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N
ucleotide microarrays are widely
used to identify specific DNA se-
quences and to investigate large-

scale gene expression.1 To fabricate arrays,
probe nucleotides are immobilized on solid
substrates for hybridization with comple-
mentary targets from solution. Tethering
strategies include covalent binding, electro-
static interaction, biotin�streptavidin linkage,
and thiolated nucleotide self-assembly.2,3 Al-
kanethiol self-assembled monolayers (SAMs)
on Au have been utilized to regulate sur-
face-probe densities and probe-substrate
interactions, thereby enhancing specific re-
cognition of tethered DNA targets andmini-
mizing nonspecific binding.4�8 As such, the
use of alkanethiol SAMs modified with DNA
probes has advanced understanding of
DNA-SAM and DNA�substrate interactions
to improve and to optimize the perfor-
mance of nucleotide-functionalized sub-
strates.9�15

Tarlov et al. illustrated the importance
of alcohol-terminated alkanethiols on Au
substrates to facilitate target DNA hybrid-
ization.4,16,17 Here, alkanethiol-DNA was
self-assembled and then backfilled with
mercaptohexanol (MCH) to dilute the DNA
and to prevent direct interactions between
DNA probes and substrates.4,18 Backfilling
with alkanethiols also lowers quenching of
fluorescently labeled DNA by preventing
DNA molecules from lying flat on metal
substrates.12,19 In addition to MCH, mercap-
toundecanol (MCU) and oligo(ethylene
glycol)-terminated alkanethiols have been
used as diluents.6,7,20�22 The presence of
the latter reduces nonspecific interactions
with proteins and other biomolecules.9,23,24

For example, Choi et al. demonstrated that
DNA substrates created by backfilling with
hydroxyl- and carboxyl-terminated oligo-
(ethylene glycol)-containing alkanethiols and
functionalized with cell-adhesion peptides
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ABSTRACT Nucleotide arrays require controlled surface densities and

minimal nucleotide�substrate interactions to enable highly specific and

efficient recognition by corresponding targets. We investigated chemical lift-

off lithography with hydroxyl- and oligo(ethylene glycol)-terminated alka-

nethiol self-assembled monolayers as a means to produce substrates

optimized for tethered DNA insertion into post-lift-off regions. Residual

alkanethiols in the patterned regions after lift-off lithography enabled the

formation of patterned DNA monolayers that favored hybridization with

target DNA. Nucleotide densities were tunable by altering surface chemistries

and alkanethiol ratios prior to lift-off. Lithography-induced conformational changes in oligo(ethylene glycol)-terminated monolayers hindered nucleotide

insertion but could be used to advantage via mixed monolayers or double-lift-off lithography. Compared to thiolated DNA self-assembly alone or with

alkanethiol backfilling, preparation of functional nucleotide arrays by chemical lift-off lithography enables superior hybridization efficiency and tunability.

KEYWORDS: nucleotide arrays . chemical lift-off lithography . self-assembled monolayers . DNA hybridization .
alkanethiol patterning
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simultaneously promoted peptide-selective cell adhe-
sion and DNA hybridization.25

In lieu of backfilling, thiolated DNA can be inserted
into preformed alkanethiol SAMs.6,26,27 Insertion is
advantageous for a number of reasons. Instead of
exposing surface-bound DNA to ethanolic alkanethiol
solutions during backfilling, which causes DNA conden-
sation andprecipitation, alkanethiols are assembled first
followed by insertion of DNA dissolved in aqueous
buffers.28,29 Insertion also prevents phase separa-
tion.23,30�33 A recent study of DNA hybridization on
Au electrodes demonstrated that surface hybridiza-
tion was reduced because DNA probes tended to
aggregate into domains after backfilling with alcohol-
terminated alkanethiols.34 In contrast, tethered DNA
molecules inserted into defect sites in preformed SAMs
produced dilute coverage wherein individual probe
strandswere isolated fromeachother.34,35 A low-density
environment for surface-bound DNA not only improves
hybridization by providing better access for target DNA
but it enables investigation of DNA�substrate interac-
tions at the single-molecule level.34�37

Insertion-directed chemistries are also beneficial
because they can be combinedwith surface patterning
methods.38�40 We developed microcontact insertion
printing for substrate patterning38 and have used
this technique to produce dilute coverage of surface-
tethered small-molecule ligands on preformed oligo-
(ethylene glycol)-terminated alkanethiol SAMs.23 How-
ever, using microcontact insertion printing for DNA
patterning will require tuning stamp surface chemis-
tries to facilitate insertion of alkanethiol-functionalized
DNA into SAMs.41 Alternately, we illustrate how pattern-
ing characterized by dilute DNA surface coverage and
reduced DNA�substrate interactions can be achieved
straightforwardly using chemical lift-off lithography.42

Lift-off lithography takes advantage of the strong
interactions formed during stamp-substrate contact
between the siloxyl groups on oxygen plasma-treated
polydimethylsiloxane (PDMS) stamps and hydroxyl-
terminated alkanethiol SAMs. Boxer and co-workers

have used similar strategies to remove molecules from
lipid bilayers.43�45 In lift-off lithography, terminally (ω-)
functionalized alkanethiol molecules are removed
when stamps are lifted from substrates. Here, we
investigated how retained alkanethiols in the con-
tacted regions interact with DNA probes to modulate
surface properties. A range of alkanethiols terminated
with hydroxyl or oligo(ethylene glycol) functional
groups were studied (Scheme 1).
We find that following lift-off lithography, hydroxyl-

terminated alkanethiol SAMs enable DNA probes
greater access to Au substrates compared to oligo-
(ethylene glycol)-terminated SAMs. Notably, alkanethiol-
functionalized DNA inserted into post-lift-off hydroxyl-
terminated alkanethiol SAMs showed increased surface
hybridization compared to DNA monolayers assem-
bled by backfilling. Moreover, alkanethiol backfilling
following patterning via lift-off lithography did not
improve DNA hybridization efficiency. We discovered
that the lift-off process induces conformational changes
in oligo(ethylene glycol) moieties resulting in steric
effects that limit DNA-probe access to Au surfaces.
As such, we varied hydroxyl-/oligo(ethylene glycol)-
terminated alkanethiol SAM ratios via codeposition
prior to lift-off to tune the amounts of inserted tethered
DNA. Ultimately, chemical lift-off lithography, in com-
bination with variable matrix compositions, provides a
facile means to regulate and to optimize DNA surface
coverage, which is essential for controlling hybridiza-
tion efficiency and the thermodynamic/kinetic beha-
vior of nucleic acids on surfaces.5,46,47

RESULTS

Chemical Lift-Off Lithography Facilitates Probe DNA Insertion
and Target DNA Hybridization. Following self-assembly,
oxygen-plasma-treated PDMS stamps were used to
remove alkanethiols terminated with hydroxyl moieties
from Au substrates within the stamp-substrate contact
areas.42 Previously, we found that ∼70% of MCU
molecules are removed from the contact regions after
lift-off.42 Further, we showed that inserting biotin

Scheme 1. Abbreviations, names, and molecular structures of the alkanethiols used in these studies.
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hexa(ethylene glycol)-terminated alkanethiols into the
contact areas enabled streptavidin recognition in the
biotin-patterned regions with features as small as
40 nm for a single lift-off step and 20 nm for two lift-
off lithography steps. The precision of these features
reached 2 nm and later results showed that we have
not yet reached the resolution limits of the method.
Similarly, we reasoned that alkanethiol residues re-
maining in the contact areas after lift-off would act as
diluents when inserting thiolated single-stranded DNA
probes.

The chemical lift-offprocess is illustrated in Figure 1.
Negative features in SAMswere generated using PDMS
stamps with arrays of protruding square-shaped posts.
Patterned SAMs were incubated with alkanethiol-
functionalized DNA probe solutions to enable insertion
into the post-lift-off areas. Substrates were then ex-
posed to fluorescently labeled target DNA. Experiments
were carried out using ∼17 h (overnight) insertion
times. Short insertion times (i.e., <2 h) were associated
with linearly increasing hybridization efficiencies,
whereas DNA insertion over longer times resulted in
near saturation of hybridization efficiency (Figure S1).

