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ABSTRACT: We compare the PNA−DNA duplex hybridization
characteristics of vertically tethered and new horizontally tethered
PNA probes on solid surfaces. The horizontal 15-mer PNA probe has
been synthesized with linker molecules attached at three locations (γpoints) positioned along the PNA backbone that provides covalent
attachment of the probe with the backbone aligned parallel to the
surface, which is important for DNA hybridization assays that use
electric ﬁeld eﬀect sensors for detection. A radioactive labeled assay
and real-time surface plasmon resonance (SPR) biosensor are used to
assess the probe surface density, nonspeciﬁc binding, and DNA
hybridization aﬃnity, respectively, of the new PNA probe conﬁguration. The estimated equilibrium dissociation constants of the
horizontally tethered duplex and the vertically tethered duplex are of the same order of magnitude (KD ≈ 5 nM), which indicates
a suﬃcient hybridization aﬃnity for many electronic biosensors that beneﬁt from the horizontal alignment, which minimizes the
eﬀects of counterion screening.
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the carbon chains of the molecule backbone that provide
unique molecular conﬁgurations for functional group attachment and conjugation to solid surfaces.10−12 PNA probes,
which form PNA−DNA complementary duplexes according to
established Watson−Crick base pairing rules, have been
reported to have higher aﬃnity and sequence selectivity
compared to conventional DNA−DNA duplex hybridization.13
PNA is an uncharged DNA mimic where the negatively charged
phosphodiester backbone of DNA (Figure 1a) is replaced with
an achiral 2-amino-ethyl-glycine (AEG) backbone (Figure
1b).14
The improvement in thermodynamic stability of the PNA−
DNA duplex has been attributed to the lack of electrostatic
repulsion in the backbone14 and another contribution may
come from counterion release upon hybridization, as opposed
to condensation taking place within DNA.15 In addition, the
AEG backbone is highly resistant to enzymatic degradation
from nucleases and proteases that are widely used for regulating
gene expression.16 Other applications for PNA include the
identiﬁcation of single nucleotide polymorphism,17 and
isolation and puriﬁcation of nucleic acids.18

olecular assays based on the hybridization of target DNA
to complementary DNA oligomer probes attached to a
solid surface were ﬁrst reported nearly four decades ago,1 and
have since been applied extensively to the measurement of gene
expression using microarrays2 and molecular diagnostics using
biosensors.3 Stable DNA duplexes are readily formed in high
ionic strength buﬀers because of the relaxation of the
electrostatic repulsion of the complementary strands, which
promotes interstrand complementary base pairing.4−6 Synthetic
DNA-like molecules, peptide nucleic acid (PNA), locked
nucleic acid (LNA), and phosphoramidate morpholino
(MORF) oligomers have been reported over the last several
years for improved DNA and RNA hybridization performance.
LNAs include a modiﬁcation to the ribose sugar unit of the
nucleotide that retains the negative charge from the phosphate
backbone and provides highly speciﬁc RNA sequence
recognition and do not suﬀer from aggregation problems
typically associated with PNA.7,8 MORFs are uncharged probes
for DNA hybridization, where six-membered morpholino rings
replace the ribose sugar, and a nonionic phosphordiamidate
linkage replaces the negatively charged phosphodiester backbone. The MORFs are reported to be better suited for gene
expression applications because they can be synthesized with up
to 70 nucleotides,9 compared to LNA and PNA. In this article,
we are interested in PNA probes because of their synthesis
ﬂexibility, and speciﬁcally the incorporation of chiral units along
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PNAs revealed that the introduction of a side chain in this
position does not hinder formation of DNA and RNA duplexes;
and the insertion of the modiﬁed PNA into a standard PNA
oligomer induces structural organization and allows for an
improvement in the binding aﬃnity.10,30 In fact, the
modiﬁcation to the PNA backbone at the chiral γ positions
gives an inherent helicity to the PNA making it more rigid, thus
easier to form a duplex with DNA.10 The γ modiﬁcations to the
backbone can also provide functional end groups for rotating
the molecule such that the PNA probe can be covalently
attached with horizontal alignment to the sensor surface using a
conventional aldehyde amine reduction attachment scheme.31
Figure 2 shows a comparison between a vertical PNA−DNA

Figure 1. Backbone structures: (a) DNA, (b) PNA.

