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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) is
now a well-established technique for the detection, under appro-
priate conditions, of single molecules (SM) adsorbed on metallic
nanostructures. However, because of the large variations of the SERS
enhancement factor on the surface, only molecules located at the
positions of highest enhancement, so-called hot-spots, can be detected
at the single-molecule level. As a result, in all SM-SERS studies so far
only a small fraction, typically less than 1%, of molecules are actually
observed. This complicates the analysis of such experiments and
means that trace detection via SERS can in principle still be vastly
improved. Here we propose a simple scheme, based on selective
adsorption of the target analyte at the SERS hot-spots only, that
allows in principle detection of every single target molecule in solution.

We moreover provide a general experimental methodology, based on the comparison between average and maximum (single
molecule) SERS enhancement factors, to verify the efficiency of our approach. The concepts and tools introduced in this work can
readily be applied to other SERS systems aiming for detection of every single target molecule.
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wo independent reports* in 1997 on the observation of

single molecule (SM) detection using surface-enhanced Raman
spectrosco?y (SERS)>* triggered a renewed interest in this
technique.” "' It meant that SERS enhancement factors (EFs)
were in principle sufficiently large to promote Raman spectro-
scopy to the coveted club of “single-molecule optical detection
techniques”, as fluorescence had done many years earlier."”>”**
Although these initial reports claimed SERS EFs as large as 10",
it was later realized'>'® that SERS EFs in the range 10°—10"
were more typical of SM-SERS. Such values are much more in
agreement with electromagnetic calculations of the SERS EFs.'”'®
They also led to the realization that SM-SERS detection was pos-
sible even for nonresonant molecules'®*® and for resonant
molecules with SERS EFs as low as 10°—10°.>'

Early studies"”"* used ultralow concentration of analytes as a
proof for SM-SERS detection and relied on the random adsorp-
tion of these molecules at the site of highest SERS EF on the
substrate (so-called hot-spots). These hot-spots (HSs) however
represent a very small proportion of the total surface area for
adsorption, typically less than 1%>* >* and the use of ultralow
concentration results in an extremely poor statistics of SM-SERS
events. The bianalyte SERS method,*” which uses a mixture of
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two preferably chemically similar but Raman-distinguishable
analytes, was developed to remedy this problem and has been
further perfected with the use of isotopologues as bianalyte SERS
partners.”*® The technique permits the use of higher concen-
trations (and therefore provides a much larger number of SM-SERS
events), while preserving the ability to ensure, at least statistically,
the SM nature of the events. This has allowed a more systematic
study of the phenomenology of SM-SERS*”*® and SM-SERS is
now used as a tool to study the properties of single molecules in
various contexts, for example their electrochemistry,”” resonant
Raman spectra,®® conduction® and heating properties,” or homo-
geneous Raman broadening.>

The SM-SERS problematic as it stands is schematically sum-
marized in Figure 1, where the three steps (by increasing difficulty)
are presented: (I) Demonstration of SM-SERS capabilities using
ultralow analyte concentration, as in the early studies. (II)
Routine detection of many SM-SERS events for further studies,
as allowed for example by the bianalyte SERS method. Yet, this
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Figure 1. Progression of the SM-SERS problematic. The dimer conveniently represents a typical SERS substrate with a hot-spot in the gap, but a similar
schematics could be drawn for single elongated nanoparticles with hot-spots at their tips (as studied here). Dots represent molecules, either SERS-active
(red) when adsorbed at hot-spots, or SERS-inactive (blue) elsewhere. The first challenge for SM-SERS was the demonstration of SM-detection
capabilities, using ultralow concentrations (I). Next, the study of the SM-SERS phenomenology (II) requires a larger statistics of SM-SERS events, which
can be achieved using larger concentrations in a method such as bianalyte SERS. The ultimate goal is the observation of every single molecule with SERS

(111) and this is the subject of this work.

still relies on random adsorption of some molecules at hot-spots,
while the majority adsorbs elsewhere and does not contribute to
the SERS signals. The next logical step forward is therefore (III)
routine detection of every single molecule, which requires to
devise a scheme where every molecule (in a solution for example)
would adsorb at a hot-spot (see Figure 1III), where it can in
principle be detected via SERS. Tip-enhanced Raman spectros-
copy (TERS)**® arguably represents the earliest attempt to
achieve this, albeit with obvious sampling difficulties. Recent
efforts have focused on methods to improve the monodispersity
of hot-spots in solution, by fabricatin7g nanoparticle (NP)
aggregates with well-defined geometries3 ~3 and with an accu-
rate control of the gap dimensions.*” ** Attempts to “build the
SERS hot-spot around the target molecule”, an approach akin to
TERS, have also been recently reported.*”**¢ The possibility of
site-selective adsorption of the target analyte at the hot-spot for
SERS (an arguably more practical approach), has also been very
recently demonstrated by Chen et al. using gold nanorods.*”**
Although these studies focused only on ensemble SERS mea-
surements, that is, many-molecules and many-aggregates, they
provide a glimpse of the possibilities that site-selective adsorption
of the target analyte at the hot-spot may offer. In fact, such an
approach provides a promising pathway to achieving the situa-
tion represented in Figure 11II and this is precisely what our work
aims to demonstrate. In this report, we therefore provide an
example of such a general methodology to implement III, based
on the principle of chemically blocking access of the analyte to
the surface, except at the hot-spots. We explicitly demonstrate its
efficacy by comparing average and maximum (single molecule)
SERS EFs, which incidentally provides a simple and experimen-
tally accessible figure of merit against which future schemes could
be tested. The scheme is shown to be ultimately capable of
detecting via SERS every molecule of the target analyte present in
the solution at the single molecule level. This study moreover
provides an experimental confirmation of the possibility of
detecting SM-SERS signals with SERS EFs as low as 106, and
as a corollary, that SM-SERS detection is possible on single
metallic NPs (as opposed to gap-containing structures).
Sample Characterization. As a model example of implemen-
tation of this scheme, we have used solutions of colloidal gold

bipyramids (BiP) capped with a bilayer of cethyltrimethylamonium
bromide (CTAB). The gold BiPs in solution are synthesized using a
seed-mediated route in the presence of CTAB surfactants."
After synthesis the gold BiPs are capped with a dense bilayer of
CTAB, which becomes increasingly sparse at the two tips of the
BiPs, as evidenced in TEM images and shown schematically in
Figure 2b,c. A similar scheme with a position-dependent CTAB
barrier on gold nanorods was recently used to fabricate linear
chains of these rods for SERS.* It will be shown here that this
surface coating can also act as a barrier preventing the probe
molecule (here Crystal Violet, CV) from adsorbing on the surface,
except at the tips of the bipyramids, where the highest SERS en-
hancement factors (EFs) are expected.”® As a result, we may ex-
pect that CV molecules adsorb only at hot-spots and, provided
the adsorption efficiency is close to unity, every CV molecule in
solution could therefore be detected at the single molecule level.
Further information about sample preparation and detailed sample
characterization are given in Sections S.I—S.IIL of the Support-
ing Information, including TEM, dynamic light scattering (DLS),
UV-vis extinction, and numerical modeling of their electromagnetic
(EM) properties. The most important results are summarized in
Figure 2.

