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ABSTRACT 

While DNA has been quite successful in metal cation detection, anion detectioin remains 

challenging due to the charge repulsion. Metal oxides represent a very important class of materials, 

and different oxides might interact with anions differently. In this work, a comprehensive screen 

of common metal oxide nanoparticles (MONPs) was carried out for their ability to adsorb DNA, 

quench fluorescence, and release adsorbed DNA in the presence of target anions. A total of 19 

MONPs were studied, including Al2O3, CeO2, CoO, Co3O4, Cr2O3, Fe2O3, Fe3O4, In2O3, ITO, 

Mn2O3, NiO, SiO2, SnO2, a-TiO2 (anatase), r-TiO2 (rutile), WO3, Y2O3, ZnO, ZrO2. These MONPs 

have different DNA adsorption affinity. Some adsorb DNA without quenching the fluorescence, 

while others strongly quench adsorbed fluorophores. They also display different affinity toward 

anions probed by DNA desorption. Finally CeO2, Fe3O4, and ZnO were used to form a sensor array 

to discriminate phosphate, arsenate, and arsenite from the rest using linear discriminant analysis. 

This study not only provides a solution for anion discrimination using DNA as a signaling 

molecule, but also provides insights into the interface of metal oxides and DNA. 
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INTRODUCTION 

DNA is highly attractive for designing hybrid materials due to its programmability, cost-

effectiveness, ease of modification, and ability to recognize a broad range of analytes.1-6 While 

DNA has been interfaced with metal and carbon-based nanomaterials,6-9 limited work was carried 

out on metal oxide nanoparticles (MONPs).10-20 MONPs represent a very important class of 

material due to their unique electronic, optical, magnetic and catalytic properties. DNA-

functionalized MONPs might be useful as a sensor platform for anion detection. For example, 

when a fluorescently-labeled DNA is adsorbed by iron oxide nanoparticles, the fluorescence is 

quenched.11 Arsenate adsorbs very strongly on iron oxide,21-22 displacing adsorbed DNA and 

regaining fluorescence. We hypothesize that other metal oxides might have different adsorption 

affinity trends towards different anions, allowing their distinction using a sensor array. In this work, 

we screen a total of 19 MONPs with the intention to find distinct adsorption patterns as a general 

way for anion discrimination. While various pattern recognition methods have been reported,23-30 

this is the first based on MONPs.  

Different MONPs may have different affinities with DNA. At the same time, they also adsorb 

anions differently. Such differences may allow a pattern-recognition-based sensor array for anion 

discrimination. Arsenic is a highly toxic heavy metalloid. Long-term exposure to even low 

concentrations of arsenic results in many adverse health effects, damaging the skin, heart, stomach, 

and nervous system.31-34 Inorganic arsenic exists in two forms in water: As(V) (arsenate) and As(III) 

(arsenite). For environmental science, it is important to know arsenic speciation.35 Detection of 

phosphate is important on its own. Most river water has a low phosphate level, and elevated 

phosphate leads to water eutrophication problems.36 In this work, we aim to screen for different 

MONPs and detect phosphate, arsenate and arsenite. 
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MATERIALS AND METHODS 

Chemicals. All of the DNA samples were from Integrated DNA Technologies (IDT, Coralville, 

IA, USA). Their sequences and modifications are FAM-24 mer (FAM-ACG CAT CTG TGA AGA 

GAA CCT GGG), FAM-A15 (FAM-AAA AAA AAA AAA AAA), FAM-T15 (FAM-TTT TTT 

TTT TTT TTT), and FAM-C15 (FAM-CCC CCC CCC CCC CCC). Metal oxide nanoparticles 

(MONPs) were purchased from Sigma or US Research Nano. The detailed information of the 

MONPs is shown in Table S1. Sodium fluoride, sodium chloride, sodium bromide, sodium iodide, 

sodium nitrate, sodium bicarbonate, sodium acetate, sodium citrate, sodium phosphate dibasic 

heptahydrate, and 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) were from 

Mandel Scientific (Guelph, ON, Canada). Sodium (meta)arsenite, sodium arsenate dibasic 

heptahydrate, sodium sulfate, sodium sulfite and sodium perchlorate were purchased from Sigma. 

