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Abstract: 20 

Modulated light-activated electrochemistry (MLAE) at semiconductor/liquid interfaces 21 

derived from light-addressable potentiometric sensor (LAPS) and light-activated 22 

electrochemistry (LAE) for addressable photoelectrochemical sensing has been 23 

proposed as a new sensor platform. In this system, a bias voltage is applied to create 24 

a depletion layer at the silicon/electrolyte interface. Meanwhile, intensity-modulated 25 

light illuminates the movable electrode to generate electron/hole pairs and causes a 26 

detectable local AC photocurrent. The AC measurement showed a higher 27 

signal-to-noise ratio (SNR) of photocurrents compared to the traditional DC response, 28 

while a steeper photocurrent-voltage (I-V) curve than that of LAPS with an insulating 29 

layer was obtained. Furthermore, to stabilize and functionalize the silicon substrate, 30 

metal-organic framework (MOF) nanoparticles were grown in-situ on the silicon 31 

electrode. The successful modification was validated by X-ray diffraction (XRD) and 32 
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scanning electron microscopy (SEM). The AC photocurrent increased as a result of 33 

the adsorption of negatively charged DNA, which contributed to the enhancement of 34 

the cathodic reduction process at the semiconductor electrodes, indicating a different 35 

response mechanism of MLAE from LAPS. The results obtained demonstrate the 36 

potential of MOF functionalized MLAE as a robust platform for light-addressable DNA 37 

chips with high sensitivity and specificity. 38 

Key words: light-activated electrochemistry, light-addressable potentiometric sensor, 39 

metal-organic framework, DNA chip, photocurrent 40 

1. Introduction 41 

Electrochemical measurements with spatial resolution are essential and important for 42 

high-throughput analysis and the investigation of heterogeneous processes. 43 

Microelectrode arrays (MEAs) (Obien et al. 2015; Spira and Hai 2013) and probe-type 44 

electrodes (Macazo and White 2016; Perry et al. 2017; Polcari et al. 2016; Takahashi 45 

et al. 2012) have been proposed to achieve spatial discrimination of various analytes. 46 

MEAs require a separate sensing electrode with connecting wire for every separate 47 

spatial area, multistep fabrication processes and, hence, significant production costs. 48 

The geometrical restrictions limit the achievable density of effective working sites on 49 

the device. Probe-type electrodes, such as scanning electrochemical microscopy 50 

(SECM) (Polcari et al. 2016; Takahashi et al. 2012) and scanning ion conductance 51 

microscopy (SICM) (Macazo and White 2016; Perry et al. 2017), employ an 52 

ultramicroelectrode or nanoelectrode tip to scan in close proximity to a surface to 53 

record electrochemical information as a function of spatial location, but the tip 54 

displacement in solution may cause convective disruption of the measurement，and 55 

scanning probe techniques are inherently slow (Licht et al. 1996). 56 

As a probe-less method, light-addressable potentiometric sensors (LAPSs) have 57 

been extensively employed for spatially resolved biological investigations (Hafeman 58 

et al. 1988; Wang et al. 2018; Yoshinobu et al. 2015; Yoshinobu et al. 2017). Based 59 

on an electrolyte-insulator-semiconductor (EIS) field-effect structure, a bias voltage is 60 

applied to create a depletion layer at the semiconductor/insulator interface. 61 

Meanwhile, an intensity-modulated light illuminates the substrate to generate a local 62 

AC photocurrent. The photocurrent is affected by the electrical potential difference at 63 

the solid/liquid interface. For example, the adsorption of charged molecules on a 64 

sensor surface can alter the interfacial potential and thereby affect the photocurrent 65 

output (Wu et al. 2016). An advantage of LAPS is the use of light induced local 66 

photocurrents to achieve spatial confinement without the need of a physical probe. In 67 

addition, the construction is simple and inexpensive with a single sensor and fewer 68 

electrical contacts compared to the conventional pre-determined array scheme. 69 

However, the intrinsic drawback of LAPS is that no DC currents cross the interface, 70 

which inhibits the electrochemical reactivity of the interface and therefore the scope of 71 

the technology is limited to potentiometric measurements (Poghossian and Schöning 72 
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2014; Wu et al. 2019).  Light-addressable electrochemistry or light-activated 73 

electrochemistry (LAE) (Choudhury et al. 2017; Seo et al. 2018; Vogel et al. 2019; 74 