A representative fluorescence image of a DNA array
formed on a patterned MCU SAM following hybridiza-
tion with complementary DNA is shown in Figure 2A.
Specificity of target DNA hybridization is indicated
by the lack of a fluorescence pattern when a similar
substrate was challenged with noncomplementary
target DNA (Figure 2B). The DNA arrays on post-lift-off
tri(ethylene glycol)-terminated undecanethiol (TEG)
SAMs showed faint yet discernible fluorescent patterns
compared to MCU SAMs (Figure 2C) and similarly
lacked detectable fluorescence when hybridized with
noncomplementary target DNA (Figure 2D). These
results illustrate that hydroxyl-terminated (MCU) and
tri(ethylene glycol)-terminated (TEG) molecules in the
lift-off regions act as diluting matrices to enable teth-
ered DNA probe insertion and specific hybridization
with target DNA, albeit with different efficiencies.

Prior infrared spectral analysis indicated ∼70% lift-
off yields for MCU.42 Here, we compared lift-off effi-
ciencies for MCU vs TEG, which were not significantly
different (MCU 64( 7% vs TEG 73( 2%; N = 3; t(4) = 1;
P> 0.05). Thus, DNA insertion into post-lift-offMCUand
TEG SAMs was anticipated to occur at similar levels.
Nonetheless, fluorescence signals from DNA surface
hybridization on TEG SAMs were substantially lower
than those detected on MCU SAMs (Figure 2E).

We have used sequential lift-off steps to produce
substrate features smaller than actual stamp features
in doubly contacted regions.42 Here, we employed
double lift-off lithography to investigate whether addi-
tional TEG molecules could be removed from SAM
substrates to improve DNA insertion and hybridization.
First, flat stamps were used to lift-off TEG across entire
substrates. Patterned PDMS stampswere next employed

to remove additional TEGmolecules only in the regions
contacted by the stamp features. Alkanethiol probe
DNA was then inserted followed by exposure to either
fully complementary (Figure 2F) or noncomplementary
(Figure 2G) fluorescently labeled target DNA. Hybridi-
zation was specific and greater DNA insertion and/or
surface hybridization occurred on post-double-lift-off
TEG SAMs compared to post-single-lift-off TEG SAMs
(Figure 2E). Patterned fluorescence intensities after
double lift-off lithography were twice those follow-
ing single lift-off (Figure 2E) and notably, are the

Figure 1. Schematic illustration of chemical lift-off/DNA-
insertion patterning. (A) Oxygen plasma-treated poly-
dimethylsiloxane stamps are brought into conformal con-
tact with alkanethiol self-assembled monolayers (SAMs)
terminated with functional groups that are reactive toward
chemical lift-off. (B) As a result of the strong interactions at
stamp-substrate interfaces, stamp removal causes lift-off of
functionalized alkanethiols, albeit incompletely, from Au
substrates. (C) The exposed lift-off regions are then insertion-
functionalized with alkanethiol-functionalized DNA probes,
(D) followed by surface hybridization with fluorescently
labeled target DNA.
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differences between DNA hybridization in post-double-
lift-off regions vs the single-lift-off background.

Oligo(Ethylene Glycol)-Terminated Alkanethiols Reduce DNA
Insertion. The findings in Figure 2 suggest that ethylene
glycol moieties in TEG hinder the numbers of tethered
DNA probes inserted into the lift-off regions of pat-
terned substrates. Alternately, the flexible ethylene
glycol segments might interfere with tethered probe
DNA surface orientations so as to disfavor hybridization.
Both scenarios could lower hybridization efficiency.
Several studies have found that althougholigo(ethylene
glycol)-terminated alkanethiols are longer than compar-
able hydroxyl-terminated alkanethiols, the ethylene
glycol moieties do not interfere with DNA orientations
favorable for surface hybridization.6,21,22,25 In light of this
understanding and the double-lift-off findings above,
we posited that the ethylene glycol moieties in TEG
reduce DNA access to post-lift-off regions during inser-
tion thereby lowering DNA-probe surface densities.

To test this hypothesis, thiolated DNA inserted into
post-lift-off hydroxyl-terminated (MCU) vs tri(ethylene
glycol)-terminated (TEG) SAMs was compared using
atomic force microscopy (AFM). After lift-off, MCU and
TEG SAMs displayed similar negative-height topo-
graphic features where PDMS stamps had contacted
SAMs (Figure 3A,B, respectively). Following incubation
with DNAprobes, positive-height topographic features
protruding beyond SAM backgrounds were observed
for MCU SAMs (1.5 ( 0.06 nm, Figure 3C), indicating
that DNA had been inserted. Significantly smaller
height increases were observed for DNA inserted on
TEG SAMs (0.34 ( 0.02 nm, [t(8) = 19; P < 0.001],
Figure 3D) suggesting that fewer DNAprobemolecules
had been inserted compared to MCU SAMs.

Although we observed differences in AFM topo-
graphic heights between thiolated DNA inserted into
post-lift-offMCU vs TEG SAMs, height differences alone
do not conclusively indicate that fewer DNA probes
were present on post-lift-off TEG SAMs. Because TEG
molecules are longer than MCU molecules by three
ethylene glycol units, upon insertion, the observed
height difference between DNA molecules and the
TEG SAM background is expected to be smaller than
that observed with the MCU SAM background. Addi-
tional AFM experiments were carried out using longer
thiolated single-stranded DNA probes (100 bases) to
increase AFM topographic contrast over insertion of
34-base DNA probes. An increase in height was ob-
served on post-lift-off MCU SAMs indicating insertion
of long DNA probes (2.1 ( 0.07 nm, Figure 3E). Ob-
servable, yet smaller height increases were found for
post-lift-off TEG SAMs (0.78 ( 0.05 nm, Figure 3F).
Mean topographic heights of MCU/DNA SAMs were
again significantly different from TEG/DNA SAMs [t(6) =
16; P < 0.001].

The apparent height differences between the pat-
terned and unpatterned regions in Figure 3F substanti-
ate DNA-probe insertion on TEG SAMs. However,
similar to short DNA, differences in AFM topographic
heights where long DNA was inserted into post-lift-off
MCU (Figure 3E) vs TEG SAMs (Figure 3F) might still be
due to the smaller height differences between DNA
molecules and TEG vs MCU molecules. Assuming a
0.34 nmdistance between DNA bases,48 fully extended
34- and 100-base single-stranded DNA molecules
would be ∼12 and 34 nm long, respectively. The
protruding features on post-lift-offMCU and TEG SAMs
(Figure 3C,D,E,F) are substantially smaller than the

Figure 2. Representative fluorescence images displaying (A,C,F) hybridization of surface-bound DNA probes (34 bases) with
fluorescently labeled complementary target DNA or (B,D,G) hybridization with noncomplementary DNA (scrambled 34-base
sequences). Post-lift-off self-assembled monolayers (SAMs) are (A,B) hydroxyl-terminated alkanethiols (MCU) or (C,D,F,G)
tri(ethylene glycol)-terminated (TEG) alkanethiols. The fluorescence patterns in (F,G) represent double lift-off regions against
a post-single-lift-off background. Fluorescence patterns in (A,C,F) compared to their absence in (B,D,G) indicate specific
hybridization between Alexa Fluor 488-labeled target DNA (excitation at 495 nm) and tethered probe DNA. (E) Patterned
specificfluorescence intensities resulting fromDNAhybridizationonpost-lift-offMCUSAMswere higher than those observed
on post-lift-off TEG SAMs. (F) Patterned specific fluorescence intensity was increased on post-double-lift-off TEG SAMs.
Fluorescence images were taken with the same exposure times of 5 s at an emission wavelength of 517 nm. Stamp features
are (25 μm� 25 μm). Error bars represent standard errors of the means with N = 3 samples per group. Mean intensities were
significantly different across groups [F(2,6) = 18; P<0.01]. *P<0.05 and **P<0.01 vsMCU/CLL; †P<0.05 vs TEG/CLL. Scale bars
are 50 μm.
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extended DNA lengths. Since AFM images were col-
lected under dry conditions and the DNA molecules
constitute only a fraction of each monolayer, the
segments of the inserted DNA that lay beyond the
matrices were unlikely to be fully extended. Thus, the
relative height differences observed on post-lift-off
MCU vs TEG SAMs do not reflect absolute DNA heights
relative to SAMs but instead, indicate relative differ-
ences in the numbers of insertedmolecules. Below, we
use these results to estimate the fractions of mono-
layers associated with inserted DNA. Beyond these
estimates, any potential effects of DNA probe lengths
on insertion efficiency into SAMs49 cannot be straight-
forwardly differentiated by AFM.

