology for hK2 determination in serum 

samples. The large surface area of the tailored porous silicon used enables a fast and simple antibody 

immobilization by physisorption, and allows improved detection sensitivity and a broad dynamic 

range. The amount of antibody consumed on one chip was around 33.8 fmol (one spot is around  

200 amol and the array has a 13 × 13 format), which is an exceptionally small amount compared to 

conventional ELISA formats. 

The porous silicon microarray displayed a 100 fg/mL LOD and a dynamic range of 106 (10−4 to  

102 ng/mL) under optimized capture antibody conditions. The developed assay platform also worked 

well in human serum and showed a LOD of 1 pg/mL and a dynamic range of 104 (1 pg/mL to  

10 ng/mL). 

The simple physical-adsorption antibody immobilization avoided laborious and time-consuming 

chemical immobilization procedures, which shortens the overall assay time. It makes it possible to start 
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the immunoassay a few minutes after the antibody immobilization process. The total assay time was 

about 3 h, including the antibody immobilization. Recent studies report that either the level of hK2 

alone or in combination with total PSA (tPSA) or free PSA (fPSA) might improve prediction of PCa 

stage and risk of biochemical cancer recurrence after radical prostatectomy (RP) [49,50]. Since our assay 

can detect one or two orders of magnitude lower amounts of hK2 compared to the highly optimized 

ELISA system [10,25] it could contribute to future clinical practice by enabling more accurate 

diagnosis of prostate cancer patients. The usage of our microarray format can be extended to real clinical 

experiments for minimizing overdiagnosis of PCa, by evaluating hK2 levels in screened cohorts of men 

with PCa and higher PSA level, enrolled in first PSA screening rounds [49]. The simple method also 

has the merit of shortening the otal assay time and this makes it possible to analyze a large number of 

samples in time-saving way. Lastly, the large sample sizes have a significant positive influence on the 

power of statistical analysis. 

Acknowledgments 

This study was partly supported by RIKEN FPR program and JSPS KAKENHI Grant Number 

25350581. This project is also supported by Korea Ministry of Environment as “EI project”  

(ERL E211-41003-0007-0), the Sideney Kimmel Center for prostate and Urologic Cancers; David H. 

Koch through the Prostate Cancer Foundation; the National Institute for Health Research (NIHR) 

Oxford Biomedical Research Center Program; Swedish Cancer Society (project No. 14-0722), and 

Fundacion Federico SA. 

Author Contributions 

Sang Wook Lee designed and orchestrated all the experiments and writing; Thomas Laurell 

prepared the porous silicon support and critical revise of the paper; Ok-Chan Jeong took SEM images; 

Soyoun Kim designed the microarray platform and support paper writing; Kazuo Hosokawa has 

contribution to set-up concept and design of experiment; Hans Lilja, and Mizuo Maeda revise it very 

carefully and support analysis and interpretation of the data.  

Conflicts of Interest 

Hans Lilja holds patents for free PSA, hK2, and intact PSA assays, and is named, on a patent 

application for a statical method to detect PCa. The method has been commercialized by OPKO. Lilja 

will receive royalties from any sals of the test. All of the other authors declare no conflict of interest. 

References 

1. Emami, N.; Diamond, E.; Utility of kallikrein-related peptidases (KLKs) as cancer biomarkers. 

Clin. Chem. 2008, 54, 1600–1607. 

2. Carlo, B.; Diamond, E.P. The emerging roles of human tissue kallikreins in cancer. Nat. Rev. Cancer 

2004, 4, 876–890. 



Sensors 2015, 15 11984 

 

 

3. Vickers, A.J.; Ulmert, D.; Serio, A.M.; Bjork, T.; Scardino, P.T.; Eastham, J.A.; Berglund, G.; Lilja, H. 

The predictive value of prostate cancer biomarkers depends on age and time to diagnosis: 

Towards a biologically-based screening strategy. Int. J. Cancer 2007, 121, 2212–2217. 

4. Diamonds, E.F.; Yousef, G.M. Human tissue kallikreins: A family of new cancer biomarkers.  

Clin. Chem. 2002, 48, 1198–1205. 

5. Vickers, A.; Cronin, A.; Roobol, M.; Savage, C.; Peltola, M.; Pettersson, K.; Scardino, P.T.; 

Schroder, F.; Lilja, H. Reducing unnecessary biopsy during prostate cancer screening using a  

four-kallikrein panel: An independent replication. J. Clin. Oncol. 2010, 28, 2493–2498. 

6. Presner, J.; Rubin, M.; Wei, J.; Chinnaiyan, A. beyond PSA: The next generation of prostate 

cancer biomarkers. Sci. Transl. Med. 2012, 28, 127rv3. 

