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ABSTRACT: Understanding of the interactions of silver ions (Ag+) with
polynucleotides is important not only to detect Ag+ over a wide range of
concentrations in a simple, robust, and high-throughput manner but also
to investigate the intermolecular interactions of hydrogen and coordinate
interactions that are generated due to the interplay of Ag+, hydrogen ions
(H+), and polynucleotides since it is critical to prevent adverse
environmental effects that may cause DNA damage and develop
strategies to treat this damage. Here, we demonstrate a novel approach
to simultaneously detect Ag+ satisfying the above requirements and
examine the combined intermolecular interactions of Ag+−polycytosine
and H+−polycytosine DNA complexes using dielectrophoretic tweezers-
based force spectroscopy. For this investigation, we detected Ag+ over a
range of concentrations (1 nM to 100 μM) by quantifying the rupture
force of the combined interactions and examined the interplay between the three factors (Ag+, H+, and polycytosine) using the
same assay for the detection of Ag+. Our study provides a new avenue not only for the detection of heavy metal ions but also for
the investigation of heavy metal ions−polynucleotide DNA complexes using the same assay.

Silver has been used as an antimicrobial agent for at least six
millennia.1 Ancient Egyptians, Greeks, and Romans used

silver containers to keep liquid fresh and silver pads to heal
wounds.2 Recent advances in nanotechnology have resulted in
the production of silver nanomaterials with improved
antimicrobial activity, generating many reports of silver biocidal
products.3 However, there have still been concerns over the
environmental and health safety risks posed by silver ions (Ag+)
if they were released from these products into various
ecosystems.4 Many studies have shown that Ag+ can adversely
affect wildlife5−7 and even humans.8 Furthermore, released Ag+

may cause DNA damage through the formation of Ag+−
polynucleotide complexes.9 Therefore, it is important to
develop sensitive methods to detect the release of Ag+ into
the environment and investigate the formation of Ag+−
polynucleotide complexes.
Some attempts have been made to detect Ag+ using atomic

absorption spectrometry10 and fluorescent probes based on the
binding specificity between metal ions and organic mole-
cules.11−13 However, these approaches are time-consuming and
not sensitive enough to detect low Ag+ concentrations.
Alternatively, detection methods utilizing cytosine (C)-

containing polynucleotides have been demonstrated with high
selectivity and specificity of C-rich DNA for Ag+ detection in
fluorescence-based assays (10 nM to 1 μM),14−18 electro-
chemical sensors (10 nM to 10 μM),19−21 resonant cantilevers
(1 nM to 10 μM),22 and Kelvin probe force microscopy (100
pM to 100 nM).23 Although these techniques offer higher
sensitivities for Ag+ detection than conventional methods, they
still have limitations in the investigation of combined
interactions mediated by hydrogen (H+−polynucleotide) and
coordinate (Ag+−polynucleotide) complexes14,24−26 that are
critically related to generate Ag+−polynucleotide complexes.
Therefore, a method for the detection Ag+ over a wide range of
concentrations using a simple and high-throughput technique
as well as the investigation of the combined intermolecular
interactions generated by the interplay of Ag+, hydrogen ions
(H+), and polynucleotides is required. The rupture force of the
combined interactions as a probe is a possible candidate to
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satisfy these requirements. Nevertheless, a quantitative
analytical approach has not been reported to date.
Dielectrophoretic-tweezers based force spectroscopy

(DEPFS), which has been developed recently and used inside
microfluidic devices,27−33 enables the measurement of numer-
ous intermolecular interactions such as various weak binding
interactions under various pH conditions, specific ligand−
receptor binding, nonspecific interactions, and DNA−DNA
interactions, by simultaneously using hundreds of chemically or
biological functionalized microspheres as probes in a given
environment. As a result, DEPFS can be used to obtain
statistically reliable data of unbinding intermolecular inter-
actions and this data can be utilized to statistically investigate
the properties of the interactions in a simple, robust, and high-
throughput manner, as opposed to other force spectroscopic
approaches. Herein, by the use of the DEPFS approach, we
present a novel method that enables not only highly sensitive
detection of Ag+ over a wide range of concentrations but also
quantitative investigation of the interplay between Ag+, H+, and
polycytosine (poly-C) DNA based on exploring the inter-
molecular forces of Ag+/H+ poly-C DNA complexes. Using this
approach, we measured the unbinding (rupture) force (FU) in
DNA complexes over a wide detection range from 100 pM to
100 μM Ag+ in pure water and drinking water samples.
Moreover, our force spectroscopy method was used for the
statistical evaluation of cooperativity in coordinate interactions
of Ag+-poly-C DNAs and hydrogen interactions of H+-poly-C
DNAs within Ag+/H+ poly-C DNA complexes, which allows us
to investigate the Ag+ interaction mechanism within DNA
polynucleotides.

