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A multi-spot (16 spots) light-addressable potentiometric sensor (MLAPS) consisting of an Al–p-Si–SiO2 

structure modified with a weak polyelectrolyte layer of PAH (poly(allylamine hydrochloride) was applied 

for the label-free electrical detection of DNA (deoxyribonucleic acid) immobilization and hybridization 

by the intrinsic molecular charge for the first time. To achieve a preferentially flat orientation of DNA 10 

strands and thus, to reduce the distance between the DNA charge and MLAPS surface, the negatively 

charged probe single-stranded DNAs (ssDNA) were electrostatically adsorbed onto the positively charged 

PAH layer using a simple layer-by-layer (LbL) technique. In this way, more DNA charge can be 

positioned within the Debye length, yielding a higher sensor signal. The surface potential changes in each 

spot induced due to the surface modification steps (PAH adsorption, probe ssDNA immobilization, 15 

hybridization with complementary target DNA (cDNA), non-specific adsorption of mismatched ssDNA) 

were determined from the shifts of photocurrent-voltage curves along the voltage axis. A high sensor 

signal of 83 mV was registered after immobilization of probe ssDNA onto the PAH layer. The 

hybridization signal increases from 5 mV to 32 mV with increasing the concentration of cDNA from 

0.1 nM to 5 µM. In contrast, a small signal of 5 mV was recorded in case of non-specific adsorption of 20 

fully mismatched ssDNA (5 µM). The obtained results demonstrate the potential of the MLAPS in 

combination with the simple and rapid LbL immobilization technique as a promising platform for a future 

development of multi-spot light-addressable label-free DNA chips with direct electrical readout. 

Introduction 

In recent years, deoxyribonucleic acid (DNA) biosensors have 25 

been increasingly recognized as an emerging and promising 

technique in many fields of application, including DNA 

diagnostic, gene analysis, parental testing, forensic science and 

drug industry.1–3 Most of the DNA-detection techniques are based 

on a specific DNA-hybridization event between an immobilized 30 

probe single-stranded DNA (ssDNA) and a complementary target 

DNA (cDNA). Various transducer principles such as 

piezoelectric, optical, and electrochemical have been used to 

detect the DNA-hybridization event.1,4,5 However, DNA 

biosensors often require labeling of either the probe or target 35 

DNA using various markers (e.g., redox, enzymatic, 

radiochemical, chemiluminescence or fluorescence).1–7 Although 

the labeling procedure provides a high sensitivity, it has been 

proven to be complicated, time-consuming and expensive.1,7,8 In 

this context, DNA-hybridization detection techniques based on 40 

label-free principles are preferred, because they would 

significantly reduce the cost and time needed for sample 

preparation and modification of the target molecules.9,10 

 Among various device concepts proposed for the label-free 

detection of DNA hybridization (e.g., quartz crystal 45 

microbalance,11 surface plasmon resonance,11,12 fluorescence 

resonance energy transfer,13,14 faradaic and non-faradaic 

impedimetry,15-18 the semiconductor field-effect device (FED) 

platform, which is based on an electrostatic detection of the 

intrinsic negative charge of DNA molecules with direct electrical 50 

readout, is one of the most attractive approaches.2,10 FEDs based 

on an electrolyte-insulator-semiconductor (EIS) system, like ion-

sensitive field-effect transistors (ISFET), capacitive EIS sensors, 

light-addressable potentiometric sensors (LAPS) and silicon 

nanowires (SiNW), are known as surface-charge sensitive devices 55 

and have been widely applied for the detection of various 

analytes in liquids as well as charged molecules or charged 

nanoparticles.2,10,19–32 However, because of screening of the 

intrinsic charge of molecules by small ions in the surrounding 

solution, FEDs are able to detect the charge changes that occur 60 

directly at the gate surface or within the order of the Debye 

screening length (the Debye length is inversely proportional to 

the ionic strength of the solution; it amounts, for instance, 

~0.3 nm in 1 M electrolyte solution containing monovalent ions 

and ~0.8 nm in physiologically relevant solutions with an ionic 65 

strength of ~150 mM) from the surface only.2,28,33,34 As a 

consequence, the electrostatic coupling between the charged 

molecule and the FED strongly depends on the ionic strength of 

the solution and the distance between the charge of the molecule 

and the gate surface. Moreover, if the molecular charge is 70 

distributed along the molecule length (as for instance, in the case 

of DNA molecules), the FED signal will also depend on an 

orientation of molecules to the gate surface.35–37 Thus, in addition 

to the charge-screening effect, the surface functionalization and 

DNA-immobilization technique has strong impact on the DNA-75 
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hybridization signal. For example, if the DNA molecules are 

