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rray-based DNA sensors have be-

come nearly ubiquitous over the

past decade, in tandem with the
unraveling of the genetic code of many liv-
ing organisms."? Such sensors have shown
great promise in medical diagnosis, biowar-
fare agent detection, and forensic
analysis.>* Currently, much of the research
in this area is focused on the development
of “label-free” or “self-labeled” DNA detec-
tion systems, where detection readouts can
be measured directly from the analyte with-
out additional target manipulation. These
methods include, but are not limited to, op-
tical sensors employing molecular
beacons,” '° electrical," ' surface
plasmon-based,’'® and microgravimetric
DNA detection systems.'”

Nanotechnology has recently opened a

new horizon for DNA detection. This is
manifested in the development of novel
nanoenabled detection schemes including
colorimetric,'*?° scanometric,?' and
microarray-based detection systems incor-
porating metallic nanostructures.?? It is well
established that metallic nanoparticles
(NPs) are able to dramatically increase mo-
lecular fluorescence intensities, the result of
an enhanced local electric field surround-
ing the metallic NPs that is induced by the
incident light.?>?* The level of electromag-
netic enhancement is a strong function of
physical parameters such as NP size, shape,
and coincidence between the NP resonance
wavelength and the dye absorption/emis-
sion wavelength.2>~?” This strong local elec-
tric field concomitantly causes a decrease
in the excited state lifetime (i.e., increasing
the fluorescence decay rate) and an in-
crease in the photostability of the
fluorophore.?®~3° On the other hand, fluo-
rescence amplification is not universally ob-
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ABSTRACT The dramatic local electric-field enhancement property of Ag nanoparticles was used as the basis
to significantly increase the signal output of a novel label-free (or “self-labeled”) fluorescence-based DNA detection
system. In response to identical amounts of analyte, nanostructured Ag substrates provided a posthybridization
fluorescent sensor response over 10-fold larger than the response from planar Au substrates. Detection
performance strongly depended upon the Ag substrate roughness. Consistent with work by others on metal-
enhanced fluorescence, fluorescence intensity also depended strongly on the distance between the fluorophore
and the Ag substrate surface. Adjusting the surface roughness, amount of the Ag deposited on the surface, and the
DNA probe length allowed for production of an optimized response. In addition to constituting a novel label-free
DNA sensor, we anticipate that these structures will provide a unique platform for testing concepts in plasmonics.

KEYWORDS: Ag nanoparticles - DNA detection -
fluorescence

DNA hairpins - metal enhanced

served near the surface of metallic NPs:
quenching results when the fluorophore is
placed in very close proximity (<5 nm) to
the nanostructured metal surface.> ~3* The
transition from fluorescence enhancement
to quenching is the result of a change in the
relative magnitudes of the radiative and
nonradiative decay rates of the fluorophore,
which is a strong function of the proximity
of the fluorophore to the surface of metal-
lic NPs3>3¢

In 2003, we reported an arrayable and
highly effective label-free (or “self-labeled”)
method for DNA detection in which fluores-
cently tagged DNA hairpin probes are im-
mobilized on a planar metal surface via a
terminal thiol.>” In the absence of target
DNA, the immobilized hairpin DNA probe
places the fluorophore in close proximity to
the metal surface, quenching fluorescence
via metal—fluorophore energy transfer.838
Hybridization of target DNA to the immobi-
lized probe moves the fluorophore out of
range for quenching, leading to fluores-
cence as a positive signal for the DNA tar-
get. In subsequent efforts, we have demon-
strated that this method provides
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Figure 1. Working principle of the DNA detection system. (A) Ag NP
attachment chemistry. The Ag NP is attached onto an MPTS-treated
glass slide. (B) A fluorophore labeled DNA hairpin probe is immobi-
lized onto the nanostructured Ag substrate via a terminal thiol. The
hairpin structure is formed by the hybridization between the comple-
mentary nucleotides at the two ends of the DNA probe. Fluorescence
from the labeled fluorophore is quenched due to energy transfer to
the Ag surface (Rer: rate of energy transfer). (C) Introduction of an un-
labeled DNA target, of complementary sequence to the DNA probe.
(D) Hybridization between the DNA probe and target moves the la-
beled fluorophore away from the metal surface and restores
fluorescence.

exceptional sensitivity for single-base mismatches®®
and potentially allows single-spot/multicolor detec-
tion.*’ Furthermore, we have developed a general
methodology for discovering hairpin probes suitable
for use in this system with complete complementarity
for the DNA target.*’

In any biosensor system target sensitivity is critical,
and one common strategy to enhance the target sensi-
tivity is through signal amplification.*? This article de-
scribes initial experiments designed to test the utility of
Ag NPs as signal amplifiers in a “self-labeled” DNA de-
tection system. A particular focus is placed on the fluo-
rescence enhancement level as a function of the sub-
strate surface topography (e.g., NP size, substrate
surface roughness, and surface coverage) and distance
between the fluorophore and the substrate surface.