Surface-immobilized PNA probes are particularly important
for biosensor applications because of the PNA−DNA duplex
stability and their ﬂexibility for synthesis into diﬀerent
conﬁgurations, especially for ﬁeld-eﬀect transistor (FET)
sensors, such as silicon nanowire sensors,19−21 which measure
the intrinsic charge of hybridized complementary DNA to
surface-immobilized PNA probes on the gate-oxide sensor
surface in the form of an increase in surface charge density.
Conventional DNA and PNA probes have been attached to the
gate-oxide surface using various chemical cross-linking
strategies, which result in DNA or PNA probes extended
vertically away from the sensor surface. For electronic
biosensors, such as FET sensors that measure the net intrinsic
electronic charge of the hybridized duplex on the sensor
surface, there is a fundamental problem due to counterion
screening at the gate-oxide surface22−24 and counterion
condensation of the negatively charged DNA,6 which can
signiﬁcantly reduce the net detectable surface charge. The
length of the counterion screening layer, the Debye length λD,
is dependent on the ionic strength of the hybridization buﬀer; a
high ionic strength results in a small λD and charge screening
beyond ∼1−2 nm above the gate-oxide surface,22,23 which
means that electronic charge extending beyond λD from the
sensor surface will be eﬀectively screened and will not be
transduced into a measurable sensor signal.
Initial reports indicated that low ionic strength buﬀers, where
λD is large enough to preclude counterion screening, did not
negatively aﬀect the PNA−DNA hybridization aﬃnity;19,20
however, it was later reported that PNA−DNA hybridization
kinetics favor high to moderate ionic strength buﬀers.25
Therefore, conventional vertically extended PNA−DNA duplex
detection sensitivity is aﬀected by counterion screening in a
similar way as DNA−DNA hybridization.23 It has also been
reported that the hybridization of DNA to surface adsorbed
DNA probes with the backbone aligned parallel, or horizontal,
to the sensor surface is more eﬀective for the electronic
detection of DNA compared to vertically tethered complementary probes as the electronic charge of the duplex is
minimally screened by counterions in the hybridization buﬀer
at the gate-oxide surface.26,27 However, previous reports used
physically adsorbed DNA probes on the gate-oxide surface,
whereas covalently attached probe molecules are better-suited
for molecular assays. Our group has previously reported silicon
nanowire chemical sensors,28 and biosensors for the measurement of PNA−DNA hybridization detection, where the PNA
probe was attached to the silicon nanowire surface using a
conventional vertical orientation, in low ionic strength buﬀer.21
Previous research on PNA backbone modiﬁcation at the α
and γ positions (Figure 1b) has been reported to increase the
selectivity of complementary DNA recognition due to the
presence of chiral centers.29 Furthermore, studies of γ-modiﬁed

Figure 2. Qualitative PNA−DNA duplex hybridization formats and
relation to the Debye length λD. (a) vertical PNA probes with single
end-point attachment (b) horizontal PNA probes with three γ
attachment points.