Sodium silicate solution (40 wt %) was from Ward's Science. Milli-Q water was used for all of the 

experiments.  

Dynamic Light Scattering (DLS). The hydrodynamic size and ζ-potential of MONPs in the 

aqueous environment were measured using DLS (Zetasizer Nano 90, Malvern). Typically, 50 

µg/mL of MONPs were dispersed in Milli-Q water for the size measurement or in HEPES buffer 

(10 mM, pH 7.6) for the ζ-potential measurement. To evaluate the effect of anion adsorption on 

surface charge, 0.5 mM of anions (phosphate, arsenate, arsenite, and silicate) were incubated with 

each MONP for 1 h before the measurement.  

DNA Adsorption Capability of MONPs. To screen MONPs for effective DNA adsorption, 200 

nM of FAM-24 mer DNA was mixed with different MONPs (0.5 mg/mL) in Buffer A (HEPES 10 

mM, pH 7.6, NaCl 300 mM). After 2 h incubation, each MONP was centrifuged (CeO2, 100,000 

rpm for 10 min; other nanoparticles, 10,000 rpm for 10 min). The DNA/MONP conjugates were 
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prepared in a similar way for the following experiments unless otherwise indicated. The 

fluorescence images were taken using a digital camera under the 470 nm LED light excitation. The 

fluorescence intensity of the supernatant after adsorption was measured using a microplate reader 

(Infinite F200 Pro, Tecan; excitation: 485 nm, emission: 535 nm). The DNA adsorption on MONPs 

at low pH was performed using a similar procedure and the same DNA/particle ratio. pH was 

adjusted by adding HCl to a final of 10 mM. After 10 min incubation and centrifugation, the pH 

of supernatant was adjusted to neutral by adding NaOH (10 mM). Next, the fluorescence of 

supernatant was measured after dilution with Buffer A.  

DNA Desorption by Anions. To measure the DNA displacement by anions, the DNA/MONP 

conjugate was firstly prepared using the method as described above. Typically, FAM-24 mer DNA 

(100 nM) was mixed with MONPs (CeO2, 0.01 mg/mL; CoO, 0.25 mg/mL; Cr2O3, 0.25 mg/mL; 

Fe2O3, 0.1 mg/mL; Fe3O4, 0.15 mg/mL; In2O3, 0.4 mg/mL; Mn2O3, 0.4 mg/mL; NiO, 0.1 mg/mL; 

a-TiO2, 0.1 mg/mL; and ZnO, 0.12 mg/mL) in Buffer A and the mixtures were incubated for 1 h. 

Afterwards, phosphate (1 mM) was introduced to the DNA/MONP conjugates. After another 1 h 

incubation and centrifugation, the fluorescence spectra from the supernatants were recorded. The 

fluorescence images of DNA/MONP in the presence of different anions (0.5 mM each) were taken 

using the camera under 470 nm light excitation.  

Effect of DNA Sequence on Desorption. To evaluate the effect of DNA sequence on the signal 

enhancement, FAM A15, T15, or C15 (10 nM each) was incubated with five MONPs (Cr2O3, 0.05 

mg/mL; In2O3, 0.05 mg/mL; Mn2O3, 0.03mg/mL; a-TiO2, 0.03 mg/mL; and ZnO, 0.02 mg/mL) in 

Buffer A, respectively. Phosphate (50 µM) was added to induce fluorescence recovery. Desorption 

kinetics were recorded for 1 h. The fluorescence enhancement (F/F0-1) was plotted as a function 

of DNA sequence.  
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Sensor Array for Anion Discrimination. The response of each sensor is plotted by the 

fluorescence enhancement (F/F0-1) from different anions. The concentrations of MONPs and DNA 

are listed in Table S2. The concentration of target anions (PO4
3-, As(V), and As(III)) was 10 µM, 

and all other anions was 1 mM. Target anions were replicated six times, and other anions were in 

triplicate. The fluorescence was recorded after adding the anions for 10 min. The training data 

were analyzed using canonical discriminate analysis from Origin. 

 

RESULTS AND DISCUSSION 

Rationale of Sensor Design. Our experiment design is described in Figure 1. We started with 

nineteen commercially available MONPs, covering early and later transition metals as well as 

lanthanides. The final candidates need to offer different adsorption affinities for these anions. At 

the same time, they need to adsorb DNA, quench adsorbed fluorophore and allow displacement of 

adsorbed DNA by target anions. Therefore, our screen of the MONPs is based on these criteria. 