As in the planar Au analogue of these chips, DNA
hairpin probes were first immobilized onto the Ag NP
coated chips via the terminal thiol group (Figure 1B).
Hairpin formation brings the fluorophore close to the
metal, and the fluorescence is quenched due to nonra-
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diative energy transfer to the Ag surface.** The addi-
tion of label-free target DNA (Figure 1C) forces the hair-
pin DNA to open, brings the fluorophore away from
the metal surface, and subsequently restores the fluo-
rescence (Figure 1D). Fluorescence images are acquired
both before (Figure 1B) and after probe-target hybrid-
ization (Figure 1D), and the intensity change from pre-
to post-hybridization serves as the signal for the pres-
ence of a specific DNA sequence that is being detected.

RESULTS AND DISCUSSION

Fabrication of the nanostructured Ag substrates
was accomplished by covalently attaching Ag NPs onto
3-mercaptopropyl-trimethoxysilane (MPTS, Gelest, Inc.)
treated glass chips via Ag™ ion reduction from a 10 mM
AgNOs; solution in N-N-dimethylformamide (DMF,
Mallinckrodt)??#* (Figure 1A). To examine the effect of
Ag NP size and surface coverage on the detection per-
formance, we varied the Ag exposure times from 10 min
to 18 h (10 min, 20 min, 30 min, 1 h,2h,3 h,4 h, 8 h,
and 18 h). A variation in Ag exposure time was antici-
pated to modulate the NP size and size distribution as
suggested by Pastoriza-Santos et al.3 After Ag substrates
were fabricated, they were stored at room temperature
for 2 days prior to DNA hybridization experiments, in or-
der to minimize differences in chip-to-chip performance
due to subtle variation in Ag surface oxidation.

Visual inspection of the Ag substrates fabricated un-
der different Ag exposure times (Figure 2, left) indi-
cates that low Ag exposure substrates (10 min, 20 min,
30 min, and 1 h) were essentially indistinguishable from
bare glass, while higher Ag exposure substrates (2, 3,
4,8, and 18 h) developed a yellow to yellow-black tinted
appearance. As discussed below, we found that the
low Ag exposure substrates had sufficient Ag NPs to
support DNA detection.

A more quantitative characterization of the sub-
strates was obtained by measuring the extinction spec-
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Figure 2. (Left) Image of the Ag NP substrates fabricated under different Ag exposure times: (A) 10 min, (B) 20 min, (C) 30
min, (D) 1 h, (E) 2 h, (F) 3 h, (G) 4 h, (H) 8 h, and (I) 18 h. Low Ag exposure substrates (A—D) were essentially indistinguish-
able from bare glass, whereas higher Ag exposure substrates developed a yellow (E—G) to yellow-black (H,l) tinted appear-
ance. (Right) Extinction spectra of Ag substrates prepared with different Ag exposure times (10 min, 20 min, 30 min, 1 h, 2 h,
3 h, 4 h, 8 h, and 18 h). The spectra show a characteristic peak positioned at ~420 nm (substrates prepared with =20 min
Ag exposure time). As the Ag exposure time increased from 20 min to 18 h, there was an increase in extinction magnitude as-

sociated with a red shift.
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lution with different Ag exposure times: (B) 10 min, (C) 20 min, (D) 8 h, and (E) 18 h. (A) Bare glass slide only, with no Ag NP
deposition. Scale bar: 400 nm. An increase in Ag exposure time was associated with an increase in the level of NP coverage

and the range of NP size.

tra (Figure 2, right). Substrates prepared with Ag expo-
sure time =20 min have spectra featuring a
characteristic extinction peak centered at ~420 nm. At
increasing Ag exposure time, this extinction peak red-
shifts from ~420 to 450 nm, indicating larger Ag par-
ticle formation. As one would expect, the extinction
magnitude also increased with increasing Ag exposure
time as a result of an increase in the amount of Ag NPs
that were deposited on the substrate. Additionally, the
spectra from substrates prepared with 8 and 18 h Ag ex-
posure times developed secondary peaks positioned
at ~350 nm (18 h), 400 nm (8 h), and 650 nm (18 h), re-
spectively, suggesting that the NPs and NP aggregates
formed at these higher Ag exposure times are hetero-
geneous (wider particle size and shape range).