Yang et al. 2016; Yang et al. 2018), which is based on an electrolyte-semiconductor 75 

(ES) structure, overcomes this limitation. Light with constant intensity is used to 76 

generate electron-hole pairs in a semiconductor biased towards depletion resulting in 77 

a DC photocurrent output. This system allows local faradaic currents to cross the ES 78 

interface, which broadens the applications to amperometric detection principles. 79 

Recently, the ES structure has also been demonstrated to be suitable for AC 80 

photocurrent measurements with spatial addressability (Tu et al. 2018; Wu et al. 2019; 81 

Zhang et al. 2017b). The AC photocurrent consists of both, depletion layer charging 82 

current and redox current, which is promising for integrating the merits of both LAPS 83 

and LAE. The reported sensors with high resolution are based on metal oxide 84 

semiconductors such as ITO (Wu et al. 2019; Zhang et al. 2017b) and ZnO (Tu et al. 85 

2018). Silicon is a preferred semiconductor for the development of 86 

photoelectrochemical devices due to its narrow band gap, high charge carrier mobility, 87 

abundance and well-established fabrication methods in the semiconductor industry. 88 

However, the electrochemistry of bare silicon has proven to be very challenging as it 89 

is not stable in aqueous media. In DC photocurrent measurement systems, silicon 90 

substrates are usually protected with self-assembled organic monolayers (Choudhury 91 

et al. 2017; Yang et al. 2016; Yang et al. 2018). 92 

In this study, we investigate the possibility of stable nanoparticle modified silicon as 93 

the electrode for spatially resolved AC photocurrent measurements. To stabilize and 94 

functionalize the electrode, metal-organic frameworks (MOFs), which are constructed 95 

by metal ions/clusters and organic bridging ligands, were prepared on the silicon 96 

surface. Due to their prominent properties of flexible porosity, large surface area and 97 

facilely tailorable functionality, MOFs have been widely applied as a robust platform 98 

for surface immobilization of biosensing elements in the construction of 99 

electrochemical biosensors (Ma et al. 2013; Meng et al. 2018; Meng et al. 2017; 100 

Zhang et al. 2017a). For instance, they have been used as a matrix for enzyme 101 

immobilization on electrodes for highly sensitive electrochemical enzymatic detection 102 

(Ma et al. 2013; Zhang et al. 2017a). MOF-based electrochemical sensors for the 103 

detection of DNA sequences are very rare thus far (Campbell and Dincă 2017). 104 

Herein, we report modulated light-activated electrochemistry (MLAE) on the basis of 105 

MOF nanoparticle modified silicon electrodes for multi-spot label-free DNA sensing. 106 

The simple and low-cost device uses intensity-modulated light to irradiate a movable 107 

electrolyte-silicon structure to generate local AC photocurrents. The photocurrent was 108 

monitored using a lock-in amplifier. UIO-66-NH2, which is a class of MOFs made of 109 

zirconium ions and terephthalate ligands, was deposited on silicon in-situ as the 110 

immobilization and sensing matrix for DNA sequences. It will be shown that the 111 

proposed system has high specificity and sensitivity for addressable DNA detection 112 

on a chip, which opens the door to the application of MOF functionalized silicon-based 113 

photoelectrochemical devices in spatially resolved (bio)chemical sensing. 114 
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2. Experimental 115 

2.1 Materials 116 

Double polished silicon (100) (boron doped, 1-10 Ω·cm, 475 μm) wafers were 117 

purchased from Tianjing Yucai optic technology CO, China. All chemicals used for 118 

MOF synthesis were obtained commercially from Aladdin Reagents. Bovine serum 119 

albumin (BSA) and sodium dodecyl sulfate (SDS) were purchased from Sigma. All 120 

solutions were prepared using ultrapure water (18.2 MΩ·cm). The sequences of a 121 