Chemical Lift-Off Reduces DNA�Substrate Interactions and
Improves DNA Hybridization. We used X-ray photoelectron
spectroscopy (XPS) to quantify DNA-associated nitro-
gen and phosphorus signals on MCU vs TEG patterned
surfaces. Since we were interested in probe DNA
inserted into post-lift-off regions, featureless PDMS

stamps were used with chemical lift-off lithography
for these experiments to maximize lift-off areas. In
addition, because we focused on investigating the
XPS fingerprints of DNA, only the N 1s and P 2p XPS
data are discussed here. The complete XPS data can be
found in the Supporting Information (Table S1). The
bottom curves in Figure 4 indicate that N 1s and P 2p
peaks were not present on post-lift-off MCU and TEG
SAMs in the absence of DNA probes (i.e., incubation
with 0.01 M phosphate-buffered saline), as expected.
BothN 1s and P 2ppeaks corresponding to 6.9 atomic%
and 2.0 atomic %, respectively (Table 1), were observed
for thiolated DNA inserted into post-lift-off MCU SAMs
(lower-middle curves, Figure 4A,C). By contrast, these
peaks were undetectable for DNA inserted into post-
lift-off TEG SAMs (middle curves, Figure 4B,D).

The absence of nitrogen and phosphorus peaks
associated with post-lift-off TEG SAMs suggests that
DNA insertion into post-lift-off TEG SAMs was either
absent or below the XPS detection limit. We conclude

Figure 3. Atomic forcemicroscopy images before and after insertionwith short or longDNA.Negative SAM features resulting
from chemical lift-off of (A) hydroxyl-terminated alkanethiol self-assembled monolayers (SAMs) or (B) tri(ethylene glycol)-
terminated SAMs indicate similar degrees of lift-off. After short (34-base) or long (100-base) thiolated DNA was inserted into
the lift-off areas, protruding features were observed onMCU SAMs (C,E), while lower-contrast DNA features appeared on TEG
SAMs (D,F). Differences in topographic heights between (C) vs (D) and (E) vs (F) suggest that fewer DNAprobemoleculeswere
inserted into the post-lift-off areas of TEG SAMs, regardless of DNA length. Images are representative ofN = 4�5 samples per
condition. Image dimensions are 20 μm � 20 μm.
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the latter case is correct in light of the detectable fluo-
rescence microscopy patterns (Figure 2C) and AFM
topographies (Figure 3D,F) on similar substrates. Con-
sequently, XPS may not be sensitive enough to detect
small amounts (e1% monolayer, vide infra) of DNA-
associated nitrogen and phosphorus on post-lift-off
TEG SAMs.

The broad N 1s peak for DNA on post-lift-off MCU
SAMs (lower-middle curve, Figure 4A) arises from
nitrogen peaks associated with heteroaromatic DNA
nitrogen at 399.8 eV, and C(dO);N, N;C(dO);N
and C(dO);N;C(dO) moieties at 401.6 eV.50 These
nitrogen peaks were at higher binding energies
(∼1eV) in comparison to undiluted tetheredDNAmono-
layers (top vs lowermiddle curves in Figure 4A). Previous
studies have shown that heteroaromatic nitrogen in
undiluted DNA monolayers interacts with Au sub-
strates, resulting in lower N 1s binding energies com-
pared to the same nitrogen species in DNA bases that

are free from substrate interactions.7,21,51 Additionally,
the P 2p peaks from post-lift-offMCU/DNA SAMs were
at a higher binding energy (∼0.4 eV) than for pure DNA
monolayers (top vs lower middle curves, Figure 4C).
Nitrogen and phosphorus XPS peaks shifted to higher
energies indicate that DNA base-substrate interactions
are reduced in the presence of post-lift-off MCU mol-
ecules suggesting that DNA bases are more available
to hybridize with complementary bases in target DNA.
In contrast, the thiolated DNA molecules in pure DNA
monolayers tend to lie down on metal surfaces such
that bases interact with Au substrates disfavoring
hybridization with target DNA.

We also prepared substrates using the backfilling
method wherein thiolated DNA SAMs were subse-
quently exposed to MCU solutions (upper-middle
curves, Figure 4A,C). Backfilling was carried out for
30min because previous studies showed that this incu-
bation time results in DNA-probe orientations that

Figure 4. Representative X-rayphotoelectron spectra of N1s andP2ppeaks associatedwith (A,C) hydroxyl-terminated (MCU)
and (B,D) tri(ethylene glycol)-terminated (TEG) alkanethiol self-assembled monolayers (SAMs). All bottom curves represent
post-lift-off SAMs incubated with 0.01 M phosphate buffered saline devoid of thiolated DNA probes, hence the absence of
nitrogen and phosphorus peaks in these curves. The large N 1s and P 2p peaks frompure DNAmonolayers (all top curves) are
in contrast to the smaller peaks (all middle curves) fromMCU/DNA and TEG/DNAmixed SAMs indicating dilute DNA coverage
on MCU-backfilled (upper middle curves A,C) and post-lift-off MCU (lower middle curves A,C) SAMs. The apparent shift to
lower energies in N 1s (∼0.6�1 eV) and P 2p (∼0.4 eV) peaks on pure DNA SAMs compared with alkanethiol/DNA SAMs is
attributed to greater DNA�substrate interactions associated with the pure DNA SAMs. Spectra are displaced vertically for
ease of visualization.
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favor hybridization.7 Similar to DNA inserted in post-
lift-offMCU SAMs, nitrogen and phosphorus XPS peaks
were at higher binding energies (∼0.4 eV for N 1s and
∼0.6 eV for P 2p) for MCU-backfilled DNA SAMs
compared to undiluted DNA monolayers indicating
reduced DNA base-substrate interactions.

Prior studies have shown that differences in N 1s
and P 2p binding energies between undiluted DNA
monolayers and DNA/alkanethiol SAMs not only indi-
cate reduced DNA�substrate interactions in the latter
but also upright orientation of DNA probes.7,15,21 For
example, near-edge X-ray absorption fine-structure
spectroscopy has been used to show that shifts to
higher binding energies for the N 1s and P 2p XPS

signals associated with DNA/alkanethiol monolayers
are accompanied by upright probe orientations on Au
surfaces.7,21,52 The N 1s and P 2p peak areas (Table 1)
from post-lift-off MCU/DNA SAMs (6.9 atomic % nitro-
gen and 2.0 atomic % phosphorus) vs those of MCU-
backfilled DNA SAMs (13.2 atomic % nitrogen and 3.1
atomic % phosphorus) and undiluted DNAmonolayers
(15.6 atomic % nitrogen and 3.6 atomic % phosphorus
(Figure 4A,C) indicate lower surface coverages of DNA
probes on post-lift-offMCU SAMs. Comparedwith pure
DNAmonolayers, DNA probes are diluted by∼50% on
post-lift-off MCU SAMs, in agreement with previous
studies.6,7,21 These surface coverage estimates, how-
ever, are only relative because XPS signals are affected
not only by the numbers of molecules on the sub-
strates but also by X-ray attenuation lengths.51

Since the XPS data in Figure 4 show that vari-
ous methods result in different amounts of surface-
assembled DNA, we investigated whether this trans-
lated into differential DNA hybridization. Fluorescence
resulting from target DNA hybridization on substrates
prepared using lift-off lithography followed by probe-
DNA insertion was significantly greater than fluores-
cence intensities from hybridization on undiluted DNA
monolayers (Figure 5A). Moreover, there was greater
fluorescence on post-lift-off MCU SAMs compared to
MCU-backfilledDNA SAMs. Considering that post-lift-off
MCUSAMshad the lowest numbers of DNAprobemole-
cules compared to pure DNA monolayers and MCU-
backfilled DNA SAMs (Table 1 and Figure 4A,C), these
results indicate improved DNA hybridization efficiency
associated with the chemical lift-off lithography-DNA
insertionapproach (Figure 5B), in agreementwith studies
using other insertion methods.34,35 Notably, the coeffi-
cients of variation (%CV) for hybridization were signifi-
cantly lower for the lift-off-insertion approach signifying
improved reproducibility (Figure 5A; 4.5% MCU/DNA
insertion, 25% DNA/MCU backfill, 37% undiluted DNA).