To obtain a more detailed understanding of the
nanostructured Ag surfaces and a better understand-
ing of the extinction spectra, we examined the surface
topography by atomic force microscopy (AFM). As
shown in Figure 3, the bare glass slide (Figure 3A) dem-
onstrates a flat surface (mean roughness = 0.58 nm as
calculated by AFM), while Ag nanostructured substrates
(Figure 3B—E) are characterized with mean roughness
values ranging from 0.842 nm (Figure 3B) to 3.8 nm (Fig-
ure 3E). These data also clearly show that particle popu-
lation density and size range are substantially influ-
enced by Ag exposure time. For instance, a 10 min
exposure time resulted in an apparent particle diam-
eter range from 3.6 to 10 nm. This is in stark contrast
to the 8 and 18 h Ag exposed substrates, where a higher
level of NP coverage and wider range of apparent NP di-
ameters (~9 to 50 nm) were observed. We hypoth-
esize that the particles with larger apparent diameters
are aggregates consisting of primary particles. The
highly heterogeneous particle size distribution includ-
ing the formation of NP aggregates seen on the sub-
strate surface at higher Ag exposure time (e.g 8 and
18 h) is likely the cause for the appearance of the sec-
ondary extinction peaks at higher Ag incubation time.

Next, we set out to examine the ability of the nano-
structured Ag substrates to function in the DNA detec-
tion system. Initial experiments employed a previously
described DNA probe* (5’- TCG TTA GTG TTA GGA AAA
AAT CAA ACA CTC GCG A -3’), purchased from Inte-
grated DNA Technologies, Inc. (IDT); this probe bears a
3'- tetramethyl rhodamine (TMR) fluorophore (Abpa,
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559 nm; Empax 583 nm), and a 5’-thiol (disulfide form).
To directly compare the detection performance of pla-
nar Au films versus nanostructured Ag substrates, Au
films and Ag substrates were first immersed in a probe
solution containing 300 nM of DNA probe and 300 nM
mercaptopropanol in buffered saline. Mercaptopro-
panol serves as a surface blocking agent which modu-
lates the surface density of DNA probes.>® DNA probe-
target hybridization was permitted by soaking the
probe-immobilized substrates in a 2.5 uM target solu-
tion for 19 h. Fluorescence images of the TMR-DNA con-
jugated Ag substrates demonstrate a uniform fluores-
cence signal across the substrate surface, and the
intensity increased from baseline (quenched) values of
~3500 to ~50000 counts posthybridization. To gain a
more quantitative understanding of the intensity
change from pre- to posthybridization, we also calcu-
lated the relative intensity change (R-value) as de-
scribed by eq 1.

R-value = |:(lpost - Iblank)/(lpre - Iblank):I M

where [0t and /e represent the post- and prehybridiza-
tion intensity, and .k represents the intensity measured
with unfunctionalized Ag substrates in buffered saline.
Table 1 shows different detection responses (/,ost,
Iotanks Iore: @and R-value) from either a planar Au film or a
nanostructured Ag substrate as the sensing substrate in
the DNA hybridization study. A comparison of the mea-
sured intensities between two different substrates
shows that the nanostructured Ag substrate offered a
dramatic (~10-fold) fluorescence enhancement over
the planar Au substrate. However, it could be argued
that the intensity enhancement was due to an increase
in surface area from the nanostructured surface, which

TABLE 1. Comparative Detection Responses for Planar Au
Film and Nanostructured Ag Substrate (20 min Ag
Exposure Time) Sensors®

planar Au substrate nanostructured Ag substrate

Ipre (counts) 8119 38710
Ipost (counts) 30439 517220
Iyenk (Counts) 673 2150
R-value 4 14

“Hybridization was performed by treating the DNA probe-immobilized substrates in
a2.5 M target concentration for 19 h. Data are corrected for CCD integration time
(10 s for planar Au, 1's for nanostructured Ag).
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Figure 4. (A) Fluorescence intensity profile of pre- (gray) and post- (black) probe-target hybridization state as a function of
substrate exposure time to Ag. Substrates were prepared in a 10 mM AgNOj solution with Ag incubation times of 10 min, 20
min, 30 min, 1 h, 2 h, 3 h, 4 h, 8 h, and 18 h. Error bars represent standard deviation. N = 4 (2 substrates X 2 spots/sub-
strate). CCD integration time: 1 s. (except 18 h group, where the exposure time is 500 ms) Data are presented as means *
standard deviation. (B) Calculated R-value as a function of substrate exposure time to Ag (10 min, 20 min, 30 min, 1 h, 2 h,
3 h,4h, 8h, and 18 h). Data are presented as means * standard deviation, N = 4 (2 substrates X 2 spots/substrate). Statis-
tical analysis was performed using one-way ANOVA with tukey post hoc test, Matlab. The horizontal lines above individual
groups indicate there is no significant difference among each group: (*) significantly different from 10 min group; (**) sig-
nificantly different from groups 3, 4, and 8 h, (***); significantly different from 18 h group (in comparison with 20 min, 30 min,

and 1 h groups), P < 0.05.

