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White-light scanning interferometry (WLSI) is often used to study the surface profiles and properties
of thin films because the strength of the technique lies in its ability to provide fast and high
resolution measurements. An innovative attempt is made in this paper to apply WLSI as a time-
domain spectroscopic system for localized surface plasmon resonance (LSPR) sensing. AWLSI-based
spectrometer is constructed with a breadboard of WLSI in combination with a spectral centroid
algorithm for noise reduction and performance improvement. Experimentally, the WLSI-based
spectrometer exhibits a limit of detection (LOD) of 1.2 x 103 refractive index units (RIU), which is
better than that obtained with a conventional UV-Vis spectrometer, by resolving the LSPR peak shift.
Finally, the bio-applicability of the proposed spectrometer was investigated using the rs242557 tau
gene, an Alzheimer’s and Parkinson’s disease biomarker. The LOD was calculated as 15 pM. These
results demonstrate that the proposed WLSI-based spectrometer could become a sensitive time-
domain spectroscopic biosensing platform.

White-light scanning interferometry (WLSI) is an effective optical measurement system for surface topography
in the optoelectronic and semiconductor industries and the strength of the technique lies in its ability to provide
fast and high resolution measurements. Recently, it has been extended to applications in surface and thickness
measurements of thin films and transparent films'. Briefly, the principle of WLSI is based on the production of
low coherence correlograms (temporal interferograms) when the optical path difference between an object and
reference beams in a Michelson or Mirau interferometer approaches zero>=. Then, the amplitude and phase in
the frequency domain can be obtained by a Fourier transform of the temporal interferograms. Finally, the sur-
face profile and properties of thin films, such as the thickness and refractive index, can be retrieved by either the
Fourier amplitude or phase®. WLSI can also be used as a spectrometer because a time-domain signal can be
converted to the frequency domain using the Fourier transform. In addition, a WLSI-based spectrometer can
become a hyperspectral imaging system that is able to measure a whole image and spectrum at the same time
without wavelength scanning and spatial scanning’”®. However, the spectral resolution of WLSI is restricted by the
scanning distance of the moving mirror when WLSI is used as a spectrometer. Typically, the traveling range of the
moving mirror is limited to the micrometer scale’-!!, corresponding to a spectral resolution of approximately 10
nanometers in the visible spectrum. Unfortunately, such a spectral resolution is far worse than that of commercial
spectrometers. To the best of our knowledge, the use of WLSI as a spectrometer has not been reported to date.
The most commonly used method for spectral analysis in chemistry and biology is the measurement of a spec-
tral peak position or a corresponding intensity value!*"'>. As with any traditional spectrometer, performance is
highly affected by the spectral resolution. An alternative method of spectral analysis, which has been proposed in
surface plasmon resonance (SPR) systems, is based on calculating the spectral centroid, the geometrical center of
a spectrum'é. The centroid algorithm is anticipated to greatly reduce noise compared to direct estimations of the
spectral peak position because more data points (wavelengths) are considered in the calculation'”. We believe that
such an algorithm could significantly improve the performance of any spectrometer with poor spectral resolution.
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S : Light source (white light LED)
L : Lens

I:1Inis

R : Reaction chamber

M : Mirror

BS : Cube beam splitter

PZT : Piezoelectric transducer

O - Microscope objective

CCD : CCD camera

In this study, we integrated the spectral centroid algorithm with a breadboard of WLSI as a time-domain
spectroscopic system. In addition, the performance of the WLSI-based spectrometer was tested and compared
with a conventional UV-Vis spectrometer by measuring the extinction spectrum shift of localized surface plas-
mon resonance (LSPR) related to the refractive index variation. Furthermore, a WLSI-based spectrometer was
implemented to measure the LSPR extinction spectrum shift in an oligonucleotide-induced gold nanoparticle
(GNP) aggregation bioassay. To develop a sensitive LSPR-based detection assay, gold nanourchins (GNUs) were
chosen since their spiky uneven surfaces cause a larger redshift in the LSPR extinction spectrum compared to
that of spherical particles'®. Experimentally, the rs242557 tau gene was chosen as a model analyte. Recent studies
have identified that the rs242557 is a key regulatory polymorphism influencing microtubule associated protein
tau (MAPT) expression, which is the risk factor for developing Alzheimer’s and Parkinson’s diseases!'>?°. The limit
of detection (LOD) of the proposed system for rs242557 tau gene detection is 15 pM.