tethered to the gate surface via linker molecules or spacer, the 

DNA-hybridization induced FED signal will strongly drop with 

increasing the length of linker molecules. To reduce the charge-

screening effect and thus, to enhance the sensitivity of the FEDs 5 

to the molecular charge, experiments on detection of charged 

molecules with FEDs are often performed in low ionic-strength 

solutions (see e.g., ref. 38). The price to be paid is a reduced 

probability of hybridization and therefore, an extended 

hybridization time (due to the electrostatic repulsion between the 10 

complementary DNA strands).  

 The most experiments on a field-effect detection of DNA have 

been carried out using different types of ISFETs, capacitive EIS 

sensors or SiNWs.2,25,28,39 At the same time, in spite of popularity 

of LAPS in many chemical and biological applications (e.g., 15 

measurement of pH and ion concentration, enzymatic reactions, 

acidification rate of living cells),40–42 it is very little known about 

LAPS-based DNA biosensors. Only recently, LAPS with a TiO2 

gate and multi-spot LAPS (MLAPS) with a SiO2 gate have been 

applied for the label-free electrical detection of DNA 20 

immobilization and hybridization.43,44 In both works, probe 

ssDNA molecules were covalently immobilized onto the gate 

surface that requires time-consuming, cost-expensive procedures 

and complicated chemistry for functionalization of the gate 

surface and/or probe ssDNA. Therefore, an exploration of novel 25 

approaches to optimize and simplify the immobilization process 

of probe ssDNA is highly important for a new generation of 

label-free DNA chips based on LAPS devices. In this context, 

non-covalent surface attachment of probe ssDNA using 

electrostatic and/or hydrophobic interactions becomes more and 30 

more popular in DNA sensor design, including FED-based DNA 

biosensors.38,45–47  

 In this work, we present a new MLAPS-based DNA biosensor, 

where a simple strategy is used for a rapid immobilization of 

probe ssDNA molecules onto the gate surface via the layer-by-35 

layer (LbL) electrostatic adsorption of a weak-

polyelectrolyte/ssDNA bilayer, and the subsequent label-free 

detection of DNA hybridization. If probe ssDNA molecules 

preferentially lie flat for the full length on the LAPS surface with 

negatively charged phosphate groups directed to the positively 40 

charged polyelectrolyte layer (in this study, poly(allylamine 

hydrochloride) (PAH)) and the bases are exposed to the 

surrounding solution and ready for the hybridization with 

complementary target DNA molecules, both the Debye screening 

effect and the electrostatic repulsion between target and probe 45 

DNA molecules are less effective, and therefore, a higher 

hybridization signal can be expected.  

 

DNA immobilization and hybridization 

In order to reduce the distance between the DNA charge and 50 

sensor surface, the probe ssDNAs were physically adsorbed onto 

the PAH-modified MLAPS surface by electrostatic interaction. 

