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DNA target on the NPGD substrate with an upper con-
centration detection limit of 1 nM. Without the use of mo-
lecular spacers, the NPGD substrate as an SEF platform
was shown to provide higher net fluorescence for visible
and NIR fluorophores compared to glass and non-porous
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gold substrates. The enhanced fluorescence signals in pat-
terned nanoporous gold nanoparticles make NPGD a vi-
able material for further reducing detection limits for bio-
molecular targets used in clinical assays.

With patterned nanoporous gold disk (NPGD) plasmonic
nanoparticles, a label-free biosensor that makes use of
distance-dependent detection of surface-enhanced fluor-
escence (SEF) is constructed and tested for zeptomole de-

tection of ERBB2 cancer gene DNA targets.

nic crystals [6-7]. Surface-enhanced fluorescence
(SEF), known also as metal-enhanced fluorescence
(MEF), has attracted attention for its potential in
fluorescence enhancement [8-11]. SEF occurs when
fluorophores are within nanoscale proximity from
surfaces of metallic nanostructures. Through the use
of specifically designed metal nanostructures, in-
creased fluorescence enhancement factors up to 500
times has been reported [12]. More typically, en-
hancement in the range of 5-50 times has been ob-
served [8, 10, 13-14]. Even with less enhancement,
the SEF process has been proven to be advanta-

1. Introduction

Fluorescence measurements have been indispensable
in probing specific biological and biochemical pro-
cesses. Challenges in improving signal intensity re-
sulted to heightened interest in techniques that en-
hance fluorescence signals. By modifying the spon-
taneous emission via resonant coupling with an ex-
ternal electric field, several techniques have been
developed to modulate fluorescence intensity includ-
ing the use of controlled electron transfer [1-2], re-
sonant cavities [3-4], quantum wells [5], and photo-
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geous from various aspects: faster spontaneous emis-
sion processes, increased quantum yields, improved
fluorophore photostability, and shortened fluores-
cent lifetime [15-16]. SEF studies have gained atten-
tion in the chemical and biological research commu-
nity due to these potential benefits.

In SEF, the metallic nanostructure assumes a
more active role in enhancing the fluorescence signal
compared to conventional dielectric substrates. How-
ever, a critical issue of SEF is its compatibility for
practical technologies used in biosensing and bioima-
ging. Hence, it is of prime importance to explore
new materials that increases the utility of SEF in re-
levant applications.

Due to its 3-dimensional nanoscale architecture,
nanoporous gold (NPG) has become a versatile na-
nomaterial [17-20]. Being plasmonic, NPG thin film
provides a potentially useful platform for fluores-
cence enhancement in chemical and biological stud-
ies. It has been demonstrated that the localized sur-
face plasmon resonance (LSPR) of thin-film NPG
materials are related to its pore size [20-21]. Hence,
the SEF properties of NPG thin films can be tuned,
to a certain degree, by altering the morphology of
the nanoporous network (pore and ligament size).
NPG can be understood as a network of small nano-
particles that synergistically provide coupled field
enhancement. The plasmonic coupling within adja-
cent pores and connecting ligaments result in points
with high concentration of electromagnetic field
known as “hot spots” [18, 21-22].

Recently, we have demonstrated that patterned
NPG nanoparticles in disk shape are excellent plas-
monic nanomaterials with tunable plasmonics, 3-di-
mensional plasmonic hot spot distribution, large
surface area, and large surface-enhanced Raman
scattering (SERS) enhancement factor [22-25]. The
plasmon resonance associated with the disk shape
promotes effective light coupling and generates high-
er field enhancement compared to that in NPG thin
films. Taking advantage of the high-density hot spots
in nanoporous gold disks (NPGDs), we have devel-
oped several applications such as photothermal con-
version and light-gated molecular delivery [26], ultra-
sensitive DNA hybridization monitoring at the level
of individual molecules [27], label-free molecular
sensing and imaging by stamping NPGD substrate
onto a flexible surface with target analytes [28], and
integrated microfluidic SERS sensor for label-free
biomolecular sensing [29]. There has been no report
regarding SEF on patterned NPG nanoparticles.