increased the number of DNA-bounded fluorophores
that are attached onto the substrate surface. To answer
this question, we calculated the surface area of the
nanostructured Ag substrate (20 min Ag exposure time)
that was available for DNA attachment. The apparent
diameter of the Ag NPs prepared with 20 min of Ag ex-
posure time spanned from 10 to 25 nm, with a mean
of 15 nm. Using an average particle density of 589 par-
ticles/pm? (measured by AFM) and assuming spherical
particles, we arrived at an average surface area of 0.42
wm? per 1 um? of glass. This corresponds to ~42% of
the surface area available on a planar Au substrate, and
neglects the fact that the available surface area is even
less, given that part of each particle is in contact with
the glass surface. Since the surface area available for
hairpin attachment onto the Ag substrates was less
than 50% of the surface area available from the planar
Au substrates and the fluorescence intensity is ~10-fold
higher than the fluorescence intensity acquired with
the use of planar Au substrates, this suggests that the
signal enhancement that was observed on the nano-
structured Ag substrates was induced by the Ag NPs.
However, it is important to note that although the
posthybridization intensity is a dramatic 10-fold incre-
ment with the use of nanostructured Ag substrates, the
R-value is only 3 times higher than that obtained with
a planar Au film. The lower increment seen in the
R-value is primarily due to the higher background sig-
nal obtained from nanostructured Ag substrates (where
“background” in this case refers to the chip postapplica-
tion of probe, preapplication of target). A higher back-
ground signal directly decreases the signal to back-
ground ratio, and hence the R-value. As one can see
from Table 1, I, from the nanostructured Ag substrate
is approximately 4 times higher than /.. from the planar
Au substrate. The higher background signals can be pri-
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marily attributed to the continuum background emis-
sion of Ag rough surfaces, a commonly observed phe-
nomenon in surface enhanced Raman scattering
(SERS).%¢~“8 The mechanism for continuum background
is conjectured to be a result of plasmon dephasing or
electron tunneling.*®

We next examined the effect of surface roughness
and NP surface coverage on the detection performance
by testing DNA hybridization response on substrates pre-
pared with different Ag exposure times. We observed a
dramatic increase in R-value (from ~6.7-fold to 14-fold;
Figure 4) as the Ag exposure time employed in substrate
preparation increased from 10 to 20 min. The lower
R-value obtained from the 10 min exposure group was
due mainly to the low posthybridization intensity (Figure
4A; note the similar prehybridization signal between 10
and 20 min group, as opposed to a dramatic increase in
the posthybridization signal from 10 to 20 min), which
suggests that the 10 min Ag substrate did not provide an
adequate Ag surface area for attachment of the hairpin
DNA probes. Notably, the R-value dropped dramatically
from ~14-fold to 4.5-fold (statistically significant) as the
exposure time increased from 20 min to 8 h. Substrates
prepared with an 18 h Ag exposure resulted in an R-value
as low as 1 (no difference between “pre” and “post” appli-
cation of DNA target; Figure 4A).