Because a SiO2 surface is negatively charged at a physiological 

pH, it is necessary to coat the surface with a positively charged 

layer for an electrostatic adsorption of probe ssDNA. 55 

 The LbL-assembly technique was used for both the adsorption 

of positively charged PAH macromolecules on the negatively 

charged SiO2 layer and the immobilization of negatively charged 

probe ssDNA molecules on a positively charged PAH layer. The 

LbL technique provides a simple, fast, low-cost and efficient 60 

method for the preparation of ultrathin films as well as complex 

heterostructures with a well-defined composition and 

functionality, whereby ultrathin films are assembled 

electrostatically from the repetitive, sequential adsorption of 

polyions with alternating charge.27,45,48,49  65 

 As it has been discussed in ref. 45, the LbL immobilization of 

ssDNA usually results in a formation of flat elongated structures, 

a crucial factor to enhance the sensitivity of the MLAPS to the 

DNA charge. Although, the electrostatic adsorption of the probe 

ssDNA may not provide the strong binding to the sensor surface, 70 

the advantage of adsorptive immobilization is that the ssDNAs 

lay down on the surface instead of standing up. In that way, more 

negative charge of the probe ssDNA molecules can be positioned 

near the gate surface within the Debye length. In addition, the 

positively charged PAH layer may reduce the electrostatic 75 

repulsion between probe and complementary target ssDNA 

molecules and thus, may accelerate the hybridization process. It 

can be expected that after hybridization, the dsDNA molecules 

will also lay flat on the MLAPS surface. Thus, the full dsDNA 

charge could probably be within the Debye length yielding a 80 

higher sensor signal. 

 The PAH layer was deposited onto the SiO2 surface from the 

PAH solution (10 µM, 50 µM or 100 µM PAH adjusted with 

10 mM NaCl, pH 5.4) in accordance to the procedure described 

in ref. 27. At pH 5.4, the weak polyelectrolyte PAH is fully 85 

charged.50 On the other hand, in the solution of pH 5.4, the 

surface of SiO2 can be considered enough negatively charged (the 

pHpzc at point of zero charge of SiO2 is about 2.5) to provide 

electrostatic adsorption of PAH molecules.51 During the 

experiments, the cleaned SiO2 surface of the MLAPS chip was 90 

exposed to PAH solution for about 10 min at room temperature, 

followed by a rinsing step and exposing to the probe ssDNA 

immobilization solution (5 µM ssDNA dissolved in 1× TE buffer 

(10 mM Tris (tris(hydroxymethyl)aminomethane), 1 mM EDTA 

(ethylenediaminetetraacetic acid), pH 8) for 30 min. Finally, the 95 

MLAPS surface was washed with measurement solution (10 mM 

NaCl, pH 5.4) for 3 times to remove non-attached molecules from 

the sensor surface. For hybridization of probe ssDNA with 

complementary target ssDNA, the MLAPS surface was exposed 

to the hybridization solution (5 µM target ssDNA, 10 mM Tris, 100 

1 mM EDTA, pH 8) for 30 min at room temperature, followed by 

washing for 3 times with measurement solution to remove the 

non-hybridized target DNA molecules and finally, drying with 

nitrogen stream. To study the detection limit of the developed 

MLAPS-based DNA biosensor as well as an impact of 105 

mismatched ssDNAs on the MLAPS signal, the sensor surface 

was exposed to hybridization solution containing different 

concentrations of cDNA (from 0.1 nM to 5 µM) or 5 µM 

mismatched ssDNA, respectively, using the same protocol above. 

The hybridization solutions with different concentrations of 110 

cDNA were prepared from 5 µM cDNA solution by dilution in 

TE buffer.  

 

Functioning of the MLAPS 

The MLAPS has been applied for the label-free detection of DNA 115 

hybridization for the first time in ref. 44. Fig. 1 shows a 

schematic structure and measurement setup of the MLAPS for 

DNA immobilization and hybridization detection. The 

capacitance of the depletion layer in the semiconductor depends 

on the applied bias voltage and the potential or charge changes at 120 

the gate insulator/electrolyte interface. In order to detect the 

variations of the depletion capacitance, the LAPS is illuminated 

with a modulated light, which induces an alternating photocurrent 

to be measured as the sensor signal.52,53 Since PAH molecules are 

positively charged and DNA molecules are polyanions, it can be 125 

expected that PAH adsorption, probe ssDNA immobilization, and 

target cDNA hybridization occurred on the gate surface of the 

MLAPS will effectively alter the charge applied to the gate. This 
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will lead to a modulation of the flat-band potential and 

