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We report simultaneous plasmonic scattering and Raman spectroscopic observations of single citrate
capped silver nanoparticles (AgNPs) which exhibit surface enhanced Raman scattering (SERS) upon
meeting specific conditions induced by laser (532 nm) exposure. We show that nanoparticles which are
not initially SERS active become SERS active by laser-induced reshaping/reorientation. A set-up devel-
oped for these observations enabled in situ high speed time-lapse characterization using plasmonic and
Raman spectroscopies in conjunction with dark-field microscopy (DFM). Changes in the AgNPs were
confirmed by monitoring plasmonic scattering spectra and DFM images. Time-lapse observations have
shown that laser-induced changes in the plasmonic properties of AgNPs resulted in the appearance of
SERS. Spectral matching between plasmon resonance and downward molecular vibronic transitions for
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molecules adsorbed on the surface of plasmonic nanomaterials is attributed to the nanoparticle SERS. We
have further shown that the release of silver ions by silver nanoparticles can be the probable reason for
their plasmonic changes. Gold nanoparticles inert to such mild (850 pW, 532 nm) laser-induced changes
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Introduction

The development of new nanosensors with multiplexed pro-
perties requires spatial and temporal correlation. ™ Such cor-
relation is necessary for dual confirmation of sensing
signals.>® Each signal provides specific information about the
analyte and its interaction with the sensing element. Multiple
signals from the same system can be used to assure the detec-
tion of the analyte with high specificity. For example, due to
the recent advances in photothermal cantilever deflection
spectroscopy, multiple properties of analytes (mass, electrical
and optical properties) can be measured simultaneously.”®
Other examples include electroluminescence or chemi-
resistance based sensors.”'® Such sensors can provide electri-
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do not exhibit the appearance of SERS.

cal readout along with other physico-chemical parameters.
At various stages in material characterization, it is necessary to
find correlation between multiple properties of the material.
For example, imaging of nanoparticles by diffraction-limited
optical techniques cannot provide information about their
actual size but on correlating the optical data with high resolu-
tion imaging techniques such as scanning electron
microscopy,'’ transmission electron microscopy'* or atomic
force microscopy,'® structural information of the nanoparticles
has been obtained. Such complementary techniques are
helpful in correlating optical properties of nanomaterials with
their size, shape and structural arrangements. Various inte-
grated techniques and instruments have been developed for
such applications in the past."*'* In such applications, when
it comes to visualizing plasmonic nanoparticles in native
environments, spectroscopic observations are usually com-
bined with DFM."*® It allows the observation of single nano-
particles with a high signal to noise ratio, in real-time, in a
native environment where interactions between the particles
and analyte molecules take place. Observations with scanning
electron microscopy'’ or transmission electron microscopy'>
can provide high resolution images for correlation studies but
these observations are possible only under high vacuum which
is not suitable for many studies and particles do not remain in
their native state. Considering the difficulties in the use of
microcantilevers in liquid media, such experiments are
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tedious in terms of obtaining good resolution for every sample
and it is difficult to couple the same with molecular identifi-
cation techniques such as confocal Raman microspectroscopy
(CRM). Hence a combination of DFM with CRM can be con-
sidered as an efficient combination for the observation of
samples in real-time, and in native-environments with
enhanced spatial and temporal resolution."**%'> Examples
from the past include demonstrations by the El-Sayed group
where they have shown applications of such combined
Rayleigh and Raman scattering spectroscopy to monitor live
cell division and concomitant molecular changes due to drug
delivery to the cells."®*® In the recent past, our group has
demonstrated a combination of DFM and CRM for the localiz-
ation of molecules in bacterial and mammalian cells with
silver’ and gold® nanoparticles. The set-ups reported in the
aforementioned studies were able to do measurements only on
fixed samples without single particle tracking and reposition-
ing. For the kind of study reported in the present manuscript,
we have modified the set-up such that it can be used for in situ
time dependent plasmonic and Raman scattering spectro-
scopic measurements with particle tracking capabilities, on
single nanoparticles.

