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From a single molecule at a silver nanoaggregate junction, blinking surface-enhanced Raman scattering (SERS) is observed. Here, a protocol
is presented on how to prepare the SERS-active silver nanoaggregate, record a video of certain blinking spots in the microscopic image, and
analyze the blinking statistics. In this analysis, a power law reproduces the probability distributions for bright events relative to their duration.
The probability distributions for dark events are fitted by a power law with an exponential function. The parameters of the power law represent
molecular behavior in both bright and dark states. The random walk model and the speed of the molecule across the entire silver surface can
be estimated. It is difficult to estimate even when using averages, autocorrelation functions, and super-resolution SERS imaging. In the future,
power law analyses should be combined with spectral imaging, because the origins of blinking cannot be confirmed by this analysis method
alone.

Video Link

The video component of this article can be found at https://www.jove.com/video/56729/

Introduction

Surface-enhanced Raman scattering (SERS) is highly sensitive Raman spectroscopy from a noble metal surface. Since the Raman

spectrum provides detailed information about molecular structure based on the sharp peak positions, through the wbratronal modes of
functional groups in the molecules, the information of a single molecule on a metal surface can be |nvest|g4ated usin SERS 23 From a silver
nanoaggregate with an adsorbate at the single-molecule level, a blinking signal is observed 1:2.34.56.7.8.9.1011,12,13,14.1 and the spectrum
fluctuates">*4567.8.910,11.12.13.14 . Blinking can be induced by a single molecule that randomly moves in and out of an enhanced electromagnetic
(EM) field at a nanometer-sized silver nanoaggregate junction. Therefore, blinking is con5|dered simple evidence for single-molecule detection,
compared with a technique using a Poisson distribution of SERS intensities and a bi-analyte™ 2347 . However, the detailed mechanisms of the
blinking and fluctuating spectrum, which may strongly depend on molecular behavior on the Ag surface, are still controversial.

In previous studies, blinking SERS has been analyzed using the autocorrelatlon function, which can calculate the diffusion coefficient and
concentration of molecules moving in and out of an enhanced EM fielg'2 1314 . Moreover, a normalrzed standard deviation score, which
represents instability in the total intensity, has been derived from the time profile of the srgnal However, these analytic approaches may be
based on the behavior of a few molecules. In contrast, in a super-resolution imaging of blinking SERS, single-molecule behavior in an enhanced
EM field can be identified'® . However, these techniques can obtain such parameters only in an enhanced EM field. The random behavior of a
single molecule within a wide range (for instance, in blinking SERS) can be represented as a power law rather than an average 4567891011
similar to blinking fluorescence from a single semiconductor quantum dot (QD) By usrnq a power law analysrs4’5'6‘7’8'9’10 molecular
behavior can be estimated in both the bright state (in the enhanced EM field) and dark state ; that is, the behavior of the moIecuIe over the
entire silver surface can be estimated.

For this technique, silver colloidal nanoaggregates are used*567891011 Thege nanoaggregates show various localized surface plasmon

resonance (LSPR) bands that strongly affect enhanced electromagnetic fields when they are excited at certain wavelengths. Thus, SERS-active
silver nanoparticles exist in colloidal suspension, and some data can immediately be obtained. In the case of srmple nanostructures, which have
specific sizes, shapes, and arrangements, the LSPR dependence of SERS blinking can conceal other dependences namely, if the good or bad
nanostructure to LSPR is used, the parameters will be constant, and the other dependences will therefore be hidden. Power law analysis has
been used to discover various dependences of the blinking SERS from silver colloidal nanoaggregates*>%7891011,
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1. Sample Preparation

1. Preparation of silver colloidal nanop::lrticles20

1. To fabricate silver colloidal nanoparticles, dissolve 0.030 g of silver nitrate and 0.030 g of trisodium citrate dihydrate in 150 mL of water
in a 200-mL round bottom flask.

2. Combine the flask with a reflux (Dimroth) condenser.

3. Stir the solution in the flask with a magnetic stirrer and stir bar. Then, heat the stirring solution in the flask in an oil bath at 150 °C for 60
min.
NOTE: The solution will turn yellow, then milky grey.

