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Abstract: A novel fabrication process to connect single-stranded DNA (ssDNA)to a silicon sub-
strate based on a mechano–chemical method is proposed. In this method, the single crystal silicon 
substrate was mechanically scribed in a diazonium solution of benzoic acid using a diamond tip 
which formed silicon free radicals. These combined covalently with organic molecules of diazo-
nium benzoic acid contained in the solution to form self-assembled films (SAMs). The SAMs were 
characterized and analyzed by AFM, X-ray photoelectron spectroscopy and infrared spectroscopy. 
The results showed that the self-assembled films were covalently connected to the silicon substrate 
by Si–C. In this way, a nano-level benzoic acid coupling layer was self-assembled on the scribed 
area of the silicon substrate. The ssDNA was further covalently connected to the silicon surface by 
the coupling layer. Fluorescence microscopy showed that ssDNA had been connected, and the in-
fluence of ssDNA concentration on the fixation effect was studied. The fluorescence brightness 
gradually increased with the gradual increase in ssDNA concentration from 5μmol/L to 15μmol/L, 
indicating that the fixed amount of ssDNA increased. However, when the concentration of ssDNA 
increased from 15μmol/L to 20μmol/L, the detected fluorescence brightness decreased, indicating 
that the hybridization amount decreased. The reason may be related to the spatial arrangement of 
DNA and the electrostatic repulsion between DNA molecules. It was also found that ssDNA junc-
tions on the silicon surface were not very uniform, which was related to many factors, such as the 
inhomogeneity of the self-assembled coupling layer, the multi-step experimental operation and the 
pH value of the fixation solution. 

Keywords: mechano–chemical method; single crystal silicon; diazo salt of benzoic acid; coupling 
layer; ssDNA 
 

1. Introduction 
In the construction of DNA biosensors and the manufacture of DNA chips, the ef-

fective fixation of DNA probe on the surface of the converter or carrier is an important 
basic premise. Therefore, the research on DNA fixation has important guiding signifi-
cance for the improvement of sensor and chip technology [1–3]. Typical methods of DNA 
probe fixation include adsorption, SAM (self-assembling film), and covalent bonding. 
Among them, the SAM method and covalent bonding method can produce a stable 
modification layer and improve the firmness and durability of the probe [4–7].Fang et al. 
[8] self-assembled amino thiols on the surface of a gold electrode to introduce amino 
groups. In the presence of a chemical coupling activator, water-soluble carbodiimide 
(EDC), the probe DNA molecules were covalently fixed on the electrode surface through 
a condensation reaction. Mirsky et al. [9] used a gold electrode modified with alkyl thiols 
to covalently fix NH2–DNA and studied the influence of different fixation conditions on 
the fixation density. The self-grouping covalent fixation method of the gold surface does 
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not require special surface treatment, so it is a relatively simple method. However, the 
limitation is that it can only be applied to the gold surface. 

Among the substrates used for DNA chips, the most common are glass slides and 
silicon substrates. Compared with glass, silicon substrate has high thermal conductivity, 
good finish and can withstand high temperatures. Silicon has been extensively explored 
to address multidrug resistant bacterial diseases and to enable developments in novel 
and innovative approaches for next-generation highly efficient, cost-effective, and relia-
ble multifunctional biomedical tools [10].Wang et al. [11] produced modulated 
light-activated electrochemistry on silicon for addressable biosensing. To stabilize and 
functionalize the silicon substrate, metal–organic framework (MOF) nanoparticles were 
grown in-situ on the silicon electrode. The photocurrent increased due to the enhanced 
reduction process after DNA binding. This work provided a promising platform for 
multi-spot and label-free DNA chips. Blaschke et al. [12] prepared silicon substrates with 
stripe-patterned surface-near electrostatic forces (SNEF) by local implantation of boron 
ions into n-type silicon wafers and phosphorus ions into p-type silicon wafers in a stripe 
pattern of 12μm periodicity. The negatively charged single stranded deoxyribonucleic 
acid (ssDNA) and bovine serum albumin (BSA) proteins were immobilized on silicon 
regions. Quake et al. [13] prepared single-molecule DNA chips by laying a dilute solu-
tion onto silicon wafers. The randomness of single-molecule DNA chips prepared by 
this method leads to two problems: one is that some DNA molecules are too dense and 
exceed the resolution of the instrument; the other is that the molecules in some areas are 
too sparse, resulting in the waste of limited space. DNA nanosphericity has been re-
ported by Complete Genomics [14]. The substrate was prepared by photolithographic 
technology. The HMDS layer was prepared on the surface of the silicon substrate, on 
which the amino-silane nanodot array was regularly distributed for fixing DNBs. Then 
the DNBs were loaded onto the array to obtain the DNBs chip. Yang et al. [15] tried to fix 
DNA with biotin at one end and a Cy3 fluorescence group at the other end, onto silicon 
substrate based on the biotin–streptavidin system to conduct fluorescence observations 
and verify the feasibility of the method for connecting DNA to a silicon base. Ryu et al. 
[16] proposed a new biosensor for label-free DNA detection to enhance the sensitivity. A 
gold nanoparticle(GN) embedded silicon nanowire (SiNW) configuration was prepared. 
Due to its simple preparation process, high thermal stability, the high immobilization ef-
ficiency of the mercapto group in the self-assembled monolayer (SAM), and improved 
sensitivity, this novel spherical GN and SiNW nanostructure-combined structure has 
high potential as a label free biosensor. 

