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ABSTRACT: The accessibility and binding affinity of DNA are two key
parameters affecting the hybridization efficiency in surface-based biosensor
technologies. Better accessibility will result in a higher hybridization
efficiency. Often, mixed ssDNA and mercaptohexanol monolayers are used
to increase the hybridization efficiency and accessibility of surface-bound
oligonucleotides to complementary target DNA. Here, no mercaptohex-
anol monolayer was used. We demonstrate by differential microcantilever
deflection measurements at different pH that the hybridization efficiency
peaks between pH 7.5 and 8.5. At low pH 4.5, hydration and electrostatic
forces led to tensile surface stress, implying the reduced accessibility of the
bound ssDNA probe for hybridization. In contrast, at high pH 8.5, the
steric interaction between neighboring ssDNA strands was decreased by
higher electrostatic repulsive forces, bending the microcantilever away from
the gold surface to provide more space for the target DNA. Cantilever deflection scales with pH-dependent surface hybridization
efficiency because of high target DNA accessibility. Hence, by changing the pH, the hybridization efficiency is adjusted.

1. INTRODUCTION
DNA hybridization has been widely studied using current
biosensing technologies such as DNA microarrays,1 surface
plasmon resonance (SPR),2 quartz crystal microbalance
(QCM),3 X-ray photoelectron spectroscopy (XPS),4 and
microcantilever biosensors5−10 for applied drug discovery,
disease diagnosis, genome research, and gene expression. All
of these techniques rely on a surface modified with single-
strand DNA (ssDNA) monolayers to provide a compact
platform for probing specific interactions with complementary
target DNA in solution, resulting in a physical response due to
the hybridization between target and surface-bound ssDNA.
For surface-based hybridization, two key factors need to be
addressed: (1) DNA target accessibility and (2) affinity to
ssDNA probes tethered to the sensor surface. In general,
greater accessibility should ultimately lead to higher hybrid-
ization efficiency and stronger signals. Accessibility mainly relies
on the ssDNA coverage density11 and conformation on the
surface. In solution, the dependence of DNA melting points
and renaturation melting points on pH was studied over the pH
range of 5−9.8512 Over the past few years, several
investigations have been performed in order to identify major
factors affecting hybridization on the surface using various
techniques. Tarlov and co-workers13−16 reported that the
hybridization efficiency is decreased at high surface coverage. At
lower coverage, probes absorb in different orientations on the
surface, resulting in a lower hybridization efficiency. Similarly,
at higher surface coverage, because of steric hindrance, the
hybridization efficiency is also low. Therefore, the hybridization
efficiency had to be improved by adding mixed monolayers of

thiol ssDNA with mercaptohexanol, which can reduce steric
crowding and electrostatic repulsion between neighboring
ssDNA strands and increase the hybridization accessibility.
Mercaptohexanol serves to prevent the nonspecific adsorption
of ss-DNA, thus facilitating the hybridization of already-
adsorbed ssDNA oligonucleotides with complementary DNA
oligonucleotides.17 However, when a cantilever sensing
technique was used, the deflection signal magnitude decreased
to 1 nm.8 Shchepinov18 and Peeters19 use spacer molecules to
reduce the steric hindrance at the support to improve the
hybridization of immobilized ssDNA.
Microcantilever biosensors have rapidly attracted increasing

amounts of attention20−24 not only as a label-free detection
method8,25 but also because of their versatility and high
sensitivity9,21 by converting biochemical processes into nano-
mechanical bending.26−28 Here, pH-dependent hybridization is
optimized without the need to form mixed ssDNA assemblies
involving mercaptohexanol monolayers or other modifications.
By grafting ssDNA to the cantilever surface at high density
(∼1013 strands per cm2), an initial bending profile is imposed
on the cantilever by the formation of the ssDNA monolayer.
The higher the surface density, the more likely it is that the
molecules adapt a conformation with a higher degree of order,
facilitating the measurement of conformational changes in
ssDNA by nanomechanical bending.24 Microcantilevers are a
unique platform that provide direct information about
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conformational changes in biomolecules (ssDNA, proteins, and
polymers) whereas other methods provide only indirect
evidence on conformational changes. Our results show fast
and reversible mechanical bending responses due to conforma-
tional changes depending on the pH variation. Cantilever
deflection scales with the pH-dependent surface hybridization
efficiency due to high target DNA accessibility. The hybrid-
ization efficiency can be controlled by adjusting the pH.