■ MATERIALS AND METHODS

Fabrication of a Microfluidic Chip. The interdigitated
electrode array pattern (40 μm wide and 10 μm separations)
was fabricated on an oxidized silicon wafer (i-Nexus,
Seongnam, Republic of Korea) using photolithography
techniques. A 1000 Å thick chromium interdigitated electrode
array pattern was deposited on the substrate using the thermal
evaporator technique and standard lift-off process. The metal
electrodes were covered by a 7000 Å thick plasma-enhanced
chemical vapor deposited (PECVD) silicon dioxide. The top
view of the structure is imaged in Figure 1E−G, and the
schematic cross-section view of the chip is described in Figure
N2.

Preparation of Oligonucleotide. Poly-C DNA was
obtained with commercial DNA sequencing services (Cosmo-
gentech, Seoul, Republic of Korea). Poly-C DNA has the
following sequences: 24-base poly-C DNA (5′-CCC CCC
CCC CCC CCC CCC CCC CCC-3′-(CH2)6-NH2 and 6-
FAM-5′-CCC CCC CCC CCC CCC CCC CCC CCC-3′-
(CH2)6-NH2); 12-base poly-C DNA (5′-CCC CCC CCC
CCC-3′-(CH2)6-NH2); 6-base poly-C DNA (5′-CCC CCC-3′-
(CH2)6-NH2). All oligonucleotide at the high-pressure liquid
chromatography purity were synthesized and used for
functionalization of both surfaces of DEP chip and micro-
sphere.

Functionalization of the Microfluidic Device by Poly-C
DNA. The surface of the fabricated device was functionalized as
follows: poly-C DNA was immobilized on the surface of the
device with a carboxyl-terminated oxide surface layer by 3-
triethoxysilylpropyl succinic anhydride (TESPSA).34 The
silicon dioxide chip was first transferred to a solution consisting
of H2SO4−H2O2 (1:2), resulting in a hydroxyl functionalized

Figure 1. Overview of the measurement system. (A) Schematic (not drawn to scale) outlining the DEPFS to measure interactions between parallel
poly-C DNA mediated by Ag+. The inherent forces in H+/Ag+−poly-C complexes, with the combination of hydrogen and coordinate bonds, can be
assessed by an upward movement of a microsphere due to the DEP force. (B−D) Schematic illustration of the experimental configuration where the
details are provided in the main text. The measurement procedure involved three steps. (B) The first step was to apply a negative DEP force (48
Vp‑p, 1 MHz) to trap the microspheres with immobilized poly-C DNA on the center of the electrode. (C) The next step was to induce a C−Ag+−C
bond between the microsphere probe and silicon dioxide (SiO2) surface. (D) Then, the rupture force was measured using a vertical DEP force (122
Vp‑p, 1 MHz). (E−G) Optical images obtained following the (B−D) steps with an Ag+ concentration of 100 pM (100 μm scale bar) in a DEP chip
with interdigitated electrodes. The inset shows single microsphere movements for each applied voltage (10 μm scale bar). The negative DEP
principle and the fabrication method of the chip are described in the Materials and Methods section and the Supporting Information.
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substrate (SiO2-OH). This hydroxyl-functionalized substrate
was then immersed in 100 mM TESPSA (Gelest, Morrisville,
PA) in an organic solvent (toluene, 99.8%) overnight (SiO2-
COOH). The carboxylated substrate was cleaned with three
different solvents (toluene, N,N-dimethylformamide (DMF,
Sigma-Aldrich, St, Louis, MO; 99.9% HPLC grade), and
distilled water) and dried by nitrogen, and then the
carboxylated substrate was immersed in 65 mM N-(3-
dmethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC; Sigma-Aldrich, 99%) and 108 mM N-hydroxysuccini-
mide (NHS; Sigma-Aldrich, 98%) in 0.01 M phosphate-
buffered saline (PBS) (Gibco, Gaithersburg, MD) at a pH of
7.2 for 1 h. Each of 200, 400, and 800 nM poly-C DNA
solutions were then added to this solution to form amide bond
with chip surface during overnight (SiO2−poly-C DNA). After
poly-C DNA immobilization, the DEP chip substrate was
rinsed with an excess PBS buffer solution and a distilled water
solution and then dried with nitrogen gas. All sample
preparations were performed at 22 °C.
Preparation of the Microspheres with Immobilized