4. Cool the suspension at room temperature, and keep the suspension in the flask covered with aluminum foil in a refrigerator.
NOTE: The protocol can be paused at this point. Use the colloidal nanoparticles, after storing in a refrigerator, within one month.

2. Preparation of sample for multi-colored blinking emission"’

To ready a microscope slide, wash a glass plate with soap by hand and rinse it with water.

Add 0.1% poly-L-lysine aqueous solution to the glass plate, and remove the solution with a blower.

Add the silver colloidal suspension to the glass plate, and remove the suspension with a blower.

Enclose a drop area on the glass plate with a liquid blocker pen.

Drop distilled water on the glass plate, and cover it with another glass plate to create a microscope slide and prevent water from
evaporating.

aorwb=

3. Preparation of sample for monotonous colored blinking SERS’8910

To ready a microscope slide, wash a glass plate with soap by hand and rinse it with water.

2. Mix the silver colloidal suspension with thiacyanine or thiacarbocyanine dye (25 or 4 uM, respectively) and a NaCl (10 mM) aqueous
solution at a volume ratio of 2:1:1.

3. Drop the sample suspension onto the glass plate, and remove the suspension with a blower.

4. Enclose a drop area on the glass plate with a liquid blocker pen.

5. Drop an aqueous solution of NaCl (1 M) on the glass plate to immobilize the silver nanoparticles, and cover it with another glass plate
to create a microscope slide plate and prevent the solution from evaporating.

2. Observation of Blinking Silver Nanoparticles

1. lllumination of sample

1. Place the sample glass plate prepared using protocol 1.2 or 1.3 on the stage of an inverted microscope.

2. llluminate the sample glass plate using white light through a dark field condenser, and focus on various colored spots (blue, green,
yellow, and red) on the glass plate using an objective lens (60X).

3. llluminate the sample glass plate using an attenuated beam, delivered at an angle of 30° relative to the sample surface, from a diode
pumped solid state (DPSS) continuous-wave (cw) laser through an interference filter.

4. To use laser illumination to observe the silver nanoaggregates as monotonous colored spots in a same-colored surrounding, move the
laser illumination area to the center of the view, and focus on the spots on the glass plate by adjusting the stage in the z-direction.

2. Observation of blinking
1. Insert a long-pass filter after the objective lens, and illuminate the sample glass plate using a DPSS cw-laser beam delivered at an
angle of 30° relative to the sample surface through an interference filter.
2. Find the blinking spots as shown in Figure 1 (see also Figure S1 in the supplementary material) by moving the stage in the x- and y-
directions.
3. Record video of the blinking spots with the inverted microscope, coupled to a cooled digital charge-coupled device (CCD) camera,
which has a time resolution of 61 - 120 ms, for 20 min.

3. Analysis of Blinking SERS

1. Derivation of time profile from video
1. In the software that controls the CCD camera, open the video file.
2. To select the blinking spots and dark area, drag areas that separately cover regions with and without spots in the video image.
3. To derive signal intensity time profiles from the blinking spots and dark areas in the video, select Temporal Analysis in Analysis, and
click the Calculate in the Temporal Analysis window.
4. Save the data as a text file.

2. Analysis of the time profile
1. Flatten a baseline of the time profile by subtracting the time profile from the dark area and/or fitting with a polynomial function, as
shown in Figures 2A and 2B.

2. Evaluate an averaged baseline intensity that consists of approximately 2000 points, lpase, and a standard deviation of baseline
intensities, g, as shown in Figures 2C and 2D.
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3. Distinguish bright events from dark events using larger intensities than a threshold of /,,¢¢ + 30, and record the duration of each event.
In Figure 3, for example, record the event from 0 to 3.5476 s as the dark event (with a duration of t = 3.5476 s), and record the event
from 3.5476 to 4.0981 s as the bright event (with a duration of t = 0.5505 s). Repeat procedure as shown in Table 1.

4. Count the number of bright and dark events for each duration, as expressed in the first and second lines of Table 2.

5. Sum the number of events for each duration, except for events shorter than duration t. As expressed in the second and third lines of
Table 2, for example, sum the number of events for each duration (except for the events for t = 0.0612 s) as 41 + 18 + 9 + ...; the result
equals the summation for t = 0.1223 s, i.e. 103.

