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ABSTRACT: The real-time conformational changes of
cytosine (C)-rich ssDNA oligonucleotides upon binding with
silver ions (Ag+) were studied using dual polarization
interferometry (DPI). Upon the addition of Ag+, Ag+

selectively bound to cytosine−cytosine mismatches and
formed C−Ag+−C complexes, inducing change of the
structure of the C-rich ssDNA from random coil conformation
to duplex conformation, whereas the control ssDNA without
cytosine−cytosine mismatches had no such signal, which was
consistent with circular dichroism (CD) characterization. The
conformational change of DNA was reflected on the changes
of the mass, thickness, and density values resolved by DPI. The
calibration curves showed that as the concentration of Ag+

increased from 10 nM to 8 μM, the thickness and mass values increased linearly while the density values decreased linearly. Other
metal ions such as K+, Ca2+, Na+, Mg2+, Zn2+, Mn2+, Ni2+, and Pb2+ did not interfere with the interaction between Ag+ and C-rich
ssDNA, indicating that this method had a good selectivity. The practical application of this biosensor was also investigated in real
samples such as drinking water. Besides, cysteine could specifically capture Ag+ from C−Ag+−C complexes and transformed the
structure of the C-rich DNA back from rigid double-stranded conformation to random coil conformation, which allowed cysteine
to be detected selectively as well. It is expected that this biosensing strategy may be utilized to study the interaction of DNA with
other molecules.

Silver has been used in various applications such as in food,
water purification, and medical materials for a long time

because it inhibits activities of many bacteria, viruses, and
cancer cells.1−5 However, silver ion also does harm to the
environment and the human body as a heavy metal ion. It is
highly toxic to aquatic life6,7 and may destroy the aquatic
ecosystems.8 As Ag+ could bind to many metabolites and
inactivate sulfhydryl enzymes, it may produce dose-dependent
cytopathogenic effects in distinct cell types.9,10 Besides, Ag+ can
selectively bind to cytosine−cytosine (C−C) mismatches and
forms C−Ag+−C complexes in DNA duplexes,11−14 which may
interfere in the replication and transcription of DNA. Thus, it is
of great importance to study the interaction of Ag+ with DNA
and develop highly sensitive detection method for Ag+. Very
recently, a variety of methods15−23 have been used to study the
interaction of Ag+ with DNA, including colorimetric,16,19

fluorescent,20,23 luminescent,21 and so forth. However, most
of these techniques could not simultaneously provide real-time
structural and kinetic information and thus could not describe
DNA conformational change and the interaction of Ag+ with
DNA in detail.

Dual polarization interferometry (DPI) is an effective optical
analytical method for real-time and quantitative analysis of the
adsorption of biomolecules on interfaces24 or to study the
interaction of biomolecules on the surface with molecules in
solution.25,26 In the past years, DPI has been utilized to monitor
protein adsorption,27−40 polyelectrolyte assembly,41−45 lipid
membrane formation,46−51 the dynamic interaction of protein
with ligands,52−55 DNA oligonucleotide hybridization,56−59

among others. Every slight change in the solution would lead
to the change of the sensing interface. It is known that
electrochemical quartz crystal microbalance (EQCM) has been
a well-established analytical technique for the investigation of
mass changes on the reactive surface,60−62 whereas the mass
sensitivity of DPI (0.1 pg/mm2)63 is much higher than that of
EQCM (50 pg/mm2).62 Besides, EQCM could only give the
information of interfacial mass and charge changes, and DPI
could also monitor the thickness and density changes of the
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interface. Thus, in recent years, the use of DPI to study the
interaction of DNA with small molecules has attracted more
and more attention. Özalp immobilized the aptamer of
argininamide on the silicone oxynitride sensor surfacem,
determined the interaction of argininamide with its aptamer,
and quantified argininamide according to the conformation
change of the aptamer using DPI.64 Our group utilized DPI for
real-time study of genomic DNA structural changes upon
interaction with small molecules such as ethidium bromide
(EtBr),65 spermine,65 mitoxantrone (MTX),66 and methylene
blue (MB)66, and we probed the interaction of mercury(II)67