Poly-C DNA. To prepare the microspheres immobilized with
poly-C DNA, 3 mg/mL of carboxylated polystyrene micro-
spheres (Kisker, Steinfurt, Germany; 15 μm) was reacted with
6.25 mg of 99% EDC and 6.25 mg of 98% NHS in PBS (Gibco;
0.01 M, pH 7.2) for 1 h. The reaction mixture was then
incubated with 1 μM poly-C DNA overnight. The resulting
microspheres with immobilized poly-C DNA were vortexed
and rinsed five times in PBS by centrifugation. The micro-
spheres were diluted with distilled water (Gibco, Gaithersburg,
MD) or drinking water (Jeju Samdasoo, JPDC, and Republic of
Korea) and centrifuged before use. All sample preparations
were performed at 22 °C.
Characterization Method of the Functionalized Chip

and Microsphere by Fluorescence Microscopy, Scan-
ning Electron Microscopy (SEM), and Atomic Force
Microscopy (AFM). The microsphere and DEP chip substrate
immobilized with poly-C DNA were washed with PBS and
distilled water prior to the analysis. The surfaces of the
microspheres and plasma enhanced chemical vapor deposition
(PECVD) oxide were examined by fluorescence microscopy
(BX60, Olympus, Tokyo, Japan) using a WB filter. Field
emission SEM (JSM-7001F, JEOL, Tokyo, Japan) was used to
observe the morphology and composition of the polystyrene
microsphere surface, where poly-C DNA and carboxyl
functional groups were immobilized. Because the microspheres
with immobilized poly-C DNA and carboxylated polystyrene
microspheres are nonconducting materials, the samples were
preprocessed by platinum ion sputtering to provide protection
from electron damage. The contrast of the top-view SEM
images (Figure S2) was analyzed using ImageJ. AFM
measurements were performed using a Multimode V (Veeco,
Santa Barbara, CA) in air and the images (5 × 5 μm2) were
further analyzed using Nanoscope software (Bruker). The AFM
height images for the DEP chip substrate with or without poly-
C DNA were quantified by comparing the surface roughness
defined as the root mean squared value:
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Measurement Methods of the Unbinding Force in the
C-Ag+-C/C-H+-C Complex. The polydimethylsiloxane
(PDMS) chamber, which was approximately 6 × 6 × 1.2

mm3 with a 3 mm diameter hole in the middle, was put into
contact with the DEP chip surface functionalized immobilized
poly-C DNA. A mixture of the microspheres with immobilized
poly-C DNA with metal ions (9:1; 10 μL) was injected into the
PDMS chamber. All metal ion solutions were used with metal
nitrates salts (AgNO3, LiNO3, NaNO3, Hg(NO3)2, Zn(NO3)2,
and Fe(NO3)3; Sigma-Aldrich). An ac voltage was applied to
the electrodes in the microfluidic chip using a WMA300
amplifier (Falco Systems, Amsterdam, The Netherlands)
connected to a 33250 function generator (Agilent Technolo-
gies, Santa Clara, CA), and the applied voltages was rechecked
with an oscilloscope (WaveRunner 6050, LeCroy, New York,
NY) for the verification. The bead movement was recorded by
a top-view charge coupled device camera (Motionscope M3,
Redlake, San Diego, CA). The unbinding force (FU) of the
molecular interactions was quantified by using a combination of
the grayscale variation method and DEP force maps acquired
from finite elements simulation (FES).29 The detail method is
described in the Supporting Information, Note 1. Briefly, to
determine the ruptured point of microspheres (probes) from
the chip substrate surface, we used the grayscale values from the
inner region of each microsphere in a top-view optical image as
a function of applied voltage.29 For the characterization of DEP
forces exerted on a microsphere, well-established FES results
were used, albeit a few attempts so far to depict the DEP force
map by using optical tweezers.35−37

Calibration of DEP Chip. Although the DEP chips were
made through the same MEMS fabrication process, the chips
often show difference performance. Hence we check the quality
of DEP chips before use of them. We provide our results
regarding chip performance (Figure S4), where we used
carboxylated microspheres and well-cleaned chip, showing the
similar performance of 20 chips regarding the unbinding
voltage measurement. The mean unbinding voltage, 1.002 Vp‑p
corresponds to DEP force, 46.51 pN, which is within range of
van der Waals interaction (cf., the gravity of the microsphere
(∼0.1 pN)).