SERS Experiments. In order to understand what happens in
such a system for the SM-SERS properties, it is worth recalling
the phenomenology of a standard SM-SERS experiment in a
typical colloidal solution of partially aggregated Ag colloids.
Using the bianalyte SERS method, one can show'®** that SM-SERS
events can be observed with CV at 633 nm excitation at con-
centrations up to ~10 nM CV, corresponding to ~100 mole-
cules per Ag particle. This is a reflection of the hot-spot locali-
zation effect, that is, the fact that hot-spots represent less than 1%
of the available area for adsorption.”””>* Under such conditions,
typical maximum single molecule EFs (SMEFs) are of the order
of 10°—10", while average SERS EF (analytical EF, AEF'®) are
in the range 10° — 10°. The discrepancy of ~10* between SMEF
and AEF arises partly from the hot-spot localization effect but
also from the polydispersity of the colloidal solution (i.e., not
all clusters are in resonance) and possibly from orientation
averaging. In an ideal system where the situation in Figure 11II
is achieved, polydispersity and hot-spot localization would be
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Figure 2. Colloidal solution characterization and theoretical modeling. (a) Wide-field TEM image showing the presence of both spherical and
bipyramidal gold nanoparticles. The bipyramids appear very uniform in size and are typically 20 nm across and 45 nm high. (b) TEM image of CTAB-
stabilized bipyramids synthesized using the same method as used in this work (note that these were obtained from a different batch where particle sizes
are larger). The CTAB bilayer prevents adsorption of positively charged analytes like Crystal Violet on the surface except at the two tips where the SERS
EF is largest; this is shown schematically in (c). (d) UV-vis extinction showing the relatively narrow localized surface plasmon resonance of the
bipyramids around 658 nm, along with that of spheres at 525 nm. From these and electromagnetic calculations of extinction cross sections, the bipyramid
concentration is estimated to be ~0.24 nM. (e) Calculations of the orientation-averaged (over incident polarizations) SERS enhancement factor
distribution on the surface of the bipyramids. Eighty percent of the total SERS signal originates from a small area around the tip (4.4% of the total surface
area). The predicted SM-SERS figure of merit (defined in the text) for random adsorption is 77 = 0.019 in the ideal monodisperse case. Only specific
adsorption at the tip could lead to higher values as measured experimentally. See Supporting Information Figures S1 and S2 for further details.

avoided and this should result in a comparable value (except for
possible orientation effects) for the maximum SMEF and the
average AEF, that is, every analyte in solution experiences a SERS
EF close to the maximum SMEF and is therefore detec-
table at the SM level if the latter is large enough. This observation
provides an experimental methodology for demonstrating the
actual realization of the situation in Figure 1III, which we follow
here. To this end, it is useful to define a figure of merit for SM-
SERS efficiency as 7 = AEF/SMEF. For the typical colloidal
solutions discussed above, 7 &~ 10~ *, which may potentially be
improved to 10~ for a solution of monodisperse dimers. In fact,
under the best reported controlled conditions of colloidal
aggregates (in terms of size and gap dimensions), 7 of the order
of ~10~* was measured.** However, if specific adsorption of
every analyte in solution at the hot-spot is achieved, then this
could theoretically reach values as high as 0.1 < 7 < 1. Depending
on the system under study, there may be physical limits to the
maximum value of 77, for example associated with orientation-
averaging of the particle axis with respect to incident polarization
or of the molecular orientation with respect to the local field
polarization at the hot-spots (i.e., surface selection rules®"**). In

the ideal case of 77 = 1, every analyte in solution is detected with
exactly the same EF. Even in the best experimentally achievable
cases of say 77 = 0.1, almost every analyte should be detectable at
the single molecule level. We propose here to demonstrate the
site-selective adsorption by measuring 77, which requires a
measurement of both the average and maximum single molecule
SERS EFs. Such a methodology does not rely on uncertain
concentration estimates (of either NPs or analytes) and should
moreover be applicable to other SERS systems aiming for
detection of every single target molecule, even beyond the hot-
spot-selective adsorption approach demonstrated here.

The conditions under which SM-SERS may be observed are a
convolution of a number of inter-related factors. For example,
total surface area, hot-spot area, nanoparticle (NP) concentra-
tion, and analyte adsorption efliciency all affect the number of
detectable (at a hot-spot) molecules per particle. Similarly, NP
concentration, NP diffusion time in the scattering volume, and
integration time affect the number of observed particles per event.
It is because of this complexity that an independent experimental
confirmation (as opposed to theoretical estimates) of SM-SERS
is necessary, using for example the bianalyte SERS method.
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Figure 3. SERS experiments. (a) Average SERS spectrum for sample A (ccy = 2 nM, cgip = 0.024 nM) obtained from 1000 individual spectra
(integration time 7 = 20 ms, taken at Af = 94 ms intervals). The corresponding average SERS EF for the 1620 cm ™ " mode of CVis 4 x 10°. (b) Bianalyte
SERS analysis showing a scatter plot of NB vs CV intensities for sample C (ccy = 0.25 nM, cg;p = 0.12 nM) for which the number of CV molecule per BiP
particle is 40 times less than for sample A. Red (blue) events correspond to SM-SERS CV (NB) spectra. Purple events are mixed spectra. Green events
are below the sensitivity of our analysis. CV intensities are expressed in equivalent SM-SERS EF, that is, it is the corresponding SM-SERS enhancement
factor if the SERS signal originates from a single CV molecule. The statistics show that the single-molecule regime is achieved and that SM-SERS CV
events occur with maximum SMEEF of the order of 3 x 10°. Also shown are representative SM-SERS spectra of NB (d,f) and CV (e,g). (c) Distributions
of CV SERS intensities for decreasing number of CV molecules per hot-spot (HS) (sample A, 42 CV/HS, top; sample B, 4 CV/HS, middle; sample C,
1 CV/HS, bottom). N is the number of SERS events used for the statistics. The decrease in the maximum representative SERS EF shows that the single-
molecule regime is not achieved until the concentrations are as low as those of sample C.