Results
Accuracy analysis of the WLSI-based spectrometer.  The setup of the WLSI-based spectrometer, based
on a typical Michelson interferometer, as illustrated in Fig. 1, comprised a 5X Michelson interference objec-
tive (NA =0.13) and a collimated LED light source. A vertical scanner was enabled by a piezoelectric trans-
ducer (PZT) with a closed-loop control and drove a moving mirror over an 18 pm range. The correlograms were
acquired using a low-noise CCD camera with 640 x 480 pixels.

For the WLSI-based spectrometer, the optical length of the objective arm was changed by the moving mirror
along the vertical (z) direction via the PZT, and the resulting interference signal from the two arms of the inter-
ferometer is expressed as'

1(z) = Y 2a°r°A} (k) - cos{2mk[2(z — 2o + h)]} W
k

where A, is the field amplitude of the white-light LED source and is a function of wavenumber k; a and r are the
amplitude changes by the beam splitter and mirrors in the two arms, respectively; z, is a constant to specify the
position of the stationary mirror; and h represents the surface profile. The summation over the wavenumber k
represents the superposition of interference signals over the entire spectrum in the light source. Then, using the
inverse Fourier transformation, the Fourier spectrum of the interference signal is retrieved. Therefore, the Fourier
amplitude is given by

|FT (I(2))| = 2a°*A] (k) )

In fast Fourier transform notation, the wavenumber is expressed as k=j/M(2Az); also, M is the total number
of frames, Az is the frame interval, and j is the frame number (0 < j < M). Here the frame number and interval
are 254 and 71 nm, respectively. A scan distance of 18 pm was used for the measurement. Therefore, the measured
spectrum is 18 data points in the spectrum range of the LED source (506-665nm).

First, the wavelength accuracy of the instruments should be verified because it is important for most applica-
tions. As mentioned above, the wavenumber k is inversely proportional to the frame interval Az, which depends
on the PZT actuator. Therefore, the actual wavelength accuracy is highly dependent on the frame interval Az.
Here we use an edge filter as a calibration standard to confirm the wavelength accuracy of the WLSI-based spec-
trometer. Three frame intervals (Az=67.45, 71, and 71.55nm) were tested, and the results were compared to a
reference spectrum that was measured by a conventional UV-Vis spectrometer, as shown in Fig. 2(A). It can be
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Figure 2. (A) Spectra of the edge filter measured using the WLSI-based spectrometer system at three frame
intervals (Az=67.45, 71, and 71.55nm) and the conventional spectrometer (solid curve). (B) Correlation
(R?=0.9993) between the estimated wavelength and wavelength measured from the conventional UV-Vis
spectrometer for the measurement using a frame interval of 71 nm.

seen in Fig. 2(A) that the spectra were affected by the frame interval, and the result using a frame interval of 71nm
showed the best match to the reference spectrum. Meanwhile, we further evaluated the wavelength uncertainty
for measurements with a frame interval of 71 nm. As shown in Fig. 2(B), the estimated wavelengths were observed
to vary linearly with the wavelength measured from a conventional UV-Vis spectrometer with a coefficient of
determination (R?) of 0.9993 and a mean percentage error of 0.4%. Thus, the proposed WLSI is sufficiently accu-
rate to be used as a spectrometer. The frame interval was fixed at 71 nm in the following experiments.