TABLE 1. X-ray Photoelectron Spectroscopy Atomic

Percentagesa

atomic percentage

elements N 1s P 2p

DNA (predicted) 18.1 4.7
DNA (experimental) 15.6 ( 0.4 3.6 ( 0.1
DNA/MCU Backfill 13.2 ( 0.3* 3.1 ( 0.2
MCU/DNA Insertion 6.9 ( 0.4*,† 2.0 ( 0.1*,†

TEG/DNA Insertion N/D (1.0)*,† N/D (0.3)*,†

MCU N/D N/D
TEG N/D N/D

a Predicted X-ray photoelectron spectroscopy (XPS) atomic percentages for
undiluted DNA were calculated using the numbers of nitrogen and phosphorus
atoms in DNA probe molecules. Atomic percentages for undiluted thiolated DNA
monolayers (experimental) and mixed monolayers of hydroxyl- (MCU) and
tri(ethylene glycol) (TEG)-terminated alkanethiol/DNA on Au substrates were
calculated from XPS peak areas (N = 3-6/group). Not detectable XPS signals are
indicated by “N/D”. Atomic percentages in parentheses are hypothetical lower limits
are based on XPS detection limits of 1% and a P/N ratio of 0.3 and are used for
statistical purposes. Entries are means ( standard errors of the means. Nitrogen
and phosphorus atomic percentages were significantly different across groups
([F(3,14) = 280; P < 0.001] and [F(3,14) = 135; P < 0.001], respectively). * P <
0.01 vs DNA (experimental). † P < 0.001 vs DNA/MCU Backfill.

Figure 5. (A) Fluorescence intensities resulting from hybridization of surface-bound DNA probes and fluorescently labeled
complementary DNA target strands on post-lift-off hydroxyl-terminated alkanethiol (MCU) self-assembled monolayers
(SAMs) (MCU/DNA Insertion), MCU-backfilled DNA SAMs (DNA/MCU Backfill), and pure DNA SAMs (DNA). Mean fluorescence
intensities were significantly different across groups [F(2,21) = 16; P < 0.001]. **P < 0.01 and ***P < 0.001 vs DNA; †P < 0.05 vs
DNA/MCU Backfill. Error bars represent standard errors of the means with N = 8 substrates per group. (B) Correlations are
between fluorescence resulting from DNA hybridization vs X-ray photoelectron spectroscopy atomic percentages [N 1s
(bottom/blue x-axis)/P 2p (top/green x-axis)]. Higherfluorescence intensitieswere correlatedwith lowerDNAprobenumbers.
Thus, hybridization efficiencies were MCU/DNA Insertion > DNA/MCU Backfill > DNA alone.
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Hybridization efficiencies on Au films and nanopar-
ticles have been determined by various quantification
methods including fluorescence-based methods,7,53,54

electrochemical techniques,16,49,55,56 “quantitative”
XPS,51 neutron reflectivitymeasurements,17 radiometric
assays,57 and surface plasmon resonance spectros-
copy.5,6,21,46 Here, because quantification from fluores-
cence images and XPS atomic percentages do not
provide absolute numbers of DNA probes and targets,
we examined relative relationships via correlation
analysis (Figure 5B) and determined that improved
hybridization efficiency is associated with the lift-off
lithography-based DNA insertion approach compared
to undiluted DNA monolayers and MCU-backfilled
DNA SAMs.

Backfilling Reduces Inserted DNA on Post-Lift-Off Alkanethiol
SAMs. Backfilling with MCU or TEG has been shown to
increase target DNA hybridization for Au substrates
functionalized first with thiolated probe DNA
(Figure 5B).6,7,21 Here, we investigated the effects of
backfilling following lift-off and DNA insertion on MCU
and particularly, TEG SAMs. After lift-off and insertion
of thiolated DNA probes, we exposed MCU/DNA
or TEG/DNA SAMs to additional MCU or TEG mole-
cules, respectively, via solution deposition. Backfill-
ing was hypothesized to reduce any remaining DNA�
substrate interactions and to increase fluorescence
due to greater surface hybridization. On the contrary,
we observed decreases in the fluorescence intensities
of patterns on both post-lift-off MCU (Figure 6A,B) and
TEG (Figure 6C,D) SAMs after additional backfilling
suggesting that DNA probes were instead removed
from substrates.

Removal of DNA probes by backfilling with alka-
nethiols has been reported.6,7,21 The purpose of alka-
nethiol backfilling is to reduce steric interactions
between DNA probes and to decrease DNA�substrate
interactions. However, when substrates are exposed
to alkanethiol backfilling solutions for extended times
(>1 h), DNA molecules are displaced and fluorescence
decreases due to reduced numbers of surface-bound
DNA molecules. Studies by others have shown that
DNA probes onMCU-backfilled SAMs diluted by∼50%
from pure DNA monolayers required >5 h of back-
filling.7,57 The XPS data above (Table 1, Figure 4A vs 4C)
indicate ∼50% dilution of post-lift-off MCU/DNA vs

undiluted DNA monolayers. Thus, DNA surface cov-
erages on post-lift-off substrates might be in the
regime where additional alkanethiol backfilling re-
moves inserted DNA probes instead of reducing
DNA�substrate interactions, which are already pre-
sumably minimized. Decreases in fluorescence after
backfilling (Figure 6E) suggest that additional incor-
poration of MCU or TEG molecules reduced the num-
bers of DNA probe molecules. For TEG, the already
low numbers of DNA probes on post-lift-off DNA/
SAM-modified substrates were further reduced with

additional TEG solution exposure. Therefore, we con-
clude that alkanethiol backfilling is not advantageous
when patterning DNA on Au substrates via chemical
lift-off lithography.

DNA Arrays Patterned via Lift-Off Lithography Using Longer
Functionalized Alkanethiols. Three terminal ethyleneglycol
units differentiate TEG from MCU molecules. The addi-
tional molecular length of TEG vs MCU might reduce
DNA access to Au surfaces. Alternately, the presence
of the ethylene glycol moieties might have greater

Figure 6. Representative fluorescence images displaying
hybridization of thiolated single-stranded DNA probes with
Alexa Fluor 488-labeled target DNA (excitation at 495 nm)
on (A,B) hydroxyl-terminated alkanethiol (MCU) or (C,D)
tri(ethylene glycol)-terminated alkanethiol (TEG) self-
assembled monolayers (SAMs) after lift-off lithography
and without or with backfilling with additional respective
alkanethiol molecules following probe DNA insertion. After
exposing post-lift-off MCU/DNA SAMs to additional MCU,
fluorescence was decreased in (B) compared to (A) suggest-
ing that thiolated DNA is displaced by subsequent exposure
to additional MCU. Similarly, a weaker fluorescent pattern
(D) was observed for backfilled post-lift-off TEG/DNA SAMs
compared to the pattern after hybridization on a post-lift-
off-alone TEG SAM (C). Fluorescence images (shown with
the same exposure times of 5 s) were taken at an emission
wavelength of 517 nm. (E) Mean intensities were signifi-
cantly different for post-lift-offMCU vs TEG surfaceswithout
backfilling (A,C) again indicating significant differenceswith
respect to target hybridization (independent replication
vs Figure 2, two-way ANOVA interaction term [F(1,4) = 37,
P < 0.01]). Error bars represent standard errors of themeans
withN = 3 samples per group. **P < 0.01 and ***P < 0.001 vs
MCU; †††P < 0.001 vs TEG. Scale bars are 50 μm.
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influence on alkanethiol-DNA insertion. To differenti-
ate these possibilities, molecules longer than MCU and
TEG, namely mercaptohexadecanol (MCHD) and hexa-
(ethylene glycol) undecanethiol (HEG) were investi-
gated (Scheme 1). The alkyl backbone of MCHD is
five carbon atoms longer than MCU, whereas HEG
has the same alkyl backbone as TEG but contains three
additional ethylene glycol units.