consequently, the photocurrent of the LAPS. The signal from 

each spot on the LAPS gate surface can be read out by focusing a 

modulated irradiation there. Moreover, by using an array of light-

emitting diodes (LED), where all LEDs illuminate simultaneously, 5 

the LAPS is able for parallel multi-spot measurements (MLAPS 

setup).54 This feature makes MLAPS as a very attractive 

transducer platform for high-throughput parallel measurements of 

multiple analytes, in particular, for the development of light-

addressable DNA chips.  10 

 In this study, an array consisting of 4 × 4 infrared LEDs with a 

wavelength of 950 nm was utilized as light source for the 

photocurrent generation. In the MLAPS setup, 16 spots on the 

rear-side Si surface are illuminated in parallel by using 16 LEDs 

with different modulation frequencies. A field-programmable 15 

gate array (FPGA) was used to control the modulation frequency 

of each LED.54 To reduce the influence of the charge-screening 

effect, all measurements were performed in the same low ionic-

strength solution (10 mM NaCl, pH 5.4). For the measurement of 

the photocurrent-voltage (I-V) curve, a bias voltage ranging from 20 

–0.8 V to +0.8 V is applied between a conventional liquid-

junction Ag/AgCl reference electrode (Metrohm, 3 M KCl) and 

the rear-side Al contact. The I-V curves of all 16 measurement 

spots were simultaneously recorded every 10 s. The local surface-

potential changes in each measurement spot induced due to the 25 

surface modification steps (e.g., PAH adsorption, probe ssDNA 

immobilization, target cDNA hybridization) were determined 

from the shifts of I-V curves along the voltage axis. 

 

 30 

 
Fig. 1 Schematic layer structure and measuring setup of the 

MLAPS-based DNA biosensor. FPGA: field-programmable gate 

array; Iph: measured photocurrent. 

 35 

For a correct functioning of the MLAPS, leakage current between 

the reference electrode and rear-side contact should be very 

small. Therefore, only chips having leakage current less than 

20 nA were utilized for further DNA detection experiments. In 

addition, the sensitivity of the MLAPS chips to surface-charge 40 

changes have been tested by means of a measurement of shifts of 

I-V curves in various pH buffer solutions from pH 3 to pH 9. 

According to the site-binding model,55 the surface charge of 

oxides (in this work, SiO2) is affected by the pH value of 

solution. The mean pH sensitivity evaluated from the shifts in the 45 

depletion range of the I-V curves for 16 spots was 43 mV/pH, 

which is comparable to values previously reported for thermally 

grown SiO2 layers (see e.g., ref. 28, 56). These results 

demonstrate the suitability of the developed MLAPS devices as 

charge-sensitive transducer for further experiments on label-free 50 

detection of DNA molecules by their intrinsic molecular charge. 

 

Results and discussion 

Electrical detection of PAH adsorption and probe ssDNA 

immobilization 55 

To investigate the effect of the PAH concentration on the 

adsorption of the PAH layer and subsequent electrostatic 

immobilization of probe ssDNA molecules, PAH layers were 

prepared from solutions of 10 µM, 50 µM and 100 µM PAH 

adjusted with 10 mM NaCl. The pH value of all PAH solutions 60 

was adjusted to pH 5.4. Fig. 2 depicts potential shifts (averaged 

over 16 measurement spots) evaluated from the inflection points 

of I-V curves of bare MLAPS, and after consecutive LbL 

adsorption of PAH and probe ssDNA (5 µM) molecules.  

The consecutive adsorption of oppositely charged PAH and 65 

DNA layers leads to alternating potential shifts (MLAPS signal) 

for about 30 and 82 mV, respectively. The direction of these 

potential shifts depends on the sign of the charge of the adsorbed 

outermost layer, while the amplitude reflects the amount of 

adsorbed charge. Qualitatively, the signal behaviour of the 70 

MLAPS can be explained as follows: if a positively charged PAH 

layer is adsorbed onto the negatively charged SiO2 surface, one 

needs to apply a more negative gate voltage to compensate for 

this positive charge and to keep the photocurrent constant. In 

contrast, the adsorption of negatively charged probe ssDNA 75 

molecules shifts the sensor signal towards the direction of more 

positive (or less negative) bias voltages.  

