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Abstract: In this work a biosensor for heavy metal-ion detection, based on Platinum nanoparticles
(Pt NPs) and DNAzymes, is presented. Two different chemical modification groups were utilized
for the DNAzymes’ immobilization on the Pt NPs film. The biosensors were characterized with re-
spect to their ability to detect Lead (Pb?") ions in buffer solutions. Both immobilization techniques
exhibit great sensitivity with a limit of detection of 25 nM.
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1. Introduction

Heavy metal ions, such as Lead (Pb), Chromium (Cr), Cadmium (Cd) etc. present a
serious environmental threat when found in soil and water; thus their accurate and fast
detection poses as a major challenge. Although several detection methods have been pro-
posed in the literature [1], they are both expensive and time consuming. In this work we
present a biosensing device for heavy-metal ion detection based on Pt NPs and
DNAzymes [2]. The biosensors feature two distinctive DNAzymes species with different
chemical modification groups (i.e thiol and amino modified), that enable their attachment
on the Pt NP layer. Both immobilization techniques are capable to detect ion consecrations
of 25 nM but with a different relative resistance change response.

2. Materials and Methods

All devices have been fabricated on silicon substrates with a 300 nm thermal SiO:
layer. Gold interdigitated electrodes, 50 nm thick, have been patterned on SiO:2 film via
optical lithography with an inter-finger electrode gap of 10 um. Electron gun thermal
evaporation was used to deposit the gold electrodes with 10 nm Ti as adhesion layer. After
the fabrication of the electrodes, Pt NPs were deposited between the electrodes, using a
modified DC magnetron sputtering system. The deposited nanoparticles have mean di-
ameter of 4 nm and a surface coverage of 49 % which is right below the percolation thresh-
old of the system. The surface coverage of the Pt NPs film prevents the creation of contin-
uous conductive paths from one electrode to another, forming a NP film that acts as
nanogapped electrodes. Due to the film’s surface coverage and the formation of inter-
particel gaps, the current that flows through the conductive paths travels from one nano-
particle to the next via tunneling effect. The overall resistance of these devices is about
hundreds of kOhms.
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After the Pt NP deposition follows the DNAzymes functionalization. Two distinctive
DNAzymes species with different chemical modification groups have been used. The first
method uses amino-modified DNAzymes while in the second method, thiol-modified
DNAzymes were employed. For the amino-modified DNA immobilization technique, the
following steps have been applied. The first step involves the SiO: surface activation with
oxygen plasma, then the surfaces were functionalized with (3-Aminopropyl)triethox-
ysilane (APTES), an aminosilane aimed for the process of silanization, implying the func-
tionalization of surfaces with alkoxysilane molecules. This is essential for the next step of
the process where the covalent bond between glutaraldehyde with the alkoxysilane mol-
ecules is established. Specifically, the linking is occurred between the silane amines and
the carbonyl groups of glutaraldehyde. Once the surface is functionalized, the process is
followed by the probe immobilization and target hybridization steps. Initially, ssDNA
substrate probes become covalently bonded with the other carbonyl groups of glutaralde-
hyde. After covalent coupling, the remaining reactive groups should be blocked in order
to avoid covalent binding of the DNA strands. Therefore, the remaining activated carbox-
ylic groups (those not bonded with the substrate DNA sequences) are blocked with etha-
nolamine. The final step of the whole process involves the hybridization of the DNAzyme
sequences with the immobilized substrate strands. In thefinalized device the DNAzymes
are immobilized on vacant spots on top of the 5iO2 surface (Figure 1a). For the thiol-mod-
ified DNA immobilization technique, there is no need of surface modification prior to
probe immobilization and target hybridization. Therefore, ssDNA substrate probes are
initially deposited on the Pt NPs via dropcasting, then methylcyclohexa (MCH) is em-
ployed in order to convey the same blocking effect as ethanolamine on the amino-modi-
fied DNA sequences. Finally, the DNAzyme sequences are hybridized with the immobi-
lized substrate strands. The resulting devices have the DNAzymes immobilized directly
on Pt NPs (Figure 1b).
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Figure 1. Schematic representation of the functionalized surfaces with (a) amino modified
DNAzyme and (b) thiol modified DNAzyme.