In summary, at present, the preparation of silicon-based DNA probes is mostly at a 
two-dimensional level [17,18]. However, this kind of surface has the disadvantage of not 
being able to fix biomolecules at high density, and still faces great challenges in terms of 
sensitivity and repeatability, which also restricts the wide application of these DNA 
chips [19,20]. Compared with a two-dimensional surface, a substrate with a 
three-dimensional structure can fix more biomolecules in the direction of the vertical 
surface, which is the basis for realizing the high-density immobilization of biomolecules 
on the substrate surface. 

Therefore, this paper attempts to propose a new technique to link ssDNA on a sili-
con substrate with aromatic diazo salt molecules as a medium. The technology uses a 
mechano–chemical method to process the three-dimensional controllable structure on 
the silicon surface, and self-assemble the aromatic hydrocarbon coupling layer at the 
same time. Single-stranded DNA can be connected to the 3D structure on the silicon 
surface through the coupling layer in a covalent binding mode, and finally realize the 
connection of the ssDNA probe. While fixing ssDNA, the size, position and shape can be 
highly controlled. This technology has important scientific value, theoretical significance 
and engineering application prospects for promoting the development of nano-devices, 
biosensors, disease diagnosis, environmental monitoring and other fields. Our team is 



Micromachines 2023, 14, 1134 3 of 12 
 

 

trying to use this technology to detect microorganisms corroding flood gates. It will have 
a wider application space in the future. 

2. Experimental Process and Methods 
2.1. Principle of ssDNA Connectionby a Self-Assembled Coupling Layer 

DNA can be immobilized on the surface of the support by covalent bonds such as 
amide bonds, ester bonds and ether bonds [21,22]. The fixation method of ami-
no-modified DNA is a popular method because of its simple operation and short time 
requirements [23]. In this experiment, the silicon surface was treated in a boron tetraflu-
oride benzoate diazo salt solution by a mechano–chemical method, and a self-assembled 
film ending with a carboxyl group (–COOH) was produced on it. The end of the ssDNA 
was then modified with an amino group (–NH2). Finally, under the action of a covalent 
coupling activator, the amino group of the probe reacted with the carboxyl group on the 
silicon surface to form an amide bond. The DNA probes were anchored to the silicon 
surface. The principle is shown in Figure 1. 

 
Figure 1. The principle of connecting ssDNA to silicon based on aryl diazonium salts. 

2.2. Controllable Self-Assembly of an Aromatic Hydrocarbon Coupling Layer on a Silicon Surface 
The substrate used in this experiment was P-type Si(100) with a thickness of 

460±15μm.In addition, the experiment also used 99.999% pure nitrogen, the resistance of 
18.2 MΩ ultra-pure water (Milli-Q water), and distilled water. The specific experimental 
steps were as follows: 

(1) The pretreated silicon substrate was fixed in a tank containing 50 mmol/L boron 
tetrafluoride benzoate diazo salt solution, which was fixed in the constructed mecha-
no–chemical micromachining system. 

(2) The diamond tool was moved at a certain speed (500 nm/s) and direction by the 
program of the micro-movement table, so that the silicon surface could be scribed and the 
marking area could be functionalized at the same time. 

(3) After scribing, in order to ensure sufficient reaction time for the silicon sample 
and assembly solution, the silicon wafer was placed in the assembly solution, and kept 
away from light. After about 12 h, the sample was removed, and rinsed with nitrile, ac-
etone, absolute ethanol, and a large amount of ultra-pure water for detection and char-
acterization. 
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2.3. Connection of DNA via the Coupling Layer 
The silicon was scribed in the diazo benzoate solution to generate a self-assembled 

film. At this time, the end group of the molecular membrane was the carboxyl group 
(–COOH).Then, under the covalent coupling of N-ethyl-N′-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC), it reacted with the modified amino group (–NH2) at 
the 3’end of ssDNA to form an amide bond, which realized the attachment of ssDNA to 
silicon via the self-assembled coupling film. 