 

Fig. 2 Potential shifts (MLAPS signal) evaluated from the 

inflection points of I-V curves of bare MLAPS and after 80 

consecutive LbL adsorption of PAH and probe ssDNA (5 µM) 

molecules. The PAH layer was prepared from the solutions with 

different PAH concentrations of 10 µM, 50 µM and 100 µM. The 

measured data were averaged over 16 measurement spots. 

  85 

As can be seen from Fig. 2, the PAH concentration in 

polyelectrolyte solution does not significantly affect the 

amplitude of potential shifts (at least in the range of PAH 

concentrations used in this study). This can be explained by 

suggesting a nearly identical amount of adsorbed PAH molecules 90 

on the SiO2 gate surface for all three PAH concentrations used in 
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this experiment. In addition, likely, nearly the same amount of 

probe ssDNA was immobilized on the MLAPS surface modified 

with PAH layers prepared from the PAH solutions of different 

concentrations. Therefore, in further experiments the PAH layer 

was prepared from 10 µM PAH solution. These results clearly 5 

demonstrate that reproducible PAH/DNA bilayers on the MLAPS 

surface can be formed via simple, cost-effective and fast LbL 

adsorption technique. 

To investigate the effect of the probe ssDNA concentration on the 

immobilization signal, the probe molecules were immobilized 10 

from solutions of 0.5 µM, 2.5 µM, 5 µM, 7.5 µM and 10 µM 

ssDNA. These results are presented in the electronic 

supplementary information available on the website. With 

increasing ssDNA concentration from 0.5 µM to 5 µM, the 

immobilization signal increases from 55 mV to 80 mV. Further 15 

increase of the ssDNA concentration results in a less stable 

immobilization signal. As a consequence, in further experiments, 

probe molecules were immobilized from a 5 µM ssDNA solution. 

Label-free detection of DNA hybridization 

During hybridization experiments, the I-V curves of MLAPS 20 

were recorded simultaneously in 16 spots before and after each 

surface functionalization step using the same low ionic-strength 

measurement solution (10 mM NaCl, pH 5.4). Fig. 3 shows 

typical normalized I-V curves (a) and zoomed I-V curves in 

depletion region (b) recorded from the single spot (spot 10) 25 

before and after PAH adsorption, after probe ssDNA 

immobilization, after non-specific adsorption of fully mismatched 

ssDNA molecules, and after hybridization of probe ssDNAs with 

complementary targed cDNAs. As expected, adsorption of 

positively charged PAH shifts the original I-V curve of the bare 30 

MLAPS towards the direction of more negative (or less positive) 

bias voltages, while the adsorptive immobilization of negatively 

charged probe ssDNAs and subsequent hybridization with 

complementary target cDNAs (5 µM) results in a shift of the I-V 

curves towards the direction of more positive (or less negative) 35 

bias voltages. The DNA immobilization and hybridization signals 

evaluated from the I-V curves recorded from the spot 10 were 81 

mV and 30 mV, respectively. 

Fig. 4 depicts a dynamic mean response of the MLAPS before 

and after PAH adsorption, after probe ssDNA immobilization, 40 

after non-specific adsorption of fully mismatched ssDNA 

molecules, and after hybridization of probe ssDNAs with 

complementary targed cDNAs (5 µM). In this experiment, the 

mean potential shifts (averaged over 16 measurement spots) were 

evaluated from the inflection points of the respective I-V curves. 45 

The I-V curves from all 16 spots were collected simultaneously 

every 10 s. The mean immobilization and hybridization signals 

were 83 mV and 32 mV, respectively. At the same time, non-

specific adsorption of fully mismatched ssDNAs induces only a 

small potential shift of less than 5 mV. The hybridization signals 50 

detected by the MLAPS functionalized with a PAH/DNA LbL 

layer were about 5 times higher than that of the capacitive EIS 

sensor38 or floating-gate transistor structure47 modified with poly- 

L-lysine/DNA LbL layer and comparable with hybridization 

signals recorded by the MLAPS,44 capacitive EIS sensors57 and 55 

silicon nanowires58 with probe ssDNAs covalently attached to the 

silanized SiO2 gate surface. In general, the hybridization signal 

was smaller than the immobilization signal. This is in consistence 

with the results reported previously (see e.g., ref. 33, 58).  