7. Avgeris, M.; Mavridis, K.; Scorilas, A. Kallikrein-related peptidase genes as promising 

biomarkers for prognosis and monitoring of human malignancies. Biol. Chem. 2010, 391,  

505–511. 

8. Kurlender, L.; Yousef, G.M.; Memari, N.; Robb, J.D.; Michael, I.P.; Borgoño, C.; Katsaros, D.; 

Stephan, C.; Jung, K.; Diamandis, E.P. Differential expression of a human kallikrein 5 (KLK5) 

splice variant in ovarian and prostate cancer. Tumor Biol. 2004, 25, 149–156. 

9. Recker, F.; Maciej, F.R.; Kwiatkowski, K.; Piironen, T.; Pettersson, K.; Lümmen, G.; Wernli, M.; 

Wiefelspütz, J.; Graber, S.F.; Goepel, M.; et al. The importance of human glandular kallikrein and 

its correlation with different prostate specific antigen serum forms in the detection of prostate 

carcinoma. Cancer 1998, 83, 2540–2547. 

10. Vaisanen, V.; Eriksson, S.; Ivaska, K.K.; Lilja, H.; Nurmi, M.; Pettersson, K. Development of 

sensitive immunoassays for free and total human glandular kallikrein 2. Clin. Chem. 2004, 50, 

1607–1617. 

11. Darson, M.F.; Pacelli, A.; Roche, P.; Rittenhouse, H.G.; Wolfert, R.L.; Young, C.F.; Klee, G.G.; 

Tindall, D.J.; Bostwick, D.G. Human glandular kallikrein 2 (hK2) expression in prostatic 

intraepithelial neoplasia and adenocarcinoma: A novel prostate cancer marker. Urology 1997, 49, 

857–862. 

12. Becker, C.; Piironen, T.; Pettersson, K.; Bjork, T.; Wojno, K.J.; Oesterling, J.E.; Lilja, H. 

Discrimination of men with prostate cancer from those with benign disease by measurement of 

human glandular kallikrein 2 (hK2) in serum. J. Urol. 2000, 163, 311–316. 

13. Lintula, S.; Stenman, J.; Bjartell, A.; Nordling, S.; Stenman, U. Relative concentrations of 

hK2/PSA mRNA in benign and malignant prostatic tissue. Prostate 2005, 63, 324–329. 

14. Sutkowski, D.M.; Goode, R.L.; Baniel, J.; Teater, C.; Cohen, P.; McNulty, A.M.; Hsiung, H.M.; 

Becker, G.W.; Neubauer, B.L.; Growth Regulation of Prostatic Stromal Cells by Prostate-Specific 

Antigen. J. Natl. Cancer Inst. 1999, 91, 1663–1669. 

15. Kwiatkowski, M.K.; Recker, F.; Piironen, T.; Pettersson, K.; Otto, T.; Wernli, M.; Tscholl, R.  

In prostatism patients the ratio of human glandular kallikrein to free PSA improves the 

discrimination between prostate cancer and benign hyperplasia within the diagnostic “gray zone” 

of total PSA 4 to 10 ng/mL. Urology 1998, 52, 360–365. 
  



Sensors 2015, 15 11985 

 

 

16. Recker, F.; Kwiatkowski, M.K.; Piironen, T.; Pettersson, K.; Huber, A.; Lümmen, G.; Tscholl, R.; 

Human glandular kallikrein as a tool to improve discrimination of poorly differentiated and  

non-organ-confined prostate cancer compared with prostate-specific antigen. Urology 2000, 55, 

481–485. 

17. Haese, A.; Graefen, M.; Steuber, T.; Becker, C.; Pettersson, K.; Piironen, T.; Noldus, J.; Huland, H.; 

Lilja, H. Human glandular kallikrein 2 levels in serum for discrimination of pathologically  

organ-confined from locally-advanced prostate cancer in total PSA-levels below 10 ng/mL. 

Prostate 2001, 49, 101–109. 

18. Henttu, P.; Lukkarinen, O.; Vihko, P. Expression of the gene coding for human prostate-specific 

antigen and related hGK-1 in benign and malignant tumors of the human prostate. Int. J. Cancer 

1990, 45, 654–660. 

19. Van Gils, M.; Stenman, U.H.; Schalken, J.A.; Schröder, F.H.; Luider, T.M.; Lilja, H.; Bjartell, A.; 

Hamdy, F.C.; Pettersson, K.S.I.; Bischoff, R.; et al. Innovations in serum and urine markers in 

prostate cancer current European Research in the P-Mark project. Eur. Urol. 2005, 48,  

1031–1041. 