Screen for DNA Adsorption. We first screened the MONPs for DNA adsorption and fluorescence 

quenching. A FAM (6-carboxyfluorescein) labeled DNA (named FAM-24 mer) was incubated 

with each MONP at pH 7.6. The buffer also included 300 mM NaCl to screen electrostatic 

interactions. After centrifugation to precipitate the MONPs, the samples were observed under 470 

nm excitation (Figure 2A). The supernatant in each sample was also measured using a microplate 

reader for quantification of DNA adsorption efficiency (Figure 2B). Little DNA adsorbed on Al2O3, 

SiO2, SnO2, WO3 or ZrO2. The rest of the MONPs adsorbed DNA to various degrees. To test 

whether the poor DNA adsorption by some MONPs is attributable to insufficient particle 

concentration, we also measured the DNA adsorption at a lower pH (pH adjusted with 10 mM 

HCl). MONPs are more protonated at lower pH and should bind negatively charged DNA more 
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tightly. Indeed, all the samples achieved quantitative DNA adsorption using the same amount of 

MONPs (Figure S1), indicating the lack of adsorption at pH 7.6 (e.g., Co3O4, and r-TiO2) is not 

related to surface area. Since we intend to use the sensors at neutral pH, Al2O3, SiO2, SnO2, WO3, 

ZrO2, Co3O4, and r-TiO2 were ruled out after this step of screening.  

 

Figure 1. Schematic representation of the sensing strategy. Nineteen commercial MONPs were 

individually tested for adsorbing DNA and quenching fluorescence, from which eight were 

selected. These eight MONPs were tested with the different anions for DNA displacement, 

selectivity, and signaling. Finally, data from CeO2, ZnO and Fe3O4 were used for discriminating 

arsenate, arsenate and phosphate using linear discriminant analysis. The numbers in red indicate 

the remaining number of MONPs after each screening step. The signaling scheme is included on 

the left side of the figure. 
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The remaining MONPs are divided into two groups. Most MONPs strongly quench fluorescence 

upon DNA adsorption as indicated by the dark pellets and dark supernatants in Figure 2A. The 

remaining four (In2O3, ITO, Y2O3, and ZnO) display fluorescent pellets and dark supernatant, 

indicating that these MONPs might be poor fluorescence quenchers. A low quenching efficiency 

is attributed to a large band gap and disfavored electron transfer (e.g., band gap of Y2O3 = 5.85 

eV).37-38 Among these four oxides, In2O3 can adsorb DNA and quench fluorescence better than 

ITO.10 We are particularly concerned about Y2O3 and ZnO, since they can efficiently adsorb DNA 

and are potential good candidates for anions sensing. After dispersing in buffer, the quenching 

efficiency of ZnO and Y2O3 was quantified to be ~90% and ~50%, respectively (Figure S2). Since 

quenching is critical for our sensor design, Y2O3 and ITO were also ruled out. After this round of 

screening, only ten MONPs were left (Figure 1).  

 

Figure 2. DNA adsorption and fluorescence quenching by various MONPs. The FAM-24 mer 

DNA (200 nM) is mixed with each MONP (0.5 mg/mL) in Buffer A (HEPES 10 mM, pH 7.6, 300 
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mM NaCl). (A) Photographs showing the samples under LED light excitation (470 nm) after 

centrifugation. Bright pellets indicate DNA adsorption with poor quenching, while bright 

supernatants indicate poor DNA adsorption. (B) Quantitative measurement of adsorbed DNA 

based on the free DNA remaining in the supernatant. The error bars represent the standard 

deviations from three independent measurements.  

 

Screen for DNA Desorption. After efficient DNA probe adsorption and fluorescence quenching, 

the adsorbed probe needs to be displaced by target anions for signaling (see the left side of Figure 

1 for the sensing scheme). Therefore, we next measured anion-induced DNA release using the 

remaining ten MONPs. For this experiment, we started with the free FAM-24 mer DNA, which 

displayed strong fluorescence (the black spectra in Figure 3). After adding each MONP, all the 

samples were quenched efficiently (the red spectra in Figure 3); this is consistent with our above 

screening results. Then 0.5 mM phosphate was added to each sample to induce DNA displacement 

(green spectra in Figure 3). The DNA on CoO and NiO was not displaced much by phosphate (less 

than 5%) and these two were ruled out for further studies (Figure 3B, 3H). It is likely that they 

interact too strongly with DNA. All other MONPs released the DNA probe upon adding phosphate, 

and they might be useful candidates for further biosensor development.  