Physical performance testing of the WLSI-based spectrometer: refractive index variation
measurements. Measurement of the basic sensing characteristics of the WLSI-based spectrometer was
executed using an LSPR extinction spectrum shift of streptavidin-conjugated gold nanourchins (SA-GNU) in
various sensing media. Glycerol-water solutions with concentrations of 0, 5, 10, 15, 20, 25, and 30 vol% were
treated as the sensing media, where vol% is the volume percent concentration. 0% glycerol-water solution is the
control group. Each concentration was evaluated in at least triplicate analyses. The sample was inserted in front of
the LED light source, and then one mirror was moved to occur interference. Finally, Fourier transform method
was used to acquire the LSPR extinction spectrum. It can be clearly seen in Fig. 3(A) that the measured LSPR
extinction spectra of SA-GNU showed a redshift with an increasing glycerol concentration as the refractive index
of the medium increased. The LSPR peak shift of each spectrum was plotted versus the glycerol concentration,
as seen in Fig. 3 (B, red solid circles). The results showed that the LSPR peak positions were the same at 0 and
5vol% glycerol-water solutions, indicating that the spectral resolution was not high enough to resolve the LSPR
peak shift. Additionally, the low spectral resolution also caused a significant measurement error at a glycerol
concentration of 10 vol%. Consequently, the lowest detectable concentration of a glycerol-water solution was
15vol% using the peak-shift method with the WLSI-based spectrometer. Thus, we adopted the spectral centroid
algorithm to compensate for the poor spectral resolution. According to equation (3), the spectral centroid of the
LSPR extinction spectrum of SA-GNU was calculated and plotted versus the glycerol concentration as seen in
Fig. 3(B, blue solid square). The value of A, varied linearly with the glycerol-water concentration over the range
of 0 to 30 vol%, and the R? is 0.9959. Based on the International Union of Pure and Applied Chemistry (IUPAC)
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Figure 3. (A) The LSPR extinction spectra of SA-GNU in the presence of different concentrations of glycerol
in water as measured by the WLSI-based spectrometer. (B) The LSPR peak shift (red solid circles) and the LSPR
spectral centroid shifts (blue solid squares) of the SA-GNU extinction spectra as a function of the refractive
index of the medium.

definition, the theoretical LOD was estimated to be 0.82 vol%, corresponding to a refractive index variation of
1.2 x 1073 refractive index units (RIU) relative to pure water.

Refractive index variation measurements by the conventional UV-Vis spectrometer. To com-
pare the performance of the proposed platform with the conventional method, a commercial UV-Vis spectrome-
ter, Cary 300 Bio, was tested following the same experimental procedure. The measurements were carried out for
glycerol-water solutions with concentrations of 0, 5, 10, 15, 20, 25, and 30vol%. Each concentration was evaluated
in at least triplicate analyses. The observed LSPR extinction spectra of SA-GNU were red-shifted with increasing
glycerol concentrations as the refractive index of the medium increased, as shown in Fig. 4(A). Meanwhile, a
linear relationship between the glycerol-water concentration and LSPR peak shift was obtained in Fig. 4(B), and
the R?is 0.9226. Therefore, the theoretical LOD was estimated to be 5.28 vol%, corresponding to a refractive index
variation of 10.8 x 1073 RIU relative to pure water. The LOD is almost an order of magnitude worse than that
obtained by the proposed WLSI-based spectrometer using the spectral centroid algorithm. The results reveal that
the spectral centroid method is able to significantly boost the performance of a spectrometer.

Bioapplication: target strand detection by triggering SA-GNU aggregation. To demonstrate that
the WLSI-based spectrometer can be used for biomedical applications, the developed spectrometer was employed
to observe aggregation of GNUs for oligonucleotide detection. The SA-GNU surface was conjugated with bioti-
nylated probes with sequences complementary to the target strand. After introducing target strands, SA-GNU
quickly aggregated due to the interactions between the target strands and probes. The original concentration of
the SA-GNU solution was 3.51 x 10'! nanoparticles/mL, and the binding capacity for 1 mg of SA-GNU to biotin
is 2.33 nmol. The volume of the homemade reaction chamber was approximately 500 uL (16 X 7 x 10 mm?).