with their respective specific DNA sequences. Actually, the
DNA immobilization onto substrate surfaces has been utilized
in many areas such as gene delivery, diagnostics, drug
development, molecule detection, and so on.68−70 Because it
is well-known that many factors like pH, salt concentration, and
temperature affect the conformation of DNA, DNA of the same
sequence may have numerous conformations. As different
conformations may work oppositely, the real-time control and
observation of DNA structural or conformational change at all
times is a key factor to precisely understand the interaction of
DNA with other molecules and thereby exploit more DNA-
related products. DPI, as an effective analytical technique, not
only gives a simple sensor response function out but also
provides both kinetic and structural information in real time,
through which we could “see” the whole process of the
conformational change of the DNA. Consequently, DPI is a
good candidate to study the interaction between DNA and
small molecules in real time.
In this work, we applied the DPI technique to detect the

interaction of the heavy metal ion Ag+ with cytosine (C)-rich
ssDNA. The C-rich sequences were immobilized on the surface
of the sensing chip. Ag+ in the solution was flowed over the
chip and selectively bound to cytosine−cytosine (C−C)
mismatches strongly, forming C−Ag+−C complexes, which
transformed the cytosine-rich DNA structure from random coil
conformation to double-stranded conformation. The conforma-
tional change of the DNA on the interface upon interacting
with Ag+ caused the changes of the TE phase and TM phase.
Both TE and TM phase were analyzed and converted to real-
time refractive index, thickness, mass, and density values. The
experiment results showed that the changes of the refractive
index, thickness, mass, and density values were proportional to
the concentration of Ag+ in the solution respectively. This
proved that our strategy could be a good alternative for
selective and sensitive determination of Ag+. Besides, cysteine
has a strong reaction with Ag+ and it could capture Ag+ from
C−Ag+−C complexes,71−73 thus, cysteine could also be
detected.

■ EXPERIMENTAL SECTION
Materials. Poly (ethylenimine) (PEI, MW. 25000) was

obtained from Sigma -Aldrich (St Louis, MO). Tris
(hydroxymethyl) aminomethane (Tris) was obtained from a
brand of EMD Biosciences, Inc. (La Jolla, CA, Germany).
Perchloric acid (HClO4), sodium perchlorate monohydrate
(NaClO4·H2O), silver nitrate (AgNO3), and other metal ions
were purchased from Beijing Chemical Reagent Co. (Beijing,
China). Cysteine and other amino acids were purchased from
Beijing Dingguo Biotechnology Co. (Beijing, China). Ultrapure
water (Milli-Q synthesis, Millipore, Inc., Bedford, MA) was
used throughout. Tris-HClO4 buffer solution was prepared with
10 mM Tris-HClO4 and 200 mM NaClO4. The buffer solution

was filtered and degassed before use. Homothymine (30-mer)
ssDNA oligonucleotides (T30), 49-mer cytosine-rich ssDNA
oligonucleotides containing silver-specific sequences (probe: 5′-
AAA AAA AAA AAA AAA TTT TCC CCC CCC CCC CCT
TTT CCG CCG CCG CCG C-3′), and 49-mer oligonucleo-
tides without silver-specific sequences (control DNA: 5′-AAA
AAA AAA AAA AAA TTT TAG ATG TTA TTT TAG ATG
TAT TTT AGT TAG T-3′) employed in this experiment were
synthesized by Sangon Biotechnology Co. Ltd. (Shanghai,
China). Before use, oligonucleotides were dissolved in ultrapure
water as stock solutions, and the concentrations were quantified
by measuring the UV absorption at 260 nm. The stock
solutions were stored in a refrigerator at 4 °C before use. A 10
mM stock solution of AgNO3 was prepared in ultrapure water
and kept from light at 4 °C. All chemicals were of analytical
grade and used without further purification or treatment.
Unless otherwise mentioned, all work solutions were prepared
with Tris-HClO4 buffer solution (10 mM, pH 7.0, 200 mM
NaClO4).