The decrease in R-value obtained from substrates
prepared with longer (=3 h) Ag exposure time results
primarily from decreased quenching (e.g., higher signal
pretarget application as shown in Figure 4A). Although
this result seems counterintuitive (one might expect
that the performance of the substrate would increase
as the available surface area increases), we hypothesize
that steric crowding of DNA probes that can occur as
the NP coverage increases allows probes to interact
with each other if the local density is high. This could
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then restrain hairpin formation, placing the fluoro-
phore too far away from the Ag surface for efficient
quenching.*>° At the same time, densely packed DNA
probes can also hinder the hybridization process by ob-
structing the accessibility of the DNA probes from the
target DNA. A relatively low Ag exposure time directly
lowered both the amount and the size of the Ag NPs
that were deposited onto the substrate surface (Figure
3), providing more space between hairpin probes im-
mobilized on the surface, thus alleviating this problem.
To test this hypothesis, we treated nanostructured Ag
substrates prepared with 18 h Ag exposure time with a
probe solutions containing either 1:1 mercaptopro-
panol/DNA probe or 40:1 mercaptopropanol/DNA
probe. Supporting our hypothesis, the substrate pre-
pared with 1:1 mercaptopropanol/DNA probe was es-
sentially inactive (R-value = 1) (Figure 4A), while in-
creasing the mercaptopropanol/DNA probe ratio to
40:1 rescued performance (R-value = 30.5, data not
shown). We conjecture that addition of an excess
amount of mercaptopropanol lowered the amount of
DNA probes immobilized on the surface, and therefore
created more space between the neighboring DNA
hairpin probes. A more loose packing of DNA hairpin
probes on the surface prevents the neighboring DNA
probes from interfering with one another, hence form-
ing appropriate hairpin structure that enables the fluo-
rophores to reside in the quenching sites on the sub-
strate surface. While the observed R-value of 30.5 might
lead one to conclude that the “rescued” 18-h substrate
provided the most ideal performance characteristics,
we note that the signal strength across this substrate
was highly nonuniform (potentially as a result of the ob-
served surface heterogeneity, as discussed above).
Coupled with the longer Ag deposition requirement,
this led us to focus on substrates prepared at shorter
time points for the remainder of our studies.

While the above experiment demonstrated the im-
portance of mercaptopropanol as a surface blocking
agent to mitigate the steric crowding effect in sub-
strates prepared with long Ag exposure time (high sur-
face area), further work was needed to determine
whether this was also true for lower density substrates.
In particular, studies conducted in our group previously
on planar Au chips indicated an absolute requirement
for mercaptopropanol as a spacer.>® To determine if the
finding still holds in the nanostructured Ag substrate
system, we examined the effect of mercaptopropanol
concentration on detection performance from sub-
strates with low Ag exposure (Figure 5). In this experi-
ment, we varied the ratio of [MP]/[DNA] in self-assembly
solutions from 0 to 25, where [DNA] represents probe
DNA concentration, which was held constant at 300 nM.
In the previous study, lowering the ratio of [MP] to
[DNA] from 1 with the use of planar Au chips resulted
in poor performance because of high background sig-
nals. In contrast, increasing the [MP]/[DNA] ratio be-
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Figure 5. Fluorescence intensity profile from pre- (gray) and
post- (black) probe-target hybridization examined on 1 h Ag
exposure substrates as a function of [MP] to [DNA] ratio.
Probe [DNA] was held constant at 300 nM for all experi-
ments. Number placed on top of each bar represents the cor-
responding R-value. Data are presented as means = stan-
dard deviation, N = 9 (3 spots/substrate X 3 substrates).
CCD integration time: 1 s.

yond 0.2 decreased the R-value for nanostructured Ag
substrates. These results suggest that there is no mer-
captopropanol requirement when using a low Ag expo-
sure substrate (1 h). As shown in Figure 5, both pre-
and post-target intensity decreased as we increased
the mercaptopropanol concentration, indicating a
lower amount of DNA was being deposited on the sub-
strate as we increased the mercaptopropanol
concentration.

Two primary explanations may be considered with
regard to this observation. First, a low particle deposi-
tion density may improve performance simply because
of the physical separation of Ag NPs on the glass sur-
face, thereby reducing the potential for interactions be-
tween hairpins on neighboring particles. Alternatively
(or additionally), Mirkin and colleagues have observed
a strong correlation between the radius (or curvature)
of spherical Au NPs and both the loading density of and
deflection angle between oligonucleotides.>'? While
decreasing particle size led to an increase in oligonucle-
otide density, it also increased the deflection angle. Al-
though both our particle and DNA systems are consid-
erably different, it is possible that we observe a similar
effect. This would suggest that deflection angle is a par-
ticularly important parameter. Efforts are underway to
explore both of these possibilities in greater detail.

We also have considered the potential contribution
of particle—particle junctions, or “hot spots”, to the de-
creased quenching ability of the substrates prepared
with longer deposition time. The ability of NP junctions
to enhance SERS**” and fluorescence®>** is well-
known. However, enhancement occurs only when the
fluorophore is sandwiched where the local high electric
field is extremely high, directly between interacting par-
ticles; otherwise, the signal is quenched. As precise con-
trol of fluorophore placement is required, it seems im-
probable that a sufficient number of such interactions
would occur such that the quenching ability seen in the
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TABLE 2. Probe (P) and Target (T) Sequences with the Pathogen Sources and Minimum/Maximum Distance between the