duplex with single end-point covalent PNA attachment (Figure
2a) and a horizontal PNA−DNA duplex with three covalent
attachment points conjugated to the three γ points in the PNA
backbone and their relation to the Debye length λD (Figure
2b). Therefore, hybridized PNA−DNA duplexes aligned
parallel to the gate-oxide surface will also be minimally aﬀected
by counterions in moderately high ionic strength buﬀers, which
is required for fast and selective hybridization kinetics.
Furthermore, the horizontal probe alignment does not limit
the probe length, as is the case with the conventional vertically
tethered probe.
Two diﬀerent 15-mer PNA probe molecules have been
synthesized with three γ attachment points along the backbone
of the PNA molecule, as shown in Figure 3. At each γ point, a
2-aminoethoxy-2-ethoxy acetic acid (AEEA) linker molecule,
with length 1.3 nm, is terminated with an amine group (Figure
3a) that is used to conjugate the γ-PNA to a silicon dioxide
(SiO2) surface using the reduction of silane aldehyde surface
groups with sodium-cyano-borohydride (NaCNBH3) (see
Scheme S2 in the Supporting Information). For attachment
to Au surfaces, a hydrocarbon chain with thiol end group (C6SH) linker, with length approximately 1.1 nm, is used to attach
the γ-PNA probe (Figure 3b).
The attachment density and binding aﬃnity of the
horizontally tethered γ-PNA probes are estimated and
compared to conventional vertically extended PNA probes
tethered to the solid support surface with a single end
attachment point. The attachment density is performed on
cleaned SiO2 pieces and the PNA and γ-PNA probes are
covalently attached in 1 μM concentrations using a small
volume reaction vessel that is clamped to the surface. The PNA
and γ-PNA functionalized surfaces are exposed to complementary (M0) DNA, labeled with a P32 radioisotope for surface
density estimation, in a phosphate buﬀer with varying ionic
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Figure 3. γ-PNA molecules with linker molecules attached at three γ-points (γ1,γ2, and γ3) on the AEG-backbone: (a) 2-aminoethoxy-2-ethoxy acetic
acid (AEEA) with amine end group for attachment to SiO2 surfaces; (b) hydrocarbon chain linker with thiol end group (C6-SH) for attachment to
Au surfaces.

molecule. The extracted dissociation constants are listed in
Table 1 (see Figures S3 and S4, Supporting Information).

strength (1, 23, and 137 mM) at pH 7.4 for 1 h without stirring
(static hybridization) in a 50 μL volume reaction vessel. The
posthybridization surfaces are washed with the same hybridization buﬀers and a ﬁnal wash with high ionic strength buﬀer
(1 M NaCl). For both cases, the posthybridization surface
densities are ∼1 × 1012 duplexes cm−2 without signiﬁcant
changes for all three ionic strength buﬀers. A point can be made
that the γ-PNA presented here with three γ points spread across
the 15-mer sequence in the backbone (Figure 3) are not
clumped together as in a chiral box,32,33 which although
constrained, favor speciﬁc antiparallel duplex30 with high ionic
strength buﬀer.25 The posthybridization surface densities are
similar for the case of ﬂowing the radiolabeled M0 DNA over
the PNA functionalized surfaces for 10 min (see Figures S1 and
S2 in the Supporting Information). Additionally, nonspeciﬁc
binding to the PNA and γ-PNA functionalized surfaces is
assessed using noncomplementary (NC) DNA-P32 and is
strongly dependent on the conformation of attachment end
groups, which will be discussed later.
The hybridization kinetics of the PNA−DNA and γ-PNA−
DNA duplex formation are assessed by estimating the
equilibrium dissociation constant KD from real-time hybridization measurements from a conventional imaging surface
plasmon resonance (SPR) instrument. Since the SPR measurement surface is Au, the thiolated PNA and γ-PNA probes are
used for attachment. The cysteine from the PNA probe
provides the thiol group for attachment to the Au surface in an
end-tethered vertical conﬁguration. The γ-PNA, with C6-SH
linkers attached to the three γ-points on the backbone (Figure
3b), is conjugated to the Au SPR sensors. The kinetics
experiments are performed in a ﬂow-cell with a ﬂow velocity of
v∼0.5 mm s−1, thus in the reaction-limited regime,34 and the
measured data is ﬁt to the Langmuir model in two steps to
estimate the association rate constant ka (M−1 s−1), which
represents the speed of the second-order probe-target
interaction, and the dissociation rate kd (s−1), which represents
the speed of the ﬁrst-order breakdown of the probe-target
complex. The equilibrium dissociation constant is deﬁned as KD
= kd/ka (M) and a small, typically less than about 10 nM, KD
value indicates a high aﬃnity of the target for the probe

Table 1. Estimated PNA−DNA and γ-PNA−DNA Duplex
Hybridization Dissociation Constant
duplex

ka (× 105 M−1 s−1)

kd (× 10−4 s−1)

KD (nM)

PNA−DNA (M0)
γPNA−DNA (M0)