When fluorophores are near metal surfaces, elec-
tronic energy transfer from the molecule may occur
which generally leads to fluorescence quenching
[30]. Therefore, the fluorescence measured on
“naked” metallic substrates is typically the outcome
of the competition between SEF and metal-induced
quenching. From past studies, quenching is known

to be the dominant effect for nanoparticle-fluoro-
phore distances smaller than ~5nm, whereas en-
hancement has been reported mostly for distances
between ~5nm and 20 nm [14, 30-31]. Based on
these results, most existing SEF demonstrations, in-
cluding those on thin-film NPG materials, involved
spacers to place fluorophores at the “sweet spot”
[32-33]. Using a protein spacer, Lang et al. investi-
gated the enhanced Indocyanine Green (ICG) fluo-
rescence on NPG thin films with pore structures of
different characteristic lengths [33].

In this paper, we present a label-free DNA hybri-
dization sensor on NPGDs. Our design strategy is to
utilize the distance-dependent enhancing and quench-
ing mechanisms to our advantage and to effectively
circumvent the need of additional spacers. We have
adopted a distance-modulation scheme based on
DNA hybridization commonly employed in molecu-
lar beacon. Using a “hairpin” single-stranded DNA
(ssDNA) probe featuring a Cyanine 3 (Cy3) fluoro-
phore on the 3’-end and a sulfur on the 5’-end, the
distance between the Cy3 molecule and NPGD can
be altered. By taking advantage of the distance mod-
ulation, the sensitivity of the NPGD sensor to target
DNA with 28 complementary base pairs is demon-
strated. Detection of short DNA target sequences
(<30 base pairs) is suitably relevant to applications
in micro-RNA detection for early stage cancer diag-
nosis [34-36]. To characterize the interplay of en-
hancing and quenching on NPGDs, we have com-
pared three fluorophores on three different gold
substrates. These results provide the foundation for
sensor design and characterization.

2. Methods

2.1 Chemicals, materials, and NPGD
fabrication

Mercapto-1-hexanol (MCH), Rhodamine 6G (R6G),
Cyanine 3 (Cy3) were purchased from Sigma-Al-
drich. The IRDye 800 infrared dye was purchased
from Licor Biosciences. The ssDNA probe and tar-
get molecules were purchased from Integrated DNA
Technologies (IDT, Coralville, IA). The NPG disks
(400 nm in diameter, 75 nm thickness, and 13 nm
average pore size) and non-porous gold disks were
fabricated according to methods in recent studies
published [22-23]. The fabrication of substrate-bound
NPGD arrays initiates with sputtering a 120 nm thick
film of Au:Ag (30:70) alloy over the glass coverslip
(~165 pm thick) by DC sputtering. A monolayer of
600 nm polystyrene (PS) beads were then deposited
on the surface of the alloy film. To shrink and isolate
each PS bead, oxygen plasma-etching was employed,
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Table 1 ERBB2 probe and target sequences.

ssDNA DNA sequence

ERBB?2 probe

5'-SH-CGCCATCCACCCCCAAGACCACGACCAGCAGAATATGGCG-Cy3-3’

ERBB?2 target

5-GTTGGCATTCTGCTGGTCGTGGTCTTGGGGGTGGTCTTTG-3’

followed by Ar plasma-etching to induce alloy disk
formation on the glass surface. The remaining PS
beads were removed by sonication in chloroform
which leaves only the alloy disk pattern on the glass
coverslip. The disks were dealloyed in 70% nitric
acid for 1 minute followed by DI water wash for
2 minutes. The surface morphology and monolayer
coverage of NGPDs on glass are shown in SEM
images found in Figure S1 of Supporting Informa-
tion. Colloidal NPGD particles were prepared by so-
nicating off the nanoparticles from the glass cover-
slip for 30 mins in 100 uM R6G aqueous solution.
The R6G-loaded colloidal NPGD was then centri-
fuged from the dye solution and resuspended in DI
water.