2. EXPERIMENTAL SECTION
2.1.1. Materials. ssDNA and dsDNA Sequences. All thiol-

modified (5′-SH-(CH2)6) single-stranded DNA (ssDNA) and
double-stranded DNA (dsDNA) with 26 base pairs (Table 1)
were obtained from Microsynth (Balgach, Switzerland). The
nomenclature of the compounds refers to Escherichia coli biotin
operon gene B, from which the sequences were taken. Prior to
use, the thiol-modified ssDNA was extracted three times with
the same volume of reagent-grade ethyl acetate, dried under
vacuum at 40 °C for 4 to 5 h using a SpeedVac pump
(TeleChem International, Inc., Sunnyvale, CA, USA). The
concentrations of the purified thiol-modified ssDNA were
determined by a biophotometer (Eppendorf AG, Germany)
and calculated on the basis of the optical density (OD) of
single-stranded DNA. (The ratio of the absorbance at 260 nm
to that at 280 nm is ∼1.8 to 2.0.) The solution for
functionalization consisted of purified thiol-modified ssDNA
dissolved at a concentration of 40 μM in 50 mM triethyl
ammonium acetate (TEAA) buffer.

2.1.2. Preparation of Buffers and Solutions. All buffers were
prepared using HPLC-grade water from Fluka (Buchs, Switzerland).
The buffer for functionalization was prepared at a concentration of 50
mM triethyl ammonium acetate (TEAA) buffer. Phosphate buffers
(100 mM) were produced by mixing different ratios of 0.5 M
monobasic and 0.5 M dibasic sodium phosphate stock solutions
according to pH values of 4.5, 5.2, 6.5, 7.5, 8.5, and 9.5. The pH was
confirmed with a pH meter (Inolab pH720, WTW GmbH, Germany)
and adjusted with 0.1 M NaOH to pH 9.5. To ascertain that the pH-
dependent DNA hybridization experiments do not exceed the
buffering capacity of the sodium phosphate buffer, the pH was
measured before and after the experiments, yielding the same pH value
within 0.02 pH unit. The total ionic strength (300 mM) of each buffer
was kept constant by adjusting the NaCl stock solution (1 M). The
total ionic strength I is defined by
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where Ci is the molar concentration of ion i and Zi is the charge
number of that ion. The sum is calculated over all ions in the solution.
A 500 nM target complementary DNA solution was freshly prepared
at each phosphate buffer pH. All solutions were filtered (0.2 μm filters,
Sarsedt, Germany) and degassed prior to use. All chemicals were
obtained from Fluka (Buchs, Switzerland).

2.2.1. Methods. Cantilever Preparation. Cantilever sensor
arrays of eight identical silicon cantilevers with two solid bars29

were fabricated at the IBM Zurich Research Laboratory. The
size of the cantilever is 500 μm in length, 100 μm in width, and
0.9 μm in thickness. Prior to use, cantilever arrays are cleaned

Table 1. ssDNA and dsDNA Sequences

name type of DNA sequence

ssBioB2plus probe 5′-SH-(CH2)6-TGCTGTTTGAAGATGCTGGTAGAAGA-3′
ssBioB2plusC complement 5′-TCTTCTACCAGCATCTTCAAACAGCA
ssUnsp nonspecific reference 5′-SH-(CH2)6-ACACACACACACACACACACACACAC-3′
dsBioB2plus probe 5′-SH-(CH2)6-TGCTGTTTGAAGATGCTGGTAGAAGA-3′

3′-ACGACAAACTTCTACGACCATCTTCT-5′
dsUnsp nonspecific reference 5′-SH-(CH2)6- ACACACACACACACACACACACACAC -3′