0.6
0.9

2
4

3
5

The extracted dissociation constant for the PNA−DNA
duplex is larger than the previously reported value of 1.2 nM for
15-mer PNA−DNA duplexes attached to the Au surface with
two series-connected AEEA linker molecules.35 Because the
DNA sample concentrations are much larger than the KD, the
aﬃnity measurements performed in this letter are used to
compare the hybridization performance between the PNA−
DNA and γ-PNA−DNA duplexes. The extracted KD for the γPNA−DNA duplex is of the same order of magnitude as the
conventional PNA−DNA, which is encouraging since the γPNA probe has restricted movement due to the three-point
tethered surface attachment. It has been suggested that γPNA−DNA duplexes would be unstable in the case of surface
hybridizations with chiral PNA probes;36,37 however, in this
case, the γ-PNA−DNA is slightly diﬀerent from chiral PNA as
it does not contain consecutive chiral points on the backbone,
i.e., “chiral box”. The measured KD ≈ 5 nM for γ-PNA−DNA in
this case is in fact signiﬁcantly smaller than the reported
polylysine-DNA−DNA horizontal surface hybridization of KD
≈ 200 nM,26 and therefore, our approach is applicable for the
covalent attachment of horizontally aligned PNA probes for
electronic biosensors. Also because of the restricted conformation of the surface attached γ-PNA, it discriminates
noncomplementary DNA (NC DNA) from complementary
DNA (M0) in all ionic strength situations (see Figure S1 in the
Supporting Information).
Another important property of the PNA probe molecule is
the surface attachment density and we evaluate two diﬀerent
schemes for the attachment of PNA and DNA probes on SiO2
surfaces (see Figure S1, in the Supporting Information).
Aminated DNA probes (Am-DNA P32) are attached to the
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On the basis of these observations, we evaluated other
material surfaces commonly used for biosensor manufacturing,
including silicon nitride (Si3N4), polyimide (PI) and poly
dimethyl-siloxane (PDMS), by hybridizing DNA-P32 to surfaces
that have been incubated with Am-PNA probe molecules.
Following the hybridization step, the surfaces are washed with a
high ionic strength wash buﬀer and sonicated for 15 min. The
Am-PNA probes were directly incubated in deionized water on
the respective surfaces without any treatment with silane
aldehyde, APTES, or cross-linker. The surface density of DNAP32 hybridized to PNA nonspeciﬁcally adsorbed to the Si3N4
surface is 0.4 × 1012 molecules cm−2, to the PI surface is 0.2 ×
1012 molecules cm−2, and on the PDMS surface is 4 × 1012
molecules cm−2, all of which are quite signiﬁcant. The
nonspeciﬁc adsorption of γ-PNA to the four surfaces was
evaluated similarly by measuring the surface density of DNAP32 hybridized to the nonspeciﬁcally adsorbed γ-PNA to SiO2,
Si3N4, polyimide, and PDMS, and the postsonicated surface
densities are 0.7 × 1012, 0.9 × 1012, 1 × 1012, and 0.6 × 1012
molecules cm−2, respectively.
In summary, PNA−DNA hybridization on solid surfaces is
promising for biosensor applications because of its stability and
ﬂexibility for synthesis into diﬀerent conﬁgurations; however,
careful consideration of the surface attachment scheme and
surfaces is required for their use in practical applications. We
present a new γ-PNA surface probe for electronic biosensors
with the backbone aligned parallel to the sensor surface, thus
minimizing the counterion screening eﬀect when high ionic
strength hybridization buﬀers are used for optimal hybridization
kinetics. The γ-PNA−DNA binding aﬃnity is of the same order
of magnitude as the conventional PNA−DNA hybridization
binding aﬃnity performed using the same experimental
conditions, however, is suﬃcient for practical applications.
Furthermore, we have evaluated two commonly reported
attachment schemes and report that a thiolated attachment
scheme is preferred as it provides signiﬁcantly larger probe
surface density and negligible nonspeciﬁc adsorption of PNA to
most materials.

