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Abstract 

A generic biosensing platform, based on nanostructured porous Si (PSi), Fabry-Pérot thin films, 

for label-free monitoring of heavy metal ions in aqueous solutions by enzymatic activity 

inhibition, is described. First, we show a general detection assay by immobilizing horseradish 

peroxidase (HRP) within the oxidized PSi nanostructure and monitor its catalytic activity in real-

time by reflective interferometric Fourier transform spectroscopy. Optical studies reveal high 

specificity and sensitivity of the HRP-immobilized PSi towards three metal ions 

(Ag+>Pb2+>Cu2+), with a detection limit range of 60-120 ppb. Next, we demonstrate the concept 

of specific detection of Cu2+ ions (as a model heavy metal) by immobilizing Laccase, a multi-

copper oxidase, within the oxidized PSi. The resulting biosensor allows for specific detection 

and quantification of copper ions in real water samples by monitoring the Laccase relative 
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 2 

activity. The optical biosensing results are found to be in excellent agreement with those 

obtained by the gold standard analytical technique (ICP-AES) for all water samples. The main 

advantage of the presented biosensing concept is the ability to detect heavy metal ions, at 

environmentally relevant concentrations, using a simple and portable experimental setup, while 

the specific biosensor design can be tailored by varying the enzyme type. 

Keywords Heavy Metals, Optical Biosensors, Porous Si, Enzyme, Laccase, Horseradish 

Peroxidase 

1. Introduction 

Heavy metals are one of the most serious environmental pollution problems of our time, 

threatening global sustainability as being non-biodegradable 1, 2. Increasing industrial activity 

and the use of metallic constituents of pesticides leads to the accumulation of heavy metals in the 

food chain 3. Lead, chromium, cadmium, copper, zinc, arsenic, and mercury are highly toxic 

even in trace level (damage or reduce mental and central nervous functions, affect blood 

composition, lungs, kidneys, liver, and other vital organs) 1, 4. Long-term exposure may result in 

severe neurological degenerative conditions, cancer, and in extreme cases may lead to death 5. 

Consequently, growing environmental awareness has resulted in strict regulations for reducing 

heavy metals presence in the environment 6-8. Therefore, rapid and reliable monitoring of heavy 

metals in the environment (soil, water resources), drinking water and food, is essential 9. 

Traditional quantitative methods for heavy metals analysis include: cold vapor atomic absorption 

spectroscopy, inductively coupled plasma – mass spectroscopy, inductively coupled plasma – 

atomic emission spectroscopy, UV-VIS spectroscopy, anodic stripping voltammetry and X-ray 

absorption spectroscopy 10-13. These laboratory-based techniques are highly selective and 
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sensitive (as low as part per-trillion concentrations) 1, 14, but require tedious sample preparation 

and pre-concentration procedures, involve time-consuming and laborious procedures that can be 

carried out only by trained professionals, as well as the use of expensive and complex 

instrumentation 7, 15. In contrast, biosensors have demonstrated a great potential to exceed these 

limitations in terms of ease of detection, portability, high-throughput analysis of several 

pollutants and miniaturization toward lab-on-chip technology, while leveraging and even 

improving sensitivity (10-9-10-20 M) and selectivity 1, 3, 6, 7, 14, 16-24. To date, a variety of enzymes 

have been used for heavy metal analysis based on enzymatic inhibition 1, 3, 6, 25-28. Nomngongo et 

al. have designed an amperometric biosensor for the determination of selected heavy metals 

based on peroxidase inhibition 11. The enzyme is immobilized on a platinum-polyaniline 

electrode, while real water samples are analyzed. The resulting biosensor exhibits a fast response 

and high sensitivity (limit of detection of 0.091, 0.033 and 0.1 ppb for cadmium, lead and 

copper, respectively) in correlation to standard analytical techniques. In another study, a whole-

cell is immobilized onto a solid support, while the enzymatic activity of alkaline phosphatase is 

monitored by an optical fiber 29. The enzyme remains in its natural surrounding resulting in a 

long-term stability and reflects high sensitivity for toxic inhibition. 

Nanostructured porous Si (PSi) has been recognized as versatile platform for numerous sensing 

and biosensing applications, mainly for its tunable optical properties and large surface area 30-33. 