Fluorophore and the Ag NP Surface®

length (nm)

name sequence source min  max
18mer (P)  5’-(-C6Thiol) GTT CCG TCT TGT (GG AAC (-3” Amino (7) (TMR)-3’ E. Coli K 12 gene 5.4 6.9
25mer (P)  5’~(-C6Thiol) (GG ATC TCG ATG AGC TGC AGA TCC G (-3" Amino (7) (TMR)-3’ E. Coli K 12 gene 7.8 93
30mer (P)  5’-(-C6Thiol) AGC ATA GGG ACC GTG CAG AAT CCG TAT GCT (-3’ Amino (7) (TMR)-3" E. Coli TIR gene 95 1.0
34mer (P)  5’-(-C6Thiol) TCG TTA GTG TTA GGA AAA AAT CAA ACA (TC GCG A (-3 Amino (7) (TMR)-3’ B. Anthracis pag gene 108 123
38mer (P)  5'-(-C6Thiol) AAA TTT CTT TCC CAT GAT GAG CAC CTT TAA AGA AAT TT (-3 Amino (7) (TMR)-3’ K. Pneumoniae blaSHV gene  12.2  13.7
47mer (P)  5'-(-C6Thiol) CGC TCT GGA AAT GTT CAA TGA GGA CTA TGT GAC ATT CCC CAG GGA (G (-3" Amino (7) (TMR)-3"  E. Coli plasmid pARS3 gene 152 16.7
18mer (T)  5"-GTT CCG ACA AGA (GG AAC-3’
25mer (T)  5'-CGG ATC TGC AGC TCA TCG AGA TCC G-3'
30mer (T) 5" -AGC ATA (GG ATT CTG CAC GGT CCC TAT GCT-3'
34mer (T) 5" -TCG CGA GTG TTT GAT TTT TTC CTA ACA (TA ACG A3’
38mer (T) 5" -AAATTT CTT TAA AGG TGC TCA TCA TGG GAA AGA AAT TT-3’
47mer (T)  5'-CGT CCC TGG GGA ATG TCA CAT AGT CCT CAT TGA ACA TTT CCA GAG (G-3’

“Underlined sequences represent the nontarget specific sequences that were incorporated at both termini of the oligonucleotides for hairpin formation. The minimum dis-
tance was calculated assuming the fluorophore was folded towards the backbone of the DNA, and the maximum distance was calculated assuming the fluorophore was folded

away from the backbone.

18-h substrate is significantly reduced. However, we
cannot rule this out a priori.

While limit of detection (LOD) measurements on
sensors at an early stage of development are problem-
atic at best, they nevertheless provide a benchmark for
future optimization. To examine the LOD in this case,
we applied target solutions with various concentrations
(2.5 pM, 1 M, 100 nM, 10 nM, 100 pM, 10 pM, and 0
pM) to the substrate prepared with a 1 h Ag exposure
time and incorporating a [MP]/[DNA] ratio of 0.2. For
this unoptimized system, LOD was found to be 100 pM
(Supporting Information), which is comparable with
other label-free optical DNA detection systems.* We an-
ticipate that this can be substantially improved. Sev-
eral methods that can potentially reduce LOD will be in-
vestigated, including the employment of fluidic
components and manipulation of overlap between the
NP extinction spectra and the excitation/emission
wavelength of the fluorophores, as well as adjusting
the relative ratio of [MP] and [DNA] in the system.

Fluorescence enhancement induced by metallic NPs
is a result of the interaction between the excited-state flu-
orophore and an enhanced electric field surrounding the
metallic NPs, which is induced by the incident light. Sev-
eral groups have reported experimental results indicating
that the level of fluorescence enhancement is strongly
distance-dependent.3*3435% Qthers have also shown that
the magnitude of the surrounding electric field varies at
different locations relative to particle surface, based on
different theoretical calculations including finite-
difference time-domain (FDTD),>**” multiple multipole
method,*® and quasistatic approximation.>® For most of
the aforementioned simulations, the magnitude of the
surrounding electric field is found to be inversely propor-
tional to the distance away from the surface of the metal-
lic NPs. However, quenching usually takes place at very
close proximity to the particle surface (<5 nm).2%° As a
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result, one would expect to locate a position away from
the surface of metallic NPs at which an optimal fluores-
cence enhancement would be observed and where en-
hancement will dominate over quenching.

