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A near-ﬁeld scanning microwave microscope (NSMM) is used to readout and visualize homemade
10-mer oligonucleotide microarrays and an Agilent 60-mer DNA microarray as a realistic test of NSMM
applicability to multiplexed sequence analysis. Sensitive characterization of DNA coverage and high
resolution mapping of DNA spots in the microarray were realized by measuring the change of
microwave reﬂection coefﬁcient (S11) at about 4 GHz operating frequency. Hybridization between
target (free) and capture (immobilized) sequences leads to changes in the microwave reﬂection
coefﬁcient, which were measured by the NSMM. These changes are caused by hybridization-induced
modiﬁcation of the dielectric permittivity proﬁle of the DNA ﬁlm. The dynamic range based on analysis
of the 10-mer microarrays is over 3 orders of magnitude with the detection limit estimated below
0.01 strands/mm2. The NSMM method should be readily capable of detecting target coverages down to
98% of probe coverage. We also directly image the patterned DNA microarray by NSMM with a 2 mm
resolution. The complementary optical image of the DNA microarray visualized by using a relative
ﬂuorescent intensity metric agrees well with the NSMM results.
& 2012 Elsevier B.V. All rights reserved.
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1. Introduction
The DNA microarray format is a powerful tool that allows
sequence-analysis of RNA and DNA mixtures in a highly parallelized fashion. Current methods of detection have mainly focused
on optical detection including ﬂuorescence-labeled oligonucleotides with dye, quantum dot, or enhanced absorption of light by
oligonucleotide-modiﬁed gold nanoparticles (Wang and Li, 2011;
Hanai et al., 2006; Lamartine, 2006). Fluorescence is extremely
sensitive, allowing single molecule detection (Zheng et al., 2007;
Ray et al., 2010). Nanoparticle labels to detect DNA have also
proved very useful (Cao et al., 2008; Son et al., 2007; Qi et al.,
2009), providing a mechanism that transduces and ampliﬁes
speciﬁc DNA binding events to detectable signals. For example,
DNA strands with a complementary sequence to that of target
DNA can be chemically linked to gold nanoparticles and optical,
electric, magnetic or other properties can be used to detect the
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binding of target molecules (Ryu et al., 2010; Postma, 2010; Lin
et al., 2009).
However, ideal microarray imaging would retain sufﬁciently
high sensitivity without relying on chemical labeling or expensive
instrumentation (Ozkumur et al., 2010). Such label-free diagnostics
are attractive as they simplify sample preparation, decrease assay
costs and eliminate potential artifacts from label instability or
perturbation of assay thermodynamics (Baur et al., 2010; Zhang
et al., 2010; Zhu et al., 2009; Maruyama et al., 2009). A number of
label-free approaches for direct measurement of various analytes
have been described based on optical, impedance, charge, mass, and
electrochemical transduction (Dolatabadi et al., 2011; Pei et al.,
2001; Elson, 2007; Ziolkowski et al., 2010; Shervedani et al., 2006).
These methods promise to offer sensitivity, selectivity, and lowered
costs for analysis of DNA sequences through surface hybridization.
The design, imaging performance, and applications of nearﬁeld scanning microwave microscopy (NSMM) for noninvasive
characterization of electrical properties of conducting and dielectric materials have been previously described (Knoll et al., 1997;
Abu-Teir et al., 2001; Kim et al., 2003; Lim et al., 2008). The
changes in intrinsic impedance and material characteristics (electrical conductivity, dielectric permittivity, magnetic permeability,
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volumetric and thin ﬁlm properties, etc.) of various materials
were investigated by NSMM by measuring the microwave reﬂection coefﬁcient S11. The reﬂection coefﬁcient depends on the
complex dielectric permittivity proﬁle e across the surface being
probed. Difference in e for DNA and substrate, for example, will
manifest in shifts in resonance frequency fr and reﬂection coefﬁcient amplitude S11, and can be mathematically modeled by
transmission line theory within a material perturbation approach,
assuming near-ﬁeld dipole–dipole interactions (Bhushan, 2011;
Ohtsu, 1998; Pozar, 1990). Physically, the dielectric permittivity
of a DNA-modiﬁed microarray spot is expected to depend on
length and surface coverage of the strands, on hybridization state
and distribution of the molecules (e.g. single oligonucleotide
probe vs. double-stranded, ordered vs. disordered) and presence
of other species on the surface including, most prominently,
physisorbed water (Kim et al., 2011). In this report, the DNA
spots on microarrays were imaged by measuring the local microwave reﬂection coefﬁcient S11 at the resonance frequency,
fr ¼3.98 GHz.
In previous reports, we demonstrated this approach for labelfree, high-sensitivity imaging of n-alkylthiol and DNA prototype
arrays (Kim et al., 2011; Friedman et al., 2005). In this paper, we
demonstrate that NSMM is able to measure the surface coverage
of analyte species at sensitivities comparable to conventional
commercial ﬂuorescence bioassay devices. The NSMM approach
does not require functionalization of DNA strands with ﬂuorescent dyes, redox couples, nanoparticles, or other labels. The
technique therefore provides a very convenient and straightforward approach to multiplexed analysis of DNA sequences
while maintaining the high sensitivity required for such
applications.