25-mer probe, target and mismatched ssDNA molecules used in this study were 122 

purchased from Takara (Japan). The probe ssDNA was dissolved in pure water, while 123 

the cDNA and nDNA for hybridization were dissolved in 10 mM phosphate buffer with 124 

100 mM NaCl. The sequences are as follows: Probe ssDNA: 5’-GCAGT TGATC 125 

CTTTG GATAC CCTGG-3’, or 5’-FITC- GCAGT TGATC CTTTG GATAC CCTGG-3’; 126 

target complementary DNA (cDNA): 5’-CCAGG GTATC CAAAG GATCA ACTGC-3’, 127 

or 5’- Texas Red- CCAGG GTATC CAAAG GATCA ACTGC-3’; non-complementary 128 

DNA (nDNA): 5’-CTCAG CCCTC TTCAA AAACT TCTCC A-3’, or 5’- Texas Red- 129 

CTCAG CCCTC TTCAA AAACT TCTCC A-3’. 130 

2.2 Silicon electrode preparation and modification 131 

Double polished p-silicon (100) was used as the electrode. To obtain an ohmic 132 

contact, 30 nm Cr and 150 nm Au were thermally evaporated onto the rear side of 133 

silicon and subsequently heated to 300 °C for 5 min. Then the wafer was cut into 1.5 134 

cm × 1.5 cm pieces and cleaned in an ultrasonic bath with acetone, isopropyl alcohol, 135 

and ultrapure (Milli-Q) water before use. 136 

Nano UIO-66-NH2 was synthesized according to the published procedure (Wang et al. 137 

2017). First, 108 mg (0.3 mmol) amino-terephthalic acid and 60 μL triethylamine were 138 

dissolved in 10 mL dimethylformamide (DMF), while 113.6 mg (0.3 mmol) ZrCl4 and 139 

2.8 mL acetic acid were dissolved in 10 mL DMF, respectively. Then the two solutions 140 

were mixed and stirred at room temperature for 1 h. Finally, the mixed solution was 141 

transferred into a Teflon reactor chamber with the cleaned silicon substrate and kept 142 

in a 120 °C oven for 24 h. The silicon substrate modified with UIO-66-NH2 was 143 

washed consecutively with copious amounts of DMF, methanol and water. A scanning 144 

electron microscope (SEM, TESCAN, MALA3 LMH) and X-ray diffraction (XRD, 145 

Bruker, D8 ADVANCE) were used to characterize the prepared nanoparticles. 146 

2.3 DNA immobilization and hybridization 147 

For probe DNA immobilization, 4 spots on one MOF-Si substrate were incubated with 148 

5 μL of 5 μM, 2 μM, 0.5 μM and 0.1 μM probe ssDNA solutions for 30 min at room 149 
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temperature. Then the sensor surface was washed 3 times with pure water to remove 150 

any non-attached molecules. Before the detection of target DNA, the sensor 151 

substrate was incubated in a solution of 1% BSA + 0.05% SDS for 2 h at room 152 

temperature to prevent non-specific binding. Then the BSA-blocked sensor spots 153 

were exposed to 5 μL hybridization solutions containing different concentrations of 154 

target cDNA (from 0.2 nM to 2 μM) or 2 μM mismatched ssDNA, respectively, for 30 155 

min at room temperature, followed by washing 3 times with pure water. The 156 

incubation processes were all performed in a closed Petri dish with a moistened 157 

tissue to prevent the small amount of DNA solutions from drying. 158 

2.4 DC photocurrent measurements 159 

A laser (Thorlabs, λ = 405 nm, max. 20 mW) controlled by LDC202C controller 160 

(Thorlabs) was used as the light source for activation. DC photocurrents were 161 

detected by a potentiostat analyser (Zennium, Zahner Elektrik, Germany). Linear 162 

sweep voltammetry (LSV) was carried out in 10 mM pH 7.4 phosphate buffered saline 163 

(PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4) with a scan rate 164 

of 5 mV/s. Chronoamperometry was carried out in 10 mM pH 7.4 PBS with the laser 165 

chopped at 0.1 Hz. For all measurements, a platinum electrode and an Ag/AgCl 166 

electrode were used as the counter and reference electrodes, respectively.  167 

2.5 MLAE measurements 168 

The MLAE setup is shown in Fig. 1. A laser diode module (Thorlabs, λ = 405 nm, max. 169 

20 mW) controlled by LDC202C controller (Thorlabs) was used for the generation of 170 

charge carriers. The diameter of the laser beam illuminated on the sensor surface is 171 

around 0.7 mm. The testing chamber was designed to have 6 holes with a diameter 172 

of 1 mm and 1.5 mm spacing at the bottom, resulting in 6 measurement spots on one 173 

electrode. These spots can be addressed by moving the silicon electrode mounted 174 

onto the PILine® XY stage (U723.25, Physik Instrumente (PI Shanghai) Co., Ltd.) 175 

with 10 nm sensor resolution and 0.1 μm minimum incremental motion. Since the 176 

diameter of the laser spot is smaller than that of the sensing spots, by adjusting the 177 

positioning stages, the laser beam can just illuminate one of the sensing wells. The 178 

AC photocurrent was measured using a SR830 lock-in amplifier. A platinum electrode 179 

and an Ag/AgCl electrode moved with the working electrode were used as the 180 

counter and reference electrodes, respectively. For pH sensitivity measurements a 181 

range of 10 mM phosphate buffer (pH 4-9) with 0.1 M NaCl were used. For DNA 182 

sensing, 10 mM pH 7.4 PBS was adopted. The control program used for the 183 

measurements was written in LabView.  184 
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3. Results and discussion 185 

3.1 Photoelectrochemical responses of a p-type silicon electrode 186 

To investigate the effect of the modulation frequency on the AC photocurrent, the 187 

photocurrent and background current in the dark at 0.7 V, were measured from 5 to 188 

10,000 Hz in pH 7.4 PBS. As shown in Fig. 2a, the AC photocurrent increased with the 189 

frequency, while the dark current stayed constant at instrumental noise level. A high 190 

signal-to-noise ratio (SNR) of the photocurrent can be obtained with a frequency 191 

higher than 100 Hz. The result differs from the ITO-based electrode with an optimized 192 

frequency of 10 Hz (Wu et al. 2019; Zhang et al. 2017b), indicating that silicon would 193 

be a more promising electrode material for high speed measurements. 1 kHz was 194 

chosen as the measurement frequency in this work. Figs. 2b and 2c show the AC and 195 

DC I-V curves of silicon at 1 kHz in pH 7.4 PBS. The shape of the AC I-V curve for 196 

MLAE (Fig. 2b) was analogous to the typical I-V curve for a p-doped LAPS, which 197 

consists of three regions of accumulation, depletion and inversion (Wagner and 198 

Schöning 2007). The AC dark current was significantly smaller than the photocurrent 199 

(Fig. 2b), while the DC background current was comparable to the photocurrent for 200 

cathodic potentials up to -0.6 V (Fig. 2c), revealing a much higher SNR of MLAE for 201 

photoelectrochemical measurements. 202 

A comparison of AC I-V curves of silicon with and without an insulator is presented in 203 

Fig. 3a. Due to the absence of insulator, the I-V curve of the bare silicon substrate is 204 

steeper and displays a greater photocurrent resulting in a higher sensitivity of 205 

photocurrent measurements. Figs. 3b and 3c show pH responses of the bare silicon 206 

in a series of pH PBS (10 mM, 0.1 M NaCl, pH 4-9) using MLAE and the 207 

corresponding calibration plot. An average pH sensitivity of about 47 mV/pH was 208 

obtained, which was higher than that of the traditional LAPS insulated with 70 nm 209 

SiO2 (31 mV/pH, see Supporting Information, Fig. S1). Referring to our previous 210 

report (Zhang et al. 2017b), the sensitivity is due to the pH dependent kinetics of the 211 

faradaic process on the silicon surface. Since the silicon is p-type, the current is 212 

cathodic and it can be attributed to the reduction of H+. 213 

3.2 Surface modification with MOF nanoparticles  214 

MOF has been shown to be a great platform for the adsorption of DNA (Liu et al. 2012; 215 