The effect of temperature and laser excitation on SERS has
been studied in the past.'®*° In these studies, either laser
heating or changes in the substrate temperature were used as
control parameters which can affect SERS blinking in single
nanoparticles. However, the real-time fate of nanoparticles and
the corresponding nanoplasmonic property effect on SERS
blinking were not studied. In our study, we have periodically
exposed nanoparticles to a Raman excitation laser where plas-
monic changes after each Raman spectrum collection were
monitored in situ. In the present work, we focus on the appear-
ance of laser-induced SERS activity in citrate capped AgNPs
without the aid of aggregating agents. Briefly, we call this tech-
nique Particle Dynamics Induced-Plasmon Enhanced Raman
Scattering (PDI-PERS).

Various routes have been explored to control the SERS
activity of nanoparticles in the past.*’” These routes are
mainly based on controlling the plasmonic nanocavity'* by
changing the gap between nanoparticles such as aggregation,
using linker molecules of different lengths® etc. We report our
observations on the possibility of appearance of SERS activity
in single AgNPs by laser-induced changes that can help par-
ticles to reshape/reorient resulting in SERS favorable on-reso-
nance situations. This supports previously reported steady
state observations by Zhang et al. which have shown that
whenever there is spectral matching between plasmon reso-
nance and downward molecular vibronic transitions, such
situations are favorable for SERS and are called on-resonance
situations."® To observe this effect, we have performed
PDI-PERS measurements on immobilized single AgNPs. With
the help of immobilization, the translational motion of par-
ticles was ceased but it allowed monitoring in situ shape and
orientation related changes in the particles with the help of
DF imaging and spectroscopic measurements. We have also
demonstrated the release of silver ions®® as a probable reason
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for the appearance of SERS. Details of the data obtained are
discussed in the next section.

Results and discussion
Set-up for PDI-PERS

A preliminary form of the set-up for combined plasmonic and
Raman scattering microspectroscopy was reported previously
by our group.® In the previous set-up, plasmonic and Raman
spectroscopic measurements were possible with a conventional
optical microscopy camera and fixed samples, in the absence
of particle tracking, which required manual positioning of the
samples during measurements. Also, the absence of auto-
mated shutters made it difficult to reposition samples for
repetitive measurements. In the set-up developed for the
present study (schematic shown in Fig. 1A), we have incorpor-
ated a high resolution camera coupler with two automated
shutters (SH1 & SH2). These shutters control the signal
passing towards the camera and the CCD spectrometer. The
intensity of light used to expose the sample is controlled using
automated ND filter wheels (FW1 & FW2). Fig. 1B shows the
UV-Vis spectrum, TEM image and DFM image of AgNPs used
in this study. The AgNPs are polydisperse in size and shape
which is also reflected in the DFM image. The existence of
single nanoparticles immobilized on an ITO coated glass slide
was verified by field emission scanning electron microscopy
(FESEM) (Fig. S1t). Single particles as well as small aggregates
composed of 2-3 nanoparticles were observed in such images.
DFM images on a similar length scale show mostly well separ-
ated single nanoparticles, supporting their immobilization
(Fig. S17). Some of the high magnification FESEM images at
different locations of the sample are also shown in Fig. S2f
which clearly depicts different morphologies of immobilized
nanoparticles such as spheres, rods and faceted spheres. The
table in Fig. 1C shows the sequence of shutters and ND filter
wheels along with their outcomes that were followed during
the time-lapse measurements of the immobilized AgNPs.
Briefly, the sample was first exposed to white light and a DF
image was collected (Sr no. 1, Fig. 1C). This step was followed
by position correction using a particle tracking software (if
necessary) and then the scattering spectrum was collected
(Sr no. 2, Fig. 1C). Then the camera shutter was closed to
prevent exposure of CCD to high intensity laser light and the
sample was exposed to the Raman excitation laser to collect
the spectrum (Sr no. 3, Fig. 1C). After that, all the shutters and
ND filter wheels were brought to a close position before
opening the camera shutter for the next cycle of measurements
(Sr no. 4, Fig. 1C). Repeating this sequence periodically exposes
AgNPs under observation to the laser of ~850 pW intensity.
The particle of interest was brought to the confocal volume by
manual positioning before starting the measurement sequence
and particle tracking was turned on. We observed from initial
measurements that, upon exposure to periodic laser pulses,
the plasmonic scattering spectrum and the color of the par-
ticle in the DFM image exhibited changes. These changes were
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(A) Schematic of the set-up for PDI-PERS. Set-up also facilitates high resolution dark field imaging and real-time tracking of single nano-