2. Materials and methods
2.1. Sample preparation
DNA sample 1: Custom made DNA arrays with variable coverage
were prepared for characterizing the NSMM detection response as a
function of DNA coverage. 10-mer HPSF-puriﬁed homopolymers
(A10, T10, C10, G10) were purchased from MWG Biotech (Euroﬁns
MWG Operon, AL). Arrays of these oligonucleotides were printed on
SigmaScreen microarray slides with an aminopropyltriethoxysilane
coating, using an Affymetrix GMS 417 spotter (Affymetrix, CA).
Spotting was performed from deionized water at six concentrations
obtained by 10-fold serial dilutions, starting from 0.005 strands/
mm2 (i.e. spotting concentrations of 0.005, 0.05, 0.5, 5, 50 and
500 strands/mm2). Each dilution of each oligonucleotide was
printed 12 times, with three spots printed with each of the four
pins on the GMS 417. The spots were allowed to dry, with no
further processing applied, followed by NSMM imaging. Slides were
not washed so as to preserve the number of strands printed.
Deionized water was used for printing in order to minimize
nonvolatiles that might co-deposit with the DNA. Area-averaged
oligonucleotide coverages s were estimated from the microarray
spot radius RE70 mm, the printing concentration C, and the
approximate volume VE1 nL transferred using s ¼VCNA/pR2,
where NA is Avogadro’s number. Estimated coverages range from
0.005 strands/mm2 on the low end (0.00011 nM printing solution)
to  500 strands/mm2 for the highest printed concentration
(11 nM). The intention of using oligonucleotides comprised of the
same residue repeat was to determine whether selection of base (A,
T, C, G) inﬂuences the strength of the NSMM response. In contrast
to methods employing covalent bonding between the microarray
and printed DNA, the DNA for these model studies were simply
physisorbed to the positively charged microarray surface. After
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drying of the printed spots no further processing steps (including
washing) were used so as to not alter coverage of the deposited
strands.
DNA sample 2: Total RNA was isolated from the sarcomaderived human cell line GBS6 using TRIzol reagent (Invitrogen),
labeled using Agilent low RNA input ﬂuorescent linear ampliﬁcation kit (Agilent, CA) and hybridized to human whole genome 44k
60-mer oligonucleotides microarray chips (Agilent, CA) using onecolor (red) gene expression system following the manufacturer’s
instructions. The integrity of RNA samples and the extent of DNase
digestion during the labeling procedure were monitored with the
Agilent 2100 Bioanalyzer (Agilent, CA). All steps, including imaging
of the hybridized microarray, were performed with Agilent Technologies instrumentation. For details see also Van Schothorst et al.
(2007). We generated ﬂuorescent cRNA (complimentary RNA) with
a sample input RNA (GBS6 RNA) for one-color processing using
Agilent’s low input quick amp labeling kit (Agilent Technologies)
according to the manufacturer’s instruction. This method uses T7
RNA polymerase, which simultaneously ampliﬁes target material
(total RNA isolated from GBS6 cells) and incorporates cyanine 3labeled CTP. Thus, it is impossible to tell the exact RNA sequences
that are used for this experiment. We guess the total RNA
sequences from the GBS6 cells were ampliﬁed. According to the
literatures published by Agilent Technologies, ampliﬁcation is
typically at least a 100-fold from total RNA to cRNA with the use
of this kit. We also used an Agilent 60-mer whole human genome
microarray for the experiments in this study. According to the
manufacturer (Van Schothorst et al., 2007), this microarray has
41,000 human genes and transcripts with one 60-mer oligonucleotide probe representing each sequence. Additionally, 75 selected
probes are replicated 10 times to allow for intra-array reproducibility measurements. Probes designed against 10 different mRNA
spike-in control transcripts are replicated 30 times on the microarray. Thus, the sequences of 60-mer oligonucleotides represent
more than 41,000 genes sequences. Unfortunately, Agilent Technologies do not provide the sequence information.
In comparison with other oncogenes, little is known about the
function of the EWS-Oct-4 gene product. The GBS6 cell line was
established from a pelvic bone undifferentiated sarcoma with
t(6;22)(p21;q12). As a ﬁrst step in investigating label-free DNA
microarray bioassays using a near-ﬁeld scanning microwave
microscope, we selected to analyze the gene expression proﬁle
of GBS6 cell line as a model system. We used Agilent human
whole genome 44k array, because it has been well known that the
Agilent gene expression platform provides high ﬂexibility and
sensitivity. In addition, strong correlations of log ratios are
observed between Agilent microarray results and RNA-Seq.
results.
2.2. Instrumentation
The detailed description of the basic operation of a NSMM is
presented in our previous work (Bhushan, 2011) and schematically shown in the inset of Fig. 1. In this study, an AFM tip with a
very high input impedance was used as the NSMM probe,
reducing the sensitivity of the reﬂection coefﬁcient measurement.
Thus, in order to boost the sensitivity of the probe, we employed a
dielectric resonator and tuned the resonance cavity to match the
impedance of 50 O of the microwave input line, so as to avoid
stray contributions to the reﬂection coefﬁcient. The gold and
chromium coated commercial triangular AFM probe tip cantilever
was directly soldered to the outside end of the coupling loop of
the resonator. The free, sharp end of the tip was in close proximity
to the sample surface, and was ﬁxed at about 10 nm by using a
quartz tuning fork feedback control system. The length, width,
and thickness of the cantilever were 290 mm, 40 mm, and 1 mm