The ssDNA used in this experiment was synthesized by Shanghai Sangon Bioengi-
neering Technology Service Co., Ltd.(Shanghai, China). FAM fluorescence was attached 
at the 5′ end, NH2 was modified at the 3′ end, the probe length was 24 bp, and the base 
sequence from the 5’ end to the 3′ end was GCA AAG GGT CGT ACA CAT CATCAT. 
The molecular weight was 8063.5 and the net content was 30.0OD.EDC reagents were 
purchased from Beijing Bailing way Chemical Technology Co., Ltd.(Beijing, China), and 
frozen at −20°C.It should be noted that FAM fluorescence labeled ssDNA in order to de-
tect the attached ssDNA, so all operations using ssDNA were carried out in a dark room. 
The sample was tightly wrapped with tin foil to avoid fluorescence quenching. 

At the same time, in order to verify whether the parts of the silicon surface that have 
not been functionalized by aromatic hydrocarbons were connected with single-stranded 
DNA, the silicon surface was washed with 0.2 mol/L NaOH solution and 0.1 mol/LNaCl 
solution for 30 min, respectively, after reaction. 

3. Results and Discussion 
3.1. AFM Characterization 

The AFM Dimension 3100 (Digital Instruments) was used for topography meas-
urement. The surface morphology images of the samples before and after assembly were 
recorded in contact mode [24,25]. In order to facilitate comparison, all morphology im-
ages were scanned with the same tip (V-shaped Si3N4 micro cantilever, length 200μm, 
elastic constant 0.12 N/m). The imaging was performed in air at 300 K and relative hu-
midity of 40%. The range of scanning was 3μm, and the rate of scanning was 1.5 Hz. 

The roughness analysis and comparison of silicon substrate before and after assem-
bly in benzoate diazo salt solution is shown in Figure 2. It can be seen that the fine step 
surface can be observed before assembly, Ra is 6.511 nm. After assembly, the step surface 
disappeared and a cluster shape appeared. The relatively uniform structure with a Ra of 
3.728 nm was formed. 

After the characterization by atomic force microscopy, it can be seen that there were 
differences in morphology and roughness of the scribed area before and after assembly, 
which proved the existence of the self-assembled film. However, it could not infer 
whether the assembly molecules were bound to the silicon atoms by chemical, covalent 
or physical adsorption. Therefore, it was necessary to combine the spectral analysis 
methods to interpret the binding mode between the organic molecules and silicon atoms 
using the changes of chemical composition and chemical bonds before and after assem-
bly in the scribed region. 

  
(a) (b) 
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Figure 2. The roughness image before and after self-assembly in contact mode. (a) before 
self-assembly. (b) after self-assembly. 

3.2. XPS Analysis 
X-ray photoelectron spectroscopy was used to analyze the elemental composition, 

chemical valence state, energy range of physical effects and electronic structure of the 
sample surface [26]. The PHI 5700 ESCA System produced by the American Physical 
Electronics Company was used in this detection, and the excitation source was Al Ka 
(=1486.60 eV). 

Figure 3 shows the XPS spectra of the sample before and after functionalizing DNA 
molecules to the Si substrates. The percentage content of elements on the silicon surface 
before and after assembly are shown in Table 1. It can be seen from Figure 3 and Table 1 
that obvious N1s and P2p peaks appear after DNA assembly. The peak around 398.4 eV 
is the characteristic peak of N1s which were introduced due to the DNA modified with 
–NH2. The P2p peak around 130.6 eV was caused by the single stranded DNA base se-
quence. The content of C1s was significantly increased after assembly, mainly due to the 
benzene rings contained in organic molecules of self-assembled films, which was con-
sistent with theoretical inference. In terms of oxygen content, the original Si–O connec-
tion was replaced by the SAMs in the marked area, so the oxygen content showed a 
tendency to decrease. The content of Si2p was obviously weakened, because some of the 
silicon atoms had been covered by the SAMs, which led to a decrease in the detected Si 
content. In general, the content of oxygen and Si2p before and after assembly were con-
sistent with the experimental results. The content changes of main elements suggested 
that DNA had been attached to the silicon surface via the aromatic hydrocarbon coupling 
layer. 
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Figure 3. XPS spectra for sample before and after functionalizing DNA to the Si substrates. 

Table 1. Element Content before and after functionalizing on Si Surface. 

 Peak Before After 
Peak ID Center/eV AT% AT% 

C1s 285.0 17.00 27.54 
O1s 531.8 43.08 34.03 
Si2p 100.1 39.92 30.52 
N1s 398.4 0.00 3.25 
P2p 130.6 0.00 4.66 

The fine scanning analysis and differentiation of the Si2p peak is shown in Figure 4. 
The Si2p peak was divided into two peaks. According to the peak attribution table [27], it 
can be seen that the Si at 100.38 eV is in the Si–C bond region and the Si at 103.45 eV is in 
the Si–O bond region [28,29]. The ratio of silicon peak area at 100.38 eV and 103.45 eV 
before the reaction was about 4:1, which indicated that the silicon surface was dominated 
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by silicon oxide. However, the ratio of the two silicon peak areas after the reaction was 
about 1:3, which showed that the silicon combined with carbon on the silicon surface was 
greatly increased. This was due to the combination of diazo organic molecules with the Si 
substrate by a Si–C bond, and the Si–O bond being replaced by the Si–C bond. 
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Figure 4. XPS spectra of Si2p for sample before and after self-assembly. (a) before self-assembly (b) 
after self-assembly. 