Because of uncertainties in preparing samples with accurate
ultralow concentration, we first carried out measurements of
average SERS EF on CV samples with intermediate concentra-
tions (Sample A, with final concentrations of 2 nM CV and
0.024 nM BiP, that is, X 10 dilution of the starting colloidal
solution). The results are summarized in Figure 3a. By varying
the power, we first found the conditions under which the effect of
photobleaching was negligible (see Supporting Information
Table S.I) and deduced from the average SERS intensity an
analytical SERS EF of ~4 x 10° for the 1620 cm ™" mode of CV
in this sample. Thanks to the low colloid concentration in this
sample, it is also interesting to note that we can observe the
diffusion of individual bipyramids through our scattering volume
(which has a Gaussian intensity profile with a waist diameter
of 2wy = 1.38 um) over several consecutive spectra as discussed
in the Supporting Information. From these and DLS measure-
ments, the diffusion coefficient of the bipyramids is found to be

D A~ 13 um®/s, which corresponds for example to a rms dis-
placement of 1.1 4m in 100 ms, or 2.5 ¢m in 500 ms. Integration
times of 100 ms or lower therefore typically allow for the obser-
vation of a single bipyramid before it exits the scattering volume.

Bianalyte SERS Experiments. Bianalyte SERS experiments
were carried out using Nile Blue (NB) as a bianalyte partner to
CV. Given the low concentration of CV molecules per particle in
sample A (30—80 depending on whether it adsorbs on spheres or
not), the SM-SERS regime was here expected since at most one
molecule would randomly adsorb at a hot-spot (whose area is
only typically 1% of the total area). However, bianalyte experi-
ments on sample with CV concentrations comparable to sample
A failed to evidence SM-SERS spectra of CV. This gives us a first
indication of the specific adsorption of CV at hot-spots. Inter-
estingly, some NB single molecule SERS events could be
observed, which could indicate that either NB does not adsorb
specifically at the hot-spots, or that it does but with a much
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smaller adsorption efficiency than CV by a factor 10—20. In
fact, the measured average EF for NB was about 10 times
smaller than that of CV, which would therefore support the
latter interpretation. In any case, this reduced adsorption
efficiency affects the SM figure of merit # for NB and would
complicate the analysis so we will therefore focus mostly on
CVin the following, using only NB as a bianalyte partner with
its concentration adjusted (to 10 times larger than CV) to account
for the limited adsorption.

In order to probe further the SM-SERS regime for CV and
determine the maximum SM-SERS EF in such conditions,
bianalyte experiments at increasingly reduced numbers of mol-
ecules per particle were performed. In order to avoid problems
associated with ultralow concentrations, the bipyramid concen-
trations were also increased. Two representative cases, samples B
and C, are discussed here. As with sample A, a large number of
SERS spectra were obtained under conditions that avoid photo-
bleaching effects (incident power of 1 mW, integration time of
100 ms). Thanks to the Brownian motion of the nanoparticles,
these events correspond to different bipyramids with different
numbers of CV molecules adsorbed on them and at their hot-
spots. The bianalyte SERS analysis of sample C is shown in
Figure 3b. The nature of the maximum intensity events can be
ascertained thanks to the presence of two analytes. We see that
the first few strongest events in sample C are actually mixed
events, where both NB and CV molecules were adsorbed at a HS.
The majority of the strongest SM-SERS CV events correspond to
SERS EF in the range 1.5—3 x 10°. Occasional stronger events in
Figure 3b can be attributed to events with 2 CV molecules.
Similar observations are made for NB. Examples of SM-SERS
spectra of CV and NB are shown in Figure 3d—g. It is interesting
to note the change in relative intensities of peaks in either (d,f)
for NB or (e,g) for CV. These reflect the small variations in the
underlying localized surface plasmon (LSP) resonance from one
particle to another, as previously observed in Ag colloids.>>** We
also note the presence of the residual surface-enhanced fluore-
scence background as pointed out previously.> Similar bianalyte
SERS results were obtained on sample B (with a 4x higher
concentration of molecules per particle), except that a larger
number of mixed events was obtained, indicating the transition
from single-molecule to few-molecule regime.

A second type of analysis, based on the distribution of SERS
intensities at each concentration, was also used to strengthen the
conclusion. In the single molecule regime, the representative
maximum intensities should not vary with concentration as they
originate from a single CV molecule in optimum conditions (best
location at a hot-spot, best BiP LSP resonance). The occurrence
of maximum intensity events should however become less
frequent as the CV concentration is reduced. This type of statistical
analysis of SM-SERS has been discussed previously in detail.*®
The results, shown in Figure 3c, indeed confirm that sample A
(with an estimated 42 CV/HS for specific adsorption) is far from
being in the SM-SERS regime, and that only when going down to
concentrations as low as 1 CV/HS (sample C) do we observe
indication of SM-SERS.

Discussion and Conclusions. The SERS measurements
suggest that, for the bipyramid/CV system under study, the
SM-SERS figure of merit introduced earlier is 77 ~ 0.13, that is a
factor of ~10° better than the commonly used Lee & Meisel Ag
colloids. These BiP solutions therefore exhibit the remarkable
property that the maximum SM-SERS EF is very close in
magnitude to the average SERS EF for CV. This property can

be traced back to the selective adsorption of the analyte at hot-
spots where the SERS EF is maximum and the measurement of 77
provides a relatively general approach to demonstrate it experi-
mentally. We note that the frequency of single-molecule events
should also be increased in this case (Figure 11II) compared to
conventional SMSERS with nonselective adsorption (Figure 11I).
The experimental comparison between the two cases (ideally for
the same SERS system) is however difficult in practice, and we
believe that our approach of measuring 7 is much more versatile.