2.2 DNA probe and target molecules

We employed a hairpin probe sequence complemen-
tary to the ERBB2 oncogene, a target breast cancer
DNA biomarker. Table 1 shows the sequences of
the probe and target. The italicized portion shows
the complementary sequence that forms the “stem”
in the hairpin probe structure while the underlined
portion shows the complementary sequence for the
probe-target pair.

2.3 Fluorescence and extinction
measurements

Fluorescence emission spectra were acquired using
home-built inverted fluorescence microscopy systems
with 532 nm and 785 nm CW laser sources, dispersive

spectrographs and thermoelectrically (TE) cooled
charged coupled device (CCD) cameras as detector
[37-39]. The acquisition time used varied from 10 to
30 seconds at a laser power density of 0.5 W/cm?2.
The laser power density level used for the study is
comparable to values in existing SEF studies [3, 40].
With a laser spot size of 1.77 pm?, we measured sam-
ple regions of uniform disk coverage (~7 disks per
laser spot) to ensure repeatability of total fluores-
cence measurements (see Figure S1). A Jasco V-570
spectrometer was used to measure the UV-Vis-NIR
extinction spectra (400-1500 nm) of the NPGD and
non-porous gold disk arrays on glass. The extinction
spectra were collected at 0° normal incidence.

3. Results and discussion

3.1 Fluorescence enhancement on NPGD
substrates at different dye concentrations

Here we investigate fluorescence enhancement on
the NPGD substrate at different dye concentrations.
Figure 1A shows the fluorescence spectra acquired
from various Rhodamine 6G (R6G) concentrations
on NPGD substrates normalized to those from
glass substrates. The data acquisition and experi-
mental protocols can be found in Methods. Details
of NPGD substrate fabrication are provided in
Methods. Using the peak intensity at 565 nm, the re-
lative fluorescence intensity from each concentration
are displayed in Figure 1B by normalizing to the
peak intensity from the glass substrates. We observe
a net gain up to 50 times for higher concentrations
(1 pM and 100 nM), but a net loss for lower concen-

60

Figure 1 Concentration  depend-
ence of R6G fluorescence: (A)
Normalized spectra from various
concentrations on NPGD sub-
strates compared to glass sub-
strates; (B) Relative fluorescence
intensity on NPGD substrates. The
aqueous dye solution (volume:
5 pL; concentration: 5 nM to 1 pM)

-
o
o

—+—1 uM R6G-NPGD
—=—100 nM R6G-NPGD
—4— 20 nM R6G-NPGD
—v— 5nM R6G-NPGD
—o— Glass Reference

-
o
L

-
L

o
=
|

Relative Fluorescence Intensity
s

was dropcasted on all substrates.

Relative Fluorescence Intensity

540 560 580
Wavelength (nm)

600 620 10 100 1000
Concentration (nM)

www.biophotonics-journal.org

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Journal of

PHOTONICS

858

G. M. Santos et al.: Zeptomole biomarker detection by surface-enhanced fluorescence on nanoporous gold disks

trations (20 nM and 5 nM). We note that this value
(50 times) should not be interpreted as the typically
reported enhancement factor because no spacer was
employed in our experiments. In other words, the
total fluorescence signals were the outcome of com-
bined quenching and enhancement effects. Thus, the
actual SEF enhancement factor can be higher.