This displacement assay is also useful for understanding the interaction mechanism between DNA 

and MONPs. DNA has two structural elements for adsorption by surfaces: 1) negatively charged 

phosphate and 2) nucleobases. For metallic nanoparticles (e.g., AuNPs) and carbon-based 

nanomaterials (e.g., graphene oxide and carbon nanotubes), DNA adsorption is achieved mainly 

via base interaction.8-9, 39-41 For example, adding phosphate has little effect on DNA adsorbed by 

these materials. Many MONPs (e.g., TiO2, CeO2, ITO) adsorb DNA mainly via the phosphate 



10 

 

backbone.10, 12-14 Here, we confirmed that phosphate backbone binding is also important for DNA 

adsorption onto Cr2O3, Mn2O3 and ZnO.  

 

 

Figure 3. Phosphate-induced DNA release from (A) CeO2, (B) CoO, (C) Cr2O3, (D) Fe2O3, (E) 

Fe3O4, (F) In2O3, (G) Mn2O3, (H) NiO, (I) a-TiO2, and (J) ZnO. The ten MONPs were added to 

FAM-24 mer DNA (100 nM) in Buffer A to achieve fluorescence quenching (red spectra). After 

adding phosphate (0.5 mM) and centrifugation, the fluorescence spectra of the DNA in the 

supernatant were then measured (green spectra). The free DNA spectra are in black. 

 

In addition to phosphate, we also tested DNA displacement by other common oxyanions: arsenate, 

arsenite, and silicate (Figure S3). They are all environmentally important analytes and may share 

a similar binding mechanism on MONPs. Interestingly, it is difficult to displace DNA from CoO 

and NiO using any of these anions. Other oxides allowed easier DNA displacement. Anion 
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adsorption was also confirmed by the ζ-potential change of MONPs (Figure S4). For example, the 

slightly negative charged CeO2 (-4.23 ± 0.55 mV) becomes much more negative (~ 50 mV) after 

adsorbing oxyanions. The positive surface of ZnO becomes negative after adsorbing phosphate, 

arsenate, or arsenite.  

While many MONPs enhanced fluorescence upon anion addition, they do so in a non-specific way; 

various anions can all produce fluorescence signal. Therefore, it is difficult to use single 

DNA/MONP complexes for selective anion detection, and the remaining eight MONPs were used 

to form a sensor array to solve the selectivity problem.  

Sensor Optimization. After screening for DNA adsorption and desorption, we next optimized the 

signaling conditions. First, we evaluated the effect of DNA sequence. While the interaction 

between DNA and MONPs are mainly through the DNA phosphate backbone, DNA sequence may 

still be important due to possible secondary structures and weak base interactions. The previously 

used FAM-24 mer is a random DNA containing all the four types of nucleobases. We then 

compared FAM-A15, FAM-T15, and FAM-C15 as probes for signalling. FAM-G15 was not tested 

since poly-guanine strongly quenches fluorescence. A fixed concentration of phosphate (50 µM) 

was added to induce DNA desorption. The fold of fluorescence enhancement (F/F0-1) is plotted 

for various MONPs (Figure 4A). Interestingly, DNA sequence indeed has a huge influence on 

sensor signaling. The DNA sequence induced the largest signal enhancement was chosen for 

further sensor development (i.e., A15 for Cr2O3; C15 for In2O3; T15 for Mn2O3, a-TiO2, and ZnO). 

We did not study the other three MONPs here since they were optimized in previous work; the 

optimal sequences are T15 for CeO2; and C15 for Fe3O4 and Fe2O3.
11-12 Therefore, DNA bases also 

appear to influence DNA adsorption and desorption.  
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For sensing applications, signaling kinetics are also a very important parameter and this was tested 

next (Figure 4B). After 4 min background fluorescence scan, phosphate was added and the kinetics 

of fluorescence increase were monitored. All the samples showed fast fluorescence recovery, 

achieving a plateau within 10 min (Figure 4B). Therefore, we quantified the fluorescence signal at 

5 min after adding target anions for further investigation. 

