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ABSTRACT. Organic-inorganic hybrid nanomaterials offer extremely valuable tools for 

monitoring many types of analytes in solution. Within this framework, aptamer-based 
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nanomaterials for heavy metal detection are still very scarce. Herein, a novel sensing nanoprobe 

for the selective and sensitive detection of As(III) based on the combination of aptamers with 

mesoporous silica nanoparticles has been developed. The efficiency of the sensor is 

demonstrated in environmental conditions, showing a great potential in As(III) monitoring 

assays. 

 

Arsenic poisoning is becoming a severe worldwide threat to human health, due to the 

numerous diseases, including high risk of cancer, associated with drinking water contaminated 

with arsenic.
1
 The U.S. Environmental Protection Agency (EPA) recently readjusted the 

maximum contaminant level for arsenic in drinking water from 50 μg/L to 10 μg/L.
2
 This change 

motivated many researchers to develop new sensitive techniques for monitoring arsenic that can 

accomplish with the new standard.
3
 The predominant forms of arsenic found in aqueous 

environments are arsenite (As(III) as H3AsO3,) and arsenate (As(V) as H3AsO4).
4
 Between these 

two most common forms of arsenic species in water, As(III) has been identified as the most 

harmful and in fact it is 100 times more toxic than As(V).
5
 Traditional methods for arsenic 

detection are atomic fluorescence spectrometry, atomic absorption spectrometry and inductively 

coupled plasma optical emission spectrometry.
6,7

 Although, these methods can accurately 

measure arsenic, most of them require expensive and sophisticated equipment accompanied with 

complex sample pre-treatments. In this scenario, the development of simple, sensitive and 

reliable procedures for As(III) sensing in drinking water becomes to be a necessity. Very 

recently, as an alternative to these traditional methods, chromogenic and fluorogenic 

chemosensors for an accurate and sensitive As(III) detection using quantum dots,
8
 cysteine-
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functionalized tetraphenylethenes
9
 and coumarin-appended benzothiazolines

10
 have been 

described. 

In this context, nanostructured sensors have been reported to offer many advantages, to such an 

extent, that they can be considered as the new generation of sensing systems able to provide 

rapid and sensitive responses.
11

 Compared with other potential nanomaterials used in sensing 

protocols, mesoporous silica nanoparticles (MSNs) are ones of the most promising supports due 

to their remarkable properties such as high inner surface area and flexible surface-modification 

chemistry.
12–14

 Moreover, MSNs can be functionalized with (bio)chemical or supramolecular 

ensembles than acted as “molecular gates” for the development of stimuli-responsive systems 

able to release an entrapped cargo due to the presence of certain and well defined stimuli.
15,16

 

These capped materials have been recently applied in sensing protocols. For this purpose, gated 

MSNs are loaded with a reporter which is selectively delivered to the solution in the presence of 

a target analyte.
13,17

 

On the other hand, the development of sensory systems using aptamers has attracted a great 

interest to detect trace amounts of many different type of analytes.
18

 Aptamers are DNA 

sequences with long-term stability, high affinity and selectivity for target proteins, small 

molecules or ions.
18–20

 Aptamer production is based on a selection method called SELEX 

(Systematic Evolution of Ligands by Exponential enrichment) and their use in the sensing field 

has resulted in the design of ultrasensitive systems to detect a number of different analytes. In the 

field of gated chemistry, aptamers-containing materials for the recognition of ATP, potassium, 

adenosine and thrombin have been recently reported.
21–24

 

Taking into account the above mentioned facts we envisioned the use of aptamer-capped 

MSNs as potential supports for the design of As(III) sensing systems. Our proposed sensing 
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paradigm is showed in Scheme 1. As inorganic scaffold, MCM-41 mesoporous silica 

nanoparticles (ca. 100 nm) were selected due to their remarkable features for the design of 

capped materials.
25

 The pores of the MCM-41 inorganic support were loaded with rhodamine B 

and then the external surface was functionalized with aminopropyl moieties. The final capped 

solid was prepared by addition of an As(III) aptamer. The presence of As(III) is expected to 

induce unblocking of the pores, via an effective displacement of the aptamer from the MSNs 

surface, with subsequent dye delivery.   

MCM-41 nanoparticles were obtained in alkaline media using previously described 

procedure.
26

 To prepare S1 solid, calcined MCM-41 was suspended in a solution of rhodamine B 

in acetonitrilie and the mixture was stirred to achieve the maximum loading of the pores. 