 60 

 
Fig. 3 Typical normalized I-V curves (a) and zoomed I-V curves 

in depletion region (b) recorded from the single spot (spot 10) 

before and after PAH adsorption, after probe ssDNA 

immobilization, after non-specific adsorption of fully mismatched 65 

ssDNA molecules, and after hybridization of probe ssDNAs with 

complementary target cDNAs. The normalized photocurrent 

represents the ratio of an actual photocurrent to the maximum 

photocurrent in the inversion region.  

   70 

  

 

 

 

 75 

 

 

 

 

 80 

 

 

 

 

Fig. 4 Dynamic mean response of the MLAPS before and after 85 

PAH adsorption, after probe ssDNA immobilization, after non-

specific adsorption of fully mismatched ssDNA molecules, and 

after hybridization of probe ssDNAs with complementary target 

cDNAs. The measured data were averaged over 16 measurement 

spots. 90 
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Fig. 5 Dependence of the hybridization signal of the MLAPS 

(averaged over 16 spots) on target cDNA concentration ranging 

from 0.1 nM to 5 µM. For comparison, the response of the sensor 

to 5 µM fully mismatched ssDNA is presented, too. 5 

 

Fig. 5 presents the dependence of the hybridization signal of the 

MLAPS (averaged over 16 spots) on target cDNA concentration 

ranging from 0.1 nM to 5 µM. To demonstrate the specificity of 

the MLAPS, the response of the sensor to 5 µM fully mismatched 10 

ssDNA is presented, too. The hybridization signal increases with 

increasing the target cDNA concentration and achieves a value of 

32 mV at 5 µM cDNA. Even at a very low cDNA concentration 

of 0.1 nM, a detectable hybridization signal of 5 mV has been 

registered. The observed potential shift of about 5 mV due to 15 

non-specific adsorption of fully mismatched ssDNA was similar 

to that observed after hybridization of cDNA with a more than 

four orders of magnitude smaller concentration of 0.1 nM (see 

Fig. 5). These studies indicate a good specificity of the developed 

MLAPS capable for distinguishing a complementary sequence 20 

from mismatched sequences even at very low concentrations of 

cDNA (in nM range). 

 

Conclusions  

Due to their small sizes and compatibility with advanced micro- 25 

and nanofabrication technologies, semiconductor field-effect  

devices offer new opportunities for label-free DNA chips with 

direct electronic readout for fast, simple, and inexpensive real-

time analysis of nucleic acid samples. In this work, the field-

effect MLAPS consisting of an Al-p-Si-SiO2 structure modified 30 

with a weak polyelectrolyte PAH layer has successfully been 

applied for the label-free electrical detection of DNA 

immobilization and hybridization by the intrinsic molecular 

charge for the first time. The simple LbL technique was used for 

both the electrostatic adsorption of positively charged PAH 35 

macromolecules on the negatively charged SiO2 layer and rapid 

immobilization of negatively charged probe ssDNA molecules on 

the positively charged PAH layer. The advantage of the 

adsorptive immobilization is that the probe ssDNAs as well as 

dsDNAs (after hybridization) preferentially lay flat on the 40 

MLAPS surface. In that way, more dsDNA charge can be 

positioned near to the gate surface within the Debye length, 

yielding a higher sensor signal. 