particles for continuous monitoring of the same nanoparticle. Filter wheels (FW1 and FW2) and shutters (SH1 and SH2) control the intensity of light
sources and exposure of spectrometer/camera, respectively. (B) UV-Vis spectrum of the AgNPs used in this study. Insets show TEM (scale bar —
20 nm, top) and hyperspectral dark field image (scale bar — 2 pm, bottom) of AgNPs. (C) Time-lapse sequence of neutral density (ND) filter wheels,

shutters and the outcomes of such combinations.

attributed to the laser-induced reshaping/reorientation of
AgNPs. In the confocal set-up, the particle under observation
alone was exposed to the laser. Hence, photoreduction and
heating induced Ostwald ripening was seen only in the particle
under observation. As the nanoparticles were linked to the sub-
strate through mercaptopropyltrimethoxy silane, the linker
allowed limited movement. Due to the lower power of the
white light source in contrast to the laser, even if particles
were exposed for long, they did not exhibit any change in
color. These data along with the corresponding changes in the
SERS activity of AgNPs are discussed in the next section.

Observing changes in plasmonic scattering and SERS activity
of AgNPs using PDI-PERS

In this section, we demonstrate the PDI-PERS set-up to
account for the observed dynamic changes in the shape and
size of single nanoparticles and correlate the same with SERS
activity. We also discuss the importance and necessity of DFM
and plasmonic scattering spectroscopic measurements over
the other. We have used water as the medium in these experi-
ments as the refractive index of water (1.33) is close to that of
glass (1.5) and this helps the use of a high magnification oil
immersion 100x objective for the same. But the use of water as
a surrounding medium and an oil immersion objective for
real-time observations limits the verification of changes in size
and shape of AgNPs by other techniques such as AFM or SEM.
Hence, we have discussed our observations of shape and size
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changes in AgNPs with DFM and plasmonic scattering spectra
alone which have been performed in situ.

Fig. 2 shows the temporal changes in the plasmonic scatter-
ing intensity (gray curve, integrated over DFM images) of a
silver nanoparticle monitored with the aforementioned
sequence of measurements (Fig. 1C). The scattering intensity
of the particle decreases initially and then it increases gradu-
ally in two exponential steps. Previously reported simulations®®
of plasmonic nanoparticles have shown that the red shift in
the plasmon is mainly a function of the aspect ratio or
plasmon length of a nanoparticle, whereas particles with a
small aspect ratio exhibit plasmonic scattering in the green
region. Along these lines, it has been also shown that particles
with a larger volume exhibit a larger scattering intensity as
compared to smaller particles. This suggests that in our obser-
vations, while there was red shift in the plasmon (time unit
100-200), the particle volume did not change as corroborated
by a decrease in the plasmonic scattering but later when its
volume started increasing, growth was mostly lateral which
resulted in the blue shift and broadening of the plasmonic
scattering spectrum along with an increase in the scattering
intensity. Fig. S3T shows a montage of all the particle images
captured during the observation. Changes in the scattering
intensity and plasmon resonance can be seen clearly in this
montage. It has been reported previously that changes in the
plasmon resonance wavelength are due to changes in the plas-
monic length (the length over which oscillations take place),*®
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Fig. 2 Variations in the plasmonic scattering intensity of a single isolated

AgNP are plotted as a function of time (time-lapse interval — x7 s). The

gray curve shows intensity determined from DF images and the cyan curve shows the intensity integrated over temporal plasmonic spectra. The
corresponding DF images and plasmonic scattering spectra of the particles are shown at the time points of interest. The green circle highlights the
region where SERS activity of the particle was observed. Inset (i) shows the SERS spectrum of the citrate ligand on AgNPs, measured at the 108"
time step. Beyond 900 seconds in the time axis, growth was saturated, thereafter no SERS was observed.