The diagram in Figure S1 (Supplementary Information) illustrates the formation of aggregated complexes,
which were observed after incubating SA-GNU-probes with various target strand concentrations. When GNU
aggregation is triggered by oligonucleotide hybridization, a redshift in the LSPR extinction spectrum provides
a useful platform for biosensing because of the unique optical properties of the interparticle surface plasmon
coupling®!-*, To test the performance of the bioassay, the rs242557 tau gene, which is associated with Alzheimer’s
and Parkinson’s diseases'>?*°, was selected as the target strand. A set of target concentrations was prepared by
tenfold serial dilutions ranging from 2pM to 200 pM: 2uM, 200 nM, 20 nM, 2 nM, 200 pM. Meanwhile, zero
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Figure 4. (A) The LSPR extinction spectra of SA-GNU in the presence of different concentrations of glycerol
in water as measured by the conventional UV-Vis spectrometer. (B) The LSPR peak shift of the SA-GNU
extinction spectra as a function of the refractive index of the medium.

concentration (blank) is the control group. Each concentration was evaluated in at least triplicate. Then, the corre-
lation between the spectral centroid shifts and concentration of the target strand, the rs242557 tau gene, over the
range of 0 to 2uM, was plotted and shown in Fig. 5(A). The results were analyzed using a sigmoidal dose-response
curve and exhibited linearity over the concentration range of 200 pM to 200 nM as well as a wide dynamic range
up to four orders of magnitude (insert). The theoretical LOD was calculated as 15 pM based on both experimental
data and the fit curve for this experimental design in accordance with the IUPAC definition.

To improve specificity, we used binary approach containing two individual probes complementary to different
regions of the target. The sequences of the DNA strands used in this work, including two biotinylated probes
and one target strand, were shown in Table S1 (Supplementary Information). The individual probes binding to
a relatively short fragment of the target, makes the short duplexes extremely sensitive to single nucleotide sub-
stitutions?®-2%. When the short duplexes forming, gold nanoparticles aggregated, and a large shift in the spectral
centroid of the LSPR extinction spectrum was caused only in the presence of the fully complementary targets,
resulting in a remarkable increase in both the specificity and sensitivity. Following, the matrix background was
evaluated through the 10-fold diluted serum response. The results, shown in Fig. 5(B), revealed a slight shift by
~0.16 nm in the LSPR spectral centroid for the 10-fold diluted serum. It corresponds to ~55pM target DNA
based on the correlation between the spectral centroid shifts and concentration of the target strand as presented
in Fig. 5(A).

Discussion
Currently, WLSI is widely used for surface profiling and thickness measurement of thin films by moving the refer-
ence mirror or target surface to occur interference. Thus, the specimen is usually placed at one of the two arms of
the interferometer, and then an interferogram is generated when finding the zero optical path difference between
the two arms. But, in the proposed WLSI-based spectrometer, the specimen is inserted in front of the LED light
source, as illustrated in Fig. 1. Such optical design is more suitable for absorption-based measurements than
traditional setup because the similar reflected intensities of the two arms would contribute to a high interference
efficiency. This condition can easily be met in the proposed WLSI-based spectrometer.

Among various nanomaterials, GNPs have significant advantages over other nanomaterials in bioassays
because of their unique optical properties, stability, activity, conductivity, biocompatibility, and surface
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Figure 5. (A) Correlation (R*=0.9965) between the LSPR spectral centroid shift and the concentration of
target strand, the rs242557 tau gene, over the range of 0 to 2 pM. Insert: linearity over the concentration range
up to four orders of magnitude. (B) The LSPR extinction spectra of SA-GNU in PBS and in 10-fold diluted
serum as measured by the WLSI-based spectrometer.

chemistry®. In particular, GNPs exhibit LSPR at visible wavelengths, which depends on their sizes, shapes, die-
lectric constants, and surrounding environments*®. Recently, non-spherical GNPs have attracted attention in the
fields of chemistry and biology because the spiky uneven surface causes an enhanced electromagnetic field at the
tips of the non-spherical GNP spikes, which is higher than for spherical GNPs*'. Such non-spherical GNP would
then be more sensitive to the refractive index changes in the vicinity*. This feature makes the non-spherical GNP
such as GNU ideal for developing a sensitive LSPR-based detection assay. Moreover, assemblies of GNPs are
especially interesting as the optical property is distinct from individual particles®®. Mirkin’s group first reported
the unique optical properties of an aggregate of GNPs, which induces interparticle plasmon coupling, resulting
in a redshift in the LSPR spectrum?®'-2%. The GNP aggregation causes a LSPR shift that is manifested as a use-
ful spectrum-based biosensing platform!'*. Meanwhile, it belongs to a homogeneous binding assay, which is
carried out in solution without sophisticated processes, such as separation, immobilization, or washing steps.
Furthermore, in combination with different sized or shaped GNPs makes it possible to develop a multiplex assay
for simultaneous monitoring of multiple biological samples.