DPI Experiments. DNA immobilization and interaction
with Ag+ were monitored in real time utilizing a DPI
instrument (AnaLight Bio200, Farfield Group Ltd., Crewe,
U.K.). Unmodified silicon oxynitride AnaChip (FB 80, Farfield
Scientific Ltd.) was used for all experiments. Before use, the
chip was first cleaned with Piranha solution (a 7:3 mixture of
concentrated sulfuric acid and 30% hydrogen peroxide) for 3 h.
Subsquently, it was rinsed in ultrapure water under sonication
four times (6 min each time) and then dried under a stream of
nitrogen to get rid of water from the surface.
All experiments were performed at 20 ± 0.002 °C in 10 mM

Tris-HClO4 running buffer solution (pH 7.0, 200 mM
NaClO4). After the cleaned chip was loaded into the
instrument, the running buffer solution was passed over the
chip at a flow rate of 50 μL/min. When the baseline was stable,
an 80% (v/v) ethanol/water solution and ultrapure water with
known refractive indexes were sequentially injected into the
two channels to calibrate the chip and the running buffer.
Thickness and refractive index of the top waveguide layer and
the refractive index of the running buffer were obtained and
applied for the following experiment data calculation.
After calibration, the flow rate of the buffer solution was set

at 50 μL/min when the baseline was stable, a PEI (0.003 mg/
mL) solution was injected into the two channels for 4 min and
incubated for 5 min, and then the flow was returned to the
running buffer to stabilize the baseline. Subsequently, 12 μM
T30 was injected for 4 min and incubated for 5 min, then the
flow returned to the running buffer, and when the stable
baseline was reached, 5 μM probe or control DNA was injected
for 4 min and incubated for 5 min. The running buffer flowed
over the chip until the stable baseline was attained. To
interrogate the interaction of the probe with Ag+, Ag+ solutions
with different concentrations ranging from 10 nM to 10 μM
were injected, respectively, into the channels for 4 min. To
detect cysteine, various concentrations of cysteine were mixed
and reacted with 10 μM Ag+ first for 30 min, respectively, to
ensure the formation of Ag+−cysteine complexes, and the
mixtures were injected for 4 min.
All the data measured were analyzed by the analysis software

of the AnaLight Bio200 instrument and translated into
refractive index, thickness, mass, and density values.

Circular Dichroism (CD) Experiments. CD spectral
measurement was performed on a Jasco J-820 circular
dichroism spectropolarimeter (Tokyo, Japan). Prior to
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measurement, the buffer solution (10 mM Tris-HClO4, pH 7.0,
200 mM NaClO4) was scanned as the background, which
would be automatically subtracted from the following CD data.
Four hundred microliters of 10 mM Tris-HClO4 buffer solution
(pH 7.0, 200 mM NaClO4) containing 2 μM ssDNA (probe or
control DNA) was mixed with different concentrations of Ag+

(0−6 μM) respectively. The mixtures were equilibrated for 5
min at room temperature and then were independently added
into a cell made of quartz suprasil (10 mm path length, 0.7 mL
volume). The CD spectra were measured at room temperature
over the wavelength range of 210−350 nm with a scanning
speed of 200 nm per minute. The ultimate reported spectrum
was the average of three successive scans.

■ RESULTS AND DISCUSSION
Immobilization of ssDNA Measured by DPI. In order to

study the interaction of C-rich ssDNA with silver ions by DPI,
the immobilization of ssDNA on the chip surface was the first
and very important step. To create the probe surface, our group
previously65−67 used the electrostatic immobilization approach
to adsorb the probes directly onto the PEI layer. However, this
approach had a drawback that the electrostatic interaction
between ssDNA and PEI was too strong and the flexibility of
the immobilized ssDNA was limited, which severely affected
the interaction of ssDNA with small molecules. It was reported
that PEI layer had little influence on ssDNA as the layers
increased, and oligonucleotides in the surface layer were
oriented in an intermediate state between verticality and
horizontality.58 Herein, we developed a new immobilization
approach based on the previous method. As displayed in
Scheme 1, the unmodified silicon oxynitride chip surface was

negatively charged at neural pH, hence PEI, which is a cationic
polymer, could be deposited on the chip surface, providing a
positively charged surface. Then, negatively charged T30 was
adsorbed electrostatically onto the positively charged PEI,
forming a T30 layer. Probes or control DNA oligonucleotides
containing 15-mer homoadenine sequences (A15) were partially
complementary to T30 oligonucleotides and thus could
hybridize with the T30 layer, leading to the successful
construction of a functional film.
Figure 1 displayed the real-time measurements of the mass,