Tian et al. 2015; Zhang et al. 2014; Zhao et al. 2016). UIO-66-NH2 was chosen to 216 

decorate silicon as it is highly stable in water and biocompatible in biological system 217 

compared to other kinds of MOF materials (Ruyra et al. 2015). In addition, the 218 

electrostatic attractions such as π-π stacking or hydrogen bond interactions between 219 

UIO-66-NH2 and the aromatic nucleotide bases of DNA facilitate efficient and 220 

high-affinity binding (Wang et al. 2017). The successful preparation of MOF 221 



7 
 

nanoparticles on silicon was confirmed in SEM images (Figs. 4a and 4b). It was 222 

shown the nanoparticles with an average diameter of 150 ± 20 nm were uniformly 223 

distributed over the silicon surface without aggregation. The particles showed regular 224 

octahedron structure, which was the typical shape of UIO-66-NH2 based MOF. The 225 

percentage surface coverage of MOF nanoparticles on silicon was estimated using 226 

ImageJ. An average surface coverage of 70% ± 3.2% (SD) with 6 batches of samples 227 

was obtained, indicating a reliable immobilization protocol. Typical X-ray diffraction 228 

(XRD) measurements were used to establish the crystal phase of the UIO-66-NH2. As 229 

shown in Fig 4c, all the diffraction peaks of the MOF powder corresponded well to the 230 

simulated pattern derived from the single-crystal X-ray diffraction data. As shown in 231 

Fig. 4c, the XRD pattern collected for UIO-66-NH2 grown on silicon (trace B) agreed 232 

well with the powder XRD pattern (trace A) in terms of some main peaks, 233 

demonstrating the formation of pure-phase UIO-66-NH2.  234 

As there is unlikely to be any chemical reaction between UIO-66-NH2 and silicon, 235 

MOF nanoparticles are physically absorbed on the silicon surface. Fig S2a shows the 236 

effect of MOF adsorption on the AC photocurrent output of the sensor platform. After 237 

the modification of silicon with MOF, the I-V curve measured with laser illumination 238 

shifted and the photocurrent decreased significantly, which may be attributed to the 239 

positive charge and poor conductivity of UIO-66-NH2 MOF. On the other hand, the 240 

dark current stayed significantly smaller and showed almost no change due to MOF 241 

immobilization. The stability of the MOF-modified silicon electrode (MOF-Si) was 242 

evaluated using AC I-V measurements. Fig. S2b shows potential shifts of I-V curves in 243 

PBS for the MOF-Si and Si electrodes measured over 5 h. One can see that there 244 

was only small perturbation of I-V curves for the MOF-Si sample, while obvious shifts 245 

were observed for the bare Si electrode, indicating a passivation effect resulting from 246 

the modification with MOF nanoparticles. 247 

3.3 Probe ssDNA adsorption on MOF-Si 248 

MOF-Si and bare silicon substrates were incubated respectively with a drop (5 μl) of 2 249 

μM probe single-stranded (ss)DNA labelled with FITC. The incubation process was 250 

performed in a closed Petri dish with a moistened tissue to prevent the small amount 251 

of DNA solutions from drying. Then the substrates were washed 3 times with pure 252 

water to remove any non-attached DNA molecules. As displayed in Fig. 5a, the 253 

MOF-Si surface exhibited strong fluorescence emission with the presence of the 254 

probe FITC-ssDNA, while bare silicon showed insignificant fluorescence (data not 255 

shown), demonstrating the feasibility of amine-functionalized MOF as a great platform 256 

for DNA adsorption. The strong binding is probably due to the electrostatic attraction 257 

as DNA carries negative charge while UIO-66-NH2 showed a slightly positive zeta 258 

potential (~3.4 mV). After DNA adsorption, the zeta potential changed to -6.7 mV, 259 

which was consistent to the result shown in (Wang et al. 2017). Moreover, the addition 260 

of acetic acid introduces additional defects in UIO-66-NH2, which are also beneficial 261 

for DNA binding (Wang et al. 2017). 262 
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To investigate the effect of the probe ssDNA concentration on the MLAE signal, the 263 

probe molecules were immobilized from solutions of 0.1 μM, 0.5 μM, 2 μM and 5 μM 264 

ssDNA. The I-V curve shifted from 20 mV to 46 mV with increasing ssDNA 265 

concentration from 0.1 μM to 2 μM and stayed almost stable beyond 2 μM (Fig. S3a). 266 