PSi-based interferometers, are highly sensitive to the presence of chemical or biological 

molecules within the pores, due to the change in the average refractive index of the nanostructure 

34-36. Ultimately, the porous scaffold offers an unbiased label-free optical detection of a wide 

variety of biomolecular interactions, e.g., enzyme-substrate 37-42, antibody-antigen 43, 44  and 

DNA fragments 45-47, which are facilitated over small working area 48-50.   
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In the present work we have designed and fabricated a simple optical biosensing platform based 

on PSi nanostructures that allows for real-time monitoring of heavy metal ions by enzymatic 

activity inhibition. Specific interaction of heavy metal ions with the target enzyme, which is 

immobilized onto the pore walls, modulates a noticeable reduction in the enzymatic activity. 

This immediately translates into a shift in the reflectivity spectrum of the PSi film, owing to the 

change in its effective optical thickness (EOT). The present study demonstrates the inhibition 

sensing concept for horseradish peroxidase (HRP), which is one of the most active peroxidases 

and often used as a powerful tool in biotechnology 37, 51. Once, a general detection scheme of 

heavy metal ions in real water samples at environmentally relevant concentrations is established, 

using HRP-immobilized PSi, a specific assay is designed to allow detection and quantification of 

a single metal ion i.e., copper ions. Thus, the PSi platform is modified with a specific enzyme, 

Laccase, for selective identification and quantification of the copper ions in the complex water 

samples. The resulting proof-of-concept offers a simple, cost effective, reliable analysis of heavy 

metals onsite (e.g., in the field) without the need for additional pretreatments or complex 

instrumentation. 

2. Experimental  

2.1. Materials 

Silicon wafers (highly-doped p-type, 0.8 mΩ-cm resistivity, ‹100› oriented, Boron-doped) are 

supplied by Siltronix Corp.  Aqueous HF (48%) and ethanol absolute are obtained by Merck. 3-

Aminopropyl(triethoxyl)silane (APTES), diisopropylethylamine (DIEA), Bis (N-

succinimidyl)carbonate (DSC), Horseradish peroxidase (HRP) type VI, Laccase from Trametes 

versicolor, acetonitrile, hydrogen peroxide (H2O2), 1-naphthol, 4-chloro-1-naphthol (4CN), 

Ampliflu red, ethylenediaminetetraacetic acid (EDTA), heavy metal standards, ions and 
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 5 

analytical grade buffers, phosphate buffered saline (PBS) and HEPES, are supplied by Sigma 

Aldrich. Water samples (drain and irrigation, pH 6.5, used for blackberries plantation at “El 

Bosque” in Lucena Del Puerto, Huelva, Spain) were generously supplied by RESFOOD project, 

supported by the 7th Framework Programme of the European Commission. Tap water samples 

were collected from the laboratory tap (Technion). 

2.2. Preparation of PSi optical transducers 

Porous Si Fabry-Pérot thin films are prepared by electrochemical anodization of highly-doped p-

type Si at a constant current density, as previously described by Massad-Ivanir et al. 35. 

Subsequently, the resulting PSi films are thermally oxidized at a temperature of 800°C to yield a 

porous SiO2 (PSiO2) layers 52. 

2.3. Biofunctionalization of oxidized PSi 

The thermally oxidized nanostructures are amino-modified by APTES and DIEA, to activate the 

surface for DSC grafting, in accordance to Massad-Ivanir et al. 35. The homobifunctional cross-

linker is acknowledged for its high reactivity with primary amines 35. Then, the enzymes (HRP 

and Laccase) are immobilized onto the PSiO2 surface by reaction between surface Lys groups on 

the enzymes exterior and the second reactive group of the DSC. The DSC-modified surfaces are 

incubated with 5 µL of enzyme solution (22.7 µM HRP or 14.3 µM EDTA-treated Laccase) in 

0.1 M HEPES buffer (pH 8) for 1 hr. Subsequently, the surfaces are thoroughly washed with 

HEPES buffer to exclude any un-bounded enzymes from the PSiO2. Note: Laccase solution (100 

µM) in HEPES buffer is mixed with 0.3 M EDTA in HEPES for 1 hr, for copper removal from 

the enzyme center. The resulting, non-active enzyme mixture is purified and concentrated by 

ultrafiltration (Centricon 30, Millipore). Enzyme concentration is determined 

spectrophotometrically. 
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2.4. Infrared Spectroscopy 

The modified PSiO2 nanostructures are characterized by attenuated total reflectance Fourier 

transform infrared (ATR-FTIR) spectroscopy as specified by Massad-Ivanir et al. 35. 