3′-TGTGTGTGTGTGTGTGTGTGTGTGTG-5′

Figure 1. Schematic drawing of the measurement setup: (1) measurement chamber with a microcantilever array, (2) deflection readout system
(optical beam deflection), (3) amplification electronics, (4) liquid-handling system,where the liquid is pulled out of individual reservoirs through the
measurement chamber using a motorized syringe.
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twice in freshly prepared piranha solution (H2O2/H2SO4 = 1:1)
for 30 min, rinsed with Nanopure water and ethanol, and dried
on a hot plate at 75 °C. A 2-nm-thick titanium layer and a 20-
nm-thick gold layer were deposited onto one side of the
cantilever array using an electron beam evaporator (EVA300,
Alliance Concept, Cran Gevrier, France). Each of the freshly
prepared gold-coated cantilever arrays was functionalized with
five to six oligonucleotide probes and two to three reference
oligonucleotides in a 40 μM solution of thiolated 26mer single-
stranded oligodeoxyribonucleotide probe ssBioB2plus and
nonspecific reference sequence ssUnsp in triethyl ammonium
acetate buffer (TEAA, 50 mM), respectively. The density of
tethered ssDNA probes for each individual cantilever array was
observed to be 1.3 × 1013 probes/cm2 by applying identical
functionalization procedures and conditions as described
previously.8 The immobilized array was rinsed using 50 mM
TEAA buffer and nanopure water and stored at 4 °C. We used
various random arrangements of sensor and reference canti-
levers to exclude possible artifacts from the location of sensor
and reference cantilevers. However, the same results were
obtained for different arrangements of sensor and reference
cantilevers, proving that the location of the cantilevers does not
affect the results.
2.2.2. Measurement Setup. Cantilever deflection measurements

were carried out on a homemade microcantilever sensor array setup
(SL NOSE) equipped with a 15 μL liquid cell (Figure 1). A
functionalized ssDNA array was mounted at an angle of 11° toward
the incoming laser beam in the liquid cell and monitored in situ using
an optical beam deflection technique setup. We utilized time-
multiplexed vertical cavity surface-emitting lasers (VCSEL, Avalon
Photonics, Zurich, Switzerland) with a linear-position-sensitive
detector (SiTek, Partille, Sweden). LabView software controls liquid
handling via a syringe pump (GENIE, Kent Scientific Corp,
Torrington, CT, USA), a six-way position valve selector (Rheodyne,
Rohnert Park, CA, USA), temperature regulation at 22.00 ± 0.02 °C,
and data acquisition and processing.
The bending signal was subsequently converted into a difference in

surface stress between the upper and lower sides of the cantilever, Δσ,
using the Stoney equation30,31
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where l is the effective length of the cantilever, t is the thickness (0.9
μm), and E/(1 − ν) = 181 GPa is the ratio between the Young’s
modulus E and Poisson ratio ν of Si(100), which is invariant within the
{100} planes. Δz is the absolute deflection at the free end of each
cantilever. The direction of absolute deflection bending signals
observed in the experiments implies compressive surface stress,
determined by a heating test (Supporting Information) using a Peltier
element located beneath the cantilever array. Because of the bimetallic
effect on gold-coated microcantilevers, a negative deflection signal
corresponds to the downward bending of the cantilever (compressive
stress, bending away from the gold coating). A positive signal
corresponds to the upward motion of the cantilever resulting from the
development of tensile surface stress.
2.2.3. Sensor Chip Preparation and Surface Plasmon Resonance

(SPR) Experiments. Surface plasmon resonance measurements were
performed at 21C° on a Biacore X instrument (Biacore AB Uppsala,
Sweden) equipped with two flow cells. A sensor chip (SIA Kit Au, GE
Healthcare Biosciences AB, Sweden) was mounted in the instrument.
One of the flow cells is used as a refererence (Fc1) for the subtraction
of background signals of the bulk solutions or nonspecific binding;
therefore, a 6-mercapto-1-hexanol solution with a concentration of 1
mM was first injected, forming a layer on the surface of the reference
flow cell (Fc1). The surface of the other flow cell (Fc2) was then
immobilized by injecting 30 μL of thiolated single-stranded DNA
(ssBioB2plus) with a concentration of 40 μM in TEAA buffer (50
mM, pH 7.0) at a flow rate of 10 μL/min. Following immobilization,
the system was thoroughly purged with degassed water in order to

remove nonspecifically bound adsorbants from the sensor surface. A
stable baseline was obtained, followed by injections of solutions with
three different pH values (phosphate buffers at pH 4.5, 6.5, and 8.5,
ionic strength 300 mM) into both flow cells at a flow rate of 10 μL/
min. Data from the reference cell were subtracted from data obtained
from the sample measurement cell.