We also note that the maximum value of 77 in an ideal system is
77 = 1 and the remaining factor of 7—8 in our case compared to
the ideal case can be attributed to a combination of factors: (i)
the small polydispersity of the bipyramid solution may still result
in small changes in resonance condition from one event to
another, as observed in Figure 3d—g; (ii) incomplete adsorption
of CV molecules in solution on the BiP NPs; (iii) varying
molecular orientation with respect to local field polarization at
the hot-spot (i.e., surface selection rules); (iv) the remaining
SERS EF variation in the area at the BiP tip where adsorption is
allowed (e.g., if the CV molecule is not exactly at the hot-spot, its
SERS EF will be smaller than the maximum SERS EF). In fact,
theoretical modeling suggests that this latter factor may reduce
the maximum 77 to ~0.34 in our case here, showing that it may be
the dominant factor. Despite these remaining imperfections, it is
clear that almost every CV molecule experiences a SERS EF close
to the maximum value (by up to a factor of say 10, which is small
by SM-SERS standards) and can therefore be detected provided
the maximum SERS EF and the detection sensitivity are ade-
quate. The detection limit in Figure 3b is not sufficient as itis a
factor of ~3 smaller than the maximum SERS EF. This is
because the incident laser power was kept low to avoid the
influence of photobleaching on the estimation of the SERS EF.
If the SERS EF does not need to be determined, it is then
possible to increase the incident power to 10 mW, which then
allows the detection of every SERS CV molecule in solution at
the single molecule level.

In closing, we briefly discuss possible improvements to the
scheme demonstrated in this work. We first highlight again the
fairly general applicability of both the chemical method of
obtaining selective adsorption at hot-spots and the experimental
approach to demonstrate its efficacy by estimating 7. Both could
equally be applied to other types of colloidal solutions or to fixed
substrates such as those fabricated by nanolithography. The
CTARB bilayer is a relatively easy approach that naturally favors
adsorption at the positions of highest curvature on the nanopar-
ticles, which are precisely those where EM hot-spots are expected.
This may not however apply to gap-containing substrates, and the
adsorption selectivity is also likely to be strongly analyte-depen-
dent. Other barrier layers, possibly combined with selective chemical
functionalization at hot-spots could be envisaged to overcome
these problems. Moreover, the type of nanoparticles used as a
proof-of-principle in this work are clearly not the ones
sustaining the largest maximum SERS EF. It is likely that
optimization of particle size and shape could result in maxi-
mum SERS EF in excess of 10, while conserving a high SM-
SERS figure of merit of 7 ~ 0.1 when using a CTAB bilayer.
This should in turn allow this method to be applied to other
less resonant analytes with the ultimate goal being the detec-
tion of nonresonant analytes. With such potential improve-
ments in mind, we believe that this study paves the way for
highly controlled and reproducible routine detection of single
molecules via SERS.
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Supplementary information for “A scheme for detecting every single target molecule
with surface-enhanced Raman spectroscopy”

S.I. BIPYRAMID SYNTHESIS

The gold bipyramids (BiPs) were synthesized by
a seed mediated protocol according to the method
developed by Liu and Guyot-Sionnest [1].

Seed solution: 20 mL of 0.125 mM HAuCly solution
was prepared by dissolving 100 uL of 25 mM HAuCly
in 20mL DI water. Then, 200 uL of 25 mM trisodium
citrate were added to give a final citrate concentration
of 0.25 mM. Finally, 300 uL. of freshly prepared 10 mM
NaBH, were quickly injected under vigorous stirring.

Growth solution: The reaction was performed in
a water bath set up at 30°C. To 10mL of 100 mM
cethylmethylammonium bromide (CTAB) solution were
added 200 pL of 25 mM HAuCly stock along with 100 uL
of 10 mM AgNOgs. The solution was then acidified with
200 of 1M HCIL  Next 80uL of 100mM ascorbic
acid were added. The subsequent reduction of Au'™ to
Au' was evidenced by a complete discoloration of the
reaction mixture. The growth was initiated by injecting
300 uLi of seed solution (this can be changed to modify
the final BiP size if needed) and the solution was left
to react under gentle stirring for 90 minutes. Finally,
the bipyramids were isolated from the reaction medium
by centrifugation at 6000rpm for 5 minutes. The
nanoparticles were redispersed in 10 mL of DI water and
precipitated again by centrifugation to remove excess
CTAB. The washing process was repeated once and the
nanoparticles were eventually redispersed in DI water.

The as-prepared solution was then diluted by a factor
= 10 before all further sample preparation. This diluted
solution is what we will refer as the starting solution.

S.IJI. THEORETICAL CALCULATIONS

Theoretical calculations were performed in a model
system to characterize the extinction spectra of the
bipyramids and the distribution of EM field enhance-
ments on their surface. The half-bipyramids were ap-
proximated as tip-rounded right-circular cones with basis
diameter of 20 nm and height of 22.5nm (i.e. 45nm total
height for the bipyramid). The tip was rounded using
a spheroidal cap geometry. The conical and spheroidal
geometries are joined in such a way that the resulting
surface and its first derivative (i.e. the normal to the sur-
face) are both continuous. This is represented schemat-
ically in Fig. S1(A). As shown in Fig. S1(B), these
parameters are consistent with those measured by elec-

tron microscopy and were further tuned to match the ex-
perimental LSP resonance at 658 nm. The gold particle
was assumed to be embedded in water (relative dielec-
tric function ep; = 1.77) and the wavelength-dependent
dielectric function of gold was obtained from an analyt-
ical fit to experimental data as given in Ref. [2]. For
simplicity, we have omitted the presence of the CTAB
bilayer in these calculations, since it only had a minor
effect on the results. For example, when embedding the
bipyramid in a CTAB layer represented by a shell of re-
fractive index n = 1.4 with a varying thickness of 4 nm on
the side and zero at the tip, the extinction maximum was
redshifted by only &~ 4 nm while its maximum changed by
only ~ 4%.

Calculation of extinction spectra

Given the relatively small size of the bipyramids, the
electrostatic approximation (ESA) provides a good ap-
proximation to the exact EM problem. Calculations were
therefore performed in the ESA via finite-element mod-
eling using the software COMSOL 4.1. A 3D model was
used to calculate the orientation-averaged (using 21 in-
cident field polarizations) extinction cross-section of the
bipyramids. As shown in Fig. S1(C), this was found to
be almost identical to the extinction cross-section with
polarization along the bipyramid axis, except for a fac-
tor 1/3 due to orientation averaging (which is expected
for a dipolar resonance and comes from the averaging of
a cos? factor). The latter case of excitation along the axis
can in fact be modeled much more efficiently as a 2D ax-
isymmetric model, and therefore provides an easy way to
check the accuracy of the more demanding 3D calcula-
tions. The predicted extinction spectrum (Fig. S1(C))
is in good agreement with the experimental extinction
spectra obtained from UV-Vis extinction and therefore
provides a way of inferring the particle concentration
in solution (see below). The broader experimental res-
onance (53nm FWHM vs 31 nm for predictions) reflects
the small dispersity in the shape and size of the bipyra-
mids.