thickness, and density values for the ssDNA immobilization
process. As can be noticed in Figure 1A,B, the initial adsorption
of PEI was quick, during which the mass and thickness
increased very fast while the density (proportional to refractive
index) decreased accordingly. The rate of adsorption slowed
down suddenly, and the adsorption of PEI reached a nearly
saturated state. Subsequently, the mass, thickness, and density
slowly stabilized, during which period the mass of PEI layer
remained almost unchanged, and thickness values slightly
decreased while the density increased, indicating that the

immobilized PEI layer underwent a conformational rearrange-
ment. When T30 was injected, the mass and thickness increased,
and the density decreased all at a rapid rate at the beginning,
suggesting that T30 was deposited quickly. After that, the mass
and thickness showed a slight decay with almost the same rate
while the density slowly increased, indicating a more compact
T30 layer. When the buffer was reintroduced to the surface, a
desorption process was observed, during which the mass,
thickness, and density decreased slowly to stable values,
suggesting the structural and conformational rearrangement
of T30. As both the probe and control DNA had a 15-mer
homoadenine sequence, they were deposited onto the surface
by hybridizing with T30. From Figure 1A,B, it is noted that the
probe and control DNA adsorption processes were similar to
that of T30 but with greater changes in the thickness and density
value.
The thickness, mass and density values for the stable probe/

T30/PEI or control DNA/T30/PEI layer are presented in Table
1. Table 1 shows that DNA layers had lower densities and were
more water-swollen than PEI layers, which was consistent with
the results of our group’s previous work.65−67 However, the
probe or control DNA layer was much thicker and less dense
than the T30 layer. The thickness of the T30 layer was around
0.6 nm, whereas it was about 3−4 nm thick for the probe or
control DNA layer from Table 1. It is reported that a DNA
strand is about 1.9 nm wide74 and the average length of the four
bases in ssDNA was approximately 0.63 nm,75 thus the lengths
of T30 and the probe or control DNA with or without the A15
sequence were calculated to be 18.90 nm, 30.87, and 21.42 nm.
The thickness value of the T30 layer was less than the width
value of DNA, indicating that T30 molecules were likely to lie
on the PEI surface and insert themselves partly into the PEI
layer. If the probe or control DNA deposited on the surface

Scheme 1. Fabrication Process of Biosensing Interface and
Detection of Ag+ Using DPI Technique

Figure 1. (A) DPI-based real-time measurements of mass (blue
triangles), thickness (black squares), and density (red squares) for the
whole process of immobilization of PEI, T30, and the probe on the
bare silicon oxynitride surface. (B) Real-time DPI measurements of
mass (blue triangles), thickness (black squares), and density (red
squares) for the whole process of immobilization of PEI, T30, and the
control DNA on the bare silicon oxynitride surface.
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oriented either extremely horizontally or extremely vertically,
the thicknesses of this layer should be 1.9 or 21.42 nm,
respectively. However, the thickness value was around 3 nm for
both the probe layer and control DNA layer, which was
between 1.9 and 21.42 nm, suggesting that the probe or control
DNA might be coiled and oriented in an intermediate state
between verticality and horizontality. Besides, this functional
layer had a much smaller density than the T30 layer, indicating
that the probe or control DNA was highly water-swollen with
little steric hindrance and received little influence from PEI
according to a previous report.58

Ag+−DNA Interaction. The functional probe layer was
fabricated to study the interaction of silver ions with cytosine-
rich ssDNA. As is observed in Scheme 1, Ag+ solution with
different concentrations ranging from 10 nM to 10 μM were
injected and flowed over the probe layer surface respectively.
The probe adsorbed on the interface was of random coil
conformation and oriented inclined. When Ag+ was added, it
selectively bound to C−C mismatches and formed C−Ag+-C
complexes, which transferred the probe structure from flexible
single-stranded conformation to rigid duplex conformation.
The corresponding real-time thickness, mass and density value
changes were presented in Figure 2. It was ever reported that
single-stranded DNA oligonucleotides immobilized on the solid
surface were flexible with small persistence lengths while
double-stranded DNA oligonucleotides were rigid with larger
persistence lengths in Tris buffer,76 thus dsDNA could form a
thicker but looser layer than ssDNA. As can be noticed in
Figure 2, after the addition of Ag+, the mass and thickness of
the layer increased quickly and the density decreased quickly
before reaching a equilibrium. When the flow returned to the
buffer, the thickness and mass decreased while the density
increased, and eventually reached stable values, suggesting the
partial dissociation of the probe-Ag+ complexes. Moreover, the
changes of the thickness, mass and density values were
proportional to the concentration of Ag+ in the range of 10
nM to 8 μM. When the concentration was higher than 8 μM,
the binding of Ag+ slowed down, this may be due to the
occupation of most of the binding sites in the probe layer.
On the basis of these phenomena, a biosensor for