2.5. HRP enzymatic assay 

The enzymatic activity of HRP-modified PSiO2 nanostructures is examined by 

spectrophotometric analysis, as previously described 33.  

2.6. Optical Measurements 

Interferometric reflectance spectra of PSiO2 samples are collected using an OceanOptics CCD 

USB 4000 spectrometer fitted with a microscope objective lens coupled to a bifurcated fiber 

optic cable. A tungsten light source is focused onto the center of the sample surface with a spot 

size approx. 1-2 mm2. Reflectivity data are recorded in the wavelength range of 400-1000 nm, 

with a spectral acquisition time of 100 ms. Both, illumination of the surface and detection of the 

reflected light are performed along an axis coincident with the surface normal. All the optical 

experiments are conducted in a fixed cell in order to assure that the samples reflectivity is 

measured at the same spot during all the measurements. Spectra are collected using a CCD 

spectrometer and analyzed by applying fast Fourier transform (FFT), as previously described 43, 

53. Concisely, the EOT refers to the 2nL term in the Fabry-Pérot formula (where n is the average 

refractive index and L is the thickness of the porous film) 53. The data is presented as the relative 

EOT and defined as:  

𝐸𝑂𝑇/𝐸𝑂𝑇! =
!"#!!!"#$%&  !"#$%$&'($")

!"#!"#$!
                                                   (1) 

where EOTChemical modification is the value of nL after each biofunctionalization step (e.g., APTES, 

DSC, enzyme immobilization) and EOTPSiO2 is the nL value of the neat PSiO2. Note: The 
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 7 

custom-made flow-cell is constructed from two Plexiglas plates, where inlet and outlet ports are 

drilled in the upper plate. The biosensor is placed in between the plates an O-ring is carefully 

positioned on it. Four screws are used to tighten the plates and fluids are introduced into the cell 

using Teflon connectors and tubing 48. 

2.7. Optical biosensing of enzymatic activity 

HRP activity: HRP-modified PSiO2 nanostructures are washed with HEPES buffer for 20 min. 

Then, 0.8 mM of 4CN in HEPES buffer is injected and cycled through the flow cell for 20 min, 

followed HRP activation by the addition of 0.16 M H2O2.  

Metal ions detection: Enzyme-immobilized surfaces are incubated with an appropriate volume of 

the metal ion stock solution (Pb2+, Ag+ and Cu2+) for 40 min before conducting the specific 

activity tests. Control experiments with other cation stock solutions (i.e., Mg2+, Zn2+, Ca2+, Fe2+, 

Na+, K+) are conducted similarly. The data is presented as inhibition values and defined as: 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛   % = 1−
!!

!"#!"#$%
!"#! !

!!
!"#!"!!"#$%

!"#! !

×100                                (2)  

where !"#!"#$%
!"#!

 is the value of the relative nL after exposure to metal-ions; !"#!"!!"#$%
!"#!

 is the 

relative nL value with no metal-ions exposure; and 𝑡 refers to the time of the optical reading. The 

detection limits are calculated from the calibration plots by 3Sa/m, where Sa is the standard of 

deviation and m is the slope of the linear portion. 

Analysis of heavy metal ions in real water samples: Tap, drain and irrigation water samples are 

first filtered with 0.45 µm pore size membrane filter (to remove residual particles), followed by 

pH adjustment (pH 7) before conducting the optical analysis. Enzyme-immobilized PSiO2 

surfaces are incubated with 50 µL of the unknown water sample for 40 min before conducting 

the specific activity assays.  
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 8 

Laccase activity assay: Laccase-modified PSiO2 surfaces are washed with 0.1 M PBS buffer 

solution (pH 6.8) for 20 min. For Laccase activation, 0.8 mM of 1-naphthol in PBS buffer is 

injected and cycled through the flow cell. Metal detection in standard solutions and real water 

samples is carried out as aforementioned. The data is presented as the relative activity and 

defined as: 

                                   𝑅𝑒𝑙.𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦   % =
!!

!"#!"#$%
!"#! !

!!
!"#!"!!"#$%

!"#! !