Afterwards, (3-aminopropyl)triethoxysilane (APTES) was grafted onto the external 

nanoparticles’ surface to produce S1 (see Supporting Information for details). To cap the pores 

we used a 100-mer DNA aptamer (Ars-3) which possesses a very high affinity to As(III) (Kd = 

7.05 nM).
27

 This aptamer has been used for the detection of As(III) using gold nanoparticles
28–31

 

but, as far as we know, the use of Ars-3 in gated-hybrid mesoporous materials has not been 

reported. Addition of Ars-3 aptamer to a suspension of S1 in HEPES buffer (pH 7.2) resulted in 

the capping of the pores by means of electrostatic interactions between the positively charged 

aminopropyl moieties and the negatively charged aptamer, yielding the final material S1-Ars-3 

(Scheme 1 and see Supporting Information for detailed description). 
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Scheme 1. Representation of the gated material S1-Ars-3 functionalized with aminopropyl 

moieties and capped with Ars-3 aptamer. Delivery of the entrapped dye (rhodamine B) is 

specifically accomplished in the presence of As(III). 

 

The starting MCM-41 mesoporous nanoparticles and solid S1 were characterized following 

standard procedures (see Supporting Information for details). Powder X-ray diffraction (PXRD) 

and transmission electron microscopy (TEM), carried out on the starting MCM-41 mesoporous 

nanoparticles, clearly showed the presence of a mesoporous structure that persisted in solid S1 

regardless of the loading process with rhodamine B and further functionalization with (3-

aminopropyl)triethoxysilane (see Figure 1). The size of the prepared nanoparticles was assessed 

by TEM images, which gave an average particle diameter of ca. 100 ± 13 nm (see also Figure 1). 

BET specific surface area, pore volume and pore size were calculated from the N2 adsorption-

desorption measurements. Table 1 summarizes the most relevant structural features obtained 

from these studies. Particle diameter (studied by DLS in HEPES buffer at pH 7.2) increased after 

each surface modification. Diameters of 123.5, 165.1 and 190.0 nm were found for MCM-41, S1 

and S1-Ars-3, respectively. Moreover, from elemental analysis and thermogravimetric studies 

  

As (III)

+

S1-Ars-3

Rhodamine B+ O

O

O

Si NH2

5’- GGT AAT ACG ACT CAC TAT AGG GAG ATA CCA  GCT
TAT TCA ATT TTA CAG AAC AAC CAA CGT CGC TCC
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the contents of rhodamine B and aminopropyl moieties in solid S1 were calculated to be 0.076 

and 2.729 mmol/g SiO2, respectively.   

 

Figure 1. A: Powder X-ray patterns of the solids: (a) MCM-41 as synthesized, (b) calcined 

MCM-41 and (c) solid S1. B: Representative TEM images of: (a) calcined MCM-41 sample and 

(b) solid S1. 

 

Table 1. Main structural properties calculated from TEM, PXRD and N2 adsorption-desorption 

analysis of MCM-41 and S1. 

Sample SBET 

(m
2
 g

–1
) 

Pore volume 

(cm
3
 g

–1
) 

Pore diameter 

(nm) 

MCM-41 888 0.72 2.59 

S1 227 0.14 - 
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To assess the feasibility of the proposed sensing paradigm, controlled release experiments 

from S1-Ars-3 in the presence of As(III) dissolved in aqueous media were carried out. In a 

typical experiment, 150 µg of S1-Ars-3 were suspended in 1.5 mL of HEPES buffer (pH 7.2) 

and the suspension was divided in two fractions. The first fraction was diluted to 900 µL with 

Milli-Q water as a control experiment. On the other hand, the second fraction was diluted with a 

stock solution of As(III) in Milli-Q water to reach a concentration of 100 ppb of As(III) in a final 

volume of 900 µL. Both suspensions were stirred at room temperature and aliquots were taken at 

certain programmed times (0, 5, 10, 15 25, 30 and 35 min). The aliquots were centrifuged to 

eliminate the solid, and cargo release was evaluated by measuring the fluorescence emission of 

rhodamine B in the supernatant centred at 572 nm (λex= 555). Delivery kinetic profiles of 

rhodamine B both in the presence and absence of As(III) are shown in Figure 2a. As could be 

seen, in the absence of the target analyte, solid S1-Ars-3 showed a very small rhodamine B 

release of 1.2 mol/g S1-Ars-3 (ca. 5% of the maximum dye delivered after 25 min) indicating a 

tight pore closure. However, in the presence of 100 ppb of As(III), a clear rhodamine B delivery 

was observed that reaches nearly 80% (ca. 22 mol/g S1-Ars-3) of the maximum dye delivered 

after ca. 25 min. The observed rhodamine B release was a result of the As(III)-induced 

displacement of the capping aptamer from the nanoparticles’ surface. As(III) has been reported 

to form highly stable complexes with Ars-3 through strong hydrogen bond interactions of the 

hydroxyl groups of aqueous As(III) with amine groups of nucleobases in the aptamer chain.
27 
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Figure 2. (a) Release profile of rhodamine B from S1-Ars-3 in the absence and in the presence 

of As(III) (100 ppb) in HEPES buffer (pH 7.2). (b) Delivery of rhodamine B from solid S1-Ars-

3 in the absence and in the presence of 55 U/µL of DNAse I enzyme. 