determination of Ag+ was fabricated. As is depicted in Figure
S1, the changes of the mass (Figure S1A), thickness (Figure
S1B), and density (Figure S1C) value at 450 s were linearly
related to the concentration of Ag+ ranging from 10 nM to 8
μM, and the linear equation could be fitted as mass (ng/mm2)
= 0.0012 + 0.00382c (Ag+, μM) (R2 = 0.991), thickness (nm) =
0.03129 + 0.05453c (Ag+, μM) (R2 = 0.993), and density (g/
cm3) = −0.00263 − 0.00564c (Ag+, μM) (R2 = 0.988),
respectively. The limits of detection (3σ) were 5 nM for mass
calibration, 1 nM for thickness calibration, and 10 nM for
density calibration, which were much lower than the maximum

contaminant level of Ag+ (0.46 μM) in drinking water regulated
by World Health Organization (WHO).
To test the practicality of this biosensor, we further detected

drinking water as a real sample. To prepare the real samples, 10
μL of drinking water diluted with 590 μL of Tris-HClO4 buffer
solution (10 mM, pH 7.0, 200 mM NaClO4) were added with
known amounts of Ag+. Results were presented in Table S1,
which indicated that the concentration of Ag+ measured was in
general accord with that added, and the recoveries calculated
from the thickness data were in the range of 88% to 110%,
demonstrating that the biosensor had a potential for detecting
Ag+ in real samples.

Advantages of the New Method for Immobilizing the
Probe. To compare the flexibility of the probe immobilized
using this approach (Method A) with the method our group
previously65−67 used (Method B), the probe was then
immobilized directly onto the PEI forming probe/PEI layer

Table 1. Layer Structure for probe/T30/PEI or Control DNA/T30/PEI (Mean ± SD, n = 5)

layer material mass (ng/mm2) thickness (nm) density (g/cm3)

PEI 0.794 ± 0.067 1.086 ± 0.078 0.733 ± 0.076
T30/PEI 1.239 ± 0.179a 1.694 ± 0.175a 0.730 ± 0.060a

probe/T30/PEI 2.183 ± 0.327a 5.517 ± 0.649a 0.397 ± 0.057a

PEI 0.780 ± 0.021 1.157 ± 0.041 0.674 ± 0.005
T30/PEI 1.066 ± 0.130a 1.683 ± 0.304a 0.637 ± 0.035a

control/T30/PEI 1.640 ± 0.237a 4.363 ± 1.150a 0.383 ± 0.041a

aMass, thickness, and density of the whole T30/PEI, probe/T30/PEI, or control DNA/T30/PEI layer.

Figure 2. Real-time mass (A), thickness (B), and density (C) value
changes of the probe/T30/PEI layer upon Ag+ injection. The arrows
show increasing Ag+ concentration.
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under the same condition as Method A. As depicted in Figure
S2, after the addition of Ag+, the differences of the mass
changes (Figure S2A) between these two methods were
minimal; however, the thickness (Figure S2B) and density
changes (Figure S2C) of Method A were much more sensitive
than that of Method B, which indicated that the probe
immobilized using Method A underwent a much more sensitive
conformational change. These results demonstrated that
Method A for creating the probe layer used herein improved
the flexibility of the ssDNA and the sensitivity of detecting Ag+.
Besides, the detection limit for Method A was 30 times lower
than that for Method B. For Method A, the sensitivity obtained
by analysis of the thickness change was much higher than that
obtained by analysis of the mass change, and the limits of
detection according to thickness was lower than that according
to mass, suggesting that thickness change, instead of mass
change, became the more convincing element to study the
interaction between DNA and Ag+. Thus, the method we newly
developed was a major improvement in fabrication of the DNA-
sensing surface, because of which the study of DNA
conformational change in real time would be more precise
and reliable.
Specificity and Selectivity of Ag+−DNA Interaction. In

order to study the specific binding between C-rich ssDNA and
Ag+, a control experiment was performed using the control
DNA instead of the probe. As can be observed in Figure S1,
compared to the probe/T30/PEI layer, the control DNA/T30/
PEI layer underwent small mass (Figure S1A), thickness
(Figure S1B), and density (Figure S1C) changes upon addition
of different concentrations of Ag+, indicating the highly specific
binding of Ag+ toward the C-rich ssDNA.
Besides, other metal ions such as K+, Ca2+, Na+, Mg2+, Zn2+,