20. Liu, D.; Huang, X.; Wang, Z.; Jin, A.; Sun, X.; Zhu, L.; Wang, F.; Ma, Y.; Niu, G.; Walker, A.; 

Chen, X. Gold Nanoparticle-based activatable probe for sensing ultralow levels of  

prostate-specific antigen. ACS Nano 2013, 7, 5568–5576. 

21. Thaxton, C.; Elghanian, R.; Thomas, A.; Stoeva, S.; Lee, J.; Smith, N.; Schaeffer, A.; Klocker, H.; 

Horninger, W.; Bartsch, G.; Mirkin, C. Nanoparticle-based bio-barcode assay redefines 

“undetectable” PSA and biochemical recurrence after radical prostatectomy. Proc. Nalt. Acad. 

Sci. USA 2009, 106, 18437–18442. 

22. Kim, S.H.; Iwai, S.; Araki, S.; Sakakihara, S.; Iino, R.; Noji, H. Large-scale femtoliter droplet 

array for digital counting of single biomolecules. Lab Chip 2012, 12, 4986–4991. 

23. Wilson, D.; Hanlon, D.; Provuncher, G.; Chang, L.; Song, L.; Patel, P.; Ferrell, E.; Lepor, H.;  

Partin, A.; Chan, D.; et al. D. Fifth-generation digital immunoassay for prostate-specific antigen 

by single molecule array technology. Clin. Chem. 2011, 57, 1712–1721. 

24. Lee, S.W.; Kim, S.; Malm, J.; Jeong, O.C.; Lilja, H.; Laurell, T. Improved porous silicon 

microarray based prostate specific antigen immunoassay by optimized surface density of the 

capture antibody. Anal. Chim. Acta 2013, 796, 108–114. 

25. Stephan, C.; Jung, K.; Nakamura, T.; Yousef, G.M.; Kristiansen, G.; Diamond, E.P. Serum human 

glandular kallikrein 2 (hK2) for distinguishing stage and grade of prostate cancer. Int. J. Urol. 

2006, 13, 238–243. 

26. Jane, A.; Dronov, R.; Hodges, A.; Voelcker, N.H. Porous silicon biosensors on the advance. 

Trends Biotechnol. 2009, 4, 230–239. 

27. Shtenberg, G.; Massad-Ivanir, N.; Moscovitz, O.; Engin, S.; Sharon, M.; Fruk, L.; Segal, E.  

Picking up the pieces: A generic porous Si biosensor for probing the proteolytic products of 

enzymes. Anal. Chem. 2013, 83, 1951–1956. 

28. Finnskog, D.; Ressine, A.; Laurell, T.; Marko-Varga, G. Integrated protein microchip assay with 

dual fluorescent-, and MALDI read-out. J. Prot. Res. 2004, 3, 988–994. 

29. Arwin, H.; Gavutis, M.; Gustafsson, J.; Schultzberg, M.; Zangooie, S.; Tengvall, P. Protein 

adsorption in thin porous silicon layers. Phys. Status Solidi (a) 2000, 182, 515–520. 



Sensors 2015, 15 11986 

 

 

30. Drott, J.; Rosengren, L.; Lindström, K.; Laurell, T. Pore morphology influence on catalytic  

turn-over for enzyme activated porous silicon matrices. Thin Solid Films 1998, 330,161–166. 

31. Hosokawa, K.; Omata, M.; Maeda, M. Immunoassay on a power-free microchip with laminar  

flow-assisted dendritic amplification. Anal. Chem. 2007, 79, 6000–6004. 

32. Rapkiewicz, A.; Espina, V.; Zujewski, J.A.; Lebowitz, P.F.; Filie, A.; Wulfkuhle, J.; Camphausen, K.; 

Petricoin, E.F.; Liotta, L.A.; Abati, A. The needle in the haystack: Application of breast fine-needle 

aspirate samples to quantitative protein microarray technology. Cancer Cytopathol. 2007, 111,  

173–184. 

33. Nishizuka, S.; Charboneau, L.; Young, L.; Major, S.; Reinhold, W.C.; Waltham, M.;  

Kouros-Mehr, H.; Bussey, K.J.; Lee, J.K.; Espina, V.; et al. Proteomic profiling of the NCI-60 

cancer cell lines using new high-density reverse-phase lysate microarrays. Proc. Nalt. Acad.  

Sci. USA 2003, 100, 14229–14234. 

34. Schweitzer, B.; Wiltshire, S.; Lambert, J.; O’Malley, S.; Kukanskis, K.; Zhu, Z.; Kingsmore, S.F.; 

Lizardi, P.M.; Ward, D.C. Immunoassays with rolling circle DNA amplification: A versatile 

platform for ultrasensitive antigen detection. Proc. Nalt. Acad. Sci. USA 2000, 97, 10113–10119. 