■ RESULTS
Principle of DEPFS for the Measurement of the

Interactions of Ag+/H+ Poly-C DNA Complexes. Our aim
was to directly and massively measure the force in C−Ag+−C/
C−H+−C as a function of the Ag+ concentration using a
negative DEP (nDEP) force38 in microspheres (probes)
containing functionalized poly-C DNA (Figure 1 and
Supporting Information, Note 1). To measure the intermo-
lecular interactions of Ag+/H+ poly-C DNA complexes, we
functionalized poly-C DNA on hundreds of polystyrene
microspheres and a DEP chip substrate (SiO2) (Figure 1A
and Figure S1). The microspheres interacted with the poly-C
DNA functionalized surface on the chip substrate with or
without Ag+, resulting in the formation of intermolecular
interactions between two surfaces (i.e., the microspheres and
chip substrate). Because we immobilized the poly-C DNA onto
two different surfaces (i.e., microspheres and DEP chip) using a
3′ amine group, we supposed that in our configuration the
unzipping mode is prevalent, rather than the shear mode
(Figure S5).39

As the DEP force increased, such interactions were broken
due to the upward movement of the microspheres with
immobilized poly-C DNA from the chip substrate, which allows
us to directly measure the intermolecular (unbinding) forces
between poly-C DNA mediated by Ag+ and H+. Specifically, the
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microspheres were randomly distributed on the silicon dioxide
film over an interdigitated (IDT) electrode within a micro-
fluidic chamber. When an ac voltage (48 Vp‑p, 1 MHz) was
applied to the IDT electrode, the microspheres were aligned
along the center of the electrode by the nDEP force (Figure
1B), and then they interacted with Ag+, resulting in the
formation of C−Ag+−C and C−H+−C complexes (Figure 1C).
A higher voltage (∼122 Vp‑p, 1 MHz) applied to the IDT
electrode could break the complexes when the microspheres
were vertically levitated at the center of the electrode (Figure
1D). The microsphere movement and displacement were
evaluated using optical microscopy images, where the micro-
spheres brightness depended on the changes of the trap height
due to the defocusing depth, which was quantitatively analyzed
to determine the unbinding voltage of the complexes using a
grayscale method (Figure 1E−G, see Materials and Meth-
ods).29

Characterization of Both the Microspheres and DEP
Chip Substrate with Immobilized Poly-C DNA. To obtain
poly-C DNA immobilized on microspheres and DNA-coated
chips, amino-labeled poly-C DNA was immobilized on
polystyrene microspheres, and the silicon dioxide substrate
surface of the DEP chip, which were both functionalized with
carboxyl groups via peptide bonds (Figure 2A and Figure S1).
The detailed functionalization procedure is described in the
Materials and Methods section. The fabrication of the
microspheres and DEP chip substrates was verified by
fluorescent microscopy (Figure 2B,C). The use of fluores-
cence-labeled oligonucleotide is very intuitive to see whether
the functionalization protocol is working well or not.22

We have also used poly-C DNA labeled with fluorescence (6-
FAM) to validate the functionalization of oligonucleotides not
only on probe bead but also on the DEP chip surface, because
the functionalization protocol of oligonucleotide is the same in
both cases (Figure S1). When we perform the silver ion
detection using DEPFS, however, we did not use those
fluorescence-labeled oligonucleotides, rather we used pure
oligonucleotide sequence without fluorescent dye molecules

(i.e., 6-FAM) to avoid experimental errors in force measure-
ments deriving from the dye molecules.
Extra experiments (i.e., AFM and SEM) were produced to

observe the distribution of immobilized poly-C DNA without
florescence dye. We also examined the microspheres with
immobilized poly-C DNA and DNA-coated chips using SEM
and AFM, respectively (Figure 2D−F). Because the AFM
analysis of the microspheres surface is perturbed by its
curvature and wobbling (i.e., rocking motion) of micro-
spheres,40−42 we used SEM to examine not only the
morphology of the microspheres with immobilized poly-C
DNA but also their surface where poly-C DNA is observed as
multiple tiny granules (several nanometers). This result is
consistent with the results of a previous report that observed to
increase the tendency of granularity in the presence of poly-C
DNA.43 By contrast, the control sample (carboxylated
polystyrene microspheres) showed a relatively flat surface
(inset of Figure 2E and Figure S2).
We have used AFM to probe topographic change of the chip

surface on which biomolecules (here, poly-C DNA) are
functionalized.44,45 To quantify such a topographic profile
change, the histogram of surface roughness has been used to
compare before and after step of the immobilization of poly-C
DNA. Because (the size of) the oligonucleotide is larger than
carboxyl functional groups, the height distribution of the
surface where DNA are immobilized would become higher.
This shows that the height difference in histogram shows huge
shift from left to right under the same AFM imaging conditions
(as shown in Figure 2F). Generally, DNA-immobilization
makes the surface roughness higher,46 showing a larger width of
the histogram of topographic height, rather than surface
roughness in the absence of DNA (Figure S3).
Through these various microscopy analyses, we confirmed

the basic fabrication method, but this does not guarantee the
stability of the microspheres with immobilized poly-C DNA of
this system. Moreover, it is well-known that tensional forces or
intermolecular interactions between DNAs are dependent on
the DNA length as well as microenvironments such as