Taking the C1s peak before self-assembly as the benchmark, it can be seen from 
Figure 5 and Table 1 that the C1s peak is significantly enhanced after assembly, and its 
peak position remains unchanged. This is mainly due to the benzene ring in the organic 
molecules formed in the film. The preliminary results show that the benzene ring mole-
cules on the diazo salt have been assembled on the silicon substrate, which is consistent 
with the theoretical inference. 

In addition, peak fitting of assembled C1s peaks was also carried out, as shown in 
Figure 5. According to the standard peak value of carbon provided in the literature, the 
peak around 285 eV is caused by the contaminating carbons inside the silicon wafer and 
the adsorption of atmospheric carbon elements, the peak around 287.8 eV is the charac-
teristic peak of the carbon atom in C=O, and the peak around 288.9 eV is the characteristic 
peak of the carbon atom in –COOH. This confirms that the benzoate diazo salt molecules 
ending in–COOH had been bound to the silicon surface. 

 
 

(a) (b) 

Figure 5. XPS spectra of C1s for sample before and after self-assembly. (a) before self-assembly. (b) 
after self-assembly. 

3.3. FT–IR Analysis 
Infrared spectroscopy (IR) is the most important method for structural identification 

of organic compounds and can effectively help identify functional groups [30]. The Fou-
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rier transform infrared spectrometer (FT–IR) model, AVATAR 360, produced by the Ni-
colet Company of the United States was used in this experiment. The scanning times 
were 64, and the resolution was 4 wave numbers. 

Figure 6 shows the infrared spectra obtained from the blank silicon wafer and the 
silicon surface modified with diazo benzoate film by KBr Pellets. The blank silicon ter-
minated with oxygen basically had no other obvious absorption peak except for the 
characteristic strong Si–O–Si absorption band at 1086.54 cm−1. This was mainly used for 
comparative analysis. For the self-assembled film scribed in benzoate diazo salt solution, 
the structure of benzoate was attached to the silicon surface. According to the position 
and attribution table of the characteristic absorption peak of aromatic hydrocarbons [31], 
the peak at 1680 cm−1~1620 cm−1 was the vibration absorption peak of the connection 
between an aryl group and –COOH. It was present in the spectrogram. 
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Figure 6. Using KBr detected the components of blank silicon and silicon surface modified with 
benzoic acid diazo salt. 

The electron absorption effect of –COOH caused the absorption wave number of ν 
(C=O) to increase and shift to the area around 3500 cm−1. The absorption peak of the O–H 
stretching vibration was typical, in the region of 3000~2500 cm−1, while the blunt and 
smooth absorption peak near 1100 cm−1 was the vibration absorption peak of silicon 
bonding with an aryl group. It is proven that the diazo benzoate SAMs had been cova-
lently connected to the silicon surface by Si–C. The large difference in peak position, in-
tensity and shape in the 1000~400 cm−1 region in Figure 5 was most likely due to the 
strong electron effect of –COOH, which made the band in the 900~650 cm−1 region lose 
the characteristics of a substituted benzene. This was also an important basis for distin-
guishing the components of the diazo salt assembly membrane. Infrared spectroscopy 
not only proved the existence of aromatic hydrocarbon diazo salt assembly molecules on 
the silicon surface, but also proved that these SAMs were covalently connected to the 
silicon surface. 

3.4. Fluorescence Microscope Analysis 
The Olympus BX51 positive fluorescence microscope was used to detect the fixed 

DNA in the self-assembled region. The optimal emission wavelength range of the mi-
croscope was above 500 nm, while the maximum emission wavelength (Mission) of FAM 
fluorescence labeling was 520 nm, which was in line with the detection range [32,33]. 

As shown in Figure 7, regular straight lines with green fluorescence could be seen 
under the fluorescence microscope at 400 times magnification, which were all formed by 
diamond cutting tools. Figure 7a is the AFM image measured after scribing the silicon 
surface in solution, and Figure 7b is the corresponding fluorescence image after con-
necting ssDNA. The line-widths of the two lines were 4μm and 1μm, respectively. Alt-
hough the line-widths of the two lines were quite different, the fluorescence signals were 
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relatively strong. This indicated that ssDNA was successfully connected to the 
self-assembled film on the silicon surface. 