In this work, a breadboard of WLSI integrated with the spectral centroid algorithm was proposed as a
time-domain spectroscopic system. The temporal interferogram is a linear superposition of interference of each
frequency of the system and can be Fourier-transformed to obtain the spectrum. The Fourier method belongs
to a multiplex methodology which means that it measures the whole spectrum simultaneously without opti-
cal filters or dispersive elements”®**. As a consequence, there is no degradation of energy throughput, and a
higher signal-to-noise ratio is observed than conventional scanning monochromator spectrometers. However,
the use of WLSI as a spectrometer has not been reported to date because the spectral resolution of a Fourier
transform-based spectrometer is restricted by the mirror travel distance. In this study, the moving mirror was
driven over a traveling range of 18 um by the PZT, corresponding to a spectral resolution of approximately 7-10
nanometers in the spectrum range of the LED light source, while the spectral resolution is far worse than that
of commercial spectrometers. Hence, the proposed WLSI-based spectrometer exploits the spectral centroid
method to compensate for the poor spectral resolution as a result of noise reduction by taking more data points
(wavelengths) into account. Experimentally, the performance of the WLSI-based spectrometer was tested and
compared with a conventional UV-Vis spectrometer by measuring the LSPR extinction spectrum shift related to
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the refractive index variation. The LOD of the WLSI-based spectrometer for refractive index variation measure-
ments is successfully improved by almost an order of magnitude than the conventional method. Moreover, the
bio-applicability of the proposed spectrometer was investigated using the rs242557 tau gene, an Alzheimer’s and
Parkinson’s disease biomarker. In the near future, the proposed WLSI-based spectrometer has great potential as
a high-throughput and multiplex biosensing platform because it could become a hyperspectral imaging system.

Materials and Methods

Chemicals and reagents. DNA strands, including two biotinylated probes and one target strand,
were purchased from Integrated Device Technology (San Jose, CA, USA). The glycerol solution (refractive
index =1.4729)* and phosphate buffered saline (PBS) tablets were purchased from Sigma (St. Louis, MO, USA).
The SA-GNU were purchased from Cytodiagnostics (Ontario, Canada). The conventional UV-Vis spectrometer
used in this study was a Cary 300 Bio (Varian Medical Systems, Palo Alto, CA, USA), and all solutions were pre-
pared using Milli-Q (Millipore, Bedford, MA, USA) A-10 grade deionized water.

Normalized intensity and spectral centroid of the extinction spectrum.  The extinction spectra of
the SA-GNUs were measured using the WLSI-based spectrometer and a conventional UV-Vis spectrometer. The
spectra were normalized to a maximum height of 1 for convenient comparison of the two spectrometers.

An assortment of data processing algorithms has been used to determine the position of the spectral peaks.
The spectral centroid method is a simple method that determines the geometric center of a spectrum. The spec-
tral centroid of the LSPR extinction spectrum of a SA-GNU solution is calculated as follows:

MDA LA+ LA, S

A
M L+L+I;+ .. +1, i (3)

where ¢y, is the spectral centroid of the SA-GNU extinction spectrum; I is the normalized intensity of the
SA-GNU extinction spectrum; A is the wavelength; and » simply represents the pixels that are included in the
calculation.