In our system, we can easily adjust the distance be-
tween the fluorophore and the surface of Ag NPs, by vary-
ing the number of nucleotides in the DNA hairpin probe
and in the cDNA target. The distance between the fluoro-
phore and the Ag surface can then be calculated by mul-
tiplying the number of nucleotides by 3.4 A (the rise per
base pair), given that the persistence length of the duplex
DNA is ~50 nm in solution.®’ =63 Therefore, we designed
hairpin probes with different numbers of nucleotides
ranging from 18mer to 47mer (Table 2), providing a dis-
tance range of 5.4 to 16.7 nm. The sequence, pathogen
source, and corresponding minimum and maximum dis-
tance between the fluorophore and the Ag surface that
were used for the length study are given in Table 2. The
minimum and maximum distance between the fluoro-
phore and the Ag surface were calculated assuming free
rotation of the fluorophore, where the fluorophore can
potentially fold toward (|duplex length| — |C6|, min) or
away (|duplex length| + |C6|, max) from the backbone of
the DNA (distance rise per base pair, 0.34 nm;®* C—C
bond length, 1.5 A%).

Probe sequences were obtained from National Cen-
ter for Biotechnology Information (NCBI) database® and
were analyzed for suitability as hairpin probes using our
previously described methodology.*' All DNA probes for
this study were purchased from Midland Certified Re-
agent Company (Midland), bearing a 3’- TMR fluorophore
(Abmax, 543 Nnm; Emy,ay, 571 nm) and a 5'trityl- thiol, and
it was left in the protected form through out the experi-
ment. All DNA targets were purchased from IDT.

Ag substrates used here were prepared in a 10 mM
AgNO; solution for 1 h, and subsequently incubated in a
probe solution consisting of 60 nM of mercaptopropanol
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Figure 6. (A) Pre- (gray) and post- (black) probe-target hybridization fluorescence intensity profile of TMR—DNA on the
nanostructured Ag substrates prepared in a 10 mM AgNO; solution for 1 h with different DNA probes (18mer, 25mer, 30mer,
34mer, 38mer, and 47mer). N = 9 (3 substrates X 3 spots/substrate). CCD exposure time: 500 ms. (B) Calculated relative in-
tensity change (R-value) as a function of the distance between the fluorophore and the substrate surface. N = 9 (3 substrates
X 3 spots/substrate). The solid and dashed lines represent the calculated minimum and maximum distance between the flu-
orophore and the Ag surface, respectively. Data are presented as means = standard deviation.

and 300 nM probe DNA in buffered saline, a ratio deter-
mined to give the highest R-value for substrates prepared
with this amount of Ag exposure (Figure 5). Hybridiza-
tion was allowed to proceed for 19 h at room tempera-
ture, in order to ensure observed differences were not the
result of differences in hybridization efficiency. Figure 6A
shows the fluorescence intensity profile from pre- (gray)
to post- (black) hybridization with the use of different
DNA hairpin probes. Figure 6B plots the calculated
R-value as a function of the corresponding distance be-
tween the fluorophore and the Ag surface. As shown in
Figure 6A, the prehybridization intensities were very
much alike for each probe, indicating consistent fluores-
cence quenching and stable hairpin formation. In con-
trast, the posthybridization intensity increased initially
from the 18mer to the 30mer, reached a maximum en-
hancement level of ~35-fold intensity for the 34mer, and
then decreased at farther distances relative to the nano-
structured Ag surface. This finding agrees with the work
conducted by Malicka et al., where a maximum fluores-
cence enhancement was observed at a distance approxi-
mately 90 A from an Ag mirror surface.*®

The novel properties of nanoscale materials present
many unique opportunities for sensor development. We
have demonstrated initial experiments designed to exam-
ine the utility of nanostructured Ag substrates in a “self-
labeled” DNA detection system with an unoptimized limit
of detection of 100 pM. As expected, the nanostructured
Ag substrates provide both quenching of nonspecific
fluorescence and enhancement of the signal that is pro-
duced when the fluorophore is separated from the Ag
substrate. The use of nanostructured Ag substrates dem-

EXPERIMENTAL METHODS

Fabrication of Substrates. First, a standard 75 X 25-mm glass
microscope slide was broken into ~5 X 10-mm chips. Next, the
glass chips were cleaned by soaking them in a piranha solution
(H504:35% H,0,; 3:1) for 15 min (CAUTION, piranha solution is