SiO2 surface via reduction of the silane aldehyde surface groups
with NaCNBH331 and thiolated DNA probes (Th-DNA-P32)
are attached to SiO2 using maleimide activation on 3-aminopropyl-triethoxy-silane (APTES) covered SiO2 surface. The
Am-DNA-P32 attachment provides a probe surface density of
Ns∼1010 molecules cm−2 and the Th-DNA-P32 attachment
provides a probe surface density Ns ≈ 5 × 1012 molecules cm−2,
which is in agreement with reported values of surface probe
density for the respective attachment schemes.38,39 Although
the Th-DNA attachment scheme requires a longer surface
preparation time of 8−12 h38 compared to the Am-DNA
attachment scheme that requires 3−4 h,31 the Th-DNA is the
preferred attachment method for electronic biosensors as a
larger Ns results in a larger transduced signal,27 and a surface
density of 5 × 1012 molecules cm−2 is reported to be well-suited
for good hybridization eﬃciency.40,41 The surface attachment
density of PNA attachment to SiO2 surfaces is evaluated using a
Cy5 ﬂuorescence label for both aminated attachment (AmPNA-Cy5) and thiolated attachment (Th-PNA-Cy5). The
surface density for Am-PNA-Cy5 is Ns ≈ 0.5 × 1012 molecules
cm−2 and for Th-PNA-Cy5 is Ns ≈ 1 × 1012 molecules cm−2.
The Am-DNA-P32 and Am-PNA-Cy5 probe densities diﬀer by
an order of magnitude and the discrepancy is related to the
nonspeciﬁc adsorption of Am-PNA to SiO2 surfaces, which is a
known characteristic of PNA due to the uncharged backbone,35−37 and is critically important for surface hybridization
assays.
To conﬁrm the nonspeciﬁc adsorption of the diﬀerent PNA
attachment schemes to the SiO2 surfaces, PNA was incubated
on SiO2 surfaces without a cross-linking/reducing agent and
subsequently imaged using the radioactive and ﬂuorescence
labels previously described. The Am-PNA was incubated on
SiO2 surfaces functionalized with silane aldehyde without any
NaCNBH3 coupling buﬀer, and Th-PNA incubated on the SiO2
surface treated with APTES without cross-linking. Both surfaces
were sonicated in deionized water for 15 min and exposed to
complementary DNA-P32 for hybridization. Each surface was
subsequently washed with a 1 M NaCl posthybridization buﬀer
and measured. The Am-PNA−DNA hybridization density is 0.4
× 1012 molecules cm−2, which is the same order of magnitude
as the previous surface density measurements of Am-PNA-Cy5
and clearly conﬁrms the nonspeciﬁc adsorption of the Am-PNA
to the SiO2 surfaces.37 The surface density of Th-PNA
nonspeciﬁcally adsorbed to the APTES coated SiO2 is an
order of magnitude less than the covalently coupled Th-PNA
probe and can be explained by the fact that an APTES coated
SiO2 surface is slightly positively charged due to the protonated
amine groups at pH 7. It has been reported that polylysine and
polyaspartate diﬀerentially attach electrostatically to hafnium
oxide deposited on SiO2 because of the same principle of amine
protonation of amines in polylysine and deprotonation of
aspartates at pH >7.42 The nonspeciﬁc adsorption results are
summarized in Table 2.

■

EXPERIMENTAL SECTION
Chemicals. All reagents and solvents used were of analytical
grade and used without further puriﬁcation. 3-amino-propyltriethoxy-silane (APTES), tris-ethanolamine (TEA) hydrochloride, and sodium cyanoborohydride (NaCNBH3) were
purchased from Sigma Aldrich. Trimethoxysilane aldehyde was
purchased from United Chemical Technologies. Sulfo-succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(sulfo-SMCC) was purchased from Pierce. The polydimethylsiloxane (PDMS) prepolymer (Sylgard, Dow Corning).
Puriﬁed peptide nucleic acids (PNA) were purchased from
Panagene, Korea, and the DNA oligomers were purchased from
Eurogentec.
Radiolabeling of Oligonucleotides. The DNA was
radiolabeled with (γ-32P)-ATP at the 5′ end using a T4
polynucleotide kinase (T4 PNK) using a protocol from New
England Biolabs.25 The T4 polynucleotide kinase was
purchased from Sigma (10 units μL−1, 500 UN), (γ-32)-ATP
(BLU002250UC, 10 Ci mmol−1, 2 mCi mL−1, 250 μCi). The 1
× T4 PNK buﬀer consists of 70 mM Tris-HCl, 10 mM MgCl2,
and 5 mM DTT at pH 7.6. Brieﬂy, the labeling process
consisted of a 50 pmol DNA sample in a 50 μL reaction volume
that was reacted with 20 enzyme units in the 1 × T4 PNK
buﬀer for 1 h at 37 °C, and followed by direct ethanol