Calculation of local field enhancements

Using an excitation wavelength of Ay, = 633 nm (with
a polarization along the bipyramid axis), and a Ra-
man wavelength of Ag = 705nm (corresponding to the
1620 cm~! mode of CV), we also computed in the ESA
the local field intensity enhancement factors (LFIEF),
Myioe = |EJ|?/|Ep)?, and the SERS EFs in the |E|%-
approximation, F' = My,oc(AL)Mpoc(Ar) at all positions



A 001

z
r=a

" fana A =633 nm 1
L _atle—hE)Re Av =1620 cm?
(5 + @)

_ E’tan’a — (atana — ¢)?

2(atana — c)

Extinction [cm™]

===

Wavelength [nm]

log,o(F/5)

<F*>=4.8x10" / \

T T T T T T T T

o =25x10°

n=0.019 E /

SERS EF, F*
Sb

80% of total SERS ]
1 1 1 “r 1 1

0 10 20 30 40 50 60 70 80 90
Angle, 6 [deg]

Supplementary Figure S1: (A) Geometry used for theoretical calculations of the optical properties of the bipyramids.
The structure has symmetry of revolution around the z axis and consists of a truncated cone with a prolate spheroidal cap.
The formulae given above ensure continuity of the surface and its first derivative (normal). (B) The shape in (A) with same
dimensions is superimposed in blue onto TEM images of the bipyramid sample, showing the good agreement between the
structure chosen for modelling and the real bipyramids. (C) Experimental (solid lines) and predicted (dotted lines) extinction
spectra. Predictions for spheres (green) were obtained from Mie theory for a 12.5nm radius gold sphere in water. The
orientation-averaged extinction for the bipyramid (red) is also compared with the approximation obtained from taking 1/3
of the extinction with incident polarization along the main axis (purple). (D) Predicted spatial distribution of the SERS
enhancement factor, I, on the surface for incident polarization along the main axis, computed in the | E|*-approximation for
laser excitation at A\r, = 633 nm and Raman wavelength of Agr = 705nm (i.e. Raman shift of 1620 cm™'). Note that we show
here F'/5, which provides a good approximation, to orientation-averaged SERS EF, F°* (averaged over bipyramid orientation).
(E) Orientation-averaged SERS EF, F°* on the bipyramid surface as a function of co-latitude angle 6. The dashed area
contributes to 80% of the total SERS signal but correspond to only 4.4% of its total surface area. Also shown as a dashed

purple line is F'/5, showing that F°* ~ F/5 except far from the tips, where the SERS EF is lowest.

on the bipyramid surface. The results of such calculations
are shown in Fig. S1(D-E). Because the rotational diffu-
sion time of the bipyramids is expected to be much faster
than typical integration times in our SERS experiment,
we consider the orientation-averaged (of the bipyramid
axis with respect to incident polarization) SERS EF,
F°?. This orientation-averaged SERS EF could also have
been inferred from the SERS EF for incident polarization
along the main axis F as F°* = F9/5. This reflects, as
for the extinction, the dipolar nature of the main reso-
nance at 658 nm (the factor 1/5 comes from the average
of a cos* factor).

A maximum SERS EF of F22 = 2.5 x 10° (in agree-
ment with experimental measurements) is predicted and
occurs, as expected, at the tip. The magnitude of the
SERS EF then drops significantly when moving away
from the tip, because of the hot-spot localization effect.

This effect manifests itself in a number of ways:

e the SERS EF drops by a factor of 2 at a distance
(arc-length) of 1.7nm only from the tip.

e Assuming random adsorption of molecules, the area
around the tip that contributes to 80% (50%) of the
total SERS signal is only 4.4% (1.6%) of the total
surface area of the bipyramid.

e The surface-averaged SERS EF is only (F°*) =
4.8 x 10%.

We can therefore deduce a theoretical optimum single
molecule figure of merit (defined in main paper) for these
bipyramids of n = (F°*)/F% = 0.019 (assuming ran-
dom adsorption). In reality, polydispersity and the fact
that CV would also adsorb on the spheres would bring
this figure further down.

In order to explain the high figure of merit observed ex-
perimentally, we must therefore assume specific adsorp-
tion of the analyte at the tip of the bipyramids. For the
sake of argument, if we for example assume that CV may
only adsorb within 4nm (arclength along the surface) of
the tip (as suggested in the TEM images showing the
CTAB bilayer), then, the average SERS EF increases to
8.7 x 10°, and the SM figure of merit to n = 0.34. The



Supplementary Figure S2: TEM images of CTAB-
stabilized gold nanoparticles synthesized using the same
method as used in this work (note that these were obtained
from a different solution where particle sizes are larger than
the ones studied here). A CTAB bilayer of ~ 4nm is seen
around both the spheres and the bipyramids, but does not
cover the tips of the latter.

fact that 1 is not = 1 still reflects the fact that there re-
mains a non-negligible SERS EF distribution in the area
accessible to molecular adsorption (a~ 40 nm? in this ex-
ample). Indeed, the surface SERS EF 4nm (arclength
along the surface) away from the tip is 3 x 10°, i.e. a
factor of 10 smaller than at the top. This nevertheless
represents a dramatic improvement in 7 compared to the
random-adsorption case.

S.III. BIPYRAMID SOLUTION
CHARACTERIZATION AND SAMPLE
PREPARATION

TEM measurements

Coating with a polyoxometalate contrast agent
for TEM imaging: In order to localise low contrast
CTAB molecules onto bipyramids, we coated their sur-
face with an electron rich staining agent belonging to the
polyoxometalate (POM) family. POMs consist of tran-
sition metal oxyanions linked together in a 3D network
by bridging oxygen atoms. Because they are electron
dense, they have been commonly used as negative stain
for imaging of biological samples by TEM. Here we used
the Dawson type hexa -anionic Pnggogg (POW) POM.
Because of its polyanionic nature, it can electrostatically
bind to the positively charged head of the outer CTAB
layer around the bipyramids. The staining was done as
follows. 200 pL of purified BiP solution whose extinction
maximum had been adjusted to roughly 1 were mixed
for 1 minute with 30 uL of a 1mM POW solution. The
mixture was dropcasted onto TEM micro-grids and
imaged on a JEOL-100CX II microscope operating at

100kV.