×100                                         (3) 

where !"!!"#$%
!"#!

 is the value of relative nL after metal-ions exposure;  !"#!"!!"#$%
!"#!

 is the value of 

the relative nL with no exposure to metal-ions on the native Laccase (without copper removal); 

and 𝑡 refers to the time of the optical reading. The reflectivity spectra are recorded every 30 s 37. 

2.8. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

Analysis of water samples (tap, drain and irrigation) is performed using a Varian Vista-Pro ICP-

AES by monitoring the atomic emission of Pb2+, Ag+ and Cu2+ ions.  

 

3. Results and Discussion 

3.1. Biosensors design 

Porous Si Fabry-Pérot films are prepared by electrochemical anodization, followed by thermal 

oxidation in air at 800°C to increase stability and hydrophilicity of the nanostructured Si 

scaffolds 32, 35. The structural properties of the oxidized nanostructures correspond to previously 

described data by Segal et al. 53. The porous film is 6,830±150 nm thick and 80±20 nm 

cylindrical pores. Next, a synthetic approach for immobilizing enzymes (HRP and Laccase) onto 
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 9 

the porous nanostructures is based on a well-studied silanization approach 54. The different 

synthetic steps followed for enzyme immobilization onto the porous scaffold are confirmed by 

attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy and reflective 

interferometric Fourier transform spectroscopy (RIFTS), see Fig. S1 and S2 (in the Supporting 

Information section), respectively.  

3.2. Optical detection of heavy metals by enzymatic activity 

To assess the enzymatic activity of the anchored enzymes we used RIFTS, which is highly 

sensitive to minute changes in the average refractive index of the porous nanostructure. The 

overall biosensing concept is illustrated in Scheme 1. Reactions carried out in the enzyme-

immobilized nanostructure by introducing various substrate/inhibitor combinations are 

monitored in real-time by acquisition of reflectivity spectra from the porous layer 32, 33; the 

Fourier transform (i.e., EOT value) provides a direct measure of the amount of the enzymatic 

reaction products infiltrated into the porous scaffold 37. Therefore, exposure to an aqueous 

solution, containing heavy metal ions, is expected to result in a decreased enzymatic activity 55, 

and accordingly a smaller EOT change, see Scheme 1a. Whereas, for enzyme-immobilized 

PSiO2 exposed to solutions, with no heavy metal ions, the enzymatic reaction products 

accumulate within the nanostructure, inducing a profound shift in the EOT (Scheme 1b).  
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 10 

 

Scheme 1. A schematic illustration of the PSiO2-based optical biosensor for the detection of 

heavy metals. A minute sample of unknown aqueous solution is incubated with enzyme-

functionalized PSiO2, while on-line optical monitoring of enzymatic reaction products is 

acquired using a simple CCD spectrometer setup. The optical readout correlates to the presence 

of heavy metal ions in the sample: (a) enzymatic activity inhibition results in a small product 

quantity infiltrating the PSiO2 scaffold, and insignificant EOT change, whereas (b) the absence 

of heavy metal ions, present a substantial redshift in the EOT, owing to the accumulation of the 

insoluble products within the pores.  

 

Figure 1 depicts the relative EOT changes of the HRP-immobilized PSiO2 following exposure to 

standard aqueous solutions, having different silver ion (Ag+) concentrations. The biosensor is 

fixed in a custom-made flow cell and incubated with the respective solution for 40 min. It should 

Page 10 of 22Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 11 

be noted, complete inhibition of the immobilized HRP by the heavy metal ions occurs after 40 

min, as confirmed by specific enzymatic assay (see Fig. S3 in the Supporting Information 

section). Subsequently, the substrate solution (4CN) is cycled through the flow cell and the 

optical data acquisition starts after addition of H2O2 to the cycled solution. Control experiment 

with no metal-ions exhibits the highest increase (5.2%) in the relative EOT value. This increase 

is attributed to the substrate (4CN) oxidation in the presence of the HRP enzyme 37, 56. The 

enzymatic reaction products, 4-chloro-1-naphthon, precipitate and accumulate within the pores 

(as illustrated in Scheme 1b), resulting in a rapid increase in the EOT values with time. 

Increasing the Ag+ concentration causes a profound decrease in the relative EOT signal; for a 60 

µM Ag+ solution, a minor increase of less than 0.3% in the relative EOT value is observed (Fig. 

1). This behavior is ascribed to the disrupted function of the HRP, which is induced by Ag+ ions 

binding to the immobilized enzymes, while causing conformational changes 11, 28. 