In order to prove that only functional areas on the silicon surface were connected to 
ssDNA, the silicon surface after reaction was cleaned and the results are shown in Figure 
7c. Figure 7c is the fluorescence detection image of DNA attached to a three-dimensional 
cross structure after cleaning. The area with fluorescence signal in Figure 7c was the part 
scribed in the solution, and the black areas on both sides were the unpainted parts. This 
method of cleaning and validation of functional groups has been used extensively in the 
literature [15,19], which indicated that cleaning was very important to exclude false sig-
nals. This was a good comparison to show that we can fix DNA by this mecha-
no–chemical method. This will lay the foundation for producing subsequent DNA chips 
and DNA sensors. 

 
Figure 7. Schematic image of scribed regions connected with ssDNA. (a) AFM map before connec-
tion. (b) Fluorescent map after connection with DNA. (c) DNA three-dimensional cross structure. 

We also studied the influence of ssDNA probe concentration on fixation effect. Fig-
ure 8 showed the fluorescence detection results of probe fixation with different concen-
trations of ssDNA. The magnification of the microscope was 1000 times. As can be seen 
from Figure 8, with the gradual increase in ssDNA concentration from 5μmol/L to 
15μmol/L, the fluorescence brightness gradually increased, indicating that the fixed 
amount of ssDNA increased. However, when the concentration of ssDNA increased from 
15μmol/L to 20μmol/L, the detected fluorescence brightness decreased, indicating that 
the hybridization amount decreased. The reason may be related to the spatial arrange-
ment of DNA and the electrostatic repulsion between DNA molecules. This research re-
sult was in line with some domestic scholars. For example, Liu et al. [34] showed that the 
fixed amount of sulfo-modified DNA probe on a gold surface increased with an increase 
in DNA concentration, the hybridization amount also increased, and the hybridization 
time was shortened. However, when the DNA probe reached a certain concentration, the 
hybridization amount decreased. The study of Yamaguchi et al. [35] also showed that the 
fixed amount increased with an increase in probe concentration, but saturation adsorp-
tion would occur when the concentration reached a certain level and the fixed amount 
would not increase. 
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(a) (b) 

  
(c) (d) 

Figure 8. Schematic image of connected ssDNA at different concentrations. (a) 5μmol/L. (b) 
10μmol/L. (c) 15 μmol/L (d) 20μmol/L. 

It can also be seen from Figures 6 and 7 that ssDNA junctions in the scribed region 
were not very uniform and orderly. There is still a gap in the goal of realizing the con-
trollable, orderly and uniform functionalization of self-assembly films on silicon surfaces. 
The reasons for this were mainly due to the following aspects:(1) The self-assembled film 
generated by the diamond cutting tool in the first step was not very uniform and orderly; 
(2) The overall experimental efficiency was low due to the multi-step experimental op-
eration; (3) The fixation effect of ssDNA was closely related to the pH value of the fixa-
tion solution, ionic strength, length and concentration of fixation probe, fixation time and 
other factors. Subsequent experiments in DNA probe fixation are needed to conduct 
precise research and analysis on the above problems and related factors. 

4. Conclusions 
In this work, we proposed a feasible strategy to immobilize ssDNA on silicon sub-

strate using a mechano–chemical method. Firstly, diazo benzoate film was prepared, and 
AFM, X-ray photoelectron spectroscopy and infrared spectroscopy were used to detect 
and analyze the self-assembled film on a silicon surface. On the one hand, the existence of 
benzoate diazo salt self-assembled film was proven, and on the other hand, the aromatic 
hydrocarbon molecules in solution were covalently connected to the silicon substrate by 
Si–C bonds. 

The principle of ssDNA immobilized on a silicon surface by a self-assembling 
membrane of aromatic diazonium salt was studied. Further experiments were carried out 
to connect single-stranded DNA to the silicon substrate. The XPS spectra of samples be-
fore and after fixing DNA showed that obvious N1s and P2p peaks appear after DNA 
assembly. The peak around 398.4 eV was the characteristic peak of N1s which were in-
troduced because of the DNA modified with –NH2. The P2p peak around 130.6 eV was 
caused by the single stranded DNA base sequence. Meanwhile, the contents of C1s, O1s 
and Si2p were significantly changed after assembly. The content changes of main ele-
ments suggest that DNA has been attached to the silicon surface via the aromatic hy-
drocarbon coupling layer. 
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The fluorescence microscope was used to detect the fixed DNA in the self-assembled 
region. The results showed that ssDNA was successfully connected to the self-assembled 
film on the silicon surface. In order to prove that only functional areas on the silicon 
surface were connected with ssDNA, the silicon surface after functionalization was 
cleaned. The area with fluorescence signal was the part scribed in the solution, and the 
black areas on both sides were the unpainted parts. This was a good comparison to show 
that we can actually fix DNA on a Si substrate by the mechano–chemical method. 