As the optimized result, 2 μM probe ssDNA was chosen for immobilization in our next 267 

experiments. Again, there is no effect of DNA adsorption on the dark current (see Fig. 268 

S2a). Fig. 5b shows I-V curves before and after probe ssDNA adsorption measured 269 

with 405 nm laser. A positive shift (or an increase of photocurrent) was observed, 270 

which was opposite to that of conventional LAPS (Wang et al. 2015; Wu et al. 2015). 271 

The main difference in the two techniques is the absence of an insulator layer in 272 

MLAE, resulting in the generation of a redox current on the semiconductor electrode 273 

(Wu et al. 2019). Figs. 5c and 5d illustrate the photocurrent changes with chopped 274 

light (0.1 Hz) at -0.6 V measured with a potentiostat. For SiO2-Si, only capacitive 275 

current spikes were observed due to the charge and discharge of the depletion layer 276 

of Si with the light switched on and off (Fig. 5c). On the other hand, the MOF-Si 277 

electrode showed a combination of capacitive current and photocatalytic redox 278 

current (Fig. 5d in black). Since DNA is negatively charged, it would increase the 279 

surface concentrations of hydrogen ions at the electrode and accelerate the cathodic 280 

reduction process, thus resulting in a higher redox current compared to the sensor 281 

surface without DNA (see Fig. 5d in red). This indicates that the sensitivity of MLAE 282 

can extend to charges in the diffusion layer (~ μm), which is no longer limited to 283 

Debye length (~0.7 nm in the PBS buffer) induced by counter-ion screening effects as 284 

that of traditional field-effect devices. 285 

3.4 Target ssDNA detection using MLAE 286 

The non-specific adsorption of target DNA on probe ssDNA-MOF-Si was investigated. 287 

Fig S3b shows the I-V curves before and after hybridization with 2 μM complementary 288 

and non-complementary DNA (cDNA, nDNA). The hybridization with cDNA (2 μM) 289 

results in a greater positive shift of the I-V curves or a higher photocurrent signal at 290 

the depleted semiconductor. As mentioned above, this increase in photocurrent is 291 

attributed to the electrostatic attraction of hydrogen ions to the negatively charged 292 

cDNA. For the case of nDNA, a smaller but significant increase in photocurrent was 293 

also observed (see Fig. S3b), indicating the non-specific adsorption of target DNA on 294 

the sensor surface.  295 

As a good antifouling agent, BSA was used to prevent non-specific binding of target 296 

DNA on the sensor interface. Photocurrent measurements showed that BSA 297 

adsorption did not affect cDNA binding and sensing, while the non-specific binding of 298 

nDNA was significantly reduced (Fig 6a). This is also demonstrated through 299 

fluorescent images of DNA with and without BSA incubation (Fig. S4). 300 

The BSA-blocked 6 spots on one semiconductor electrode were exposed to 5 μL 301 

hybridization solutions with different concentrations of target cDNA (0.2 nM, 2 nM, 20 302 



9 
 

nM, 200 nM, 2 μM) or 2 μM mismatched ssDNA, respectively, for 30 min at room 303 

temperature. Fig. 6b presents the dependence of the hybridization signal of MOF-Si 304 

on the target cDNA concentration ranging from 0.2 nM to 2 μM on one chip. The 305 

hybridization signal increases with increasing target cDNA concentration and 306 

achieves a value of 34 mV at 2 μM cDNA. At a very low cDNA concentration of 0.2 nM, 307 

a detectable hybridization signal of 4 mV was registered, which is similar to the shift 308 

resulting from nDNA adsorption with a much higher concentration (2 μM vs. 0.2 nM). 309 