Previously, we showed by XPS that oxygen plasma
treatment of PDMS stamps is needed to lift-off alka-
nethiols terminatedwith hydroxyl or amine tail groups.42

Because interactions at stamp-SAM and SAM-Au inter-
faces are stronger than Au-Au substrate bonds, post-
lift-off PDMS stamps showed Au 4f XPS signals. In
contrast, PDMS stamps following conformal contact
with relevant SAMs in the absence of oxygen plasma
pretreatment did not show Au 4f XPS signals. Here, the
chemical lift-off lithography process was carried out on
MCHD and HEG SAMs. Post-lift-off PDMS stamps from
these SAMs showed Au 4f signals in the XPS spectra
(Figure S2A,B) indicating that MCHD and HEG are lift-
able molecules. While intense fluorescent patterns were
observed for MCHD/DNA SAMs (Figure S3A), such
patterns were indiscernible for HEG/DNA SAMs
(Figure S3B). Thus, althoughMCHD and HEGmolecules
are each longer than the corresponding MCU and TEG
molecules, respectively, the thicker SAMs formed by
MCHD did not hinder DNA probes from accessing Au
surfaces. Since the principal differences between
MCHD and HEG are the ethylene glycol moieties in
the latter, the important finding is that differences in
physical lengths between SAM molecules do not by
themselves underlie variations in the numbers of
tethered DNA probes inserted into post-lift-off regions
and associated target DNA hybridization. Instead, ethyl-
ene glycol moieties appear to play key roles in limiting
the numbers of DNA molecules on post-lift-off oligo-
(ethylene glycol)-terminated alkanethiol-modified Au
surfaces.

Spectroscopic Evidence for Lift-Off-Induced Conformation
Changes in Oligo(Ethylene Glycol) Moieties. Together, infor-
mationgleaned from investigating the various hypothe-
ses above suggests that steric hindranceoriginates from
the ethylene glycol moieties of TEG (and HEG). To
explore the origin of this effect, polarization-modulation
infrared reflection�absorption spectroscopy (PM-IRRAS)
was used to monitor the characteristic vibrational fea-
ture of ethylene glycol moieties, namely the C�O�C
vibrational stretch, before and after chemical lift-off. As
for the XPS experiments above, featureless PDMS
stampswere used tomaximize lift-off areas. For alkane-
thiols with (ethylene glycol)n (n e 4), the C�O�C
vibrational band is the dominant IR feature character-
izing ethylene glycol moieties.58

As shown in Figure 7A, the C�O�C vibrational band
displayed a strong, sharp peak at∼1138 cm�1 for pris-
tine TEG SAMs (top curve), indicating a predominantly

all-trans conformation for the ethylene glycol moie-
ties.59 However, after lift-off, the C�O�C peak was
shifted to ∼1132 cm�1 and the peak area was de-
creased (Figure 7A, bottom curve). Infrared absorption
spectra are affected by surface coverage andmolecular
conformations.59 While the reduced peak area is likely
the result of decreased surface coverage due to the
removal of TEG molecules, which is known to occur
(vide supra), the peak shift is potentially the result of
conformational changes in SAM molecules following
lift-off. Studies have shown that a C�O�C band
at ∼1140 cm�1 is attributable to a predominantly all-
trans conformation, whereas red shifts in the C�O�C
stretch indicate transitions to disordered helical con-
formations.59,60 The spectroscopic shift from 1138 to
1132 cm�1 suggests that TEG molecules undergo re-
arrangement fromorderednearly all-trans to disordered
helical conformations following lift-off (Figure 8A),
which would reduce DNA probe access to Au surfaces.
In contrast, such conformational changes do not occur
for MCU SAMs post-lift-off due to the absence of
oligo(ethylene glycol) moieties (Figure 8B).

As anadditional test that chemical lift-off lithography
induces conformational changes in oligo(ethylene
glycol) moieties, we investigated tri(ethylene glycol)
hexanethiol (TEG-C6) SAMs using infrared spectrosco-
py before and after lift-off. The TEG-C6 molecules are
similar to TEG except their aliphatic backbones consist
of 6 vs 11 carbons (Scheme 1). As shown in Figure 7B, a
C�O�Cbandwas observed at∼1141 cm�1 for pristine
TEG-C6 SAMs (top curve). The peak area was reduced
after lift-off and shifted to∼1132 cm�1 (bottom curve).
Similar to TEG SAMs, these results show that alkane-
thiols were removed from Au surfaces (smaller peak
area). Moreover, the shifted C�O�C band observed
with TEG-C6 is characteristic of conformational changes
in oligo(ethylene glycol) from pre-lift-off ordered all-
trans to post-lift-off disordered helical conformations.

For HEG molecules, a broad C�O�C stretch for
pre-lift-off SAMs (Figure 7C, top curve) was observed
at ∼1127 cm�1, which indicates initial predominantly
disordered helical conformations for alkanethiols with
six or greater ethylene glycol units, in agreement with
previous studies.60,61 After lift-off, the C�O�C peak
area decreased due to removal of SAM molecules
(Figure 7C, bottom curve). Notably, the C�O�C band
did not show a redshift similar to TEG and TEG-C6. This
result suggests that HEG SAMs retain the same relative
conformation after lift-off. Although HEG molecules
did not show conformational changes associated with
lift-off lithography, the disordered helical conforma-
tion prevented DNA insertion (Figure S3B).

To investigate whether PDMS contact with oligo-
(ethylene glycol)-terminated SAMs by itself produces
disordered ethylene glycol conformations, we moni-
tored the C�O�C stretch arising from methoxy tri-
(ethylene glycol)-terminated alkanethiol (CH3O-TEG)
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SAMs with infrared spectroscopy before and after
conformal contact with oxygen plasma-treated PDMS
stamps. The CH3O-TEG molecules were selected be-
cause they are identical to TEG except for the terminal
methoxy group (Scheme 1), which prevents subtrac-
tive patterning.42 A sharp C�O�C band was observed
at∼1130 cm�1 for pristine CH3O-TEG SAMs, suggestive
of initial helical conformations60 (top curve, Figure 7D).
Neither the peak position nor the peak area changed
post-lift-off (bottom curve, Figure 7D). The lack of a
decrease in peak area indicates that CH3O-TEG mole-
cules were not removed from Au surfaces by contact
with activated PDMS stamps. The invariant peak posi-
tion implies that conformal contact with activated
PDMS stamps by itself did not change the conforma-
tion of the ethylene glycol moieties. However, the peak
position at 1130 cm�1 indicates that the CH3O-TEG
molecules adopted helical conformations in both

pre- and post-lift-off SAMs. Thus, CH3O-TEG SAMs are
not ideally suited to testing whether stamp contact
alone (vs lift-off) underlies the shift from all-trans to
helical oligo(ethylene glycol) conformations. We have
yet to identify oligo(ethylene glycol) alkanethiols best
suited for isolating the effects of stamp contact vs

actual lift-off. These molecules would possess a termi-
nal group not amenable to lift-off yet oligo(ethylene
glycol) moieties would adopt an all-trans conformation
after surface assembly.