6. Divide the summations by each duration, and normalize them. As expressed in Table 2, for example, divide the summation for duration
t=0.0612 s by the duration 0.0612 s. The result is 3,351.5791. Then, divide the result by the total of the results in the fourth line in
Table 2. The probability distribution is derived to be 0.64494.

7. Plot the probability distributions for the bright events Py, () against their duration ¢t in a logarithm-logarithm graph, and fit LogoPon(t) by

Log+o( 4,nt% ) to deduce the power law exponent a,, for a specific blinking spot. If Py,(t) is fitted by 4,,t=, the fitted line deviates

from the plots at small values of P,,(f), as shown by the dotted line in Figure 4A.
8. Plot the probability distributions for dark events P(f) against their duration t in a logarithm-logarithm graph, and fit Log4oPqs(f) by

Logqg(Aast“fexp(—t/T)) to deduce the power law exponent a.¢ and the truncation time 7 from the same blinking spot. If Pug(f) is fitted

by A, gt tfexp(—t/1)), the fitted curve deviates from the plots at small values of Py(t).
9. Repeat 3.2.1 to 3.2.8 for the other blinking spots in the video.

Representative Results

From the silver nanoaggregates with poly-L-lysine Prepared by protocol 1.2, multicolored blinking spots from SERS and surface-enhanced
fluorescence are observed, as shown in Figure 1", In contrast, monotonous colored blinking spots from SERS were observed for the silver
nanoaggregates with the dye molecules prepared by protocol 1.378910 There are two types of "negative" results: continuous results, or results
where no SERS is observed. The former and latter results may be caused by high or low concentrations of molecules on the colloidal silver
surface, respectively.

The signals from a single silver nanoaggregate show various intensities at various times, as shown in Figure 2B. This is different from the
blinking fluorescence of a single QD. Histograms of the fluorescence intensity show two distinct peaks, which represent bright and dark states'®.
The time profile over a long range is similar to its expansion in a short range, as in Figure 3*. This is referred to as 'self-similarity' or 'fractal’;
namely, objects' features are considered similar if their length scales are expanded.

In a logarithm-logarithm graph, the probability distributions for bright and dark events are plotted against their durations as a line and curve,
respectively, as shown in Figure 4 (as opposed to the blinking from a single QD)19. In the graph, the slope of the line corresponds to the power
law exponent. In contrast, the shorter truncation time is deduced from the fact that the power law for the dark state is truncated at shorter tails.
For the dark SERS event, the probability distributions are occasionally fitted by a power law rather than by an exponential function. That is, very
long truncation times with large errors are sometimes derived®'®. However, it is not a "negative" result that a power law with an exponential
function cannot reproduce the probability distributions for a dark SERS event.

The power law exponents 0,0 @and truncation times r deduced from individual silver nanoparticles show various values, as displayed in Figure
5. From the many power law exponents, an average with a standard error is derived and compared to other values in various conditions. In the
case of truncation times, the median rather than average may be suitable for comparison. Fortunately, a plethora of data can be gathered from
several videos of blinking, because approximately a dozen blinking spots can be simultaneously observed in the video.
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Figure 1: Representative images of the blinking SERS. Multicolored blinking spots are observed from silver nanoaggregates with poly-
L-lysine. Scale bar = 10 um. This is taken with an inverted microscope coupled to a color CCD camera through a long pass filter (see the
corresponding video movie in Figure S1 of the supplementary material). Please click here to view a larger version of this figure.
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Figure 2: (A) Representative time profile of signal intensity from blinking spot. (B) The time profile whose baseline has been flattened by
subtractin% the time profile from the dark area and/or fitting via a polynomial function. Reproduced with permission from the Royal Society of
Chemistry”. (C) Enlargement of square in (B), namely, the baseline of the time profile. (D) Schematic density of the intensities of baseline points.
Please click here to view a larger version of this figure.
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Figure 3: Representative time profile of signal intensity from the blinking spot and threshold for the definition of bright and dark events
(horizontal line). Please click here to view a larger version of this figure.
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Figure 4: Representative probability distributions for blinking spots plotted against their durations. (A) Probability distributions for bright
events plotted against their durations in a logarithm-logarithm graph. Solid and dotted lines are fitting results using equations as Log1oPon(t)

= Logqo( 4ant®m) and Pon(t) = A,,t"2, respectively. (B) Probability distributions for dark events plotted against their durations in a logarithm-
logarithm graph. They can be fitted as a curve given by a power law with an exponential function. Please click here to view a larger version of
this figure.
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Figure 5: Representative histograms of parameters derived from the power law. (A) Histogram of power law exponents for bright events.
(B) Histogram of power law exponents for dark events. (C) Histogram of truncation times in power law with an exponential function for the dark
events. Please click here to view a larger version of this figure.