Table 2. Nonspeciﬁc Adsorption of Am-PNA and Th-PNA to
SiO2 Surfaces
complex

surface density (× 1012 molecules cm−2)

Am-PNA−DNA-P32
Am-PNA-Cy5
Th-PNA-Cy5

0.38
0.41
0.02
4610
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have also been tested for nonspeciﬁc binding of probes after
washing and sonication.
Two kinds of PNA probes have been used for surface
functionalization. Conventional vertically tethered PNA with
achiral polyamide backbone made up of repeating N-(2amnioethyl) glycine units, whereas the horizontally tethered
PNA probes (γ-PNA) use a substituent, usually corresponding
to the side chain of a natural amino acid, inserted into the γ
position of the PNA backbone (Figure 3). The γ-PNA probe
(designed and synthesized by Panagene) consisted of the same
sequence as the conventional PNA and was designed with
respect to favorable position of the γ-substituents in the
backbone of the PNA. In our experiments, the PNA and γ-PNA
have the same sequences and diﬀer with three γ-substituted
lysine residues in the backbone of the PNA. The PNA molecule
has a single amine group available for end functionalization to
surfaces in a vertical orientation. An ethylene glycol linker
(AEEA) is added together with the γ-lysine residues in the PNA
backbone to enhance solubility of the molecule.
Hybridization Density Measurements. SiO2 surfaces
were functionalized with one of the two schemes using
thiolated and aminated PNA probes and hybridized to
radiolabeled complementary M0 and noncomplementary NC
DNA in 1 mM phosphate buﬀer with varying NaCl
concentrations (1, 23, and 137 mM). DNA was allowed to
hybridize to the surface functionalized PNA probes for 1 h in
static condition and in separate experiments for 10 min in a
PDMS microchannel with a ﬂow rate of 7 μL min−1. For static
hybridization (PDMS well based method) 10:1 PDMS was
cured on a ﬂat silicon wafer, then small area (1 cm2) PDMS
squares were cut out and punched with a punching tool (5 mm
diameter, Harris Uni-Core). The square PDMS pieces with the
hole were cleaned by sonication in ethanol, followed by
assembly on SiO2 pieces as hybridization vessel. For hybridization in ﬂow, a PDMS microﬂuidic chip with microchannel (1
cm in length and 360 μm diameter) was clamped onto the
probe functionalized SiO2 surface. Radiolabeled DNA was
transported though the microchannel using a 250 μL syringe
(Hamilton Gastight) with a syringe pump (Standard PHD
Ultra, Harvard Apparatus). The inlet and outlet holes were
punched into the PDMS chip with punch tool (0.5 mm, HarrisUni-Core) and a 1 cm long stainless steel tubing with 700 μm
OD could easily make a tight ﬁt as inlet and outlet tubing.
These 700 μm diameter tubing were further connected via 500
μm ID Tygon tubing and connected to the syringe using 150
μm ID PEEK tubing with appropriate ﬁttings (Upchurch
Scientiﬁc).
Surface Plasmon Resonance Measurements. The realtime PNA−DNA and γ-PNA−DNA hybridization measurements were done using a commercially available imaging
surface plasmon resonance (SPR) instrument (SPRImageII,
GWC Instruments). The SPR measurements were performed
using SPR imaging substrates (SPRchip GWC). The PNA and
γ-PNA were functionalized on the Au surface prior to
conducting the experiments. Brieﬂy, the SPR imaging substrates
were ﬁrst cleaned with a fresh piranha solution and
subsequently rinsed with deionized water. The cleaned sensor
substrates were then incubated with PNA for 12 h in PDMS
well of 50 μL volume in a humidity chamber. The cysteine on
the N-end of the PNA provides the thiol group for Au
attachment, and for the C6-SH linker from the γ-PNA provided
attachment to the Au surface. Probe functionalized SPR chips
were mounted on the base of a prism with index matching oil