These results indicate a good specificity and sensitivity of the developed technique 310 

allowing the successful discrimination between target DNA analytes with different 311 

concentration on one semiconductor electrode. For specific applications, further 312 

investigations such as the effect of single mismatched DNA will be required for the 313 

exploitation of the new sensor platform. 314 

4. Conclusions 315 

Modulated light-activated electrochemistry (MLAE) based on AC photocurrent 316 

measurements at metal-organic frameworks (MOFs) functionalized silicon was 317 

developed for addressable DNA detection. The AC measurements showed a higher 318 

signal-to-noise ratio (SNR) of photocurrents and a steeper photocurrent-voltage (I-V) 319 

curve compared to the related techniques of LAE and LAPS. In addition, the 320 

proposed system was proven to be a robust platform for spatially resolved detection 321 

of DNA molecules. Metal-organic framework (MOF) nanoparticles (UIO-66-NH2) were 322 

deposited on silicon electrodes for probe DNA immobilization. The I-V results showed 323 

that the hybridization signal of complementary DNA (cDNA) increases from 4 mV to 324 

34 mV with increasing the concentration of cDNA from 0.2 nM to 2 μM on one chip. In 325 

contrast, a small signal of 5 mV was recorded for the non-complementary DNA 326 

adsorption (5 μM). This example demonstrated the potential of MOF functionalized 327 

MLAE as a simple and low-cost platform for multi-spot and label-free bio(chemical) 328 

molecule detection with good sensitivity and specificity. 329 
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Figure captions: 432 

Fig. 1 Experimental scheme of silicon-based MLAE. 433 

Fig. 2 (a) The frequency dependence of the AC photocurrent (red) and background 434 

AC current in the dark (black) biased at -0.6 V. (b) AC current-voltage (I-V) curves 435 

measured with lock-in amplifier (1 kHz) and (c) DC I-V curves measured with a 436 

potentiostat with a 405 nm laser (red) and dark (black). Each data point is an average 437 

of the 6 measurements on 6 sensing spots on one electrode and is presented as 438 

mean ± SD. 439 

Fig. 3 (a) AC I-V curves of p-silicon substrates with and without insulator measured 440 

with the same laser intensity. Each data point is an average of the 6 measurements 441 

on 6 sensing spots on one electrode and is presented as mean ± SD. (b) AC I-V 442 

curves at different pH values and (c) corresponding calibration plot. 443 

Fig. 4 Typical SEM top view of UIO-66-NH2 nanoparticles grown on p-Si (100) surface 444 

(a) overview and (b) zoomed images. (c) XRD patterns for simulated UIO-66-NH2, 445 

UIO-66-NH2 powder and UIO-66-NH2 grown on bare silicon. 446 

Fig. 5 (a) Fluorescence image taken from MOF-Si surface after incubated with a drop 447 

of 2 μM FITC-labelled probe ssDNA solution; (b) AC I-V curves measured before and 448 

after the probe ssDNA adsorption. Each data point is an average of the 6 449 

measurements and is presented as mean ± SD. I-t curves measure with potentiostat 450 

at -0.6 V with a chopped laser illumination of 0.1 Hz on (c) SiO2-Si and on (d) MOF-Si 451 

without (black) and with (red) probe DNA adsorption. 452 

Fig. 6 AC I-V curves recorded (a) from a single channel before and after ssDNA 453 

adsorption, after incubation with BSA, after non-specific adsorption of nDNA, and 454 

after hybridization with cDNA; (b) from five channels modified with 2 μM probe ssDNA 455 

when exposed to serial concentrations of concentrations of cDNA (0.2 nM, 2 nM, 20 456 

nM, 200 nM and 2 μM, respectively) and (c) the corresponding statistical results of the 457 

hybridization signals of the MLAE in response to different cDNA concentrations. The 458 

mean and stand error of the mean (SEM) of three experiments are shown.  459 
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 Metal-organic frameworks nanoparticles were grown in-situ to stabilize the surface 

 The photocurrent increased as the enhanced reduction process after DNA binding 

 This work provided a promising platform for multi-spot and label-free DNA chips  
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