 In the MLAPS setup, 16 spots on the rear-side Si surface were 

illuminated in parallel by using 16 LEDs with different 45 

modulation frequencies and the I-V curves were simultaneously 

recorded on all spots. The local surface-potential changes in each 

measurement spot induced due to the surface modification steps 

(i.e., PAH adsorption, probe ssDNA immobilization, non-specific 

adsorption of mismatched ssDNA, hybridization with cDNA) 50 

were determined from the shifts of I-V curves along the voltage 

axis. The large immobilization signal of 83 mV (averaged over 

16 spots) has been observed after LbL immobilization of probe 

ssDNA onto the positively charged PAH layer. The MLAPS 

hybridization signal shows a distinct dependence on the 55 

concentration of cDNA. The hybridization signal increases from 

5 mV to 32 mV with increasing the concentration of cDNA from 

0.1 nM to 5 µM. At the same time, a small potential shift of 

~5 mV was recorded in case of non-specific adsorption of fully 

mismatched ssDNA with a concentration of 5 µM. This confirms 60 

that our device is able to differentiate between complementary 

and mismatched DNA sequences. Nevertheless, the detection 

limit is still far from those reported for labeling methods. 

 The obtained results demonstrate the potential of the MLAPS 

as promising transducer platform for multi-spot label-free 65 

electrical detection of DNA molecules by their intrinsic 

molecular charge. Future work will be directed to enhance the 

detection limit, to develop a light-addressable multi-spot DNA 

chip by immobilizing each spot of MLAPS with various ssDNA 

sequences as well as to realize differential-mode measurements 70 

between spots, including the detection of single-nucleotide 

polymorphisms. 
 

Experimental methods 

Fabrication of MLAPS chips  75 

MLAPS chips consisting of an Al-Si-SiO2 structure were 

fabricated using a p-doped silicon wafer (<100>, resistivity 1–

10 Ωcm, 400 µm in thickness) and standard microfabrication 

processes. A 60 nm thick SiO2 gate-insulator layer was prepared 

by thermal dry oxidation of Si at 1050 °C for about 45 min. Then, 80 

the SiO2 layer on the rear side of the silicon wafer was etched and 

a 300 nm thick Al layer was deposited as an Ohmic contact to Si. 

After fabrication, the wafer was cut into separate chips with sizes 

of 2.0 cm × 2.0 cm. Finally, on the rear side of the MLAPS chip, 

the Al layer was structured by etching to open a window for the 85 

backside illumination of Si. 

MLAPS setup 

By simultaneous illumination of multiple spots, the measured 

photocurrent is a superposition of local photocurrents modulated 

with different frequencies, i.e. contains information from all 90 

measurement spots. Photocurrent changes from individual 

measurement spots induced by the adsorption or binding of 

charged molecules on the gate surface can be separated and 

determined from the overall photocurrent by means of a fast 

Fourier transformation (FFT) algorithm. The shifts of I-V curves 95 

are calculated automatically and can be presented in the form of a 

time-dependent potential shift for each individual spot or average 

shift for all 16 spots. The diameter of the spot illuminated by the 

single LED was about 2 mm. The modulation frequencies of 

LEDs range from 1 kHz to 1.75 kHz with the frequency step 100 

width of 50 Hz. The measurement data were collected by a data-

acquisition card (DAQmx PCI-6259, National Instruments, USA). 

The whole MLAPS measurement system was controlled by a 

customized LabVIEW software.  

 For the experiments, the MLAPS chip was mounted into a 105 

home-made detection chamber and connected to the measurement 

system for photocurrent studies. The effective contact area of the 
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MLAPS front surface with the solution was about 

1.4 cm × 1.4 cm. The pH value of all solutions was controlled 

with a Mettler-Toledo MPC227 pH/Conductivity Meter. The 

measurements were carried out at room temperature. The 

measurement setup was shielded with a Faraday box to reduce the 5 

influence of ambient light and electromagnetic fields. All 

potential values are referred to the reference electrode 

DNA sequences 

The sequences of 20 mer probe, target and mismatched ssDNA 

molecules used in this study were purchased from Biomers 10 

(Biomers GmbH, Ulm, Germany) and are presented in Table 1. 

Table 1. The sequences of probe, target and mismatched ssDNA 

molecules used in this study. 

Type Sequence 

probe ssDNA 5'-ACCTGGGGGAGTATTGCGGA-3' 

 

complementary 

target cDNA 

5'-TCCGCAATACTCCCCCAGGT-3' 

 

fully mismatched 

ssDNA 

5'-AGGCGTTATGAGGGGGTCCA-3' 
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