and the aspect ratio of the nanostructure, whereas changes in
the scattering intensity are mainly related to the volume of the
nanoparticle.”® Such changes are highly dependent and
directed by the nature of the ligand but in the context of this
paper, we have not studied such details. The possible reason
behind the exponential nature of changes is that the increase
in the length and volume (lateral growth) of the particle can be
complementary and once the changes in length saturate, then
only changes in volume begin as indicated in the reported
simulations.*>?° This suggests step by step changes in the
shape of the particle upon laser exposure. Similar kinds of
changes were observed when the plasmonic scattering inten-
sity was integrated over a complete spectrum of particles (cyan
curve, Fig. 2). A better correlation between DFM images and
scattering spectral intensities can also be visualized in ESI
Video S1.7 This video shows that the blue shift observed in
DFM images (in the time window of 120-200) is actually due to
the NIR shift in the plasmonic scattering spectrum which was
not observable in DFM due to lower quantum efficiency of the
CCD camera in the NIR region as it responded well only to the
blue part of the scattering spectrum. However, in prolonged
PDI-PERS measurements, there can be minor changes in the
position due to heating of the substrate and the particle may
move away from the confocal volume. Hence, DFM of the par-
ticle is necessary to monitor and track the position of the par-
ticle to facilitate undisturbed and prolonged measurements.
Other benefit of DFM based intensity monitoring is that the
CCD device can capture images over large areas of the sample
and other nanoparticles can be monitored as a control. The
minor intensity variations due to occasional auto positioning
create similar intensity variations in other particles which can
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be used for noise correction. Details on noise correction are
explained in Fig. S4.7 To conclude, DFM in conjunction with
the information provided by scattering spectroscopy can be
used to interpret smooth RGB channel-based changes result-
ing from the reshaping of the particle. Inset (i) of Fig. 2 shows
a resolved SERS spectrum of the citrate ligand anchored on a
AgNP. Assignments for the observed Raman bands are pro-
vided in Fig. S51 and corresponding Table S1.}

Correlation between plasmonic scattering and SERS activity of
AgNPs in time-lapse measurements

When the temporal intensity map of Raman spectra was corre-
lated with the color map of plasmonic spectra (Fig. 3A), it was
clear that the particle exhibited surface enhanced Raman
activity whenever there was a red shift in the plasmon of
AgNPs. The region of interest was expanded from the temporal
plasmonic colormap shown in Fig. 3A.

Dotted white and blue squares in the spectral maps show
the temporal region when SERS was observed. Complete tem-
poral maps of Raman and plasmonic spectra are shown in
Fig. S6.7 Correlated plasmonic and Raman scattering spectra
corresponding to the time points of interest are provided in
Fig. S8.1 SERS activity is highly specific to the structure of the
plasmonic particle and the position of the vibrating molecule
with respect to the particle, hence all the red shifts in the
plasmon do not give rise to the SERS spectrum but SERS occurs
only when all the favorable conditions are met. Although in this
case, only a weak correlation was observed, we conclude that
laser-induced changes in plasmons resulted in spectral match-
ing between plasmon resonance and molecular vibronic tran-
sitions™* responsible for maximum SERS activity observed at
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Fig. 3 (A) A selected portion of intensity and color map showing corre-
lated changes in the Raman and plasmonic scattering of AgNPs, respect-
ively made with the help of Matlab algorithm. Dotted squares show that
SERS activity was observed upon red shift in the plasmonic scattering of
the particle. (B) A temporal plasmonic scattering waterfall plot of AgNPs
shows the region (navy blue colored dotted box in (A) and wine colored
circles in (B)) when SERS activity of the nanoparticle was observed.