www.acsnano.org

onstrated a strong (~10-fold) improvement in fluores-
cence signal over planar Au substrates for equivalent
amounts of analyte. It was found that the surface rough-
ness of the nanostructured substrate, particle size (since
the two are interrelated), and the amount of Ag that was
deposited onto the surface can be varied by controlling
the Ag exposure time in a constant concentration of Ag-
NO; solution. Furthermore, detection performance and
signals were strongly dependent on both the surface
roughness/NP coverage and the distance between the
fluorophore and the Ag substrate surface. In this study,
Ag exposure time of 20 min, 30 min, and 1 hina 10 mM
AgNO; solution provided optimal detection response in a
probe solution consisting of 5 parts of DNA probe to 1
part of mercaptopropanol. Substrates prepared with
higher Ag exposure times resulted in lower detection re-
sponses, potentially resulting from a steric crowding ef-
fect. Consistent with theoretical predictions of a strong
distance dependence on metal particle-mediated fluores-
cence enhancement, we observed that DNA hairpin
probe containing 34 nucleotides gave the highest postin-
tensity and highest R-value with the use of nanostruc-
tured Ag substrate prepared with a 1 h Ag exposure time.
These findings collectively demonstrate the significant
role of nanostructured substrate surface topography, lo-
cal probe density, and probe length selection for a DNA
detection system utilizing metallic NPs as the sensing sub-
strate. Of further interest is the fact that the low-exposure
Ag substrates are transparent, which potentially allows
for their incorporation into novel instrument designs,
such as flow-through devices in which imaging occurs
from the opposite face from the functionalized Ag.

highly caustic and can react explosively with organic materials).
The glass chips were then rinsed with distilled, deionized (DDI)
water, soaked in a 10 M NaOH solution for 5 min, rinsed again
with DDI water, and finally dried under nitrogen gas. The cleaned
glass chips were silanized by incubating in a solution com-
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posed of 1% 3-mercaptopropyl trimethoxysilane (MPTS), 95%
methanol, and 4% 1 mM acetic acid at room temperature for 30
min. The silanized glass chips were then sonicated (300-W Vibra-
cell probe sonicator, Sonic & Material Inc.) in a 95% ethanol:5%
water solution for 2 min, and dried under nitrogen gas. Coating
of the silanized glass chips with Ag NPs was accomplished by in-
cubating them in a solution of 10 mM AgNO; in DMF at room
temperature. Ag* ion was reduced by DMF as first proposed by
the Liz-Marzan group.* The chips were washed after Ag expo-
sure by sonication in a 95% ethanol:5% water solution for 4 min,
dried under nitrogen gas, and stored at room temperature for 2
days prior to DNA attachment There is a slight but noticeable
batch-to-batch variation among the Ag substrates (based on the
prehybridization responses, Iy) since factors such as tempera-
ture and solvent hydration can affect the kinetics of particle for-
mation. To eliminate this potential variation, every experiment
was carried out using substrates prepared within the same
batch. Results showed that there is little variation among sub-
strates prepared under one batch. Planar Au films were fabri-
cated based on the protocol described in Strohsahl et al.*®

Self-Assembly. Self-assembly of DNA hairpin probes on metal
substrates was accomplished by incubating each substrate in a
solution consisting of 300 nM probe DNA and different concen-
trations of mercaptopropanol in buffered saline (500 mM NaCl,
20 mM cacodylic acid, and 0.5 mM ethylenediaminetetraacetic
acid (EDTA), pH = 7.0) at room temperature for 2 h. Next, non-
specifically bound DNA probes were removed by washing the
substrates with boiling DDI water for 30 s. Substrates were then
air-dried and kept in the dark at room temperature for 45 min.
Hairpin formation was promoted by adding buffered saline to
the dried substrates, then soaking them in the dark at room tem-
perature for 45 min. Prehybridization fluorescence measure-
ments were made for each substrate after removal from the sa-
line solution. Finally, the Ag substrates were immersed in a 2.5
M label-free DNA target solution overnight followed by imag-
ing of the TMR-DNA functionalized substrates as described in the
following section.

Imaging. Fluorescence measurements were performed using
an Olympus BX-60 fluorescence microscope equipped with a
thermoelectrically (TE) cooled charge coupled device (CCD).
Samples were excited with incident light from a Hg lamp (100-
W), which was filtered with an excitation bandpass filter (531 =
20 nm), reflected by a dichroic mirror, and guided through a 10X
objective lens. The emitted light was collected by the CCD after
being directed from the sample, through the objective, the di-
chroic mirror, and a bandpass filter (593 = 20 nm). Fluorescence
images were analyzed using Image J software.%

Characterization of Substrates. Extinction spectra of Ag substrates
were measured by Perkin-Elmer Lambda 950 UV—vis, with a
wavelength range spanning 330 to 750 nm. All measurements
were corrected by the background signal generated by glass
slide alone. AFM images of the Ag substrates were obtained us-
ing a Digital Instruments Nanoscope llla operated in tapping
mode using a Si tip (300 kHz, 40 N/m). NP height measurements
were made offline using Digital Instrument (DI) software.
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