3. RESULTS AND DISCUSSION

3.1. pH-Dependent Surface Hybridization. For a correct
determination of surface stresses, it is of upmost importance to
use the difference in the bending responses of specific sensor
and nonspecific reference cantilevers. Hence, unwanted side
effects such as temperature drift, nonspecific binding, and
refractive index effects are canceled. Hybridization occurring on
the cantilever surface gives rise to a compressive surface
stress5,8−10 that causes the cantilever to bend downward. For
comparison at different pH values, it is essential that reference
and sensor sequences are of the same length and have the
experimental conditions, such as the surface density, buffer
composition, and ionic strength are identical. The differential
deflections extracted from the deflection difference of the
ssDNA-probe-functionalized cantilever minus that of a non-
complementary reference sequence yields the net stress change
of the specific binding reaction (Figure 2). pH-dependent
hybridization experiments were performed on 10 different
nanomechanical cantilever arrays at pH 4.5, 5.2, 6.5, 7.5, 8.5,
and 9.5, respectively. A constant flow (30 μL/min) of
phosphate buffer with a total ionic strength of 0.3 M was
established until equilibrium at 22 °C and a stable baseline was
reached. A pH solution containing target DNA at a
concentration of 500 nM was injected at the same flow rate
for hybridization.
Figure 3 shows the differential deflection signals for

hybridization as a function of pH. The buffer solution was
adjusted with 0.5 M dibasic sodium phosphate and 0.5 M
monobasic sodium phosphate, whereby only a small amount of
0.1 M NaOH was used for pH 9.5. According to Castelino
et.al,32 a total ionic strength of 0.3 M was selected and kept
constant for all measurements. The data show clear evidence
that the complementary target DNA hybridization depends
critically on the pH of the solution. When the cantilever array
was exposed to solutions of pH 4.5 or 5.2 (close to the
isoelectric point), the phosphate backbone of ssDNA was
partially protonated after equilibrium. Upon injecting target
molecules at these pH values, the differential hybridization
bending signals were observed to be around ∼2.4 ± 0.8 or 3.6
± 1.1 nm (for pH 4.5 and 5.2, respectively), which corresponds
to a compressive surface stress of ∼0.5 ± 0.2 or 0.7 ± 0.2 mN/
m (relative to the response of the reference cantilever). This
finding suggests that the hybridization affinity was very poor.
The slightly increased hybridization bending signal of ∼5.4 ±
1.6 nm at pH 6.5 may be explained by a competition between
the protonation/deprotonation of ssDNA phosphate groups. At
pH 7.5, the hybridization affinity leads to a significant increase
in cantilever bending, peaking at pH 8.5, resulting in a
maximum bending deflection of ∼17.7 ± 2.1 nm (correspond-
ing to a compressive surface stress of ∼3.5 ± 0.4 mN/m relative
to the response of the reference cantilever). Indicated errors
were determined from the standard deviation of the signal. The
signal was increased by a factor of 5−8 compared to that at a
low pH of 4.5−5.2. Above pH 8.5, at which the phosphate
backbone is fully deprotonated, the bending signals were found
to decrease again at pH 9.5. Furthermore, at very low and very
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high pH, dsDNA denaturation occurs, being the main reason
for the lower hybridization efficiency observed at very low and
high pH.
We concluded from this experiment that the pH of a solution

played a major role in the process of DNA hybridization on
surfaces and that the hybridization efficiency was drastically
lower at low pH.
The pH dependence of double-strand DNA micromechanical

bending was investigated at pH 4.5, 5.2, 6.5, 7.5, 8.5, and 9.5
(0.3 M NaCl). Injection sequences of pH 4.5 buffer, followed
by buffer injections with increasing pH, served as another
important control experiment. Figure 4 shows differential
measurements made on a cantilever array comprising four
dsBioB2plus-functionalized and two dsUnsp-functionalized
cantilevers. With increasing buffer pH, the differential
deflection showed no dependence on pH. Injection spikes are
due to the refractive index change during buffer injections.
3.2. Conformational Changes in ssDNA in Response