specific times. This phenomenon has been reported previously
for plasmon enhanced Raman spectroscopy measurements
performed on single molecules adsorbed on a silver substrate
with spectrally matching and unmatching plasmons.'*?!
Changes in the scattering spectra can be seen clearly from the
temporal 3D waterfall plot (Fig. 3B) for the nanoparticle under
observation, and a more prominent correlation between the
red shift of the plasmon and SERS can be seen. This is shown
by the wine colored circles in Fig. 3B. The RGB profile for the
particle is shown in Fig. S7f which was calculated from the
time dependent DFM images of the nanoparticle. However,
this was not the case when the plasmon was shifted to the NIR
region and it finally became broad with a span over both green
and red regions, supporting the high specificity of SERS to the
particle structure and the position of the analyte with respect
to the hot spots in addition to the plasmonic scattering in a
specific region. Single nanoparticles exhibited SERS only when
an on-resonance condition is fulfilled in which (a) laser exci-
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tation and a high energy shoulder of sharp plasmon resonance
match with the upward molecular vibronic transitions and (b)
the plasmon resonance matches with the downward molecular
vibronic transitions.'* The aforementioned condition was not
fulfilled when there was broad plasmonic scattering and hence
it led to an off-resonance situation. A major conclusion from
these overall data is that although the nanoparticle did not
exhibit SERS activity initially, upon laser-induced changes,
reshaping/reorientation made it into a SERS-active state.
Conclusions made from these data were verified by repeating
similar measurements on multiple single silver nanoparticles.
Results of the same are discussed in the next section.

Laser-induced appearance of the SERS activity in single AgNPs

Fig. 4 shows further measurements performed on single
AgNPs. Fig. 4A, B, and C show a Raman intensity map, corre-
lation between the integrated intensity profiles of the Raman
intensity and plasmon colormap and a temporal plasmonic
colormap (Raman - 1000-2000 cm ™", plasmon - 562-595 nm)
for single AgNPs. Time-lapse Raman and plasmonic spectra
corresponding to the Raman and plasmonic colormaps in
Fig. 4A and C are shown in Fig. 4D and E respectively. The
region of 1000-2000 cm ™" was selected because the most pro-
minent vibrational features of citrate are in this region (refer to
the inset of Fig. 2 and Table S1t). The corresponding region of
plasmonic scattering is 562-595 nm. Data in Fig. 4B support
the fact that SERS activity appeared whenever spectral match-
ing between plasmon resonance and molecular vibronic tran-
sitions took place.'*?"

Reproducibility was checked on various single AgNPs and
similar correlation between colormaps and spectra is shown
for other particles in Fig. S9.7

The SERS favorable situations of spectral matching can be
called on-resonance situations and others correspond to off-
resonance.'* Plasmonic colormaps (Fig. 4C) justify that par-
ticles in the off-resonance situation can undergo laser-induced
changes in structure and shape leading to on-resonance.

Temporal intensity profiles suggest that the on-resonance
situation implies the possibility of SERS activity. As mentioned
previously, fluctuations in the Raman intensity can be the
outcome of high specificity of SERS to the position and orien-
tations of molecules with respect to the hot spots on AgNPs.
Despite the aforementioned fact, the appearance of SERS by
laser-induced changes in single AgNPs is evident. It can be
observed that due to intense periodic exposure to the laser, the
particles keep reorienting and reshaping and because of this,
the on-resonance situation cannot last for a long time. Hence,
we have tried to control the intensity of the Raman excitation
laser such that the SERS favorable on-resonance situation can
be maintained for a longer period. These results are discussed
in the next section.

Maintaining SERS activity for a longer time by controlling the
laser intensity

Temporal maps of Raman intensity (Fig. 5A and C) and plas-
monic scattering (Fig. 5B and D) for two single AgNPs are
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shown in Fig. 5. During these measurements, the particle was
excited with a laser at 850 pW intensity initially. As soon as
SERS activity was observed, the excitation laser intensity was
reduced to 85 uW. White arrows (marked as SERS appeared) in
Fig. 5A and C show the point in time when the laser intensity
was reduced, and this can be seen by reduction in the intensity
and width of the Rayleigh peak in the Raman spectrum. The
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corresponding changes in the plasmonic spectrum (black
arrows, marked as Plasmon change) can be seen in the plas-
monic color maps (Fig. 5B and D). In this way, we were able to
slow down the changes in the plasmon position of AgNPs as
well as orientation, so as to maintain the SERS activity for a
longer time. However, this only slows down changes but does
not stop them completely. Hence after sometime, upon

This journal is © The Royal Society of Chemistry 2019
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changes in the plasmon (green arrows, marked as the plasmon
change) back to the off-resonance situation, SERS activity of
the AgNPs diminishes (yellow arrows, marked as SERS
disappeared).