The overriding observation from the spectral studies
of oligo(ethylene glycol)-terminated alkanethiols is
that chemical lift-off lithography induces conforma-
tional changes in ethylene glycol segments from or-
dered to disordered states when the former exist
following self-assembly. For TEG and TEG-C6, ordered
all-trans conformations were converted to disordered
helical conformations after lift-off. For HEG, the helical

Figure 7. Representative polarization modulation infrared reflection�absorption spectra of (A) tri(ethylene glycol) undecane-
thiol (TEG), (B) tri(ethylene glycol) hexanethiol (TEG-C6), (C) hexa(ethylene glycol) undecanethiol (HEG), and (D) methoxy
tri(ethylene glycol) undecanethiol (CH3O-TEG) self-assembled monolayers (SAMs) before (top curves) and after (bottom
curves) contact with fully oxidized PDMS stamps. Strong C�O�C vibrational bands at ∼1138 cm�1 and ∼1141 cm�1 are
characteristic of ordered all-trans tri(ethylene glycol) conformations in (A) TEG and (B) TEG-C6 SAMs prior to lift-off,
respectively. (C) A broad C�O�C vibrational band at ∼1127 cm�1 is characteristic of disordered helical hexa(ethylene
glycol) moieties in HEG SAMs after self-assembly and prior to lift-off. (D) A strong C�O�C vibrational band at ∼1130 cm�1

characteristic of amorphous helical tri(ethylene glycol) moieties is also seen with CH3O-TEG SAMs. Peak-area decreases in
(A, B, and C) indicate the removal of alkanethiol molecules due to lift-off. (D) Because methoxy groups are not lift-able, the
peak area of the C�O�C stretch of CH3O-TEG SAMs remains the same before and after lift-off. The post-lift-off C�O�C bands
in (A) and (B) appear shifted from pre-lift-off positions at∼1138 cm�1 and∼1141 cm�1 for TEG and TEG-C6, respectively, to a
new position at ∼1132 cm�1 indicating conformational changes in tri(ethylene glycol) moieties to disordered helical
conformations.

A
RTIC

LE



CAO ET AL. VOL. 9 ’ NO. 11 ’ 11439–11454 ’ 2015

www.acsnano.org

11449

conformation remained the same before and after lift-
off. For CH3O-TEG, no conformational or lift-off-related
changes occurred. The results of this study as a whole
lead to the conclusion that disordered states of oligo-
(ethylene glycols) existing either prior to lift-off (HEG)
or as a result of lift-off (TEG, TEG-C6) are associated with
steric hindrance so as to reduce (TEG, TEG-C6) or to
prevent (HEG) thiolated DNA insertion into post-lift-off
SAMs. Furthermore, greater numbers of ethylene gly-
col units appear to interfere to a greater extent with
DNA insertion following patterning by lift-off litho-
graphy. Conversely, increased DNA insertion and/or
hybridization can be achieved on TEG SAMs via double-
lift-off lithography (Figure 2F).

Mixed MCU/TEG SAMs Modulate DNA Surface Coverage.
Since DNA surface densities are affected differently
by MCU vs TEG due to the ethylene glycol units in the
latter, we examined whether variable combinations of
these two types of molecules could be used to advan-
tage to tune DNA access to Au substrates. Mixed
composition SAMs have been used to create dilute
surface coverageswherein surface tethers are separated
and exposed for subsequent chemical modifications,
instead of phase segregated.10,23,39,41,62 As shown in
Figure 8C, fluorescence due to surface hybridization

between tethered DNA probes and DNA targets in-
creases with respect to solution concentration ratios of
MCU vs TEG. This relationship indicates that as the
fraction of MCU in monolayers increases, steric hin-
drance from the ethylene glycol moieties in TEG
decreases, enabling greater DNA access to the Au
surfaces. These results are consistent with the hypothe-
sis that oligo(ethylene glycol) moieties are key factors
in regulating DNA surface coverage on post-lift-off
SAMs. They further demonstrate that the steric effects
resulting from chemical lift-off lithography-induced
conformational changes in oligo(ethylene glycol) can be
used judiciously to control DNA probe surface coverages.

Fluorescence in Figure 8C resulted fromDNA hybrid-
ization between surface-bound probes and fluores-
cently labeled target-DNA. Notably, fluorescence in-
tensities may not directly reflect the actual numbers of
surface-bound DNA probes associated with different
mixed SAM compositions. Probes already hybridized
with target strands may preclude hybridization of
additional DNA targets from solution. As such, DNA
hybridization may require extended amounts of time
(>1 h) to reach saturation at higher probe densities.63

Also, because we investigated complementary strands
with complete base-pair match, some target strands

Figure 8. Schematic (not to scale) illustrating changes in self-assembled monolayers (SAMs) of (A) tri(ethylene glycol)-
terminated (TEG) or (B) hydroxyl-terminated (MCU) alkanethiols following conformal contact between oxygen plasma-
treated stamps and SAM-modified substrates. The spectroscopic evidence in Figure 7 suggests that ethylene glycol moieties
of TEG SAMs undergo conformational changes from ordered all-trans conformations prior to chemical lift-off to disordered
helical conformations afterward, limiting DNA probe access to Au substrates. In contrast, these conformational changes do
not occur for post-lift-off MCU SAMs due to the lack of ethylene glycol moieties. (C) Normalized fluorescence intensities
arising from surface hybridization of thiolated DNA probes with fluorescently labeled target DNA vs ratios (prior to self-
assembly) ofMCUmolecules inmixed solutionswith TEGmolecules. The best-fit curve (R2 > 0.97) indicates that by varying the
nominal concentration ratios, steric effects resulting from ethylene glycol moieties are controlled to tune surface probe
densities and thus, DNA hybridization. Error bars represent standard errors of the mean with N = 3 samples per ratio.

A
RTIC

LE



CAO ET AL. VOL. 9 ’ NO. 11 ’ 11439–11454 ’ 2015

www.acsnano.org

11450

could have cross-hybridized with two DNA probes at
higher probe densities. In such a case, part of a target
strand hybridizes with the top segment of one DNA
probe and the bottom segment of a neighboring
probe. Nonetheless, the data in Figure 8C indicate
the dependence and general trends of DNA hybridiza-
tion on mixed SAM compositions.

Using theMCHbackfillingmethod, Peterson et al. re-
ported aDNA surface density of 3� 1012molecules/cm2

on Au surfaces.5 Furthermore, Lee et al. have re-
ported values of 1.7 � 1013 molecules/cm2 and 3.6 �
1013molecules/cm2 for backfilledMCHandoligo(ethylene
glycol)-terminated alkanethiols, respectively.7,21 In con-
trast, by inserting thiolated DNA into preformed MCH
SAMs, Murphy et al. and Josephs et al. reported low
surface densities of 1.1 � 1010 molecules/cm2 and
9.5� 1010 molecules/cm2, respectively.34,35 The extent
of insertion depends strongly on the preparation of
the matrix into which molecules are placed.33,38,62

We have previously targeted and reached surface den-
sities between ∼2 � 1012 molecules/cm2 and 8 �
1013 molecules/cm2 via insertion.38,39 In comparison
to the backfilling method, correlation analysis of XPS
atomic percentages and fluorescence hybridization
intensities showed improved hybridization efficiency
associated with lower DNA probe surface coverages
when using the insertion approach. Thus, we expect
that the numbers of DNA probes inserted into post-lift-
off MCU or MCHD SAMs are below the upper limit
determined for backfilling. Estimations using volume
fractions in AFM measurements (shown in Figure 3),
with all of the caveats described above, indicate that
the tri(ethylene glycol)-terminated (TEG) and hydroxyl-
terminated (MCU) SAMs, as prepared and under the
conditions described, lead to tethered DNA densities
of 3�4 � 1012 molecules/cm2 (5�7 pmol/cm2) and
0.8�2 � 1013 molecules/cm2 (10�30 pmol/cm2), re-
spectively. These values are consistent with what
others and we have observed for insertion of other
molecules into SAM matrices.31,33,64

CONCLUSIONS

Subtractive patterning by chemical lift-off lithogra-
phy relies on strong interactions at stamp-substrate
interfaces to remove preassembled alkanethiol SAM
molecules from Au substrates. A fundamental advan-
tage of this patterning method is that not all alkane-
thiol molecules are removed after lift-off within the
contacted areas. The remaining molecules create an
optimized environment for subsequent insertion and
assembly of thiolated DNA probes such that undesir-
able interactions with substrates are reduced and sur-
face hybridization with target DNA is favored. The
extent to which nucleotide surface densities aremodu-
lated by post-lift-off SAM molecules depends on spe-
cific matrix chemistries and in some cases, the confor-
mations of the terminal SAM moieties.