to pH Variation. To shed light on the previous findings, we

further investigated the effect of pH on the conformational
changes in ssDNA. Three probe cantilevers were coated with a
26-mer sequence of ssDNA (ssBioB2plus), which was used as
the probe in the previous hybridization measurements. Two
cantilevers were functionalized with a thiolated 12-mer
sequence of ssDNA (5′-SH-(CH2)6-TGCTGTTTGAAG-3′,
ssBioB2) that was selected for two reasons: (1) as a coating
for the reference cantilevers in differential measurements and
(2) as a sequence with a shorter chain length compared to the
probe sequence in absolute deflection measurements. The
structure of ssBioB2plus was designed by analogy to the
sequence of ssBioB2. It consists of two parts, the first being
identical to ssBioB2 with an alkanethiol linker at the 5′ end and
the second being an extended “plus” part at the 3′ end. It is
important to note that the surface density for both ssDNA's was

Figure 2. (a) Cantilever coatings in 1 out of 10 functionalized
cantilever arrays (randomly selected). The cantilevers are individually
functionalized with different sequences of thiol-functionalized ssDNA
using microcapillaries as described in Table 1. The cantilevers measure
500 μm in length, 100 μm in width, and 0.9 μm in thickness. In the
experiments, various random arrangements of sensor and reference
cantilevers have been utilized to exclude possible artifacts from the
locations of the sensor and reference cantilevers. (b) The difference in
responses between a sensor and a reference cantilever (blue curve)
shows the response represented by the bar displayed in dark blue at
pH 7.5 in Figure.3. The black curve shows the difference in the
responses of two reference cantilevers, yielding no signal.

Figure 3. Each bar represents an independent measurement of the
difference in responses of a sensor and a reference cantilever.
Measurements were performed on 10 different arrays. The average of
responses at a particular pH value is marked by a red dot and a
standard deviation error bar. Because the differential nanomechanical
response is a measure of the hybridization efficiency, we identify an
optimized range for the hybridization efficiency of between 7.5 and
8.5, corresponding to physiological conditions.

Figure 4. Control experiment with double-stranded DNA clearly
showing that cantilever deflection does not depend on pH, validating
the results displayed in Figure 3.

Langmuir Article

dx.doi.org/10.1021/la205066h | Langmuir 2012, 28, 6494−65016497



obtained by using identical immobilization conditions for all
cantilevers.
Three different sodium phosphate solutions (pH 6.5, 4.5, and

8.5) were reversibly cycled by sequential injections. Figure 5

shows the absolute and differential deflection measurements
with three cycles of pH 6.5, 4.5, and 8.5, respectively, taken on a
microcantilever array comprising three 26-mer ssDNA
sequence coated cantilevers, two 12-mer ssDNA coated
references, and one solid side bar used to monitor the change
in refractive index during injections. The deflection at pH 6.5
(close to the pKa of ssDNA on the surface)7 was chosen as a
baseline.

Figure 5a shows a direct observation of the conformational
changes in ssDNA found in the absolute deflection signal
(absolute motion of cantilevers). The titration measurements
were started close to the pKa of ssDNA on the surface at pH 6.5
in the sodium phosphate solution flow. It was found that upon
decreasing the pH from 6.5 to 4.5 the absolute bending signals
for both ssBioB2plus and ssBioB2 cantilevers were positive,
which implies tensile surface stress. The average absolute
response of ssBioB2plus (42.9 ± 3.1 nm) corresponds to a
stronger upward bending than that of ssBioB2 (23.4 ± 2.3 nm).
When solutions of increasingly higher pH values from 4.5 to 8.5
were injected, the absolute bending signals for both
ssBioB2plus (−166.6 ± 13.4 nm) and ssBioB2 (−95.9 ± 6.5
nm) cantilevers show negative values corresponding to a
compressive surface stress. The difference in absolute bending
responses (averaged) between the ssBioB2plus cantilevers (red
curve) and the ssBioB2 cantilevers (green curve) is evident.
Longer ssDNA molecules produce larger absolute deflections
than do shorter ones. When the pH was changed to 6.5, starting
with the second and third cycles, the same bending profiles as
in the first run were observed. We used a rigid bar located next
to the flexible cantilevers to determine the amount of refractive
index contribution to the cantilever bending signal. At pH 8.5,
the influence of the refractive index due to the alkaline ions
contained in the pH 8.5 solution is lower by a factor 4 to 7 than
the cantilever deflection signals, thus the subtraction of the
refractive index contribution ensures the validity of the
cantilever deflection responses. The refractive index response
(black line) represents only a virtual signal20 measured on the
solid bar during three pH cycles. Here, differential deflection
data (ssBioB2plus−ssBioB2) were calculated by subtracting the
response of the reference cantilever from the ssBioB2plus
response (Figure 5b). This procedure allows us to eliminate
bulk solution refractive index effects, nonspecific binding, and
temperature drift. In the differential response signal, the
extended “plus” part of ssBioB2plus conformational changes
on the surface of the cantilever is observed directly.
The differential bending signal at pH 6.5 exhibits a stable