The total fluorescence intensity is likely affected
by the average surface density of the adsorbed dye
molecules, which is directly related to solution con-
centrations. At higher concentrations (~1 pM), mo-
lecules have a higher probability to “pile up” on top
of the metal surface, where the molecules in direct
contact with metal become effective “spacers” for
those farther away from the surface. As the surface
density decreases, a larger fraction of molecules are
in direct contact with the metal and more likely to
suffer quenching rather than enhancement. For an
adsorbed R6G molecule occupying an area of
~20 A2, the monolayer coverage for a flat surface is
about 5 million molecules per pm? [41-42]. In our
experiment, the dried spot size was ~3 mm in diam-
eter, resulting in an average surface density of
~42.500 molecules per pm? for the 100 nM sample.
This suggests that considerable enhancement still
contributed the nearly 10 times total fluorescence
even at sub-monolayer coverage, likely due to the
high-density hot spots in NPGDs. This is in contrast
to nearly negligible enhancement on a flat gold film
substrate as discussed later.

3.2 Fluorescence enhancement comparison
on various fluorophores and substrates

To characterize the fluorescence enhancement prop-
erties of NPGDs, fluorescence emission spectra were
collected from three dyes on three different gold
substrates. In each experiment, a 5pl drop of
100 nM dye solution was dispensed and dried on

the substrate. Figure 2 shows the fluorescence spec-
tra of the dyes (Rhodamine 6G (R6G), Cyanine 3
(Cy3), and IRDye 800) on four different substrates
(NPGD, non-porous gold disks, flat gold film, and a
glass substrate). The NPGDs were of 400 nm diam-
eter, 75 nm thickness, and 13 nm average pore size.
The non-porous gold disks were of the same exter-
nal size. The flat gold film was 75 nm in thickness.
R6G (526/560 nm) and Cy3 (550/570 nm) absorb
and emit strongly in the visible region while IRDye
800 (780/800 nm) in the near infrared (NIR). All
fluorescence spectra were normalized to the peak
value of the one obtained from the glass substrate.
In other words, the glass substrate was used as a re-
ference to compare the total fluorescence from var-
ious gold substrates.

As shown in Figure 2, NPGD substrates exhib-
ited the strongest total fluorescence for all three
dyes, as compared to the other gold substrates (gold
disk and gold film). The net gain obtained on NPGD
substrates were ~7, 7, and 1.75 times compared to
the glass substrate for R6G, Cy3, and IRDye 800,
respectively. The flat gold substrate provided the
lowest fluorescence with net gain slightly larger than
1 for R6G and Cy3, and ~0.6 for IRDye, suggesting
quenching dominated over enhancement. The non-
porous gold disks provided medium fluorescence
with net gain ~3—4 times for R6G and Cy3, and 1.15
times for IRDye.

The larger net gain on NPGDs is attributed to
higher field enhancement within the high-density
plasmonic hot-spots, which are unique features only
seen in NPGDs. It is interesting to compare the ex-
tinction spectra of NPGD and non-porous gold disk
as shown in Figure 3. The LSPR peak for non-porous
gold disk and NPGD are at 800 nm and 1050 nm, re-
spectively, indicating that the LSPR peak for the
non-porous Au disks is closer to the excitation/emis-
sion wavelengths for either the visible or NIR dye.
Typically, higher plasmonic enhancement can be ob-
tained when the excitation/emission wavelengths are
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Figure 2 Comparison of fluorescence spectra from 3 dyes on 4 substrates: (A) R6G and (B) Cy3 dyes dried on NPGD and
gold disk samples acquired using a home-built fluorescence microscope with 532 nm excitation, (C) IRDye 800 dye fluores-
cence measured using a home-built fluorescence microscope with 785 nm excitation. An amount of 5 pL. of the 100 nM aqu-
eous dye solutions was dropcasted on each substrate.
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Figure 3 Extinction spectra of non-porous gold disks
(400 nm diameter) and NPGDs (400 nm diameter).

better aligned with the substrate LSPR [13]. In addi-
tion, dyes with lower quantum yields (i.e. NIR dyes)
are known to exhibit larger fluorescence enhance-
ment [43-44]. However, we note that the measure-
ments reported in Figures 1 and 2 are the total fluo-
rescence intensities, and not the actual SEF which is
more dependent on dye quantum yield and band
overlap. Nevertheless, NPGD still exhibited stronger
total fluorescence. In future studies, the performance
of NPGDs would be further improved by employing
disks with smaller diameters, which exhibit blue-
shifted plasmon peak as revealed in our previous
studies [22, 24].