 

Fig. 1. Optical response of HRP-immobilized PSiO2 to different silver ions concentrations. The 

HRP-modified PSiO2 is incubated with different standard silver ion solutions, followed by 
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 12 

continuous cycling of 0.8 mM 4-chloro-1-naphthol (4CN) in HEPES buffer (pH 8) through the 

flow cell. The optical data acquisition starts after addition of H2O2 to the cycled solution. The 

biosensor is fixed in a custom-made flow cell and the reflectivity spectra are recorded every 30 s.  

 

Next, the selectivity of HRP-immobilized PSiO2 towards different heavy metal ions is studied. 

The biosensors are exposed to a wide range of metal ion solutions (at a fixed concentration of 6 

µM) and their enzymatic activity is monitored thereafter. Figure 2a summarizes the results of 

these experiments and presents the maximal inhibition values (after exposure of 150 min to the 

metal ion solution). Significant HRP inhibition is observed after exposure to Ag+, Pb2+ and Cu2+ 

ions (60%, 49% and 38%, respectively), whereas exposure of the biosensor to other metal ions 

i.e., Mg2+, Zn2+, Ca2+, Fe2+, Na+, and K+, results in minor inhibition values (<4%). To further 

assert these results, possible cumulative effect of these abundant metal ions on the performance 

of the biosensor is studied by its exposure to mixtures of metal ions (containing Mg2+, Zn2+, 

Ca2+, Fe2+, Na+, K+, and the different metal ions). Yet, similar inhibition values are obtained (see 

Fig. S4), revealing the high selectivity of the biosensor towards the studied heavy metal ions. 

These results are assigned to the non-competitive binding of the Ag+, Pb2+ and Cu2+ ions to the 

enzyme, resulting in conformational changes in its active site, which disrupt and inhibit the HRP 

specific activity 11, 26, 57. The selective behavior of the immobilized HRP is schematically 

illustrated in Fig. 2a (inset), depicting the specific interaction of certain metal ions (i.e., Ag+, 

Pb2+ and Cu2+) with the enzyme active site while hindering its function. Based on recent studies 

11, 28, the enzymatic activity of HRP is also inhibited by other heavy metal ions including, Cd2+, 

Co+, Mn2+, Ni+ and Hg2+ ions. To further demonstrate the selectivity of the biosensor towards the 

different metal ions, we have studied the inhibition of the immobilized HRP by different 
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 13 

concentrations of Ag+, Pb2+ and Cu2+ ions, in the range of 0.6-100 µM. Figure 2b depicts the 

maximal inhibition of the HRP-based biosensor to the three metal ions versus their 

concentration. The trend observed in Fig. 2b is consistent with that of Fig. 2a (Ag+>Pb2+>Cu2+). 

Additionally, these results are consistent with previous studies 1, 58-60, in which exposure to Ag+ 

is observed to exhibit the highest inhibition. The measured detection limit values presented by 

HRP-based biosensor are 0.53, 0.60 and 1.63 µM for Ag+, Pb2+ and Cu2+, respectively, or 

corresponding to 56, 125 and 104 ppb. While there are more sensitive biosensor designs 1, 7, 8, 26, 

the current system detects metal ions in a range that is relevant for environmental monitoring and 

real-life application of these biosensors. For example, according to Environmental Protection 

Agency (EPA) the maximum copper level in drinking water below which there is no risk to 

human health is defined at 1300 ppb 61. EPA also recommends secondary standards for silver 

ions in drinking water not to exceed the level of 100 ppb, in order to prevent undesirable 

physiological effects.    

 

Fig. 2. The inhibition of HRP-immobilized PSiO2 biosensor by: (a) Different metal ions at a 

constant concentration (6 µM). Inset: A schematic illustration of the enzymatic inhibition caused 

by heavy metals, revealing the selectivity of HRP binding site toward heavy metal ions. 
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Whereas, regular metal ions are inadequate to HRP binding site. (b) Pb2+, Ag+ and Cu2+ at 

different concentrations. Data are reported as mean ± standard deviation (n≥4). 