By creating mixed MCU/TEG SAMs, the surface den-
sities of alkanethiol-DNA probes were tuned according
to the nominal concentrations of the two-component
SAMs. While post-lift-off TEG SAMs represented the
lower limits of tethered DNA surface coverages (with
HEG appearing to have negligible DNA inserted), post-
lift-off MCU (and to a greater extent MCHD) SAMs
represented the upper limits of DNA coverages for
the range of SAM molecules investigated here. Expan-
sionof additional parameters suchas employing alkane-
thiols with a wider range of functional groups,
altering lengths of ethylene glycol moieties or DNA
linkers, and tuning alkanethiol surface coverages
and/or packing densities, may enable even greater
control of DNA insertion into post-lift-off SAMs. This
could broaden the upper and lower limits of DNA
surface densities while maintaining highly efficient
hybridization.
It is noteworthy that conformational changes in

ethylene glycol moieties have been shown to vary with
hydration, chain-length, temperature-driven processes,
packing densities, surface coverage, and storage
conditions.59,65�67 Our findings show that (ethylene
glycol)-terminated alkanethiol conformational
changes in SAMs can also be induced by the chemical
lift-off process. Moreover, ionic strength, salt concen-
tration, pH, multipoint binding dendrimers, alkyl lin-
kers, and nucleotide-block spacers have been reported
to influence thiolated DNA probe coverage.8,13,63,68

Here, we show that chemical lift-off lithography, in
combination with tunable mixed SAM compositions,
provides a facile means by which to regulate DNA
surface densities.
Probe DNA inserted into native MCH SAM defects

has been reported to produce more uniformly distrib-
uted DNA monolayers vs surface-bound DNA back-
filled with MCH.35 However, it was difficult to achieve
high DNA surface densities for practical sensing pur-
poses using insertion alone because of the limited
numbers of intrinsic SAM defects. Here, we show that
by using lift-off lithography, large-area, high-density
DNA patterns can be fabricated by inserting alkanethiol-
functionalized DNA probes into post-lift-off alkanethiol
SAMs. These findings advance DNA insertion methods
toward more practical applications for creating DNA-
based sensors. While a single lift-off step removes a
large fraction of the preformed SAM molecules, multi-
ple lift-off steps presumably remove additional SAM
molecules and/or create additional defects providing
greater surface availability for insertion compared to
intrinsic SAM/substrate defects.42 Thus, “artificial de-
fects” introduced into the post-lift-off regions beyond
intrinsic defects are key to a highly feasible and
advantageous DNA insertion method.
The “artificial defects” created by chemical lift-off

lithography appear to comprise a new class of defect
site that is serendipitously optimized for insertion and
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biorecognition. In the future, molecular-resolution in-
formation about the post-lift SAM regions will enable a
deeper understanding of their structure. This type of
information will also shed light on potential limitations
and improve control. The use of scanning probe
microscopies to interrogate these SAM structures will
be difficult because of their molecular lengths, corru-
gation, degree of disorder, and association with water
molecules under ambient conditions.69�72 A more
precise quantification of the SAMmolecules remaining
in the stamp-contact regions is feasible using electro-
chemical reductive desorption, which is sensitive to
domain sizes and interaction strengths with different
molecules desorbing at different electrochemical
potentials.73�75 Electrochemical reductive desorption

measurements will also be useful for determining the
numbers and arrangements of alkanethiol molecules
remaining on substrates after multiple lift-off steps.
Because lift-off lithography patterning reduces

DNA�substrate interactions, when coupled with auto-
mated processes for generating arrays, this technique
should be applicable for fabricating high-throughput
platforms to study aptamer-ligand interactions.76,77

Notably, the ability to control the surface properties
of DNA, the sub-40 nm nanopatterning capabilities of
chemical lift-off lithography, and the ability to fabricate
high-performance field-effect transistor-based bio-
sensors also via lift-off lithography will render single-
molecule DNA nanoarrays feasible for bioelectronics
and other applications.78�82

METHODS

Materials. Silicon substrates coated with 100-nm-thick
Au films overlaying 10-nm-thick Ti adhesive layers were pur-
chased from Platypus Technologies (Madison, WI, USA). 11-
Mercaptoundecyl tri(ethylene glycol) (TEG) was purchased
from Toronto Research Chemicals Inc. (Toronto, ON, Canada).
11-Mercaptoundecanol (MCU) and 0.01 M phosphate buffered
saline (PBS) ([NaCl] = 138 mM, [KCl] = 2.7 mM, and [MgCl2] =
5 mM, pH 7.4) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). 16-Mercaptohexadecanol (MCHD) was purchased
from Dojindo Molecular Technologies (Rockville, MD, USA).
11-Mercaptoundecyl hexa(ethylene glycol) (HEG), (6-merca-
ptohexyl) tri(ethylene glycol) (TEG-C6), and 11-merca-
ptoundecyl tri(ethylene glycol) methyl ether (CH3O-TEG) were
purchased from ProChimia Surfaces (Sopot, Poland). Absolute
ethanol was purchased from Decon Laboratories, Inc. (King of
Prussia, PA, USA). Deionizedwater (∼18MΩ) was obtained from
a Millipore water purifier (Billerica, MA, USA). Short single-
stranded DNA thiolated at the 50 end with a hexyl linker
(thioMC6-D) (50-/5-thioMC6-D/GCA CGA AAC CCA AAC CTG
ACC TAA CCA ACG TGC T-30 with molecular weight 10647.2
g/mol and melting temperature 67.2 �C), long thiolated single-
strandedDNA (50-/5ThioMC6-D/TTT TTT TTT TTT TTT TTT TTT TTT
TTT TTT TTT GCC GGG CGC GGC GCC GGG GCG CCG TTT TTT TTT
TTT TTT TTT TTT TTT TGT GGT TTG GTT GTG TGT G-30 with
molecular weight 31111.2 g/mol and melting temperature
72.0 �C), Alexa 488 fluorophore-conjugated complementary
single-stranded DNA molecules (50-/5-Alex488N/AGC ACG TTG
GTT AGG TCAGGT TTGGGT TTCGTGC-30 withmolecular weight
11262.5 g/mol and melting temperature 67.2 �C), and Alexa
488 fluorophore-conjugated noncomplementary, scrambled,
single-stranded DNA sequences (50-/5-Alex488N/CAT GAA
CCA ACC CAA GTC AAC GCA AAC GCA TCA A-30 with molecular
weight 11031.4 g/mol and melting temperature 65.3 �C) were
purchased from Integrated DNA Technologies (Coralville, IA,
USA).83 All DNA solutions were 100 μM as received and were
diluted with 0.01 M PBS pH 7.4 to specific concentrations as
needed for each experiment.

Substrate and Stamp Preparation. Silicon substrates with Au
films were hydrogen-flame annealed. To prepare SAMs, hydro-
xyl-terminated alkanethiols (MCU, MCHD), hydroxyl tri(ethylene
glycol)-terminated alkanethiols (TEG, TEG-C6, HEG), or methoxy
tri(ethylene glycol)-terminated alkanethiol (CH3O-TEG) in etha-
nolic solutions (0.5 mM) were self-assembled on Au substrates
for 16�18 h. For controlling DNA surface densities, mixed MCU/
TEG SAMs were created by varying the ratios of MCU to TEG in
solution concentrations as follows (in mM): 1:0, 0.75:0.25, 0.5:0.5,
0.25:0.75, and 0:1. Following self-assembly, substrates were
rinsed thoroughly with ethanol and blown dry with nitrogen gas.

Square (25 μm � 25 μm or 2 μm � 2 μm), protruding
features on polydimethylsiloxane (PDMS) stamps were fabricated

via standard photolithography-processed masters. Details on
stamp fabrication and oxygen plasma treatment of PDMS
stamps have beenpublished previously.24,41,42 Briefly, 10:1mass
ratios of SYLGARD 184 silicone elastomer base and curing agent
(Ellsworth Adhesives, Germantown, WI, USA) were mixed thor-
oughly in a plastic cup, degassed under a vacuum, cast onto
master substrates in a plastic Petri dish, and then cured in an
oven at 70 �C overnight. The polymerized stamps were re-
moved from the masters, cut into appropriate sizes, rinsed with
ethanol, and blown dry with nitrogen gas. Stamps were then
exposed to oxygen plasma (Harrick Plasma, power 18 W, and
oxygen pressure 10 psi) for 30 s, yielding hydrophilic, reactive
PDMS surfaces.42 After lift-off, PDMS stamps were rinsed with
ethanol, wiped with Kimberly-Clark tissues soaked in ethanol,
and dried with nitrogen gas. Cleaned stamps were sealed to
clean glass slides for storage before additional use.