Mn2+, Ni2+, and Pb2+ were investigated instead of Ag+ to study
the selectivity of this biosensor for Ag+. As is shown in Figure
S3, the changes of the mass (Figure S3A), thickness (Figure
S3B), and density (Figure S3C) values of these metals were
much less than that of Ag+, indicating the high selectivity of this
biosensor against Ag+.
Circular Dichroism Spectroscopy Characterization of

Ag+−DNA Interaction. To further demonstrate the specific
interaction of C-rich ssDNA with Ag+, circular dichroism
spectroscopy (CD) of the probe and control DNA before and
after binding to Ag+ was recorded. Figure 3A shows that the
probe showed a CD spectrum with a positive ellipticity
maximum around 290 nm, two negative minimums around 248
and 270 nm, and a larger positive maximum around 218 nm.
According to previous reports,77,78 a C-rich ssDNA dissolved in
neutral buffer possessed a CD spectrum of a positive maximum

around 290 nm, a negative minimum around 248 and 270 nm,
and a small positive maximum around 218 nm, whereas an A-
rich ssDNA possessed a CD spectrum of a negative minimum
around 248 nm and a large positive maximum around 218
nm.79 It could be concluded that the measured CD spectra of
the probe were the combination of that of the C-rich ssDNA
sequence and the poly(A) sequence. As it was also reported80

that a hairpin structure possessed a CD spectrum characterized
by a positive ellipticity maximum around 285 nm and a negative
minimum around 248 nm, it was supposed that duplex
structures existed in C-rich probes, and the probes were
mixtures of both random coil structures and rigid duplex
structures before binding to Ag+, which is consistent with a
previous report.81 When Ag+ was added, as the concentration of
the Ag+ increased, the positive maximum around 290 and 218
nm increased, and the negative minimum around 248 nm
decreased, suggesting that the C-rich probe underwent a
structure change from random coil single-stranded conforma-
tion to rigid duplex conformation, which was in good
agreement with the DPI experiment results. It could also be
observed from Figure 3B that the control DNA presented a CD
spectrum with a positive maximum around 218 nm and a
negative minimum around 248 nm, which was supposed to be
the characteristic of the poly(A) sequence. After the addition of
different concentrations of Ag+, there was no noticeable change
in this CD spectrum, indicating that Ag+ did not bring about
any effect on the conformational change of the control DNA.
Consequently, these CD experiments confirmed that Ag+

interacted with C-rich ssDNA specifically and changed the
structure of C-rich ssDNA from random coil single-stranded
conformation to rigid duplex conformation.

Atomic Force Microscopy Characterization of Ag+/
probe/T30/PEI Layer Growth. To further characterize the
fabrication process of the biosensing layer and the interaction
between the probe and Ag+, atomic force microscopy (AFM)
was used to directly determine the thickness of PEI layer, T30/
PEI layer, probe/T30/PEI layer, and Ag+/probe/T30/PEI layer.
Because our DPI experiments were conducted in a fluidic
system and the immobilization of biosensing layer and the
measurement of interaction between the probe and Ag+ were
achieved on line, AFM was utilized to measure dry interfaces off
line in static condition, and the fabrication of the biosensing
layer were conducted under ambient conditions. The surface
environments of the chips were quite different between DPI
and AFM, and thus ssDNA sequences on the two surfaces
might adopt different conformations. Consequently, the AFM
characterization could only give a general trend of the thickness
value change. Figure S4 shows that the order of thickness was