 

To reinforce the demonstration of the proper interaction of aptamer Ars-3 with solid S1, 

release experiments in presence of DNAse I enzyme were carried out. Results in the presence of 

DNAse I enzyme, showed a remarkable dye release from solid S1-Ars-3, indicating the essential 

role of the Ars-3 aptamer in the capping mechanism (see Figure 2b).  
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In a further step, the sensitivity of the prepared nanocarrier towards As(III) was evaluated. In 

this experiment dye released after 35 min from S1-Ars-3 in the presence of different amounts of 

As(III) was studied. As seen in Figure 3 rhodamine B delivery was proportional to the As(III) 

concentration, which is in agreement with the proposed uncapping protocol involving the 

displacement of Ars-3 from the surface of solid S1-Ars-3. From these experiments a linear 

response in the 4–60 ppb As(III) concentration range was found. Furthermore, a limit of 

detection (LOD) as low as 0.9 ppb was determined. This LOD is ca.10-fold below the EPA 

toxicity level of arsenic in drinking water (10 ppb).
2
 The calculated LOD indicates a noteworthy 

sensitivity of the nanoprobe, and confers our system a competitive basis with other As(III) 

aptameric sensors based on colorimetric,
28–30

 fluorometric
31

 and resonance Rayleigh 

scattering
28,33

 measurements (see Table S5 in the Supporting Information). 

 

Figure 3. Release of rhodamine B from solid S1-Ars-3 in the presence of increasing quantities 

of As(III) in HEPES buffer (pH 7.2) after 35 min of addition. 

 

The next step was to verify the selectivity of S1-Ars-3 solid. For this purpose, cargo release 

from S1-Ars-3 was tested in water containing 50 ppb of As(III), As(V), Ag(I), Pb(II), K(I), 
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Na(I), Fe(III), Fe(II), Mg(II) and Ca(II) cations. As shown in Fig. 4, As(III) is the only cation 

able to induce a remarkable payload delivery, whereas other metal ions tested induced poor pore 

opening and negligible dye release. This observation corroborates the selective As(III)-aptamer 

interaction as the main mechanism of the fluorogenic response observed. 

 

Figure 4. Release or rhodamine B from S1-Ars-3 in the presence of different ions at a 

concentration of 50 ppb after 35 min of addition. Two control experiments were carried out with 

Milli-Q water (blank), with HEPES buffer at pH 7.2 (HEPES), and with tap water (TW). 

 

Motivated by the excellent properties displayed by S1-Ars-3, we took a step forward and 

tested the performance of the capped material for the determination of As(III) in an environment 

conditions. With this aim, in a typical experiment, tap water samples were spiked with 4, 6 and 

10 ppb of As(III), respectively and the concentration of As(III) was determined using a 

calibration curve obtained using S1-Ars-3 solid. Table 2 shows the concentration of As(III) 

determined in the spiked samples using  S1-Ars-3. Recovery levels were within the 91-

109%range indicating the suitability of S1-Ars-3 nanoparticles for the determination of As(III) 

ions in a real environment. 
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Table 2. Determination of As(III) in tap water samples.  

As(III) added (ppb) As(III) found (ppb) Recovery (%) 

4 3.6 ± 0.1 91 

6 6.5 ± 0.2 108 

10 11.0 ± 1.2 109 

 

In summary, we have successfully developed a novel fluorogenic sensing probe for As(III) by 

combining MSNs with aptamers as capping agents. The sensing mechanism relies on the specific 

interaction between the capping aptamer (Ars-3) and the As(III). The prepared nanoprobe 

showed a remarkable LOD of 0.9 ppb. In addition, the hybrid nanomaterial allowed accurate 

As(III) determination in tap water samples. As far as we know, this is the first time that aptamer-

capped mesoporous supports are used for the detection of As(III). The presented approach is 

simple and undemanding, and we believe that possesses the potential of finding application in 

environmental analysis protocols. 
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