35. Lee, S.W.; Silajdžić, E.; Kim, S.; Hansson, O.; Björkqvist, M.; Laurell, T. A porous silicon 

immunoassay platform for fluorometric determination of α-synuclein in human cerebrospinal 

fluid. Microchimica. Acta 2014, 181, 1143–1149. 

36. Finnskog, D.; Järås, K.; Ressine, A.; Malm, J.; Marko-Varga, G.; Lilja, H.; Laurell, T. High-speed 

biomarker identification utilizing porous silicon nanovial arrays and MALDI-TOF mass 

spectrometry. Electrophoresis 2006, 27, 1093–1103. 

37. Schweitzer, B.; Roberts, S.; Grimwade, B.; Shao, W.; Wang, M.; Fu, Q. Multiplexed protein 

profiling on microarrays by rolling-circle amplification. Nat. Biotechnol. 2002, 20, 359–365. 

38. Michaud, G.A.; Salcius, M.; Zhou, F.; Bangham, R.; Bonin, J.; Guo, H.; Snyder, M.; Predki, P.F.; 

Schweitzer, B.I. Analyzing antibody specificity with whole proteome microarrays. Nat. Biotechnol. 

2003, 21, 1509–1512. 

39. Ptacek, J.; Devgan, G.; Michaud,; G.; Zhu, H.; Zhu, X.; Fasolo, J.; Guo, H.; Jona, G.;  

Breitkreutz, A.; Sopko, R.; et al. Global analysis of protein phosphorylation in yeast. Nature 2005, 

438, 679–684. 

40. Knezevic, V.; Leethanakul, C.; Bichsel, V.E.; Worth, J.M.; Prabhu, V.; Gutkind, J.S.; Liotta, L.A.; 

Munson, P.J.; Petricoin, E.F.; Krizman, D. Proteomic profiling of the cancer microenvironment by 

antibody arrays. Proteomics 2001, 1, 1271–1278. 

41. Tannapfel, A.; Anhalt, K.; Häusermann, P.; Sommerer, F.; Benicke, M.; Uhlmann, D.;  

Witzigmann, H.; Hauss, J.; Wittekind, C. Identification of novel proteins associated with 

hepatocellular carcinomas using protein microarrays. J. Pathol. 2003, 201, 238–249. 

42. Ekins, R.P. Multi-analyte immunoassay. J. Pham Biomed. Anal. 1989, 7, 155–168. 

43. Pollard, H.B.; Srivastava, M.; Eidelman, O.; Jozwik, C.; Rothwell, S.W.; Mueller, G.P.;  

Jacobowitz, D.M.; Darling, T.; Guggino, W.B.; Wright, J.; et al. Protein microarray platforms for 

clinical proteomics. Proteomics Clin. Appl. 2007, 1, 934–952. 

44. Seidel, M.; Niessner, R. Automated analytical microarrays: A critical review. Anal. Bioanal. Chem. 

2008, 391, 1521–1544. 



Sensors 2015, 15 11987 

 

 

45. Sebastiani, V.; Botti, C.; di Tondo, U.; Visca, P.; Pizzuti, L.; Santeusanio, G.; Alo, P.L. Tissue 

Microarray Analysis of FAS, Bcl-2, Bcl-x, ER, PgR, Hsp60, p53 and Her2-neu in Breast 

Carcinoma. Anticancer Res. 2006, 26, 2983–2387. 

46. Gembitsky, D.S.; Lawlor, K.; Jacovina, A.; Yaneva, M.; Tempst, P. A prototype antibody 

microarray platform to monitor changes in protein tyrosine phosphorylation. Mol. Cell. Proteomics 

2004, 3, 1102–1118. 

47. Saviranta, P.; Okon, R.; Brinker, A.; Warashina, M.; Eppinger, J. Geierstanger, B.H. Evaluating 

sandwich immunoassays in microarray format in terms of the ambient analyte regime. Clin. Chem. 

2004, 50, 1907–1920. 

48. Foll, H.; Christophersen, M.; Carstensen, J.; Hasse, G. Formation and application of porous 

silicon. Sci. Eng. R 2002, 39, 93–141. 

49. Steuber, T.; Vickers, A.; Haese, A.; Becker, C.; Pettersson, K.; Chun, F.; Kattan, M.; Eastham, J.; 

Scardino, P.; Huland, K.; et al. Risk assessment for biochemical recurrence prior to radical 

prostatectomy: Significant enhancement contributed by human glandular kallikrein 2 (hK2) and 

free prostate specific antigen (PSA) in men with moderate PSA-elevation in serum. Int. J. Cancer 

2006, 118, 1234–1240. 

50. Briganti, A. Role of hK2 in prediction clinically insignificant prostate cancer. Eur. Urol. 2007, 52, 

1297–1299. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