The influence of the concentration of ssDNA on the fixation effect was studied. Due 
to the spatial arrangement structure of DNA and the electrostatic repulsion between 
DNA molecules, the fixed amount of DNA increased with the increase in DNA concen-
tration, the hybridization amount also increased, and the hybridization time was short-
ened. However, when the DNA reached a certain concentration, the hybridization 
amount decreased. At the same time, it was found that ssDNA junctions on the silicon 
surface were not very uniform, which was related to many factors, such as the inhomo-
geneity of the self-assembled coupling layer, the multi-step experimental operation and 
the pH value of the fixation solution. 

The above experimental results show that it is feasible to connect ssDNA to a 
silicon substrate with aromatic diazo salt molecules as the medium. The technology 
uses a mechano–chemical method to process three-dimensional controllable structure on 
the silicon surface and self-assemble an aromatic hydrocarbon coupling layer at the 
same time. Single-stranded DNA can be connected to the 3D structure on the silicon 
surface through the coupling layer in a covalent binding mode. While fixing ssDNA, the 
size, position and shape can be highly controlled. 

At present, this method is in the preliminary trial stage. In the future, further quan-
titative and applied experiments are needed to improve it. It is possible that the tech-
nology has important scientific value, theoretical significance and engineering applica-
tion prospects for promoting the development of nano-devices, biosensors, disease di-
agnosis, environmental monitoring and other fields. Our team is trying to use this tech-
nology to detect microorganisms corroding on flood gates. It will have a wider applica-
tion space in the future. 

Author Contributions: L.S. presided over the main work and wrote the manuscript; F.Y. and Z.H. 
completed the basic theoretical research; M.D. and Y.F. completed the data processing and analy-
sis; H.D. and A.Y. participated in the supplementary experiments; all authors provided insightful 
suggestions and revised the manuscript. All authors have read and agreed to the published version 
of the manuscript. 

Funding: This research was funded by the Zhejiang Provincial Natural Science Foundation of 
China, grant number LY20E050012, Key R&D Program of Zhejiang, grant number 2020C01062, the 
Key Laboratory for Technology in Rural Water Management of Zhejiang Province, grant number 
ZJWEU-RWM-20200301A, Zhejiang Public Welfare Technology Application Research Project, 
grant numbers LGF21D020002 and the Scientific Research Foundation of Zhejiang University of 
Water Resources and Electric Power, grant number xky2022041. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data that support the findings of this study are available on re-
quest from the corresponding author. 

Conflicts of Interest: The authors declare no conflict of interest. 

  



Micromachines 2023, 14, 1134 11 of 12 
 

 

References 
1. Tang, L.F.; Guo, Z.H.; Zheng, X.W. Increasing target hybridization kinetics by immobilizing DNA probes at Au nanoflower 

ultramicroelectrode. Sens. Actuators B Chem. 2019, 279, 1–6. https://doi.org/10.1016/j.snb.2018.09.078. 
2. Qian, X.C.; Tan, S.; Li, Z.; Qu, Q.; Li, L.; Yang, L. A robust host-guest interaction controlled probe Connection strategy for the 

ultrasensitive mdetection of HBV DNA using hollow HP5–Au/CoSnanobox as biosensing platform. Biosens. Bioelectron. 2020, 
153, 112051. https://doi.org/10.1016/j.bios.2020.112051. 

3. Catarina, R.F.; Ruben, R.G.; Ines, F.P.; Hanna, S.M.; Ana, M.A.; Chu, V.; Conde, J.P. Development of a rapid bead-based mi-
crofluidic platform for DNA hybridization using single- and multi-mode interactions for probe Connection. Sens. Actuators B 
Chem. 2019, 286, 328–336.https://doi.org/10.1016/j.snb.2019.01.133. 

4. Lee, J.H.; Oh, B.K.; Choi, J.W. Electrochemical sensor based on direct electron transfer of HIV-1 virus at Au nanoparticle mod-
ified ITO electrode. Biosens. Bioelectron.2013, 49, 531–535. https://doi.org/10.1016/j.bios.2013.06.010. 

5. Mazloum-Ardakani, M.; Rajabzadeh, N.; Benvidi, A.; Heidari, M.M. Sexdetermination based on amelogenin DNA by modi-
fied electrode with gold nanoparticle. Anal. Biochem. 2013, 443, 132–138. https://doi.org/10.1016/j.ab.2013.08.0128. 

6. Sun, W.; Zhang, Y.; Ju, X.; Li, G.J.; Gao, H.W.; Sun, Z.F. Electrochemical deoxyribonucleic acid biosensor based on carboxyl 
functionalized graphene oxide and poly-L-lysine modified electrode for the detection of tlh gene sequence related to vibrio 
parahaemolyticus. Anal. Chim. Acta 2012, 752, 39–44. https://doi.org/10.1016/j.aca.2012.09.009. 