Table 3. Sequences of PNA and DNA Used for Experiments
molecule/complex
PNA
Am-γ-PNA
Th-γ-PNA
complementary (M0)
DNA
Am-DNA
Th-DNA
noncomplementary
(NC) DNA

sequence
Cys-TGT-ACA-TCA-CAA-CTA-NH2
Ac-TGT*(AEEA)-ACA-TC*(AEEA)A-CAAC*(AEEA)TA
Ac-TGT*(C6-SH)-ACA-TC*(C6-SH)A-CAAC*(C6-SH)TA-3′
5′-TAG-TTG-TGA-TGT-ACA-3′
5′-TAG-TTG-TGA-TGT-ACA-3′-NH2
5′-TAG-TTG-TGA-TGT-ACA-3′-SH
5′-ATC-AAC-ACT-ACA-TGT-3′

precipitation of the radiolabeled DNA. All radiolabeling
experiments were done under adequate radiation protection
in a radioactive material handling certiﬁed laboratory (BL4
laboratory). Precipitated radiolabeled oligomers were washed
with 70% three times until the Geiger counter measuring the
signal was constant. Constant signal indicated that nonreacted
isotope was washed away and only labeled probe was collected.
PNA Probe Surface Attachment. SiO2 samples with 1
cm2 surface area were used for the surface probe density studies
with ﬂuorescently labeled PNA (PNA-Cy5) and radiolabeled
DNA oligomers. The probes were covalently attached to the
SiO2 surface in a 5 mm diameter reaction vessel formed from a
4 mm thick PDMS layer to avoid droplet evaporation eﬀects
during immobilization. PDMS well chips were cut out with a
knife and punched (5 mm, Harris-Unicore) from a PDMS
(10:1 PDMS to curing agent ratio) slab cured on a blank silicon
wafer. The PDMS wells were cleaned by sonicating in ethanol.
A 50 μL probe solution was incubated in the PDMS-SiO2 well
chip in a humidity chamber. Subsequent reaction and washing
steps were done inside the reaction vessel. Two types of
attachment chemistry were followed, using two diﬀerent silanes
and end groups on SiO2 that bind aminated and thiolated
probes. Thiolated probes were coupled to APTES treated SiO2
surfaces. Brieﬂy piranha cleaned SiO2 surfaces were treated with
2% APTES in 95% ethanol for 1 h, washed in ethanol and
heated to 120 °C for 15 min. APTES-coated SiO2 is activated
with 5 mM heterobifunctional cross-linker sulfo-SMCC in 10
mM TEA buﬀer pH 7.2 for 1 h yielding a maleimide terminated
surface to couple 1 μM thiolated probes in TEA buﬀer pH 7.2
for 12 h in a humidity chamber. Aminated probes were
functionalized to silane aldehyde treated SiO2 surfaces. Brieﬂy,
piranha cleaned SiO2 surfaces were treated with 2% silane
aldehyde in 95% ethanol for 1 h., washed in ethanol, and heated
to 120 °C for 15 min. Silane aldehyde conjugated to SiO2
surfaces was reacted with 1 μM aminated probe with the 4 mM
NaCNBH3 reducing agent in 10 mM phosphate buﬀer pH 8.4
for 2 h. The silane aldehyde on SiO2 surfaces is reduced to
reductive alkylation to form a secondary amine with the
aminated probe. A Phosphorus imager (Storm 860, Molecular
Dynamics) was used for radioisotope detection from radiolabeled and sonicated surfaces. Because PNA cannot be
radiolabeled, the probe surface attachment density of the
aminated and thiolated probes has been estimated using
radiolabeled oligomers, as well as ﬂuorescence (aminated, AmPNA-Cy5; and thiolated, Th-PNA-Cy5). Fluorescent measurements were performed using the Bio-Rad Molecular FX
scanner. In addition to the SiO2 surfaces, other surfaces
including silicon nitride (Si3N4), polyimide (PI), and PDMS
4611
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