References
1. Li, M.-C., Wan, D.-S. & Lee, C.-C. Application of white-light scanning interferometer on transparent thin-film measurement. Appl.
Optics 51, 8579-8586 (2012).
2. Kino, G. S. & Chim, S. S. C. Mirau correlation microscope. Appl. Optics 29, 3775-3783 (1990).
3. Pfortner, A. & Schwider, J. Dispersion error in white-light Linnik interferometers and its implications for evaluation procedures.
Appl. Optics 40, 6223-6228 (2001).
4. de Groot, P, de Lega, X. C., Kramer, J. & Turzhitsky, M. Determination of fringe order in white-light interference microscopy. Appl.
Optics 41, 4571-4578 (2002).
. Wyant, J. C. White light interferometry. Proc. SPIE 4737, 98-107 (2002).
6. Kim, S. W. & Kim, G. H. Thickness-profile measurement of transparent thin film layers by white-light scanning interferometry. Appl.
Optics 38, 5968-5973 (1999).
7. Pisani, M. & Zucco, M. Compact imaging spectrometer combining Fourier transform spectroscopy with a Fabry-Perot
interferometer. Opt. Express 17, 8319-8331 (2009).
8. Garini, Y., Young, I. T. & McNamara, G. Spectral imaging: principles and applications. Cytometry A 69, 735-747 (2006).
9. Locharoenrat, K. & Jen Hsu, I. Optical delay line for rapid scanning low-coherence reflectometer. Intern. J. Inf. Electron. Eng. 2,
904-906 (2012).
10. Joo, W.-D. et al. Femtosecond laser pulses for fast 3-D surface profilometry of microelectronic step-structures. Opt. Express 21,
15323-15334 (2013).
11. Shen, M.-H., Hwang, C.-H. & Wang, W.-C. Using higher steps phase-shifting algorithms and linear least-squares fitting in white-
light scanning interferometry. Opt. Lasers Eng. 66, 165-173 (2015).
12. Hu, Y. T., Wen, Y. Z. & Wang, X. P. Novel method of turbidity compensation for chemical oxygen demand measurements by using
UV-vis spectrometry. Sens. Actuators B 227, 393-398 (2016).
13. Banham, D. et al. UV-visible spectroscopy method for screening the chemical stability of potential antioxidants for proton exchange
membrane fuel cells. J. Power Sources 281, 238-242 (2015).
14. Alsager, O. A. et al. Ultrasensitive colorimetric detection of 17beta-estradiol: The effect of shortening DNA aptamer sequences. Anal.
Chem. 87, 4201-4209 (2015).
15. Khan, S. A., DeGrasse, J. A., Yakes, B. ]. & Croley, T. R. Rapid and sensitive detection of cholera toxin using gold nanoparticle-based
simple colorimetric and dynamic light scattering assay. Anal. Chim. Acta 892, 167-174 (2015).
16. Nenninger, G. G., Piliarik, M. & Homola, J. Data analysis for optical sensors based on spectroscopy of surface plasmons. Meas. Sci.
Technol. 13, 2038-2046 (2002).
17. Dabhlin, A. B. et al. High-resolution microspectroscopy of plasmonic nanostructures for miniaturized biosensing. Anal. Chem. 81,
6572-6580 (2009).
18. Li, J. et al. Controllable synthesis of stable urchin-like gold nanoparticles using hydroquinone to tune the reactivity of gold chloride.
J. Phys. Chem. C 115, 3630-3637 (2011).
19. Hoeglinger, G. U. et al. Identification of common variants influencing risk of the tauopathy progressive supranuclear palsy. Nature
Genet. 43, 699-705 (2011).
20. Liu, Q.-Y. et al. An exploratory study on STX6, MOBP, MAPT, and EIF2AK3 and late-onset Alzheimer’s disease. Neurobiol. Aging
34, 1519¢e13-e17 (2013).
21. Storhoff, J. J. et al. One-pot colorimetric differentiation of polynucleotides with single base imperfections using gold nanoparticle
probes. . Am. Chem. Soc. 120, 1959-1964 (1998).
22. Mirkin, C. A., Letsinger, R. L., Mucic, R. C. & Storhoff, J. ]. A DNA-based method for rationally assembling nanoparticles into
macroscopic materials. Nature 382, 607-609 (1996).
23. Elghanian, R. et al. Selective colorimetric detection of polynucleotides based on the distance-dependent optical properties of gold
nanoparticles. Science 277, 1078-1081 (1997).
24. Storhoff, J. J. et al. What controls the optical properties of DNA-linked gold nanoparticle assemblies?. J. Am. Chem. Soc. 122,
4640-4650 (2000).
25. Compta, Y. et al. High cerebrospinal tau levels are associated with the rs242557 tau gene variant and low cerebrospinal beta-amyloid
in Parkinson disease. Neurosci. Lett. 487, 169-173 (2011).

w

SCIENTIFIC REPORTS | 7:44555 | DOI: 10.1038/srep44555 7



www.nature.com/scientificreports/

26. Kolpashchikov, D. M. Split DNA Enzyme for Visual Single Nucleotide Polymorphism Typing. J. Am. Chem. Soc. 130, 2934-2935
(2008).