Patterning Alkanethiol Self-Assembled Monolayer (SAM)-Modified Sub-
strates via Chemical Lift-Off Lithography. Oxygen plasma-treated
PDMS stamps were brought into conformal contact with SAM-
modified substrates for ∼6 h for single lift-off. The contact
reactions at the stamp-SAM interfaces caused SAMmolecules to
be removed specifically in the contact regions once the PDMS
stamps were released from the substrates. After patterning,
substrates were rinsed with ethanol and dried with nitrogen gas.

Double lift-off on TEG SAMs involved a combination of flat
(featureless) and patterned PDMS stamps. The first lift-off step
was carried out using flat stamps for 3 h to remove molecules
from the entire surface. In the second lift-off step, patterned
stamps were sealed to the post-lift-off substrates for another 3 h
to remove molecules only in the contact regions between the
stamp features and the surfaces. The shorter stamp/substrate
contact times (3 h vs 6 h) were selected to expedite DNA pattern
generation. We previously found that patterns were created
via CLL at even shorter times (i.e., 1 and 5 min).42,82 Thus,
exploring short stamp/substrate contact times (<3 h) may be
beneficial for practical applications associated with generating
CLL-based DNA arrays.

For fluorescence experiments, substrates were incubated in
solutions of 1 μMDNA probes in 0.01 M PBS pH 7.4 for∼17 h to
insert DNA into the post-lift-off exposed Au areas.8 After
incubation, substrates were rinsed thoroughly with deionized
water and blown to dryness with nitrogen gas. To visualize DNA
hybridization, substrates were exposed to solutions of 1 μM
target DNA in 0.01 M PBS pH 7.4 for ∼1 h. Substrates were
processed in pairs for MCU and TEG SAMs. One substrate was
incubated with target DNA and the other with noncomplemen-
tary DNA as a control. Each experiment was repeated at least
three times over aminimumof three different days. Variations in
fluorescence intensities across experiments can arise due to the
sensitivity of DNA hybridization to Mg2þ concentrations in
incubation buffers.68 However, this factor should affect all
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substrates processed in parallel equally within each experiment.
Thus, it is important to process samples in parallel as much as
possible and to include appropriate control samples (e.g.,
hybridization to noncomplementary DNA) in all sample runs.

Deionized water was used to rinse the substrates gently
before imaging under an inverted fluorescence microscope
(Axio Observer.D1, Carl Zeiss MicroImaging, Inc., Thornwood,
NY, USA) using a fluorescence filter set (38 HE/high efficiency)
having excitation and emission wavelengths of 470 ( 20 nm
and 525 ( 25 nm, respectively. Fluorescence intensity was
measured with the line profile function in AxioVs40 V 4.7.1.0
software (Carl Zeiss MicroImaging, Inc., Thornwood, USA). The
widths of the fluorescence line scans were made to be approxi-
mately the same as that of the square patterned features (i.e.,
25 μm). On average, three to four fluorescence line scans were
acquired per image. Fluorescence intensity was averaged for
each line scan and then for each image. Alternately, for sub-
strates without patterns, fluorescence intensity was measured
using a histogram function and similarly defined areas across all
fluorescence images. In all cases, three fluorescence measure-
ments were made per substrate. Specific fluorescence intensi-
ties measured on post-lift-off substrates are the differences
between the DNA hybridization regions (square features) and
the alkanethiol backgrounds (absence of DNA probes).

Backfilling experiments following CLL were performed
using the same procedures as those described above with the
exception that after DNA probe incubation, substrates were
further incubated with 0.5 mM MCU diluted with 0.01 M PBS
pH 7.4 to make 10 μM MCU solutions for backfilling MCU/DNA
SAMs for 30 min.7 Similarly, solutions of 0.5 mM TEG were
diluted with 0.01 M PBS pH 7.4 to make 50 μM TEG solutions for
backfilling after CLL.21 The traditional backfilling method was
carried out by incubating hydrogen-flame annealed Au sub-
strates with 1 μM DNA-probe solutions for ∼17 h followed by
backfilling with 10 μM MCU solution for 30 min. Dilution with
PBS was used to minimize the deleterious effect that ethanol
can have on DNA probes assembled on surfaces.28

For atomic forcemicroscopy (AFM) and X-ray photoelectron
spectroscopy (XPS) experiments, post-lift-off substrates were
incubated with solutions of 1 μM long (100 base) or short
(34 base) DNA probes in 0.01 M PBS pH 7.4 for ∼17 h, rinsed
gently with deionized water and blown dry with nitrogen gas.8

Tapping mode AFM (Dimension 5000, Bruker AXS, Santa Bar-
bara, CA, USA) was used to characterize height differences on
DNA/alkanethiol mixed monolayers on the post-lift-off sub-
strates. Topographic AFM images were collected using Si canti-
leverswith a spring constant of 48N/m and a resonant frequency
of 190 kHz (Veeco Instruments, Santa Barbara, CA, USA).

For XPS experiments, featureless PDMS stamps were used
for the chemical lift-off process. All XPS data were collected
using an AXIS Ultra DLD instrument (Kratos Analytical Inc.,
Chestnut Ridge, NY, USA). A monochromatic Al KR X-ray source
(10 mA for survey scans and 20 mA for high resolution scans,
15 kV) with a 200 μm circular spot size and ultrahigh vacuum
(10�9 Torr) were used.41,42 Spectra were acquired at a pass
energy of 160 eV for survey spectra and 20 eV for high resolution
spectra of C 1s, O 1s, N 1s, P 2p, S 2p, and Au 4f regions using a
200 ms dwell time. Different numbers of scans were carried out
depending on the difficulty of identifying each peak vs back-
ground, ranging from 20 scans for C 1s to 100 for Au 4f. All XPS
peaks for each element on Au substrates were referenced to the
Au 4f signal at 84.0 eV. Atomic percentages were calculated
from peak areas.

Because PDMS is an insulator, a charge neutralizer (flood
gun) was used to obtain signals from each element on PDMS
stamps. As a result, peaks are shifted slightly from their ex-
pected regions (for C 1s this is 4�5 eV lower than the reference
at 284.0 eV). Because the number of peaks of interest was small
(only Au 4f peaks on PDMS samples), and they were well
separated (∼4 eV), peak shifting did not affect identification.
No corrections were carried out during data collection to shift
peaks back to particular regions or to scale peaks based on
reference locations.

Featureless PDMS stamps were also used for the chemical
lift-off process for infrared spectroscopy experiments. Polarization

modulation infrared reflection�absorption spectroscopy (PM-
IRRAS) was carried out using a Thermo Nicolet 8700 Fourier-
transform infrared spectrometer (Thermo Electron Corp.,
Madison, WI, USA) in reflectance mode using infrared light
incident at 80� relative to the surface normal. Spectra with
1024 scans and a resolution of 4 cm�1were collected in all cases.
Each PM-IRRAS experiment was carried out at least four times.
Polarization modulation infrared reflection�absorption spec-
troscopy was used to investigate the removal of molecules due
to lift-off by monitoring the peak areas of the O�H stretching
band associated with hydroxyl terminal groups. This spectro-
scopic method was also used to detect the conformational
changes of oligo(ethylene glycols) in TEG, TEG-C6, HEG, and
CH3O-TEG alkanethiols.

Statistical Analyses. Data from fluorescence microscopy, XPS
atomic percentage, and AFM topography experiments were
initially analyzed by one-way or two-way analysis of variance as
appropriate, followed by Tukey's multiple group comparisons.
A priori individual group comparisons for fluorescence micros-
copy data were also analyzed by two-tailed unpaired Student's
t-tests. All statistics were carried out using GraphPad Prism
(GraphPad Software Inc., San Diego, USA). Data are reported as
means ( standard errors of the means with probabilities of
P < 0.05 considered statistically significant.
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