3.3 Fluorescence imaging of NPGDs

Next we investigate the spatial distribution of R6G
fluorescence enhancement effect on NPGDs. The
brightfield image in Figure 4A provides location in-
formation of individual NPGDs, and the fluorescence
image in Figure 4B provides the corresponding R6G
fluorescence intensity. It is observed that brighter
pixels are significantly localized near NPGDs, sug-
gesting that the enhancement was indeed a near-field
effect of LSPR.

1
L}

Glass only

./“
Glass/NPGD

@ndary.

As reported in our previous paper, colloidal
NPGDs can be obtained by sonication [22]. Fluoro-
phore-loaded colloidal NPGDs can be alternatively
employed as a high brightness fluorescence label. In
Figure 4C, colloidal NPGD particles were preloaded
with R6G dye molecules through incubation with de-
tails described in Methods. The particles were then
centrifuged, collected and dropcasted on a glass sub-
strate. The nanoporous network of NPGDs has been
shown to carry a larger amount of molecules com-
pared to non-porous gold substrates [26]. At the same
time, the abundance of enhancement sites found in
nanoporous surfaces results in enhanced fluores-
cent signals from the harbored dyes. NPGDs can be
loaded with a flexible range of fluorophore amounts
to achieve desired fluorescent levels. NPGDs is not
only a potentially versatile fluorescent label but also
effective molecular cargo for light-gated release
through photothermal mechanisms [26].

3.4 Zeptomole detection of cancer DNA
biomarker

NPGD can be employed as a DNA sensor based
on hybridization, where two single-stranded DNA
(ssDNA) molecules form a duplex through non-
covalent, sequence-specific interactions, a fundamen-
tal process in biology [45]. Developing a better un-
derstanding of the kinetics and dynamic aspects of
hybridization will help reveal molecular mechanisms
involved in numerous biomolecular processes. To
this end, hybridization sensor has been instrumental
and a ubiquitous tool in a wide variety of biological
and biomedical applications such as clinical diag-
nostics, biosensors, and drug development [46]. La-
bel-free and amplification-free schemes are of par-
ticular interest because they could potentially pro-
vide in situ monitoring of individual hybridization
events, which may lead to techniques for discriminat-
ing subtle variations due to single-base modification
without stringency control or repetitive thermal cy-
cling. Unlike most fluorescence techniques, molecu-

Figure 4 Brightfield and fluorescence images (20x) of 400 nm NPGD substrate with adsorbed R6G (1 pM): (A) brightfield
with boundary between glass-only and NPGD regions shown by the dashed curve, and (B) fluorescence image. (C) Fluores-
cence images (40x) of NPGD (400 nm diameter) preloaded with R6G and dropcasted and dried on glass from colloidal
suspension. Scale bar is 20 pm.
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lar beacons (MB) provide label-free detection. Re-
cently, a reporting mechanism similar to MB probes
has been implemented by Peng et al. on 15 nm col-
loidal silver nanoparticles to harness surface-en-
hanced fluorescence and achieved a limit of detec-
tion (LOD) of ~500 pM for the Bacillus Anthracis
bacterial gene target [47].

Here a “hairpin” ssDNA probe is employed to
detect ERBB2 breast cancer biomarker. The probe
features a Cy3 on the 3’-end and a sulfur on the 5'-
end that enables effective binding to gold surfaces. If
the probe alone is bonded, the Cy3 molecule is posi-
tioned at the close proximity of the NPGD surface,
which promotes quenching. In contrast, a hybridized
ds-DNA would have the Cy3 molecule on the oppo-
site end of the sulfur and far away from the NPGD
surface after binding (see Figure 5). Such conforma-
tion induced modulation of plasmonic enhancement
has been employed in our previous work based on
surface-enhanced Raman scattering (SERS) techni-
que [27]. The detailed ssDNA sequence information
are provided in the Methods. As compared to the
un-hybridized hairpin probe on NPGD, higher fluo-
rescence intensity is expected for the ds-DNA con-
figuration, providing an effective sensing mechanism.