This proves the possibility of controlling SERS activity by
slowing down the laser-induced changes in the SERS favorable
on-resonance plasmon of AgNPs.

We have also performed such observations on single gold
nanoparticles (Fig. S10f). For them, even after performing
measurements for a long time, no laser-induced changes were
observed due to better stability of AuNPs over AgNPs
(Fig. S10%). Only constant luminescence instead of SERS was
detected. In order to understand laser-induced changes, we
have performed various control experiments by performing
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prolonged observations in the absence of laser exposure. In
those cases, no such appearance of SERS was seen in AgNPs.

Role of silver ions released from AgNPs in the appearance of
laser-induced SERS

In control observations, it was found that the growth and
reshaping of AgNPs is assisted by the release of silver ions
from nanoparticles in the surrounding region. To study this,
time-lapse experiments were performed on the AgNPs washed
extensively with DI water (four times at an interval of six hours
(4 x 6 hours - 24 hours) after sample immobilization). These
particles were referred to as washed particles. To prove the
decrease in the release of silver ions with time and repeated
washing steps, ICP-MS (inductively coupled plasma mass
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Fig. 6 Stacks of single particle images for (A) washed AgNPs before and after laser exposure which did not exhibit SERS, (B) unwashed AgNPs
before and after laser exposure which did not exhibit SERS and (C) unwashed AgNPs before and after laser exposure which exhibited SERS. Changes
in the red (R) and blue (B) channel scattering intensities relative to the green channel (R/G and B/G) were calculated. Distributions of the percentage
change in the aforementioned relative scattering intensities before and after laser exposure are plotted for AgNPs, (D) washed AgNPs, (E) unwashed

AgNPs showing SERS, and (F) unwashed AgNPs not showing SERS.
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spectrometry) of the collected water was performed. These
data are provided in Table S2.f The content of silver ions
decreased after successive washing steps. Based on the ICP-MS
data of release of silver ions, detailed calculations were per-
formed corresponding to the number of atoms and nano-
particles formed and their effect on the increment of the
volume of the nanoparticles. From calculations, it was found
that the effective concentration of silver ions released (3.47
ppb) after 6 h is enough to form 2.5 x 10'" new nanoparticles
of 50 nm diameter by photoreduction. The same quantity of
ions is also enough to increase the diameter of 1.4 x 10!
nanoparticles to 70 nm from 50 nm. Therefore, an increase in
the number and growth of nanoparticles is possible from the
ions released. As photoreduction is limited to the confocal
volume, we haven’t observed an increase in the plasmonic par-
ticles elsewhere on the substrate.

Washed AgNPs were almost inert to the laser-induced
changes and no SERS was observed (Fig. 6A). A total of seven-
teen (twelve are shown here) particles were monitored and
only one exhibited laser-induced SERS. The probability of
appearance of SERS in washed AgNPs was as low as ~6%.
AgNPs which were washed once with DI water after immobiliz-
ation exhibited good probability of the laser-induced SERS
(~44%). To differentiate from the washed AgNPs, these were
referred to as unwashed AgNPs. The images of unwashed par-
ticles before and after laser exposure are shown in Fig. 6B
which did not exhibit SERS. Fig. 6C shows images of
unwashed particles before and after laser exposure which
exhibited SERS. A total of thirty-six particles (twenty-four
shown here) were monitored and fourteen exhibited laser-
induced SERS. It can be seen from the images of washed and
unwashed AgNPs before and after laser exposure that
unwashed particles are more prone to changes in scattering as
compared to washed particles. For unwashed particles, in
some cases, drastic changes in the scattering images can be
seen. Time dependent changes in the size and shape of nano-
particles can occur due to the Ostwald ripening process.
Ostwald ripening of silver nanoparticles in a synthetic mixture
has been reported in the past where excess silver ions assist a
controlled growth of specific morphologies.”* In our obser-
vations, we have immobilized silver nanoparticles and no
excess silver ions were added. Hence, Ostwald ripening is
limited to the presence of silver ions released from the sur-
rounding silver nanoparticles. To simplify these observations,
changes in the red (R) and blue (B) channel scattering intensi-
ties relative to the green channel (R/G and B/G) were calculated
and distributions of the percentage change in these quantities
before and after laser exposure were plotted.