 

Figure 4. Optimization of (A) DNA sequence and (B) reaction time for different metal oxides. 15-

mer DNA (poly-A, T, C) was incubated with five MONPs. Phosphate (50 µM) was used to induce 

fluorescence recovery.  

 

Array-based Anion Sensing. After screening MONPs and optimizing DNA sequence, we next 

tested the sensor responses in the presence of various common anions. To obtain a training data 

set, each target anion (phosphate, arsenate, and arsenite) was repeated six times, and other anions 

were run in triplicates. As shown in Figure 5 and Figure S5-S9, each MONP shows a differential 

response to each target anion. As reported previously, DNA/Fe3O4 (Figure 5B) and Fe2O3 (Figure 

S7) have the strongest response to arsenate.11 A main goal of this work is to screen for MONPs 

with preferred binding towards phosphate and arsenite. After several steps of screening, we indeed 

found MONPs with selectivity for phosphate over arsenate, including CeO2 (Figure 5A), ZnO 



13 

 

(Figure 5C), Cr2O3 (Figure S5), In2O3 (Figure S8), and a-TiO2 (Figure S9). However, other anions 

caused significant interference. For example, fluoride, carbonate, and sulfite resulted in even more 

DNA desorption than phosphate using Cr2O3. Carbonate also induced significant fluorescence 

enhancement in the Fe2O3 (Figure S7) and In2O3 samples (Figure S8). Furthermore, while Mn2O3 

shows a slightly higher affinity to arsenite (Figure S6), bromide, nitrate, and sulfate also induce 

similar signal enhancement. Therefore, these MONPs were also ruled out and only three remained 

in this final step (the three shown in Figure 5A-C).  

While the selectivity of each DNA/MONP sensor is limited, this difference might be large enough 

to form a pattern recognition based detection method. Our main goal is to identify phosphate, 

arsenate and arsenite. We chose to use an array formed by CeO2, Fe3O4, and ZnO. They give 

selective responses to arsenate, arsenite and phosphate, while other anions do not produce much 

signal. Using this array, we first obtained a set of training data (Table S2). As a proof of concept, 

it is quite easy to separate these three anions from the rest using the canonical score plot (Figure 

5D). 

We previously reported the sensitivity of arsenate detection using Fe3O4 NPs, and phosphate 

showed a slightly lower response. However, the response of arsenite was much weaker. Here, we 

also measured the response of CeO2/FAM-T15 complex to arsenite (Figure S10). The fluorescence 

linearly increased and a detection limit of 1.0 µM was obtained. 
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Figure 5. Signal enhancement of FAM-labeled DNA adsorbed onto (A) CeO2, (B) Fe3O4, and (C) 

ZnO nanoparticles for various anions. The concentration of phosphate, arsenate, arsenite and 

silicate was 10 µM, and that of all other anions was 1 mM. Data for other MONPs are in Supporting 

Information. (D) The canonical score plot for fluorescence enhancement using three DNA/MONP 

(CeO2, Fe3O4, and ZnO) sensors for the discrimination of phosphate, arsenate, and arsenite in the 

presence of interference anions. The ‘other anions’ include fluoride, bromide, iodide, silicate, 

carbonate, nitrate, sulfite, sulfate, and perchlorate. 
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CONCLUSIONS 

In the past two decades, significant progresses have been made in DNA-based biosensors for metal 

cations and neutral molecules.42-43 However, small anion detection remains difficult, since anions 

are repelled by negatively charged DNA, leading to poor interactions. This work demonstrates a 

large potential of using DNA plus MONPs for anion sensing. We screened nineteen types of 

common MONPs for their DNA adsorption, fluorescence quenching, and anion-induced DNA 

displacement property. Based on the anion selectivity pattern, we chose to use CeO2, Fe3O4, and 

ZnO to form a sensor array, which successfully discriminated phosphate, arsenate, and arsenite 

from other common anions. This study provides a comprehensive understanding on the interaction 

between DNA and metal oxides, and the influence of environmentally important analytes on DNA 

adsorption. 
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