The bio-sensing devices were characterized by measuring changes in resistance using
a Keithley 2400 multimeter, under a 1 V bias. As a first step, buffer solution was drop-
casted on top of the bio-sensors (represented in Figure 2 with red rectangles); this step
was repeated until device resistance became immune to further buffer addition. After the
buffer-stabilization steps, a buffer solution containing a known heavy-metal ion concen-
tration was drop-casted on the sensor (represented in Figure 2 with blue rectangles), re-
sulting in an increase in device resistance in accordance with the mechanism discussed in
previous publications by this group [2,3]. The DN Azymes react with the heavy metal ions
resulting in their collapse from double stranded to single stranded DNA. The double
strand DNA exhibits higher conductivity in comparison with the single strand DNA,
therefore the biosensor’s resistance increases in the presence of heavy metal ions. The big-
gest difference between the 2 different biomolecule immobilization protocols is where the
biomolecules bind. In the case of the amino modified DNAzymes, the biomolecules bind
on top of the SiO:z surface and in the second directly onto the Pt NPs.
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Figure 2. This figure shows an amino modified DNAzymes biosensor’s resistance over time. Red
rectangles represents the time where buffer was drop casted over the sensor while blue represents
the target (Pb?*) addition. The concentration of the Pb?* was 143 nM and the AR/R% was 3.3%.

3. Results

Figure 3 compares the sensitivity of the two different DNAzymes for varying Pb2*
concentrations. Both techniques present a linear response range, for maximum concentra-
tions of 225 nM and 250 nM in the case of thiol and amino modified DNAzymes respec-
tively. The devices also exhibit a low limit of detection (LoD) of 25 nM, in agreement with
the permitted levels of Pb?* for the EU [4]. Finally, thiol modified DNAzymes showcase
higher sensitivity when compared to the amino modified DNAzymes; this can be related
to the variations between the two chemical modifications and the quality of their attach-
ment on the NP layer. As discussed previously, the basic difference between the two cat-
egories of biosensors lays in the immobilization protocol. The amino modified DNAzymes
are functionalized in such way so as to bind with the uncovered SiO2 substrate, therefore,
they will fill the gaps that interrupt the conductive paths. When they are double stranded
they allow the passage of electrons during their transition from one nanoparticle to an-
other, while when they are single stranded they become less conductive and reduce the
possibility of the tunnel effect occurring. However, although the sensors can detect very
small concentrations as shown in Figure 3, their response is low since the DN Azymes can
only affect the conductivity of the device by changing the surrounding medium of the NP
layer. On the other hand the thiol modified DNAzymes bind directly onto the Pt NPs.
Therefore, as the electrons pass from one electrode to the other they can pass through the
double-stranded DNAin order to cross the gaps that interrupt the conductive paths. When
in the presence of heavy metal ions, the double-stranded DNA becomes single-stranded
hence an increase in resistance will occur. At the same time, the probability for charge
transport via the tunneling effect will decrease, just as in the case of amino modified
DNAzymes



Eng. Proc. 2023, 5, x FOR PEER REVIEW 4 of4

References

20 ————————————————————T

18 - .
®  amino

* _thiol ¢

16 4
ul % .'

12 - - -

AR/R%
]
1
1

4 - ]
] . T
]
2 —T - T 11 1T "7 T 17"
0 25 50 75 100 125 150 175 200 225 250 275
C (nM)

Figure 3. Relative resistance change of different Pb?* concentrations for the two immobilization tech-
niques. Error bars represent device-to-device deviation for 5 devices in each category.

4. Conclusions

In the present work, a highly sensitive heavy-metal ion sensor based on Pt NPs and
DNAzymes was presented. For the DNAzyme immobilization step, two different binding
methods were used (amino modified DNAzymes and thiol modified DNAzymes); this
resulted in biosensors with high sensitivity and a low limit of detection. In conclusion,
sensors functionalized with thiol modified DN Azymes outperformed in terms of sensitiv-
ity amino-modified based sensors while at the same time they offer simpler and faster
fabrication..
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