Figure 3. CD spectra of the probe (A) and control DNA (B) after the addition of different concentrations of Ag+ in 10 mM Tris-HClO4 buffer
solution (pH 7.0, 200 mM NaClO4). The concentration of the probe and the control DNA is 2 μM, the concentrations of Ag+ are 0 μM, 3 μM, and
6 μM. The arrow shows increasing Ag+ concentration.
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Ag+/probe/T30/PEI layer (32.2 nm), probe/T30/PEI layer
(31.3 nm), T30/PEI layer (25.6 nm), and PEI layer (23.2 nm).
The multilayer was thicker than that measured by DPI mainly
due to the thickly deposited PEI layer. Thus, through analysis,
the net thickness of T30 layer, probe layer, and Ag+/probe layer
were 2.4, 5.7, and 6.6 nm, respectively. The results were
basically consistent with that of DPI, which further
demonstrated the success of our new immobilization approach
and the interaction of the probe with Ag+.
Determination of Cysteine. Cysteine (Cys) plays a crucial

role in human bodies,82 thus the detection of Cys is important
for the study of its activities. It is known that Cys has a strong
reaction with Ag+ and can capture Ag+ from C−Ag+−C
complexes, resulting in the change of the structure of the C-rich
ssDNA from rigid duplex conformation to random coil
conformation. Thus, Cys could be detected in the similar way
as Ag+ using DPI. As is depicted in Figure S5, the changes of
the mass (Figure S5A), thickness (Figure S5B), and density
(Figure S5C) values at 450 s were plotted as a function of the
corresponding concentration of Cys. The result showed that
the changes of the mass, thickness, and density values were
linear to the concentration of the Cys ranging from 500 nM to
10 μM. The linear equation could be fitted as mass (ng/mm2)
= 0.0388 − 0.0036c (Cys, μM) (R2 = 0.996), thickness (nm) =
0.3748 − 0.0302c (Cys, μM) (R2 = 0.993), and density (g/cm3)
= −0.0210 + 0.0017c (Cys, μM) (R2 = 0.988) with a limit
detection (3σ) of 100 nM, respectively.
To investigate the selectivity of this biosensor for Cys, 6 μM

Cys and 6 μM of a mixture of 10 most common amino acids
(Ala, Gln, Gly, Pro, His, Leu, Val, Phe, and Arg) were reacted
with 3 μM Ag+ for 30 min and then subjected to the DPI
measurement. Figure S6 demonstrates that the mass (Figure
S6A), thickness (Figure S6B), and density (Figure S6C) values
for the solution of the mixture changed much less than that of
Cys, suggesting a good selectivity for Cys.

■ CONCLUSION

This work investigated the interaction of C-rich ssDNA
oligonucleotides with silver ions (Ag+) in real time using the
DPI technique. Ag+ selectively bound to C−C mismatches and
formed C−Ag+−C complexes, inducing the structure of the C-
rich DNA changing from random coil conformation to rigid
double-stranded conformation, whereas the control DNA
underwent no such changes, which was proved by CD
spectroscopy and AFM characterization. The C-rich DNA
was immobilized on an unmodified silicon oxynitride chip with
a newly developed approach. After the addition of Ag+, the real-
time conformational changes of the DNA could be detected
using DPI and explained in detail by use of mass, thickness, and
density values. The results showed that as the concentration of
Ag+ increased, the mass and thickness values of the probe layer
increased, while the density values decreased. In addition, the
changes of the mass, thickness, and density values were
proportional to the concentration of Ag+ ranging from 10 nM
to 8 μM, based on which a biosensor for Ag+ was fabricated and
utilized to detect real samples. This biosensor showed a high
sensitivity and selectivity toward Ag+ and avoided the
interference from several other metal ions. What’s more, as
Cys could capture Ag+ from the C−Ag+−C complexes inducing
the structure of the C-rich DNA changing back from rigid
duplex conformation to random coil conformation, Cys could
also be detected with DPI in the same way. The 10 most

common amino acids did not produce any significant signals,
suggesting a high selectivity of this biosensor for Cys.
The new approach used for immobilizing C-rich ssDNA on

the chip surface improved the flexibility of the ssDNA. These
probe ssDNA oligonucleotides oriented inclined and received
little influence from the T30/PEI layer, hence the interaction of
the probe ssDNA with Ag+ was more sensitive. This strategy
paved a new avenue for studying the interaction of DNA with
small molecules. It can be expected that DPI technique will be a
potential means to explore and verify functional DNA
interaction with different target molecules.
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