Figure 2. Surface immobilization and characterization of poly-C DNA. (A) Schematic illustration of poly-C DNA covalent binding on the SiO2
surface and the microspheres with EDC/NHS. (B,C) Fluorescence images of the microspheres with immobilized poly-C DNA (B) and the DEP
chip surface (C) labeled with 6-FAM (excitation/emission wavelengths of 495 nm/520 nm). (D) SEM image of the microspheres with immobilized
poly-C DNA. (E) The image of the boxed region in part D where poly-C DNA can be clearly seen. The inset shows an SEM image of the surface of
carboxylated polystyrene microspheres. (F) Topographic height distribution obtained from the AFM image. The inset shows AFM images of the
carboxylated DEP chip surface (left) and poly-C DNA-immobilized DEP chip surface (right) where each image size is 5 × 5 μm2. The scale bars are
(B) 100 μm, (C) 200 μm, (D) 10 μm, and (E) 100 nm.
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temperature or pH,47−50 as are the hydrogen and coordinate
interactions generated by the interplay between Ag+, H+, and
poly-C DNA. Therefore, further optimization is required, as
described below.
Optimization of Microspheres for the Interactions of

Ag+/H+ Poly-C DNA Complexes. It has been reported that
hydrogen bond can occur between a cytosine and hemi-
protonated cytosine (C−H+−C) under weak acidic conditions
(pH 5).39,51 The C−H+−C hydrogen bond can also be
replaced by coordinative bonds to Ag+ through the bridge
between hetero nitrogen atoms in each cytosine (i.e., becoming
C−Ag+−C) when Ag+ is in the solution.52 Hence, the length of
poly-C DNA (L) needs to be optimized in order to make the
best The microspheres with immobilized poly-C DNA for
highly accurate measurement of the interactions of Ag+/H+

poly-C DNA complexes.
For the optimization of the microspheres with immobilized

poly-C DNA, we measured FU between the microspheres and
the chip surface, which were functionalized with different
lengths (L) of poly-C DNA in either the presence or absence of
Ag+ in distilled water (pH 5.4) using DEPFS. As expected, a
larger FU was obtained as L increased because of either the
increment of the number of hemicytosinium duplexes to form
C−H+−C without Ag+ or the combination of hemicysinium
duplexes and coordinate duplexes to form C−Ag+−C with Ag+

(Figure 3A,B). Naturally, the FU value with Ag+ is greater than
that without Ag+ since the coordinate interaction has a higher
binding strength than the hydrogen interaction.39 It is also
shown that the poly-C6 DNA resulted in a very small FU value
without Ag+. This may be due to the thermodynamic instability
of DNA hybridization in the case of shorter double-stranded

DNA at room temperature,25,53 and this instability can be
stabilized by the coordinate bonds when Ag+ is introduced
(Figure 3B). The mean unbinding force (⟨FU⟩) was
summarized from the measured FU data and is plotted in
Figure 3C. Interestingly, it was found that the difference (SF)
between ⟨ FU⟩ in the absence or presence of Ag+ was saturated
at C24 (Figure 3D). This implies that 24-base poly-C DNA
(C24) is large enough to detect 10 μM Ag+. This saturation
phenomenon of ⟨FU⟩ at C24 can be explained by two possible
scenarios: (i) the interaction between poly-C DNAs is
thermodynamically stabilized at L = 24 and (ii) ⟨FU⟩ is
saturated at a certain L (here, 24-base) because of the
unzipping mode (in unbinding behavior) of hybridized DNA
molecules.54 Together, we chose poly-C24 DNA and applied it
in all experiments.

Measurements of the Interactions of Ag+/H+ Poly-C
DNA Complexes. To measure the interactions of Ag+/H+

poly-C DNA complexes mediated by hydrogen (C−H+−C)
and coordinate (C−Ag+−C) interactions using DEPFS, we
introduced Ag+ into the microfluidic chip between the
microspheres with immobilized poly-C DNA and chip
substrate. Before the measurement of this interaction, we
measured the conductivity of the medium containing different
Ag+ concentrations (100 pM to 1 mM) because conductivity is
an important parameter for DEPFS.55,56 We found that the Ag+

concentrations tested, except for the highest value (1 mM), did
not significantly influence the medium conductivity (Figure
S6). We further validated the effect of the Ag+ concentration on
the medium conductivity by measuring ⟨FU⟩ with different Ag+

concentrations using carboxylated microspheres and a
negatively charged surface, which showed similar results. On
the basis of these findings, we measured the interactions of
Ag+/H+ poly-C DNA complexes in the range of 100 pM to 100
μM Ag+, where the results are shown in Figure S7. The ⟨FU⟩ of
the interaction increased with increasing Ag+ concentration
from 12.51 ± 1.33 nN to 35.75 ± 3.20 nN (Figure S7).