7. Dupont-Filliard, A.; Billon, M.; Livache, T.; Guillerez, S. Biotin/avidin system for the generation of fully renewable DNA sen-
sor based on biotinylated polypyrrole film. Anal. Chim. Acta 2004, 515, 271–277. https://doi.org/10.1016/j.aca.2004.03.072. 

8. Liu, S.H.; Sun, C.L.; He, P.G.; Fang, Y.Z. Connection of Single Stranded Deoxyribonucleic Acid onto Graphite Electrodes. Chin. 
J. Anal. Chem. 1999, 27, 130–134. https://doi.org/10.3321/j.issn:0253-3820.1999.02.002. 

9. Wrobel, N.; Deininger, W.; Hegemann, P.; Mirsky, V.M. Covalent Connection of oligonucleotides on electrodes. Colloids Surf. 
BBiointerfaces 2003, 32, 157–162. https://doi.org/10.1016/S0927-7765(03)00155-3. 

10. Kumar, A.; Devi, M.; Kumar, M.; Shrivastava, A.; Sharma, R.; Dixit, T.; Singh, V.; Shehzad, K.; Xu, Y.; Singh, K.; Hu, Huan. 
Silicon nanostructures and nanocomposites for antibacterial and theranostic applications. Sens. Actuators A Phys. 2022, 347, 
113912. https://doi.org/10.1016/j.sna.2022.113912. 

11. Wang, J.; Yang, Z.; Chen, W.; Du, L.P.; Jiao, D.; Krause, S.; Wang, P.; Wei, Q.P.; Zhang, D.W.; Wu, C.S. Modulated 
light-activated electrochemistry at silicon functionalized with metal-organic frameworks towards addressable DNA chips. Bi-
osens. Bioelectron. 2019, 146, 111750. https://doi.org/10.1016/j.bios.2019.111750. 

12. Blaschke, D.; Pahlow, S.; Fremberg, T.; Weber, K.; Muller, S.D.; Kurz, S.; Spohn, J.; Dhandapani, V.; Rebohle, L.; Skorupa, I.; et 
al. Functionalized silicon substrates with stripe-patterned surface-near electrostatic forces for the self-organized, stable immo-
bilization of biomolecules. Appl. Surf. Sci. 2021, 545, 148729. https://doi.org/10.1016/j.apsusc.2020.148729. 

13. Braslavsky, I.; Hebert, B.; Kartalov, E.; Quake, S. Sequence information can beobtained from single DNA molecules. Proc. Natl. 
Acad. Sci. USA 2003,100, 3960–3964. https://doi/10.1073/pnas.0230489100. 

14. Drmanac, R.; Sparks, A.B.; Callow, M.J.; Halpern, A.L.; Burns, N.L.; Kermani, B.G.; Carnevali, P.; Nazarenko, I.; Nilsen, G.B.; 
Yeung, G.; et al. Human genome sequencing usingunchained base reads on self-assembling DNA nanoarrays. Science 2010, 
327, 78–81. https://doi/10.1126/science.1181498. 

15. Yang, Q.P. A Fundamental Study on Fabrication Method of Single-Molecule and Chip. Doctoral Dissertation, Shanghai Jiao 
Tong University, Shanghai, China, 2016. https://doi.org/10.27307/d.cnki.gsjtu.2016.004094. 

16. Ryu, S.W.; Kim, C.H.; Han, J.W.; Kim, C.J.; Jung, C.; Park, H.G.; Choi, Y.K. Gold nanoparticle embedded silicon nanowire bi-
osensor for applications of label-free DNA detection. Biosens. Bioelectron. 2010, 25, 2182–2185. 
https://doi.org/10.1016/j.bios.2010.02.010. 

17. Bracamonte, A.G. Microarrays towards nanoarrays and the future Next Generation of Sequencing methodologies (NGS). Sens. 
Bio-Sens. Res. 2022, 37,100503. https://doi.org/10.1016/j.sbsr.2022.100503. 

18. Singh, S.; Zack, J.; Kumar, D.; Sribastava, S.K.; Daman, S.; Khan, M.A.; Singh, P.K. DNA hybridization on silicon nanowires. 
Thin Solid Films 2010, 519, 1151–1155. https://doi.org/10.1016/j.tsf.2010.08.060. 

19. Wei, H.Y.; Zhang, M.; Jia, Z.H.; Zhang, H.Y.; Wang, J.J.; Huang, X.H.; Lv, C.W. Detection using a quantum dots/porous silicon 
optical biosensor based on digital fluorescence images. Sens. Actuators B Chem. 2020, 315, 128108. 
https://doi.org/10.1016/j.snb.2020.128108. 