Figure S1: Representative movie of blinking SERS. Multicolored blinking spots are observed from silver nanoaggregates with poly-L-lysine.
This covers an area of 50 pm x 40 pm and was taken with an inverted microscope coupled to a color CCD camera through a long pass filter.
Please click here to view this video. (Right-click to download.)

NONE SE 5
Figure S2: Representative scanning electron microscope image of silver nanoaggregate formed by addition of poly-L-lysine or NaCl.
Please click here to view a larger version of this figure.
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Figure S3: Conventional Raman spectrum for thiacarbocyanine powder, and representative temporal-fluctuated SERS spectra from a
single silver nanoaggregate with thiacarbocyanine. Reproduced with permission from the Royal Society of ChemistryB. Please click here to

view a larger version of this figure.

Event Start time/s End time/s Duration/s
dark 0.0000 3.5476 3.5476
bright 3.5476 4.0981 0.5505
dark 4.0981 5.8720 1.7738
bright 5.8720 5.9331 0.0612
dark 5.9331 6.3613 0.4282
bright 6.3613 6.4836 0.1223
dark 6.4836 6.6671 0.1835
bright 6.6671 6.7895 0.1223
dark 6.7895 7.0341 0.2447
bright 7.0341 7.0953 0.0612
dark 7.0953 8.3798 1.2845
bright 8.3798 8.4409 0.0612
dark 8.4409 8.6856 0.2447
bright 8.6856 8.7468 0.0612
dark 8.7468 9.6643 0.9175
bright 9.6643 9.9089 0.2447
dark 9.9089 9.9701 0.0612
bright 9.9701 10.3371 0.3670
dark 10.3371 10.3983 0.0612

Table 1: Representative table of dark or bright event, event start time, event end time, and event duration. These were derived from

Figure 3.
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Duration/s No. of event Summation (Summation)/(Duration) Probability distribution/s™
0.0612 102 205 3351.5791 0.64494
0.1223 41 103 841.9821 0.16202
0.1835 18 62 337.8828 0.06502
0.2447 9 44 179.8408 0.03461
0.3058 4 35 114.4442 0.02202
0.3670 3 31 84.4707 0.01626
0.4282 3 28 65.3967 0.01258
0.4893 4 25 51.0911 0.00983
0.5505 1 21 38.1481 0.00734
0.6117 1 20 32.6983 0.00629
0.6728 5 19 28.2395 0.00543
0.7340 2 14 19.0740 0.00367
0.9786 1 12 12.2619 0.00236
1.0398 1 11 10.5789 0.00204
1.1621 2 10 8.6048 0.00166
1.3456 1 8 5.9452 0.00114
1.4068 1 7 4.9758 0.00096
1.9573 1 6 3.0655 0.00059
2.0796 1 5 2.4043 0.00046
2.2631 1 4 1.7675 0.00034
2.4466 1 3 1.2262 0.00024
2.8136 1 2 0.7108 0.00014
2.9359 1 1 0.3406 0.00007

Table 2: Representative table of duration, number of events for each duration, summation of number of events for the longer duration,
summations divided by each duration, and their normalized probability distributions.

From the silver nanoaggregate junction, SERS is emitted. Thus, we need to prepare nanoaggregates rather than colloidal nanoparticles, which
are covered with citrate anions. Silver aggregates are formed from the salting out effect created by the addition of poly-L-lysine, which has -
NH;" and is the origin of the SERS, or Na" cations from NaCl, as shown in Figure S2 of the supplementary material. Moreover, to illuminate the
many spots in the wide area, the unfocused laser beam is delivered at an angle of 30° relative to the sample surface, through a lens that is not
attached to the microscope. There is a possibility that the observation area is not illuminated. We adjust and move the laser area to illuminate the
observation area with high magnification. After this optimization, monotonous colored spots are visible in the same-colored surroundings. These
are critical steps for blinking SERS observation.