Structural properties: The structural properties
were obtained from TEM measurements such as those
shown in Fig. 2a of the main text and Fig. S1(B).
From these, it is seen that the colloidal solution contains
both bipyramidal and spherical gold nanoparticles in
a ratio of approximately 1:2. The spherical particles
have a diameter of the order of 25nm. The bipyramids
have an hexagonal base and are on average 20 nm across
and 45nm high. Aggregates are observed in some of
these images but are believed to be the result of the
preparation of the sample for microscopy measurements.
There is no indication of the presence of aggregates in
the extinction spectrum (Fig. S1(C)) nor in the time
dependence of the SERS measurements (see Fig. S4
later). In fact, if the SERS signals originated only from
a small number of aggregates, then a large number of
analytes adsorbed on the non-aggregated BiPs would
not be observable. This would result in a much smaller
value for the single molecule figure of merit (n, defined
in the text) than measured.

CTAB bilayer: TEM images were also obtained from
a bipyramid solution in order to image the CTAB bi-
layer. The resulting images for a representative sphere
and bipyramid are shown in Fig. S2. TEM images
of the nanospheres display heavily contrasted gold cores
surrounded by lighter contrasted CTAB shells, the latter
being capped with a thin layer of medium contrast POW.
The width of the CTAB layer is estimated to be 4nm
from the distance between the gold surface and the POW
molecules. This thickness matches what is expected for
a lipidic bilayer structure. TEM images of bipyramids
display similar features to that of spheres except for the
distribution of the organic shell. The POW layer on top
of the CTAB only appears on the large sidewall facets and
not on the tips. This shows that the surfactant bilayer
is broken at the tips, rendering the tips more denuded
than the facets and therefore more likely to be accessed
by the analyte. From these images, we can estimate the
uncoated area at the tip to be of the order of 5% of the
total surface area.

Diffusion coefficient from Dynamic Light Scattering

The diffusion coefficient of the bipyramid nanoparti-
cles (appropriately diluted) was measured via dynamic
light scattering (DLS) [3, 4] at a temperature of 25°C
using 633 nm excitation at a scattering angle of 173°.
The measured autocorrelation function along with a bi-
exponential fit are shown in Fig. S3. We did not attempt
to fit a more complicated multi-exponential to the data as
we are here only after the order of magnitude of the diffu-
sion coefficient (the relevance of the parameters obtained
from a multi-exponential fit to the data in Fig. S3 would
be questionable anyway). The fast initial decay is always
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Supplementary Figure S3: Data from dynamic light scat-
tering of the bipyramid solution at 633 nm excitation and a
scattering angle of 173°. The first order normalized time
autocorrelation function is shown (symbols) along with bi-
exponential fit (line). The longer time constant is attributed
to the diffusion of the nanoparticles and correspond to an
approximate diffusion coefficient of D = 13 um?/s.

observed in metallic colloids and is related to the non-
zero optical absorption of the nano-particles. The longer
time constant is associated with diffusion of the nanopar-
ticles in solution and correspond to a diffusion coefficient
of D =13 um?/s. We cannot in this experiment resolve
the difference between the spheres and the bipyramids,
but this measurement nevertheless provides us with a
rough estimate of the diffusion coefficient, which is con-
sistent with the time dependence of the SERS intensities
as discussed in Sec. S.IV.

Nanoparticle concentrations

The concentration of each type of nanoparticle in solu-
tion can, to some extent, be estimated from the UV-Vis
extinction measurement of Fig. S1(C):

e For the sphere first, Mie theory predicts for a 25 nm
gold sphere in water a localized surface plasmon
(LSP) resonance at 526 nm and an extinction coef-
ficient [5] at resonance of Qext = 1.54, correspond-
ing to a (decadic) molar extinction coefficient of
2.0 x 10°cm~' M~!. The measured extinction for
the spheres at resonance is 0.64cm~! (the solu-
tion extinction is 0.75cm™?!, but as shown in Fig.
S1(C), about 15% originates from the BiP extinc-
tion).This corresponds to a sphere concentration of
0.32nM or 0.19 NP/um? in the starting solution.

e For the bipyramids, the theoretical extinction coef-
ficient at resonance was estimated from the calcula-
tions presented in Sec. S.II. At the predicted LSP
resonance at 658 nm, the absorption cross-section

(approximately equal to extinction for such small
particles) is 1.37 x 107!t cm? after orientation av-
eraging and correction for the broader resonance
observed experimentally (the measured LSP reso-
nance of the bipyramids is 1.7 times wider than pre-
dicted (53 nm FWHM compared to 31nm). This
corresponds to a predicted (decadic) molar extinc-
tion coefficient of 3.6 x 10°cm ™' M~'. Moreover,
the measured maximum extinction for the bipyra-
mids at resonance is 0.86cm™! (at 658 nm), which
therefore corresponds to a bipyramid concentration
of 0.24nM or 0.14 NP/pum? in the starting solution.

The sphere and bipyramids concentrations differ there-
fore by an approximate 1.4:1 ratio, as also observed qual-
itatively in microscopy images (the predicted ratio de-
pends strongly on the size chosen for the sphere and is
therefore not accurate).

Number of molecules per particles

The surface area (available for non-specific adsorption)
of each particle can also be calculated: it is ~ 2000 nm?
for the spheres and ~ 1800 nm? for the bipyramids. Us-
ing the concentrations given above, we deduce that ran-
dom adsorption would result with approximate 60%:40%
relative probability of adsorption on spheres and bipyra-
mids. Therefore, a concentration of 0.6 nM of analyte in
solution would result (with random adsorption) in &~ one
molecule per bipyramid. As argued in the main text of
the paper, we however believe that crystal violet (CV)
adsorption occurs only at the tips (referred here as hot-
spots, HS) of the bipyramids (with 2 HS per bipyramid),
and not elsewhere on the bipyramids or on the sphere.
In this case a concentration of 0.5nM of CV in solution
would result in one CV/HS.