 

3.3. Detection of heavy metals in real water 

Once the selectivity and the specificity of our biosensor towards metal pollutants is 

demonstrated, we investigate the potential of this platform to detect trace levels of heavy metal 

ions in complex water samples. Thus, HRP-immobilized PSiO2 is exposed to various surface 

water samples (collected from irrigation and drain sources), while the inhibition values are 

attained in real time acquisition of the reflectivity spectra. Table 1 depicts the concentration of 

Ag+, Pb2+ and Cu2+ found in tap, drain and irrigation water samples, which are analyzed by both 

the HRP-based biosensor and the gold standard method of ICP-AES. For drain and irrigation 

water samples, inhibition values of 9.2±1.4% and 11.3±2.4%, respectively, are obtained. 

Whereas for tap water, used as a control, less than 3% of HRP inhibition value is attained. These 

results are in agreement with the ICP-AES analysis, in which only copper ions are detected in 

drain and irrigation samples (1.4±0.2 and 1.9±0.1 µM, respectively). The ICP-AES results for 

the tap water show negligible values of the three analyzed metal ions (<0.3 µM). Based on ICP-

AES determination of the heavy metal species, we can apply these results in order to quantify the 

specific metal ion concentration in the studied samples (based on the calibration curves presented 

in Fig. 2b). Thus, the inhibition values obtained (Table 1) correlate to concentrations of 1.9±0.3 

and 2.4±0.5 µM of Cu2+ in drain and irrigation water, respectively. These results clearly 

demonstrate that our biosensing platform can detect the presence of heavy metals in real water 

samples in relevant concentrations and in agreement with the results of conventional laboratory-
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based analytical techniques (i.e., ICP-AES). As such, the main advantages of the presented 

system are its simplicity and cost efficiency. The HRP-immobilized PSiO2 biosensors can be 

readily prepared at low cost and high reproducibility, and as detection scheme does not rely on 

an expensive instrumentation, the developed system might by suitable for in-field applications 21.  

3.4. Specific detection and quantification of copper ions 

Next, the generic design of the biosensor is altered for specific optical detection and 

quantification of Cu2+. We use Laccase, which is a multi-copper oxidase, that catalyzes the 

oxidation of a wide variety of organic and inorganic substrates 62, 63. It is known for different 

Laccases, that type II copper can be selectively depleted from the enzyme center and easily 

reconstructed back 64, 65. Our concept is to remove the copper from the enzyme prior to its 

conjugation to the PSiO2 nanostructure. We expect that exposure of the Laccase-immobilized 

PSiO2 to aqueous samples, containing Cu2+, will induce the reconstruction of the enzyme as the 

copper ions are embedded into the enzyme center (see Fig. S5). This in turn, will restore the 

enzyme function, while the extent of this process is optically monitored as the enzymatic 

reaction products infiltrate into the porous nanostructure. Thus, prior to its immobilization, the 

Laccase is pretreated with 0.3 M EDTA in HEPES buffer (pH 8) to remove type 2 copper for 

absolute enzyme inactivation, confirmed by specific activity assay (Fig. S5). Following Laccase 

immobilization, the resulting biosensor is exposed to different metal ion solutions (at a fixed 

concentration of 6 µM), while the substrate solution (1-naphthol) is continuously cycled through 

the flow cell. The optical data acquisition starts immediately after substrate addition to the cycled 

solution and the relative activity is monitored. Similarly to HRP enzymatic reaction, 1-naphthol 

is oxidized in the presence of Laccase into insoluble product 66, which precipitate and 

accumulate within the pores, resulting in a rapid increase in the EOT values with time. The 
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results of these experiments are summarized in Fig. 3a, which presents the maximal relative 

activity values (after exposure of 150 min to the metal ion solution) of the Laccase-based 

biosensor. Upon exposure to Cu2+, a relative activity value of 77% is attained, while exposure to 

the other screened metal ions results in relative activity values of <8%. In addition, possible 

cumulative effect of these ions on the performance of the biosensor is also studied by exposure to 

mixtures of these metal ions. Nonetheless, similar relative activity values are observed (see Fig. 