■ DISCUSSION

In order to analyze the detection capability of Ag+ using
DEPFS, which evaluates the potential of the Ag+ sensor, we
plotted the mean rupture force (⟨FU⟩) and standard deviation
using the FU data (Figure 4A). As shown in Figure 4A, ⟨FU⟩
linearly increased with increasing Ag+ concentration in the
semilogarithm scale. More than 400 microspheres with
immobilized poly-C DNA on multiple DEP chips were used
in this analysis, which demonstrates a high reliability (P <
0.0001) and a very short detection time (<3 min). The limit of
detection was ∼300 pM (Figure S8), which is not an
overwhelming value but pretty good by comparison with
conventional methods such as stripping voltammetry at a
chemically modified electrode (∼2 pM),57 and inductively
coupled plasma-mass spectrometry (∼6 pM).58

We also evaluated the ion selectivity using various metal ions
(100 nM) including Zn2+, Li+, Na+, Hg2+, and Fe3+ (Figure 4B).
To quantify the detecting ability of our DEPES, we calculate
the selectivity coefficient (ξ) defined as the ratio of the two
equilibrium constants between poly-C DNA and either Ag+ or
other cations (X) (i.e., ξ = KDNA,X/KDNA,Ag+) (see the
Supporting Information, note 4 in detail). It is shown that
Ag+ is quite selective in our DEPFS system, at least 25% more
rather than other cations, which demonstrated good selectivity
in capturing Ag+ compared to other metal ions.

Figure 3. Quantification of the intermolecular forces between Ag+, H+,
and poly-C DNA with different lengths (L) ranging from 6-base to 36-
base. (A,B) Unbinding force (FU) histograms and Gaussian fits with/
without Ag+ for different L values. (C) Mean unbinding force (⟨FU⟩)
and standard deviations acquired from parts A and B. The inset depicts
an illustration of the unzipping of DNA molecules. (D) The shift force
(SF) is the difference of the ⟨FU⟩ values obtained with and without
Ag+, which was obtained from normalization of the SF values by the SF
value of poly-C6 DNA.
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To validate its performance as a robust practical device for
Ag+ detection, we tested whether DEPFS could not only detect
Ag+ but also measure its concentration in drinking water
(Figure 4C). For this, we analyzed different concentrations of
AgNO3 (1−100 μM) in natural drinking water (Jeju Samdasoo,
JPDC, Republic of Korea). The results shown in Figure 4C
reveal that the ⟨FU⟩ values in drinking water were about 20 nN
lower than those in distilled water. We searched some factors to
decrease ⟨FU⟩ values in drinking water. There are potentially
many anions and organic compounds in drinking water. Some
anions (bisulfite, borohydride etc.) can contribute to be low
affinity between Ag+ and poly-C DNA through methylated
cytosine59 or reduction of silver ion.60 Organic compounds
(amino acids, peptides) also contribute to be low affinity
between Ag+ and poly-C DNA because of a formation of Ag+-
thiolate clusters which have higher affinity than the C−Ag+−C
complex.61,62 This tendency (reducing binding affinity of silver
ions to DNA in drinking water) has been shown in previous
studies.15,17,22,23

It should be also noted that the sensitivity and detection
range of silver ions in drinking water are relatively poor rather
than distilled water. One of the factors that influence the
outcome may be attributed to the interferences between silver
ions and poly-C DNA by other metal ions in drinking water.
Although we focused on the comparison of intermolecular
interaction of poly-C DNA in silver ions and other metal ions at
the same concentration (i.e., 100 nM), it still remains unclear
what kinds of or how the various metal ions interfere with the
interaction between Ag+ and poly-C DNA. To understand this
interference more clearly, it should need further investigation.
Nevertheless, ⟨FU⟩ increased linearly with [Ag+] in drinking
water, suggesting that the DEPFS is suitable in practical
applications to detect Ag+ in environmental waters based on the
sensitivity requirement (46 μM) for standard drinking water
stipulated by the U.S. Environmental Protection Agency.23