328

K. Lee et al. / Biosensors and Bioelectronics 42 (2013) 326–331

and the change in reﬂection coefﬁcient correlate with the effective intrinsic impedance of the material. A change in tip-sample
interactions perturbs the system from the reference state and
results in an increase in the reﬂectivity S11.
An expression for how the reﬂectivity S11 depends on sample
impedance can be derived by using standard transmission line
theory (Pozar, 1990):


 Z Z 0 

S11 ¼ 20 log in
ð1Þ
Z in þZ 0 
here Z0 is the effective impedance of the probe tip and Zin is the
complex intrinsic impedance of the DNA/substrate system which
can be estimated by the plane-wave solution as:
Z in ¼ Z DNA

Fig. 1. The change in the microwave reﬂection coefﬁcient, DS11, as a function of
coverage of 10 mer A, G, T, and C probes. The inset shows the schematic picture of
oligonucleotide probes and the NSMM tip.

Z sub þjZ DNA tanðkDNA t DNA Þ
,
Z DNA þjZ sub tanðkDNA t DNA Þ

where ZDNA, kDNA, and tDNA are the intrinsic impedance, wave
number, and thickness of the DNA thin ﬁlm, respectively, and Zsub
is the effective complex impedance of the substrate (this is similar
to a dielectric on perfect metal (Al) system (Silva et al., 1996)) and
it can be expressed as:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Za
Z sub ¼ jZ g kg t g ¼ j pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ka eg mg t g ﬃ jZ a ka t g