S4). Thus, these results demonstrate the specificity of the Laccase-based biosensor towards 

copper ions, as schematically illustrated in Fig. 3a (inset), while other metal ions have a minor 

effect on the enzyme activity. Furthermore, the specificity of Laccase-immobilized PSiO2 

towards Cu2+ ions is further verified by monitoring the relative activity of the enzyme for other 

heavy metal ions i.e., Ag+ and Pb2+, at different concentrations (Fig. 3b). The Laccase-based 

biosensor exhibits a linear response towards copper ions in the studied concentration range (1.2-6 

µM), as opposed its negligible response to Ag+ and Pb2+ ions. These results confirm the strong 

affinity between copper ions and the Laccase 66. The biosensor presents lower detection limit 

than the HRP-based biosensor (1.30 and 1.63 µM, respectively), revealing the sensitivity of this 

approach for detecting copper ions in real water samples. 
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Fig. 3. The relative activity of Laccase-immobilized PSiO2 biosensor by: (a) Different metal ions 

at a constant concentration (6 µM). Inset: A schematic illustration of the specificity of Laccase 

toward copper ions, as only copper can bind onto the enzymes active site. (b) Pb2+, Ag+ and Cu2+ 

at different concentrations. Data are reported as mean ± standard deviation (n≥4). 

 

Finally, the Laccase-based biosensor is exposed to the “real” water samples as aforementioned, 

as the relative activity values are attained in real time acquisition of the reflectivity spectra. Table 

1 depicts the quantification of Ag+, Pb2+ and Cu2+ in tap, drain and irrigation water samples by 

the Laccase-immobilized PSiO2 biosensor. Drain and irrigation water are found to reactivate the 

enzyme by 18.5±1.4% and 24.4±7.0%, respectively, indicating the presence of copper ions in 

these samples. Based on the calibration curve presented in Fig. 3b, the obtained relative activity 

values correlate to Cu2+ concentrations of 1.4±0.1 and 1.9±0.5 µM (drain and irrigation water, 

respectively). These results are in excellent agreement with the ICP-AES results presented in 

Table 1. Cu2+ concentration in tap water is found to be negligible, as previously determined by 

the HRP-based biosensor. Comparison of the laccase-immobilized PSiO2 biosensor to other 

label-free optical biosensing schemes for detection of copper ions e.g., surface Plasmon 

resonance 67, shows similar sensitivity (below 100 ppb). Yet, our system is highly specific to 
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copper and employs a simple and inexpensive setup, in comparison to the SPR-based biosensor 

67, 68, making it suitable for point-of-care applications.       

Table 1. Detection and quantification of real water samples by HRP and Laccase-based optical 

biosensor and by ICP-AES. 

 

HRP optical biosensor Laccase optical biosensor ICP-AES 

Water 

 sample 

Inhibition 

 (%) 

Cu2+  

(µM)* 

Rel. Activity 

 (%) 

Cu2+  

(µM) ** 

Ag+ 

 (µM) 

Pb2+ 

 (µM) 

Cu2+ 

 (µM)  

Tap <3 <0.3 <8 <0.6 <0.3 <0.3 <0.3 

Drain 9.2±1.4 1.9±0.3 18.5±1.4 1.4±0.1 <0.3 <0.3 1.4±0.2 

Irrigation 11.3±2.4 2.4±0.5 24.4±7.0 1.9±0.5 <0.3 <0.3 1.9±0.1 
* Calculated based on calibration curve Fig. 2b.  
** Calculated based on calibration curve Fig. 3b.  
Data are reported as mean ± standard deviation (n≥4). 

 

4. Conclusions 

An optical biosensing platform is designed for label-free detection and quantification of heavy 

metals in real surface water samples using a simple and portable experimental setup. We exploit 

the specificity of specific enzymes to heavy metal ions and hence monitor the catalytic activity in 

real-time by RIFTS technique. First, we show a general detection assay by immobilizing HRP 

within the PSiO2 thin film, revealing high sensitivity towards three metal ions (Ag+>Pb2+>Cu2+). 

Next, we demonstrate the concept of specific heavy metal ion detection for Cu2+, by 

immobilizing Laccase within the PSiO2 scaffold. Using the Laccase-based biosensor we are able 

to detect the presence of trace levels of Cu2+ in real water samples, with values identical to those 
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obtained by ICP-AES. The generic design of this biosensor will potentially allow tailoring 

unlimited experimental setups (by varying the model enzymes) for systematic analysis of heavy 

metal pollutants in aqueous surroundings. Nevertheless, these enzyme-based biosensors should 

be further optimized in terms their stability, reusability, specificity and shelf life prior to their 

implementation in the field. 

Supporting Information  

ATR-FTIR spectra, relative EOT of the different functionalization steps and the relative 

enzymatic activity vs. incubation time. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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