In the previous dropcasting method, the likeli-
hood for the fluorophore molecules to be situated in
the enhancing hot spots of the NPGD is highly de-

Figure 5 Schematic of the hairpin
probe and probe-target (dsDNA)
configurations of the ERBB2 can-
cer gene, and their immobilization
on NPGDs.

pendent on the local dye-NPGD molecular interac-
tions and dye concentration. In contrast, due to its
inherent self-assembly mechanism and robust sulfur-
gold covalent binding, the thiolated probe structure
ensures a uniform molecular coverage on the gold
surface. These features of the hairpin probe mini-
mizes the randomness of its molecular attachment to
the NPGD substrate and, thus, increases the precision
of molecular coverage on the 3-dimensional structure
of NPGDs.

To prove this idea experimentally, different
amounts (0-5pL) of the ssDNA target sequence
(40 nM) were mixed and hybridized with a fixed
amount of the hairpin probe (5 pL, 40 nM) at 50 °C
for 60 mins. With added phosphate buffer solution
to a total 10 pL volume, the resulting concentrations
(in nM) of hybridized dsDNA and unhybridized
probe molecules in six samples were estimated to be
(0,20), (4,20), (8,20), (12,20), (16,20), and (20,20).
After cooling, 5 pL of each sample was dispensed
onto the NPGD substrate surrounded by a polydi-
methylsiloxane (PDMS) well (2 mm diameter, 4 mm
height) and allowed to incubate for 60 mins. The
surface was then washed with deionized (DI) water
and incubated in 0.1 mM mercapto-1-hexanol (MCH)
for 30 mins to eliminate non-specific binding, fol-
lowed by DI water rinse. In Figure 6A, the differ-
ence spectra are shown by subtracting the baseline
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Figure 6 Fluorescence spectra, peak intensity, and total fluorescence counts: (A) With the probe signal used as reference
baseline, the difference spectra at different target DNA concentration are plotted as labeled. Corresponding (B) peak inten-
sity and (C) total intensity counts for each concentration step of the target DNA.

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.biophotonics-journal.org



J. Biophotonics 8, No. 10 (2015)

FULL
ARTICLE

861

spectrum (0 nM target) from others. We observe in-
creased fluorescence as target concentration in-
creased. In Figure 6B, the peak fluorescence inten-
sity of the difference spectra are shown together with
the error bars calculated from the average standard
deviation across the entire spectral range. For exam-
ple, at 4 nM, the peak intensity is ~500 counts and
the error bar is ~120 counts, resulting in a peak-to-
noise ratio of ~4. However, to fully utilize the signal
output from the whole spectral range, we can consid-
er the total fluorescence intensity to be the sum
across the entire spectrum, and the error bar as the
square root of the sum of variance across the entire
spectrum. For example, at 4 nM, the total fluores-
cence intensity is ~500,000 counts with an error bar
~4060 counts, resulting in a signal-to-noise ratio
(SNR) ~123. We estimate the amounts of dsDNA
molecules to be ~2.4 zeptomole based on the laser
spot size and the surface density calculation. More
details on this quantification are provided in Sup-
porting Information. In principle, the ultimate LOD
in quantity is ~0.06 zeptomole for SNR~3.

3.5 Area-dependent concentration
detection limit

Once the LOD in quantity is determined, we next
determine the LOD in concentration, which depends
on the measurement spot size. In other words, more
fluorescence can be acquired from a larger spot with
more molecules even at the same concentration.