eg mg

respectively. The apex angle of the tip was 301 and the height was
about 20 mm, with a tip curvature radius of less than 40 nm. We
measured the reﬂection coefﬁcient S11 of the NSMM resonator at
an operating frequency of about 3.98 GHz for the TE010 mode.
Microwaves were generated by a network analyzer source and
were input into the three-port cavity with the dielectric resonator
inside. The cavity and resonator store electromagnetic energy
with the resonant frequency depending strongly on material
properties. In particular, the resonant frequency is sensitive to
the near-ﬁeld interaction of the probe tip with the sample. As the
probe-sample interaction changes (e.g. due to changes of material
characteristics of the sample), the coupled dipoles generate a
large change in the electromagnetic energy in the resonator.
Dielectric permittivity changes in the sample will cause changes
of both the central resonance frequency fr and the quality factor
Q of the resonator. Therefore, by measuring the resonance
frequency shift Df/fr and the reﬂection coefﬁcient change DS11
of the microwaves input into the cavity it is possible to monitor
the dielectric permittivity of the sample. In order to optimize
measurement sensitivity, both the quality of the resonator and
the sensitivity of the probe must be maximized and matched; as a
result, contrast of a NSMM image mainly depends on the interaction between the probe tip and the sample (Ohtsu, 1998).
To extract quantitative information, it is essential to precisely
control the probe tip-sample separation due to its strong
inﬂuence on S11.

3. Results and discussion
3.1. Microwave reﬂection
The resonance frequency, fr and reﬂection coefﬁcient, S11
changes are related to the stored electric and magnetic energies
in the original and perturbed cavity, so that the shift in resonant
frequency can be related to the changes in stored energy of the
perturbed cavity. In addition, the magnitude of the reﬂection
coefﬁcient S11 depends on the impedance of the sample surface.
Minimization of the reﬂection coefﬁcient without sample is the
analog of subtracting the background level in the measurement.
A change in probe-sample interactions, due to variation of
material characteristics of the sample, perturbs the resonance
condition and changes S11. Thus, the shift of resonance frequency

ð2Þ

ð3Þ

here eg and mg are respectively the relative dielectric permittivity
and the relative magnetic permeability of the glass substrate.
Note that the changes of plane waves due to passing the space
between the probe and sample (air environment inside cavity
sensor) were neglected.
The complex input impedance of the sample can then be
estimated as:

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jZ a ka t g þj Z a = eDNA ka eDNA t DNA
Za


Z in  pﬃﬃﬃﬃﬃ 
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
eg Z a =pﬃﬃﬃﬃ
eg Z a ka t g ka eDNA =Z a = eDNA tDNA


Z a ka t g þ t DNA
ﬃj
ð4Þ
2
1ka t g t DNA eDNA
where Za and ka are respectively the characteristic impedance and
wave number of free-space, tg is the thickness of the glass slide
and eDNA is the relative dielectric permittivity of DNA. Thus, the
microwave reﬂection coefﬁcient, S11 is affected by the relative
dielectric permittivity of DNA.
3.2. Structure analysis
Connecting the reﬂectivity S11 to molecular organization of the
surface is challenging. Conceptually, one could appeal to the
model of dielectric properties of DNA as proposed by (Oosawa
(1971). In Oosawa’s model, a single DNA chain is treated as a
sphere consisting of interpenetrating positive and negative
charge, with overall charge neutrality. By considering ﬂuctuations
of the dipole moment in equilibrium it is easy to calculate that the
relative shift in the dielectric permittivity, ðee0 Þ=e0  n n where v
is the volume of a single DNA molecule and n is the coverage
(concentration) of molecules. However, this spherical geometry is
not very realistic. A more realistic model, also proposed by
Oosawa consists of a positively charged ellipsoid with an interpenetrating ellipsoid of negative charge. While such models
might provide crude approximations, they are not able to quantitatively predict the diagnostic performance of NSMM imaging.
Therefore, dynamic range and sensitivity were instead considered
through experimental analysis of calibration samples.
3.3. NSMM imaging: 10-mer oligonucleotides
In order to determine measurement sensitivity, experiments
were designed to assess the linear dynamic range for 10-mer
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homo-oligonucleotides of A, G, T, and C spotted with concentrations
from 0.005 to 500 strands/mm2 using 10-fold serial dilutions. Fig. 1
shows that the microwave reﬂection coefﬁcient, S11, measured at
the ﬁxed resonant frequency fr ¼3.9 GHz varies nonlinearly with
DNA coverage and then begins to ﬂatten out as the response
saturates at high coverages. Note that the saturation occurs without
exploiting the full dynamic range of the scanner; therefore, it seems
likely that it reﬂects diminishing per strand contributions to the
signal at high coverages. The slope dlogS11(dB)/dlogs decreases
approximately 5-fold over the measured range in coverage s. While
NSMM can monitor variations in strand coverage over at least four
decades, the non-linearity would need to be calibrated for quantitative coverage determination over multiple decades. The technique
has excellent sensitivity for a label free method, with smallest
detectable limit below 0.01 strands/mm2 based on Fig. 1 data. This is
comparable with commercial ﬂuorescence-based scanners used
in microarray applications, whose detection limit is typically within
0.1–0.05 ﬂuorophores/mm2 (Basarsky et al., 2000). The above
estimates show that label-free NSMM detection can approach if
not exceed the sensitivity of conventional ﬂuorescence diagnostics.
Fig. 2 shows the 2D NSMM images of the 10-mer data for A, G,
T, and C probes. The insets show the cross-sectional presentations
along the gray line. From the data, relative to the aminosilanized
glass as reference, the reﬂection coefﬁcient change for the lowest
coverage specimens for A10, G10, T10, and C10 was 0.09, 0.18, 0.11,
and 0.21 dB compared to 0.79, 1.03, 0.71, and 0.93 dB for the
highest coverages spots, respectively. The data also suggest that
certain bases contribute more to the NSMM signal; e.g. that G
engenders a stronger interaction with the tip than A or T. While
such base-speciﬁc differences would not be unexpected, their
interpretation in terms of molecular characteristics (e.g. polarizability) would be premature without additional details on the
surface environment. For example water of hydration, base