20. Ji, H.M.; Samper, V.; Chen, Y.; Hui, W.C.; Lye, H.J.; Mustafa, F.B.; Lee, A.C.; Cong, L.; Heng, C.K.; Lim, T.M. DNA purification 
silicon chip. Sens. Actuators A Phys. 2007, 139, 139–144. https://doi.org/10.1016/j.sna.2007.05.033. 

21. Hacia, J.G.; Brody, L.C.; Chee. M. S.; Fodor, S.P.A.; Cpllins, F.S. Detection of heterozygous mutations in BRCA1 using high 
density oligonucleotide arrays and two-colour fluorescence analysis. Nat. Genet. 1996, 14, 441–447. 
https://doi.org/10.1038/ng1296-441. 

22. Wang, W.H.; Wang, Q.Q.; Xie, H.Z.; Wu, D.Z.; Gan, N. A universal assay strategy for sensitive and simultaneous of multiplex 
tumor markers based on the stirring rod-immobilized DNA-LaMnO3 perovskite-metal ions encoded probes. Talanta 2021, 
222, 121456. https://doi.org/10.1016/j.talanta.2020.121456. 

23. Drmanac, R.; Drmanc, S.; Strezoska, Z.; Paunesku, T.; Labat, I.; Zeremski, M.; Snoddy, J.; Funkhouser, W.K.; Koop, B.; Hood, 
L.; et al. DNA sequence determination by hybridization: A strategy for efficient large-scale sequencing. Science 1993, 260, 
1649–1652. https://doi.org/10.1126/science.8503011. 



Micromachines 2023, 14, 1134 12 of 12 
 

 

24. Li, M.; Su, B.; Zhou, B.; Wang, H.G.; Meng, J.H. One-pot synthesis and sele-assembly of anti-wear octadecyltri-
chlorosilane/silica nanoparticles composite films on silicon. Appl. Surf. Sci. 2020, 508, 145187. 
https://doi.org/10.1016/j.apsusc.2019.145187. 

25. Eren, N.; Burg, O.; Michman, E.; Popov, I.; Shenhar, R. Gold nanoparticle arrays organized in mixed patterns through directed 
self-assembly of ultrathin block copolymer films on topographic substrates. Polymer 2022, 245, 124727. 
https://doi.org/10.1016/j.polymer.2022.124727. 

26. Morgan, D.J. Comments on the XPS Analysis of Carbon Materials. C 2021, 3, 51. https://doi.org/10.3390/c7030051. 
27. Briggs, D.; Seah, M.P. Practical Surface Analysis; John Willy & Sons, Inc.: New York, NY, USA, 

1983.https://doi.org/10.1016/0368-2048(84)80044-4. 
28. Li, Y.; Lua, Y.Y.; Michael, V.L. Chemomechanical functionalization and patterning of silicon. Acc. Chem. Res. 2005, 38, 933–942. 

https://doi.org/10.1002/chin.200613269. 
29. Miramond, C.; Vuillaume, D. 1-octadecene films on Si(111) hydrogen-terminated surfaces: Effects of substrate doping. J. Appl. 

Phys. 2004, 96, 1529–1536. https://doi.org/10.1063/1.1767984. 
30. Ning, Y.C. Structural Identification of Organic Compounds and Organic Spectroscopy; Science Press: Beijing, China, 2014; pp. 

322–323; ISBN 978703041201. 
31. Li, R.Z.; Fan, G.L.; Liang, R.L. Spectral Analysis of Organic Structures; Tianjin University Press: Tianjin, China, 2002; pp. 88–89. 

Available online: http://pan.baidu.com/s/1bn98hcV (accessed on 13 September 2002). 
32. Tian, Y.; Chen, L.; Zhang, S.; Cao, C.Q.; Zhang, S. Correlating membrane fouling with sludge characteristics in membrane 

bioreactors: An especial interest in EPS and sludge morphology analysis. Bioresour. Technol. 2011, 102, 8820–8827. 
https://doi.org/10.1016/j.biortech.2011.07.010. 

33. Speranza, V.; Liparoti, S.; Pantani, R.; Titomanlio, G. Prediction of morphology development within micro–injection molding 
samples. Polymer 2021, 228, 123850. https://doi.org/10.1016/j.polymer.2021.123850. 

34. Liu, M.H.; Fu, W.L.; Wang, S.L.; Huang, Q.; Chen, M. Effects of probe concentration on hybridization efficiency of piezoelectric 
gene sensor arrays. J. Third Mil. Med. Univ. 2001, 23, 1197–1199.https://doi.org/10.3321/j.issn:1000-5404.2001.10.022. 

35. Yamaguchi, S.; Shimomura, T. Adsorption, immobilization and hybridization of DNA studied by the use of quartz crystal 
oscillators. Anal. Chem. 1993, 65, 1925–1927. https://doi.org/10.1021/ac00062a019. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content. 