From these estimates, the number of molecules per
bipyramid can be estimated by simple scaling depending
on final analyte concentration and dilution of the starting
colloid solution. For the samples discussed in the text,
we have:

e Sample A was prepared in two steps. A solution of
[200 pL of BiP + 200 uL of 20 nM CV] was first pre-
pared. Then 400 uL. water was added to 100 uL of
this solution to form sample A. The resulting con-
centrations are therefore 2nM for CV and 0.024 nM
for the BiPs (x10 dilution of the starting solu-
tion). For random adsorption onto spheres and
BiP, this corresponds to ~ 30 CV/BiP, which would
correspond to the single molecule regime, owing
to the EF distribution/hot-spot area effect. How-
ever, assuming selective adsorption at the BiP hot-
spots (2 HS per BiP), it would then correspond to
~ 42 CV /HS, which would correspond to the many-
molecule regime. The latter was observed experi-
mentally for CV indicating selective adsorption of
CV at the BiP hot-spots.



e Sample B and C were therefore prepared to exper-
imentally assess the SM-SERS regime using the bi-
analyte SERS method. In order to reduce signifi-
cantly the number of CV per BiP without having to
resort to extremely low CV concentrations (which
are inherently prone to dilution errors), the final
BiP concentration was increased by reducing the
dilution factor. Also, the Nile Blue concentrations
were chosen as 10 times larger than the CV concen-
trations to compensate for the lower adsorption at
hot-spots and result in ~ 1 : 1 ratio of SM-SERS
events. Sample B was prepared in two steps. A
solution of [200 uL of BiP + 200 uL of 20nM NB]
was first prepared. Then 315 ul. water and 15 pL
of 20nM CV were added to 300 uL of this solution
to form sample B. The resulting concentrations are
therefore 0.5nM (CV), 5uM (NB) and 0.06 nM for
the BiPs (x4 dilution of the starting solution). As-
suming selective adsorption at the BiP hot-spots,
it corresponds to ~ 4 CV/HS, which would corre-
spond to the intermediate regime of SMSERS.

e Similarly, Sample C was prepared in two steps,
again in such a way as to minimize dye dilution
errors. A solution of [1160 uL of water + 400 uL
of 20nM NB + 40 pL of 20nM CV] was first pre-
pared. Then 250 uL. of the BiP solution was added
to 250 L of this solution to form sample C. The re-
sulting concentrations are therefore 0.25nM (CV),
2.5nM (NB) and 0.12nM for the BiPs (x2 dilu-
tion of the starting solution). Assuming selective
adsorption at the BiP hot-spots, this now corre-
sponds to ~ 1 CV/HS.

Finally, we note that although these estimates are use-
ful to fix ideas, there remain subject to uncertainties. For
example, they assume that CV adsorbs with 100% effi-
ciency, which may not be the case in the presence of the
CTAB layer. Moreover, at such low concentrations, wall
adsorption may reduce the effective CV concentration in
solution. These estimates should therefore be viewed as
upper estimates of the real concentrations.

S.IV. SERS EXPERIMENTS AND
ENHANCEMENT FACTORS

Experimental details

The SERS spectra were acquired with a Horiba Jobin-
Yvon Labram Raman spectrometer equipped with a
Synapse CCD allowing fast acquisition (read-out time
of 70 ms between spectra). Excitation was provided by a
633 nm HeNe laser with a maximum power of 10 mW at
the sample, which can be reduced using neutral density
filters. Raman spectra were measured in solution in the
backscattering configuration using a x100 (NA 1.0) water
immersion objective.

Average enhancement factor

As discussed in Ref. 6, a convenient definition for the
average SERS EF, especially in solution, is the so-called
Analytical EF (AEF) defined as:

AEF — Isgrs/csERS (s1)
Irs/crs

where Isgrs and Irs are the SERS and normal Raman
intensities, respectively, measured for the same analyte
under identical experimental conditions, except for a pos-
sible difference in analyte concentration (denoted csgrs
and cpg, respectively). The AEF is relatively easy to
measure experimentally (provided normal Raman spec-
tra can be obtained), but may not be a reliable measure
of the intrinsic performance of the SERS substrate [6].
It is for example dependent on the analyte adsorption
efficiency, the presence of multilayer coverage, or photo-
bleaching, and therefore only provides an upper limit of
the average SERS EF.

Although it is usually not possible to measure the
Raman spectrum of resonant dyes because of the over-
whelming fluorescence signal, this is not the case for CV
at 633 nm thanks to its extremely low fluorescence quan-
tum yield [7]. Its Raman cross-section can therefore be
determined using standard methods [6]. The AEF of CV
Raman peaks can therefore be determined by estimating
the effective cross-section of the average SERS spectrum
(against a reference). We provide the details of the pro-
cedure on a specific example below:

e We consider Sample A, with a final CV concentra-
tion of cggrs = 2nM. We measured a time series
of 1000 SERS spectra with a power of P=1mW
and integration time of 7 = 20ms. In the aver-
age spectrum, the 1620 cm ™~ SERS peak intensity
is estimated from a Pseudo-Voigt profile fit to be
180 cts, or equivalently Isgrs = 9 x 10% cts/s/mW
(see Figure 3a of the main text).

e For the same optical set-up (i.e. same objective,
grating, etc), we measured the Raman spectrum of
our reference 2-bromo-2-methylpropane (2B2MP)
and found the intensity of the Raman mode at
516cm~! to be Ipoyp = 1.5 x 10%cts/s/mW.
This mode has a differential Raman cross-section
of doapanp/(d)) = 5.4 x 10739 cm? /sr (at 633 nm)
and the 2B2MP concentration is cogomp = 8.76 M.

e In addition, the normal Raman cross-section of the
1620cm™! mode of CV was measured to be [6]
dors/(dQ)) = 3.6 x 10726 cm? /st (at 633nm). We
therefore deduce the AEF for this mode from the
formula:

IsErs/csERs ($2)

doi620 / dUQ;{ZZMP )

AEF =
(I2gamp /c2Bamp) (258

which therefore gives AEF 600 ~ 4 x 10° in this
particular case.



Influence of Photo-bleaching

In order to assess the possible influence of photobleach-
ing on the SERS results [8], further SERS measurements
were carried out on Sample A (final CV concentration
of csgrs = 2nM) as a function of incident laser power.
The average SERS intensities of the 1620cm ™' peak of
CV were obtained in each case and normalized to inte-
gration time and laser power. The results are summa-
rized in Table S.I. The SERS intensity scales linearly
(within experimental uncertainty) with power from 0.01
to 1 mW, which indicates that photobleaching effects are
not present up to at least 1 mW of incident laser power
(for our experimental conditions). A small decrease in
the SERS intensity is visible for 10 mW, possibly indicat-
ing the onset of the appearance of photo-bleaching. All
experiments were therefore performed at a laser power of
1mW.