Fig. 2. 2D NSMM images of the 10-mer data for A, G, T, and C probes. The insets
show the cross sectional proﬁles indicated by the solid line.
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orientation and stacking, and uniformity of strand coverage could
vary depending on base type and contribute to differences in the
NSMM signal that may or may not extrapolate well to mixed base
sequences. Such various possible contributions to S11, representing
important but difﬁcult-to-track aspects of surface modiﬁcation with
DNA molecules, merit a more detailed study separate from the
current focus on the NSMM technique. However, changes in S11
intensity variation with strand coverage were clearly visible for all
four base types down to 0.01 strands/mm2.

3.4. NSMM imaging: 60-mer oligonucleotides
Fig. 3 shows a 3D NSMM image of an unhybridized Agilent
60-mer oligonucleotide microarray for a scan area of about
200  200 mm2 with 2 mm resolution. Ordered oligonucleotide
probe elements, approximately 60 mm in diameter, are
surrounded by areas of silanized glass substrate. The microwave
images showed clear contrast between the oligonucleotide probe
spots and the surrounding background regions, where a sharp
contrast in ‘‘height’’ was observed due to the relative dielectric
permittivity changes. The corresponding cross sectional scan
better indicates the contrast in signal between the probes and
the unmodiﬁed regions as shown in the inset of Fig. 3. This result
demonstrates that NSMM can be used for quality characterization
of commercial microarrays; for example, to provide an indication
of probe spot uniformity and reproducibility in probe density
from spot to spot. A key beneﬁt of NSMM is that contrast is
provided by physical properties (relative permittivity variations)
as visualized in the microwave range, so that NSMM can be
applied to the characterization of microarray features directly,
without extraneous labels such as ﬂuorophores. Label-free
imaging can be also performed by other high-resolution analytical
detection techniques such as atomic force microscopy (Mizuno
et al., 2004; Oliveira Brett and Chiorcea Paquim, 2005;
Lyubchenko, 2011), that can in principle similarly provide information on topography, uniformity, and quality. However, even for
such state of the art tools, surface features can be difﬁcult to
resolve against the background of silanized glass if the background is not ﬂat and does not possess sufﬁcient contrast in
mechanical properties. The outstanding sensitivity of NSMM to
local variations in relative permittivity may therefore prove very
fruitful for assessing probe spot uniformity and molecular
coverages in DNA as well as other microarrayed platforms.

Fig. 3. 3D NSMM image of unhybridized 60-mer probe Agilent 44k DNA microarray.
Image area was 200  200 mm2 and scanning resolution was 2 mm. The inset shows
the cross sectional proﬁle indicated by the solid line in the 3D NSMM image.
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Fig. 4. (a) 2D NSMM map (with 2 mm scanning resolution) and (b) ﬂuorescence image (prepared by Agilent Technologies) of the hybridized 60-mer DNA microarray.
The same position with 1.5  2 mm2 surface area of the microarray is shown in both images. The insets show the corresponding cross sectional proﬁles along the solid lines
in each image.