Therefore, lower concentration LOD beyond
4nM can be achieved by collecting fluorescence
from a larger laser spot. Indeed, with a lower magni-
fication objective (10X), the fluorescence spectrum
(—#-) in Figure 6A acquired from a 6 pm laser spot
of a 1 nM dsDNA sample appears to be ~60% to
that from a 4 nM sample with a 1.5 pum spot. The
quantity of dsDNA within the 6 pm spot is ~4.2 zep-
tomole. Based on the SNR~60, the ultimate LOD in
concentration can be much lower than 1 nM when a
larger laser spot is employed. Furthermore, the con-
centration LOD is fundamentally limited by the
binding efficiency of target molecules. Therefore, we
would not provide any estimate based on the SNR.
Nevertheless, a future direction appears to be imple-
menting efficient means for bringing target mole-
cules to the NPGD surface via physical manipula-
tions such as dielectrophoresis [48]. In this work,
none of the results required multivariate computa-
tional techniques, which are known to be highly ef-
fective to extract hidden spectroscopic information
at low SNR [49-52].

In addition, there are certain features to the hair-
pin-based quench-enhancement mechanism that dic-
tates the detection limit of the SEF sensor. The en-

hancement is highly dependent on the structural state
of the hairpin DNA on the surface of the NPGD
substrate. Subsequent increase in the total fluores-
cence is the result of the introduction of the molecu-
lar population that were effectively enhanced after
hybridization. Since we are only measuring the en-
semble average of the enhanced population over the
laser spot, the detection limit can be only be esti-
mated according to the expected coverage at a given
target concentration. The statistical limitation of the
signal averaging of the enhanced molecules deters
single-molecule detection, and, hence, this is consid-
ered essential for future work with SEF on NPGD.

Furthermore, the results can be viewed in the
context of Peng’s results [47], which reported a con-
centration LOD of 500 pM in a microfluidic envir-
onment. We have analyzed their published protocol
and data and estimated the upper-limit LOD in
quantity to be 720 attomole of ssDNA target, which
is about 10° times more than ours. The detailed
analysis is provided in Supporting Information. Of
course, their LOD could have been lower than
720 attomole depending on the actual fraction of
probes that effectively hybridized.

4. Conclusions

We have developed a label-free sensing mechan-
ism based on the distance-dependence of surface-
enhanced fluorescence (SEF) due to conformational
differences in DNA molecules on plasmonic nanopor-
ous gold disks. Specifically, we have demonstrated
the detection of 2.4 zeptomole quantity of ERBB2
DNA target on NPGD substrates, and showed the
upper concentration detection limit of 1 nM. Never-
theless, based on the signal-to-noise ratio, an ultimate
LOD in quantity of ~0.06 zeptomole is envisioned.
To characterize the combined fluorescence enhance-
ment and quenching on NPGD substrates, we have
studied the effect of surface density of the fluorescent
molecules without molecular spacers for the first
time. We have demonstrated that NPGD substrates
provide more effective SEF for both NIR and visible
fluorophores compared to flat gold film and non-
porous gold disks due to its high density plasmonic
hot spots. A net fluorescence gain ~50 times com-
pared to glass substrate has been achieved on NPGD
substrates without molecular spacers, suggesting a
potentially SEF factor higher than 50.

While the aim of the study is to introduce
NPGDs as a novel SEF platform, further optimiza-
tion can be achieved in future works by fine-tuning
the physical parameters of the NPGDs (such as par-
ticle size, pore dimensions, substrate material) in or-
der to further improve sensitivity. With a straightfor-
ward detection mechanism, the NGPDs can be con-
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veniently integrated into biochip and microfluidic
devices for DNA sensing without the need for ampli-
fication techniques such as polymerase-chain reac-
tion (PCR). With the aid of high sensitivity and tar-
get specificity, the NPGD sensing platforms have a
high potential for applications in point-of-care bio-
marker detection.

Supporting information

Additional supporting information may be found in
the online version of this article at the publisher’s
website: NPGD SEM Images, DNA target density
estimation, and Estimation of probe molecular den-
sity for a microfluidic SEF sensor.
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