Details of the calculations are provided in the end of the
ESL.{ Direct changes in the RGB intensity were not a good
parameter to group particles because RGB intensities vary for
individual particles. These percentage changes are shown in
Fig. 6D, E and F. For the AgNPs which do not exhibit SERS,
%R/G change is mostly negative, whereas for the AgNPs which
exhibit SERS, %R/G change is mostly positive. Negative and
positive % changes are shaded in green color for proper identi-
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Fig. 7 Schematic to explain the effect of laser irradiation and silver ion
release from AgNPs on the appearance of SERS.

fication. This suggests that laser-induced appearance of SERS
is assisted by silver release. We conclude our study with
certain observations as below.

Conclusions

We have developed a set-up which enables multispectral, high
speed (8-10 s) time-lapse characterization of single nano-
particles by plasmonic and Raman scattering spectroscopy.
Observations using this set-up have shown that AgNPs which
are initially in the off-resonance situation can change into the
on-resonance situation upon exposure to a Raman excitation
laser. We note that effects of temperature and laser excitation
on SERS blinking have been studied in the past.">*° The real-
time fate of nanoparticles and consequence of nanoplasmonic
properties on SERS blinking are our contributions to this litera-
ture. We have also shown that once favorable conditions (like
reshaping/reorientation) are obtained, the on-resonance situ-
ation can be maintained for longer times by lowering the inten-
sity of the excitation laser from 850 pW to 85 uW. Supporting
experiments®® have shown that such changes in AgNPs are
assisted by the release of silver ions from the surrounding nano-
particles whereas gold nanoparticles are completely inert to
such changes due to their relatively less reactivity. We have also
performed experiments to correlate the release of silver ions
from AgNPs with the probability of the appearance of SERS. It
was found that washed AgNPs exhibited ~6% SERS probability
while unwashed AgNPs exhibited ~44%. We have simplified
these observations with the help of a schematic shown in Fig. 7.
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This study opens up the possibility of multispectral obser-
vations of intermolecular, interparticle reactions in real-time
at the single-particle/single-molecule level. In the presented
study, although measurements with water as a surrounding
medium open up various possibilities for investigating biologi-
cal samples, the limitation was that one needs to rely on dark-
field spectroscopy for inference on the morphology of nano-
particles and direct correlation with FESEM was not possible.
Such observations will be able to provide new insights into the
behavior of molecules on the surface of SERS active nano-
particles. We speculate that many temporal changes with SERS
active nanoparticles may involve intermittent states of mole-
cules/particles which may be revealed by studies using the pre-
sented strategy.

Experimental

Materials

Tetrachloroauric acid trihydrate (HAuCl,;-3H,0) (99.9%) was
made and purified in lab using pure gold purchased from the
local market. Trisodium citrate (>99%) was purchased from
Qualigens. 3-(Mercaptopropyl)trimethoxysilane was purchased
from Sigma Aldrich. Silver nitrate (99.9%) was purchased from
RANKEM, India. Deionized water (DI) (~18.2 MQ) obtained
from Millipore was used throughout the experiments.