27. Kolpashchikov, D. M. Binary Probes for Nucleic Acid Analysis. Chem. Rev. 110, 4709-4723 (2010).

28. Knez, K. et al. Emerging technologies for hybridization based single nucleotide polymorphism detection. Analyst 139, 353-370
(2014).

29. Zhu, X. et al. Application of nanomaterials in the bioanalytical detection of disease-related genes. Biosens. Bioelectron. 74, 113-133
(2015).

30. Su, Y. H. et al. Surface plasmon resonance of gold nano-sea-urchin. Appl. Phys. Lett. 90, 181905 (2007).

31. Li,J. et al. Controllable synthesis of stable urchin-like gold nanoparticles using hydroquinone to tune the reactivity of gold chloride.
J. Phys. Chem. C 115, 3630-3637 (2011).

32. Chen, H. et al. Shape- and size-dependent refractive index sensitivity of gold nanoparticles. Langmuir 24, 5233-5237 (2008).

33. Bu, T, Zako, T., Fujita, M. & Maeda, M. Detection of DNA induced gold nanoparticle aggregation with dark field imaging. Chem.
Commun. 49, 7531-7533 (2013).

34. Pisani, M. & Zucco, M. Fabry-Perot-based Fourier-transform hyperspectral imaging allows multi-labeled fluorescence analysis.
Appl. Optics 53,2983-2987 (2014).

35. Hart, M. B. et al. Optical measurements from single levitated particles using a linear electrodynamic quadrupole trap. Appl. Optics
54, F174-F181 (2015).

Acknowledgements
This research was supported by the Taiwan Ministry of Science and Technology, under grant numbers MOST
104-2112-M-034-001-MY2 and MOST 104-2221-E008-001.

Author Contributions

M.-C.L,, H.-Y.W,, Y.-X.L. and C.-C.K. performed the optical setup, LabVIEW programming, and the most of
the experiments. Y.-F.C. analyzed the results and contributed to the manuscript preparation. J.A.H. and C.-C.L.
discussed the results and commented on the manuscript. L.-C.S. conceived the idea and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Li, M.-C. et al. An innovative application of time-domain spectroscopy on localized
surface plasmon resonance sensing. Sci. Rep. 7, 44555; doi: 10.1038/srep44555 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

B o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:44555 | DOI: 10.1038/srep44555 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	An innovative application of time-domain spectroscopy on localized surface plasmon resonance sensing

	Results

	Accuracy analysis of the WLSI-based spectrometer. 
	Physical performance testing of the WLSI-based spectrometer: refractive index variation measurements. 
	Refractive index variation measurements by the conventional UV-Vis spectrometer. 
	Bioapplication: target strand detection by triggering SA-GNU aggregation. 

	Discussion

	Materials and Methods

	Chemicals and reagents. 
	Normalized intensity and spectral centroid of the extinction spectrum. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic diagram of the WLSI-based spectrometer.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (A) Spectra of the edge filter measured using the WLSI-based spectrometer system at three frame intervals (Δ​z =​ 67.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (A) The LSPR extinction spectra of SA-GNU in the presence of different concentrations of glycerol in water as measured by the WLSI-based spectrometer.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (A) The LSPR extinction spectra of SA-GNU in the presence of different concentrations of glycerol in water as measured by the conventional UV-Vis spectrometer.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (A) Correlation (R2 =​ 0.



 
    
       
          application/pdf
          
             
                An innovative application of time-domain spectroscopy on localized surface plasmon resonance sensing
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44555
            
         
          
             
                Meng-Chi Li
                Ying-Feng Chang
                Huai-Yi Wang
                Yu-Xen Lin
                Chien-Cheng Kuo
                Ja-an Annie Ho
                Cheng-Chung Lee
                Li-Chen Su
            
         
          doi:10.1038/srep44555
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep44555
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep44555
            
         
      
       
          
          
          
             
                doi:10.1038/srep44555
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44555
            
         
          
          
      
       
       
          True
      
   