baseline. Upon switching to a solution of pH 4.5, we found the
corresponding differential deflection signals (−20.7 ± 2.9 nm)
associated with ssBioB2plus protonation to reveal a net tensile
surface stress. When a solution with a higher pH of 8.5 was
injected, a differential bending signal (−67.8 ± 1.5 nm) was
observed, corresponding to compressive surface stress. When
the pH was changed back to a value of 6.5, the differential
deflection was observed to return to the baseline. Three
consecutive pH cycles reproducibly revealed surface conforma-
tional changes associated with changes in the pH environment.
Protonation from pH 6.5 to 4.5 generated an average bending
of 20.7 ± 2.9 nm. This bending signal corresponds to a tensile
surface stress change of 4.0 ± 0.6 mN/m relative to the
response of the reference cantilever. Changing the pH from 4.5
to 8.5 generated an average bending of 67.8 ± 1.5 nm, which
corresponds to a compressive surface stress of 13.2 ± 0.3 mN/
m relative to the response of the reference cantilever.
The parallel SPR measurement of pH-dependent conforma-

tional changes on ssDNA is shown in Figure 6, displaying SPR
sensorgrams (RU) of ssDNA when varying the buffer pH from
6.5 to 4.5 to 8.5. When a pH 6.5 buffer was injected, the
differential response was 48.8 ± 0.5RU. Upon changing the pH
to 4.5, the signal decreased to 37.5 ± 0.2 RU, resulting in a
change in 11.3 ± 0.7 RU. Changing the pH from 4.5 to 8.5
generated a shift of 19.57 ± 1.0 RU. Such successive cycles of

Figure 5. pH-induced surface bending measurements for cantilevers
coated with 26-mer ssDNA (ssBioB2plus) and 12-mer ssDNA
(ssBioB2) as well as a solid side bar. (a) Absolute deflection
measurements obtained from three successive pH cycles. In each cycle,
sodium phosphate buffer solutions with corresponding pH values
(total ionic strength 0.3M) were injected (pH 6.5, 4.5, and 8.5 under a
constant flow of 30 μL/min). Recurring injections of pH 6.5
phosphate solution served as an important control for the reversibility
of the deprotonation/protonation reactions. A slight drift of the base
lines of ssBioB2plus and ssBioB2 relative to the solid bar response
baseline is observed. This effect is canceled in the differential
deflection data. (b) Differential deflection measurements (ssBioB2-
plus−ssBioB2).
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pH indirectly revealed surface conformational changes that are
consistent with the experimental results obtained directly via
surface stress measurements with the cantilever method.
DNA surface hybridization is different from hybridization in

solution where DNA probes are free to encounter their targets.
The ssDNA probes are fixed at one end using a thiol anchor.
The target complement molecules bind to them and become
part of the DNA monolayer. Surface hybridization is governed
by the 2D nature of the immobilized layer, involving effects of
molecular charge and conformation, which impact the hybrid-
ization behavior in various ways. At constant surface density,
the binding of probe ssDNA is dominated by two key factors:
the first is the accessibility of target molecules in the probe
monolayer, and the second is the binding affinity between
probe and target molecules. pH-induced conformational
changes on an ssDNA-functionalized surface result in changes
in the nanomechanical bending signal of microfabricated
cantilevers. The results of pH-dependent surface hybridization
obtained using reference cantilevers (immobilized with non-
complementary sequence ssUnsp, which did not hybridize with
the probe tethered to the cantilever) were found to depend
critically on the pH. Our findings show that the DNA surface
hybridization affinity is associated to a large extent with
conformational changes in ssDNA at the surface, depending on
pH variations.
Figure 7 illustrates the conformational changes in ssDNA as a