Synthesis of citrate capped silver nanoparticles

The synthesis of AgNPs was done by the Turkevich method.**
Briefly, AgNO; (17 mg in 100 mL DI water) solution was heated
to boil and then trisodium citrate (40 mg) was added. Once
the color of the solution changed to pale yellow, it was
quenched under tap water. The synthesis of AgNPs was con-
firmed by UV-Vis spectroscopy and transmission electron
microscopy (TEM) imaging. A strong localized surface
plasmon resonance (LSPR) peak was observed at ~422 nm in
the UV-Vis spectrum (Fig. 1B). Synthesized AgNPs were poly-
disperse in size and their shape was studied by TEM.

Synthesis of citrate capped gold nanoparticles

The synthesis of AuNPs was done by the Turkevich method.**
Briefly, 100 mL of HAuCl, (1.25 mM in DI water) solution was
heated to boil in a round bottom flask and stirred at 400 rpm.
Upon boiling, 2 mL trisodium citrate (1%) solution was added.
Gradually, the color of the solution changed to wine red. Then
the solution was cooled at room temperature. The synthesis of
AuNPs was confirmed by UV-Vis spectroscopy and TEM
imaging (Fig. S11f). A strong LSPR peak was observed at
~535 nm in the UV-Vis spectrum. Synthesized AuNPs were
almost uniform with a diameter of ~25-35 nm as observed
under TEM.

UV-Visible extinction spectroscopy

UV-Visible spectroscopic measurements were performed using
a PerkinElmer Lambda 25 spectrophotometer in the range of
200-1100 nm.
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Transmission electron microscopy

Transmission electron microscopic (TEM) measurements were
performed using a JEOL 3010, 300 kV instrument. Samples
were spotted on carbon coated copper grids by drop casting
followed by drying in ambient air.

Field emission scanning electron microscopy (FESEM)

FESEM measurements were performed using an Inspect F50
from FEI, with 1.2 nm resolution at 30 kV in SE (Fig S1Af).
Later, FESEM experiments were done using a Tescan-Mira 3
LMH instrument (Fig S27t). Samples were prepared by immobi-
lizing AgNPs on ITO coated glass slides.

Particle dynamics induced-plasmon enhanced Raman
scattering (PDI-PERS)

The PDI-PERS set-up was built by integrating three separate
instruments namely a Cytoviva™ high resolution dark field
condenser, WiTec GmbH confocal Raman microscope and
Dage Excel M cooled CCD camera. The core part of the inte-
gration was a coupler comprised of two automatic shutters
and two automated ND filter wheels (Thorlabs) as shown in
the schematic (Fig. 1A). These automated shutters and ND
filter wheels were controlled using a home built controller and
LABVIEW software. Particle tracking abilities were included in
the LABVIEW software to take care of changes in the position
of the sample, if any during measurements. Samples were
mounted on a piezo stage for real-time positioning using a
tracking software. The piezo stage can correct the position of
the particle with ~27 nm resolution. A frequency doubled Nd:
YAG diode laser (532 nm) was used for Raman excitation of
the sample. An L1090 halogen lamp from International Light
Technologies Inc., USA was used for white light illumination
(400-1000 nm) required for DFM. Samples were focused using
a 100x oil immersion objective (UPLFLN, Olympus). The
scattering signal after passing through a 535 nm edge pass
filter was dispersed using a grating (150 grooves per mm) onto
a 1024 pixel charge coupled device (CCD) spectrometer.

Immobilization of nanoparticles

Immobilization of AgNPs and AuNPs on a glass slide was done
by the pinpoint immobilization method.? Briefly, an ultrasoni-
cally cleaned 1 mm thick glass slide (SCHOTT) was flushed
with a 0.2 uM, 5 mL solution of (3-mercaptopropyl)trimethoxy-
silane (in ethanol). Then it was washed extensively with DI
water followed by dropping of 10 pL (10 fold diluted) solution
of nanoparticles over it and covering it with a clean glass cover-
slip. After incubation for 30 minutes, the coverslip was
removed and the glass slide was washed extensively with DI
water to remove unbound nanoparticles. Then 10 pL DI water
was dropped on the immobilized region and covered with a
0.145 mm thick Nexterion® clean room cleaned coverslip. It
was sealed with nail polish on its sides to avoid drying of the
samples. In the overall procedure, care was taken to expose
only one side of the slide to chemicals.
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