Supplementary Table S.I: SERS intensity of the
1620cm™! peak of CV for sample A as a function of laser
power.

Power [mW] Int. time [ms] Isgrs [cts/s/mW]

0.01 100 9300
0.1 100 8300
1 20 9000
10 20 5500

Time-dependence of SERS intensities

Thanks to the low colloid concentration in sample A
(0.024nM), it is also interesting to note that we can
observe the diffusion of individual bipyramids through
our scattering volume over several consecutive spectra
as shown in the time-dependence of Fig. S4(A) and in
the example of Fig. S4(B). Some of these events last
as long as 500 ms. The auto-correlation function of the
time-dependent intensity in Fig. S4(A) shows an initial
exponential decay with a time constant of 100 ms, which
is therefore the order of the bipyramid diffusion time
through the scattering volume (which has a Gaussian in-
tensity profile with a waist diameter of 2wy = 1.38 pum,
see below). This interpretation is further confirmed from
Dynamic Light Scattering (DLS) measurements of the
diffusion coefficient giving D =~ 13 ym?/s, which corre-
sponds for example to a rms displacement of 1.1 um in
100 ms, or 2.5 um, in 500 ms. This observation further
confirms the fact that the SERS signals originate from
individual bipyramids (as opposed to aggregates).
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Supplementary Figure S4: (A) Time evolution SERS in-
tensity for sample A obtained for 1000 individual spectra (in-
tegration time 7 = 20ms, taken at At = 94ms interval).
The lower part provides a zoom on the lower intensity events.
Thanks to low NP concentration (0.024nM) and the short
time interval, most events can be seen across several consec-
utive spectra, reflecting the diffusion of an individual bipyra-
mid through the scattering volume. (B) shows the spectra
(vertically translated for clarity) for such an event. (C) Au-
tocorrelation function for the SERS intensities shown in (A)
along with a fit with an exponential decay time of 100 ms.
Note that the time resolution for the autocorrelation function
is poor because the interval between consecutive spectra is of
the order of the diffusion time.



Scattering volume characterization

In order to estimate single-molecule SERS EF, it is first
necessary to characterize the scattering volume, which we
did here following the method described in detail in Ref.
[6]. Briefly, we first measured the Raman intensity on a
silicon substrate immersed in water as a function of the
confocal pinhole size. Knowing the magnification factor
between the sample and the image on the pinhole, we
can infer the beam waist of the exciting beam (assumed
to be Gaussian) to be wg = 690nm. Then, the confocal
depth is estimated by scanning the focal plane across the
Si substrate. Following the definitions of Ref. [6], we
obtain an effective height of Heg = 12 um and therefore
an effective scattering volume of Vog = 8.2 um3.

Single molecule SERS EF

Using this, we can again use our reference standard,
2-bromo-2-methylpropane (2B2MP), to relate the mea-
sured Raman intensity (in cts/s/mW) to an effective dif-
ferential cross-section (which is the cross-section for a
hypothetical single emitter in the center of the scatter-
ing volume producing the same Raman intensity). For a
2B2MP solution (with a concentration ¢ = 8.76 M), the
intensity of the Raman mode at 516 cm~! was measured
to be Iogomp = 1.5 x 10% cts/s/mW, which must there-
fore correspond to an effective cross-section of cVeg X
doopanvp /(dSY). We conclude that for the experimental
conditions used in this work, we have:

lcts/s/mW & 1.7 x 1072 em? /st (S3)
For a given Raman spectrum, this relation can then be
used to convert the Raman intensity of, for example, the
1620 cm™! mode of CV into a differential cross-section.
Normalizing with the normal Raman cross-section of the
same mode, dogs/(dQ)) = 3.6x10726 cm? /sr (at 633 nm),
we then obtain an equivalent SM-SERS enhancement fac-
tor. It is important to note that this equivalent SM-SERS
EF is only a real SM-SERS EF if it is proven that the Ra-
man spectrum indeed originates from a single molecule.

As an example, the Raman intensity of the 1620 cm ™!
mode of CV in the SM-SERS of Fig. 3e in the main text
is I1g20 = 640cts with 0.1s integration time at 1 mW,
or equivalently Ij620 = 6400 cts/s/mW. This therefore
corresponds to an effective differential cross-section of
1.1 x 1071 cm? /st and a SM-SERS EF of 3 x 106.

Statistical analysis of bianalyte SERS experiments

In order to analyze the bianalyte SERS experiments,
good quality average spectra of CV only and NB only
were obtained at higher concentrations (in samples such
as sample A), to be used as reference spectra, denoted
Icv(7) and Ing (7). Each individual spectra in the bian-
alyte experiment, I,,(#) is then fitted to a linear combi-
nation of these references with a linear background, i.e.:

In(p) = O‘nIC\l(E) + BnINB(D) + ’YnD + 5n (84)

The fit is carried out as a linear least square fit and
can be carried out analytically (using matrix algebra)
and therefore very rapidly for a large number of spectra.
Moreover, the resulting fitting parameters are guaranteed
to be those of the absolute minimum with no local min-
ima or convergence issues as would arise in a non-linear
least square fit. The values of «, are then converted
into cts/s/mW (using the reference spectrum Icy (7))
and then into an equivalent SM-SERS EF as described
in the previous section. This would be the SM-SERS EF
experienced by a single molecule producing the same in-
tensity as observed (and is therefore the true SM-SERS
EF for single molecule events).

In practice, the fit is carried out in a limited spec-
tral range containing strong and distinguishable Raman
peaks of CV and NB. The limited spectral range is nec-
essary to ensure that the background can be well approx-
imated as linear and to avoid variations in relative peak
SERS intensities associated with the underlying LSP res-
onance [9]. For the analysis presented here, the spectral
range was chosen as 1550 cm™! < 7 < 1680cm~!. The
advantage of this linear least-square fit approach is that
it does not rely on assumptions on the line shape of the
Raman peaks and can easily handle multiple overlapping
peaks. The results are very robust and are only affected
by the unavoidable noise in the lower-intensity spectra,
which result in non-zero (and possibly negative) small
values in the parameters «, and (3,,. The minimum de-
tectable signal-to-noise ratio is then easily identifiable in
a scatter plot of «, vs 8, as the one shown in Fig. 3b.
The events below noise level are simply those whose mag-
nitude is comparable to the maximum negative values of
oy, and B, (the green points in Fig. 3b).
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