function of the increasing pH of sodium phosphate solution
and the effect of the pH change on the surface hybridization
affinity and depicts the surface response of ssDNA to three
different pH environments before and after hybridization.
Figure 7a shows that at low pH 4.5 protonation is driven by H+

penetrating the monolayer of ssDNA, whereby the replacement
of Na+ is favored.33 Hence, the repulsive hydration force
between phosphate groups on neighboring probe molecules is
reduced. An attractive force corresponding to a tensile stress
resulted from steric crowding and dipole−dipole interactions.

This suggests that at this pH the ssDNA chains are stretched by
protonation. Therefore, the accessibility of the target molecules
to the ssDNA monolayer is decreased and the hybridization
affinity is poor. A similar effect was observed in synthetic
polyelectrolyte brushes.34

To reduce steric effects on hybridization on planar surfaces,
the pH can be increased to separate the probes physically
through the bending of the cantilever surface. At high pH 8.5, a
strong binding affinity between targets and probes was
observed (large differential deflection signals, Figure 3). The
proposed mechanism explains the high affinity due to the fact
that the charged phosphate backbones of ssDNA strands being
are fully deprotonated. The electrostatic repulsive force
between strands could bend the cantilever downward and
therewith generate a compressive surface stress that will
diminish the steric effect and allow the target molecules to
access the surface of ssDNA more easily. Close to the pKa of
ssDNA on the surface at pH 6.5, the charged phosphate
backbone of ssDNA is partially protonated, having an
isoelectric point of about 5.0.35 DNA molecules are negatively
charged because of phosphate groups if the pH is higher than
the isoelectric point. Therefore, the electrostatic repulsive
forces are still dominant between ssDNA strands, leading to
compressive stress in comparison to the situation at pH 4.5.
Above pH 8.5, the phosphate backbone of ssDNA is
deprotonated and the bases of ssDNA are partially deproto-
nated. Although the accessibility of target molecules to the
probe layer is high, the binding affinity is low, resulting in
observed small (tensile) stress values relative to the response of
the reference cantilever.

4. CONCLUSIONS

We have demonstrated rapid, reversible nanomechanical
responses driven by pH-induced conformational changes in
ssDNA on the surfaces of microcantilevers. Experiments on
cantilevers differ from traditional assays in a distinct way:
because cantilevers are flexible beams, mechanical issues during
hybridization can be studied, including the development of and
change in surface stress. The main advantages to using the
cantilever technique comprise the following aspects: (1) new
parameters such as the surface stress evolvement can be studied
and (2) no mixed monolayer of molecules is required, leading
to simpler and more reliable sample preparation.
We found that the nanomechanical bending motion and

direction can be adjusted by changing the pH. In addition, the
observation of pH-dependent surface hybridization on micro-
cantilevers has proven that the accessibility and affinity of target
molecules are governed by the interaction force and steric
hindrance between the neighboring ssDNA strands on the
microcantilever surface. Our findings reveal that pH plays a
major role in the generation of the nanomechanical surface
stress of hybridization. An optimized pH range for hybrid-
ization can be used to improve the sensitivity of DNA-based
microcantilever array sensors and increase the accessibility to
and affinity for ssDNA with respect to their complements
during hybridization and to provide detailed information on the
fundamental understanding of the role of surface stress.
Selecting the pH value during surface hybridization allows us
to maximize the hybridization efficiency.

Figure 6. pH-induced SPR measurements using sensor chip coated
with 26-mer ssDNA (ssBioB2plus). Sensorgrams were obtained from
three successive pH cycles. In each cycle, sodium phosphate buffer
solutions with corresponding pH values (total ionic strength 0.3 M)
were injected (pH 6.5, 4.5, and 8.5) under a constant flow (flow rate
10 μL/min). The pH-dependent response of ssDNA confirmed the
findings obtained with cantilevers in Figure 5. Injection spikes are due
to the differing refractive index of water that was used instead of
running buffer (green arrow).
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