The linearity of ⟨FU⟩ in Figure 4A suggests that the interplay
between Ag+, H+, and poly-C can be described by a simple
mechanistic model with hydrogen (C−H+−C) and coordinate
(C−Ag+−C) interactions within Ag+/H+ poly-C DNA
complexes.63 To investigate this suggestion, we calculated the
individual bond-rupture force (i.e., a pair unbinding force of
poly-C DNA) organizing Ag+/H+ poly-C DNA complexes by
Poisson statistics (Supporting Information, Note 3), utilizing
the same ⟨FU⟩ measurement data (Figure 4A and Figure S7).
We assumed that force loading of contact area was equalized

to all possible intermolecules from a statistical perspective,
because the contact area between the microsphere and the
electrode surface was symmetric geometry at the central point
of contact area. Although the force loadings of intermolecules
on the contact region are varied, average force loadings are
maintained at a constant loading value. Also, we measured the
mean force which represented the summation value of
individual bonds and analyzed the single bond force using
statistical method from average force. Even though individual
intermolecules had various mix components of hydrogen and
chelate bond, the single bond analyzed by the Poisson method
represented the average bond probability of the poly-C
complex mediated by metal ions from all possible bond
compositions. With respect to the Poisson statistical model, the
single unbinding force means the single molecule (i.e., a pair of
DNA).64

Figure 5A shows that the individual bond-rupture force,
FUsingle, increased from 139 to 296 pN with increasing Ag+

concentration. The sigmoidal curve is also consistent with the
results of a previous studies using DNA−Ag+ interaction (C−
Ag+−C).48,65 This phenomenon is not observed when the

Figure 4. Quantitative characterization of the detection capability of
Ag+ using DEPFS. (A) The mean rupture force (⟨FU⟩) and standard
deviation are obtained from a Ag+ assay with DEPFS in the
semilogarithm scale. The student’s t test (two-tailed) was used for
statistical analysis (*P < 0.0001). The dashed line was fit by the
following logarithmic function: ⟨FU⟩ = 3.65 × 10−9 × log[Ag+] + 48.91
× 10−9. (B) Ion selectivity test and (C) practical application of DEPFS
for a Ag+ sensor (**P < 0.0001).

Figure 5. Statistical analysis of the interactions between Ag+ and poly-
C DNA: (A) Schematic illustration of the interactions of H+ and Ag+

in the Ag+−poly-C complex and single rupture forces of the Ag+−poly-
C complex interaction versus [Ag+] in semilogarithmic scale. (B)
Semilogarithmic plot of the normalized FUsingle (i.e., FUsingle*) versus
[Ag+] (pentagon, black) fitted by the Hill equation (dashed line,
green). FUsingle* is achieved by an equation as follows: FUsingle* =
(FUsingle − MIN[FUsingle])/(MAX[FUsingle]− MIN[FUsingle]). The inset
depicts an arithmetic plot of part B.
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individual intermolecular bond consists of one type of element.
In addition, the individual bond-rupture force of the poly-C-
DNA complex without Ag+, in which hydrogen bond is created
by hemiprotonated cytosine (C−H+−C) under weakly acidic
conditions (pH 5),39,51 remained constant at 128 pN even
though the concentration of the poly-C-DNA complex was
varied (Figure S11). Therefore, the increment of FUsingle could
be attributed to the degree of heterogeneity consisting of C−
H+−C and the C−Ag+−C duplex in the Ag+−poly-C-DNA
complex, as described in the schematic illustration of Figure 5A.
Although the base stacking provides the critical contribution

to stabilize general DNA helix conformation (e.g., B-form DNA
and noncoding RNA molecule),63 a recent AFM force
spectroscopy66 shows that the force of base stacking is
estimated to be ∼2 pN. Moreover, the several studies on
intermolecular interaction between poly-C DNAs have
suggested that stacking interactions between adjacent C−H+−
C pairs is weak.67,68 This is why many studies so far highlight
the specific hydrogen bond (C−H+−C) in interactions between
poly-C DNAs. Specifically, in weak acidic condition, poly-C
DNA is known to consist of parallel-stranded duplexes with
other poly-C DNA due to the hydrogen bonding (i.e., C−H+−
C).39 Thus, we think that the contribution of hydrogen bond
(i.e., C−H+−C) is more prevalent than base stacking
interaction in our experiment.
In the low Ag+ concentration region (e.g., 0.1, 1, and 10 nM),

Ag+ ions appear to not actively interact with poly-C DNA so
that the formation of C−Ag+−C rarely occurs in poly-C DNA,
whereas C−Ag+−C in the Ag+/H+-poly-C-DNA complexes is
dominant in the high Ag+ concentration region (e.g., 1, 10, and
100 μM). For instance, at 1 nM Ag+, the FUsingle value is about
139 pN, which is very similar to the individual bond-rupture
force of hydrogen bonds (∼128 pN). At 100 μM Ag+, the
FUsingle is about 2.1 times greater than the values obtained at low
Ag+ concentrations. Moreover, in the high Ag+ concentration
region, it is seen that the FUsingle value is saturated. To further
understand the calculated results, we studied the binding
cooperativity between Ag+ and poly-C DNA using the Hill
equation, which is commonly used to investigate the
cooperativity among more than two different bond composi-
tions.63 Figure 5B shows the Hill equation fit relative to the
normalized value obtained using the data in Figure 5A. Our Hill
equation is fitted from normalized FUsingle (i.e., FUsingle*) (Figure
5A, caption). According to the classical theory of cooperativity
between biomolecules, the binding affinity is characterized by
the dissociation constant (Kd) and Hill (cooperativity)
coefficients (n) in the Hill equation (R2 = 0.99). The values
of Kd and n are 87.6 nM and 0.962, respectively, indicating not
only that the C−Ag+−C interaction has a higher specificity than
nonspecific metal−ligand interactions, but surprisingly it is
based on no cooperativity (i.e., n ≈ 1). These values are in
agreement with a previous study which analyzed that Ag+