3.5. Microarray 3D mapping: NSMM and ﬂuorescence images
A major motivation for the present study was to compare
NSMM label-free detection of hybridization with that of conventional commercial hardware. This was done by comparing NSMM
images with those obtained with the Agilent microarray scanner,
using 60-mer oligonucleotide Agilent 44 k microarrays hybridized
to complex human targets as described in the experimental
section. A series of experiments were performed (independent
trials for over 140 spots) to examine the correlation between the
two imaging techniques. Fig. 4(a and b) respectively shows an
NSMM image and ﬂuorescence image prepared by the Agilent
scanner, on the same position with the scan area of 1.5  2 mm2.
The observed intensity gradation between microwave signal and
luminescence intensity shows very similar behavior. This similarity is further highlighted in the insets of Fig. 4 which show
cross sectional line scan intensity proﬁles of NSMM and ﬂuorescence images along the solid lines indicated on 2D images. Good
correlation is again evident between the two imaging techniques.
The line scan intensity measurements also show good contrast in
signal between the hybridized spots compared to the surrounding
background. The obtained microarray spot diameters for both
unhybridized and hybridized probe spots were about 60 mm and
agree well. Thus, the NSMM can quantify hybridization processes
while providing images with high scanning resolution and intensity (Melikyan et al., 2009).
For each NSMM spot in Fig. 4(a), the S11 raw data consist of
approximately 335 values in the x and y directions which can be
averaged to a single number to represent the NSMM signal for
that spot. Comparison of these microwave intensities with the
ﬂuorescent intensities can more directly evaluate correlation
between NSMM and ﬂuorescence images. This is considered in
Fig. 5, which plots the log signal intensities for the two methods
against one another. To calculate the mean log ratio, the average
NSMM response (S11 at 3.98 GHz) for a spot was normalized by
the DNA-free (i.e. salinized glass substrate) S11 value; these values
therefore range from 0 to 1 (i.e. 0 means DNA-free and 1 means
highest reﬂection for microwave data). The log ratio for the
ﬂuorescence data was normalized by the highest intensity of
ﬂuorescence raw data taken from images in Fig. 4. Fig. 5 shows
that the two techniques show a high correlation coefﬁcient
R2 ¼0.9923. Therefore, despite an entirely label-free mechanism

Fig. 5. Correlation of the
ﬂuorescence amplitude for
S11 was normalized to the
intensity was normalized to

normalized microwave reﬂection coefﬁcient with
spots in the hybridized Agilent 44k microarray.
slide substrate as background, while ﬂuorescence
the highest measured signal.

of contrast, NSMM can characterize the hybridized state of a
microarray comparably to conventional label-based, ﬂuorescence
protocols. NSMM scan ﬁeld is relatively uniform across the entire
slide and varies with a pixel standard deviation of less than 2.7%
and correlation coefﬁcient over 0.9923 for the 60-mer nucleotide
which is of order the errors and correlation value obtained by
Agilent; about 2% and 0.9901 for a 25-mer nucleotide (Corson
et al., 2004).

4. Conclusions
The main advantage of NSMM over other label-free detection
methods is its outstanding sensitivity and high scanning resolution (potentially less than 50 nm). As a label-free method, NSMM
readout does not require labeling of target sequences with
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ﬂuorophores or other tagging groups. Although the mechanism of
contrast, derived from differences in relative permittivity at GHz
frequencies, is not entirely understood in terms of contributions
from DNA sequence, conformation, and complexation (e.g. with
water), the results presented demonstrate good correlation
between this signal and that obtained ﬂuorescently from the
same hybridized microarray. Moreover, NSMM could be used to
image microarrays before hybridization to conﬁrm quality of
manufacture and to ﬂag any defective spots. These advantages
render NSMM as a sensitive and ﬂexible tool for DNA as well as
other microarray applications. The above estimates show that
even when multiple ﬂuorophores are used per strand, label-free
NSMM detection can approach if not exceed the sensitivity of
conventional ﬂuorescence diagnostics. Label-free operation is
especially attractive as it avoids the costs, sample variability,
and delays associated with ﬂuorescent or other tagging. Future
advances will focus on decreasing of mapping time and total noise
factor to improve the contrast and resolution.
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