Here, matters that require attention for the power law analysis are discussed. First, the threshold for the definition of bright and dark events
influences the blinking analysis. When the threshold is increased, the power law exponents and truncation times tend to increase as well*®
When the exponents (0., and a.) and truncation times exhibit different trends, the dependence of the blinking SERS can be discovered.
Second, the smaller power law exponent represents the steeper slope of the I|ne given by the power law in the logarithm-logarithm graph,
representing the lower probability of a long duration for the bright or dark event’. Because the bright events cannot continue for long durations,
fewer pomts for the bright events are plotted in the graph than they are for the dark events. Then, the a,, values tend to be smaller than the
Qoff, values’, unlike the blinking from a single QD (dyf = 0op = -1. 5) . Third, the exponents only become slightly larger than 110 , because the
probability distribution is given by:

P(t) = E—":‘t”(”) ~ At®,

whose numerator in the middle term (derived from protocol 3.2.5; see the third line of Table 2) tends to decrease at longer durations of ¢,
because even the number of bright and dark events for longer durations tends to be decreased by the fact that the molecules move randomly
and can hardly stay in a non-emissive state or emissive state (the junction of the nanoaggregate) for a long period of time, as expressed in
the second line of Table 2. The power law exponent a = -1.5 or -1, can be derived from the fact that the molecule randomly walks on the silver
surface one- or two-dimensionally, respectlvely45 8 In contrast the truncation time is shortened by a quicker molecular random walk and/

or higher energy barrier from a non-emissive to emissive state™ 45,19 . Itis noted that the percentages of events whose probability distribution
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cannot be reproduced by a power law with an exponential function are important datag’w, because reproduction failure originates from very long
truncation times.

In previous studies'®"", the autocorrelation function was also used for blinking SERS. The autocorrelation function, which was used for

quorescence correlation spectroscopy, represented the diffusion coefficients and concentrations of quorescent molecules moving in and out of a
focal area®""?2. For blinking SERS, however, no simple function can reproduce the autocorrelation function'®. This suggests a complex process
for blinking SERS, because an autocorrelation function can |dent|fy some periodicity. In another quantitative analysis, a normalized standard
deviation score was derived from a time profile of the 3|gnal . A large score indicated instability in total intensity. These analysis approaches
may be suitable for the behavior of a few molecules, rather than a single molecule's behavior. Moreover, the average durations for bright events
were used for the analysis of bI|nk|ng SERS*'. These could reveal the behavior of the molecule in an enhanced EM field, similar to the super-
resolution imaging of SERS'®. However, the averages for dark events could not be derived; namely, the total durations of dark SERS events
from single silver nanoaggregates were decreased by an increase in the number of the events* , while the total duration of bright SERS events
increased. Therefore, only the molecular behavior of bright SERS events could be investigated by these techniques. By using a power law
analysis, on the other hand, the molecular behavior for the dark state (that i |s on the silver surface, except for junctions of silver nanoaggregates)
can be estimated in terms of the power law exponent a.¢ and truncation time'®. Thisis a significant difference from previous techniques.

To confirm that the blinking is induced by SERS, the spectrum is measured from the silver nanoaggregate at the center of a view through a
pinhole, as shown in Figure S3 in the supplementary material. However, it is not measured from all blinking spots™ 7891011 Eop poly-L-| Iysme
blinking in a long wavelength area is attributed not to SERS, but to surface-enhanced fluorescence, which also originates in enhanced EM flelds
like SERS. Moreover, it is controversial to connect the fluctuated spectra with the blinking. This is a limitation of the present technique.

In the future, blinking SERS should be analyzed in terms of each peak. That is, the power law analysis should be combined with spectral
imaging. By using a bi-analyte technlque in which unique vibrational signatures are observed from mixed analytes, the origin of single-
molecule SERS has been confirmed. However molecular behavior cannot be significantly investigated, because of the time resolution. Recently,
the different behavior of each origin has been detected in terms of the truncation times, by observing each of the blinking spots through each
optical filter and the power law analysns
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