specifically bound with the C:C base pair at a 1:1 molar ratio
using isothermal titration calorimetry.69,70

In this work, the sigmoidal curve (Figure 5A) can be
attributed to the combination ratio of hydrogen and coordinate
bonds during the interplay between Ag+, H+, and poly-C DNA.
In other words, at low Ag+ concentrations, hydrogen bonding
(i.e., the form of C−H+−C) is dominant, arising from the rare
occurrence of the interplay between Ag+ and poly-C DNA.
However, with increasing Ag+ concentration, it is transformed
into a stronger interaction, administrated by Ag+-mediated
coordinate bonds since a critical concentration point exists (i.e.,

Kd
1/n = 46.1 nM). It is interesting that such a transformation

(C−H+−C → C−Ag+−C) is determined not only by Ag+

concentration but also by the amount of hydrogen bonding,
albeit with noncooperative binding. This may be due to the
Ag+-driven structural distortion of DNA molecules. Specifically,
in the absence of Ag+, poly-C DNA is formed as a parallel
strand of the C−H+−C duplex, which is symmetric, whereas, in
the presence of Ag+, the C−Ag+−C duplex prefers an
asymmetric structure due to NH2···OC intermolecular
hydrogen bonds.52 Such an asymmetry could perturb the
intercalation of Ag+ between poly-C DNAs until the Ag+

concentration exceeds a certain critical concentration (in our
case, 46.1 nM). This behavior may also be impacted by the
DNA sequence and corresponding micro environments49 or
conformation.48 Furthermore, the aspect of ⟨FU⟩ along the
concentration of Ag+ is different from FUsingle in semilogarithm
scale (⟨FU⟩, linear vs FUsingle, sigmoidal shape). For further
comparison of each shape, we equally applied the Hill equation
fit from normalized ⟨FU⟩ (i.e., ⟨FU*⟩) (Figure S12A). The
outcome is well fitted with Hill model (R2 = 0.95), which
prompted us to study about the competition reaction between
H+ and Ag+ within poly-C interbases (Figure S12B). The single
and mean unbinding force of Ag+-poly-C complex had different
cooperativity coefficients (n) (FUsingle*, 0.962; ⟨FU*⟩, 0.367)
which represented the decrement of binding affinity of the
binding sites between one molecule and subsequent molecules.
In bulk analysis, sum of FUsingle (i.e., ⟨FU⟩) contains molecular
heterogeneity due to various bond formations which are
affected by a steric or conformational barrier, so the binding
cooperativity can be decreased along with the decrease of
binding affinity.71

In conclusion, we demonstrated a novel approach not only
for the highly sensitive detection of Ag+ over a wide
concentration range but also for statistical analysis of the
interplay between Ag+, H+, and the poly-C DNA duplex by
intermolecular interactions measured by DEP-based force
spectroscopy in a simple, robust, and high-throughput manner.
Using this approach, we quantified the unbinding forces (FU) of
the combined interactions between hydrogen and coordinate
bonds in Ag+-poly-C complexes and characterized the optimal
length of poly-C DNA to sense Ag+ in distilled water (1 nM to
100 μM) and drinking water (1 μM to 100 μM). Moreover, we
also investigated the interactions of Ag+/H+-poly-C DNA
complexes, which consist of C−H+−C and the C−Ag+−C
duplex, using the same FU measurement data. In this
investigation, we estimated the single unbinding force and
binding cooperativity of Ag+ and poly-C DNA by Poisson
statistics in concert with Hill’s binding model. We demon-
strated that the poly-C DNA interaction without Ag+ depends
on C−H+−C, while, as the Ag+ concentration increases, the
form of C−H+−C is replaced with C−Ag+−C with no
cooperativity between Ag+ and poly-C DNA. The observations
reported here demonstrate the usability and feasibility of
DEPFS as a unique force spectroscopy technique, which
quantifies the delicate chelation of Ag+ and polynucleotides in a
disposable microfluidic chip, suggesting that a molecular
mechanism can be investigated and categorized by how they
interact with each other.
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