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Nanoparticle–nanoparticle vs. nanoparticle–
substrate hot spot contributions to the SERS
signal: studying Raman labelled monomers,
dimers and trimers†
Sergii Sergiienko,ab Kamila Moor,a Kristina Gudun,a Zarina Yelemessovaa and
Rostislav Bukasov*a
We used a combination of Raman microscopy, AFM and TEM to quantify the influence of dimerization
on the surface enhanced Raman spectroscopy (SERS) signal for gold and silver nanoparticles (NPs)
modified with Raman reporters and situated on gold, silver, and aluminum films and a silicon wafer. The
overall increases in the mean SERS enhancement factor (EF) upon dimerization (up by 43% on average)
and trimerisation (up by 96% on average) of AuNPs and AgNPs on the studied metal films are within a
factor of two, which is moderate when compared to most theoretical models. However, the maximum
ratio of EFs for some dimers to the mean EF of monomers can be as high as 5.5 for AgNPs on a gold
substrate. In contrast, for dimerization and trimerization of gold and silver NPs on silicon, the mean
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EF increases by 1–2 orders of magnitude relative to the mean EF of single NPs. Therefore, hot spots in the
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strate dominate SERS enhancement for dimers and trimers on a silicon substrate. However, Raman labeled

interparticle gap between gold nanoparticles rather than hot spots between Au nanoparticles and the subnoble metal nanoparticles on plasmonic metal films generate on average SERS enhancement of the same
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order of magnitude for both types of hot spot zones (e.g. NP/NP and NP/metal film).

Introduction
SERS (surface enhanced Raman spectroscopy) is an increasingly
active research field. SERS applications include sensing, spectroelectrochemistry, single molecule detection1 and detection of
major health threats for humans (cancer, tuberculosis, viruses
etc.).2 There are numerous advantages to this method as it is a very
sensitive, label-free, humidity independent and rapid method
with great capability of multiplexing.3 One of the most prospective
applications of SERS is its application in sandwich immunoassays, achieving high sensitivity and low limit of detection
(LOD) for detection of a variety of biotargets such as tuberculosis
or cancer biomarkers. However, application of SERS sensors
based on metal nanoparticles on metal films is still challenging,
due to low reproducibility, since various factors have an impact on
sandwich SERS immunoassays, such as substrate composition,
degree of NP aggregation, pH, temperature and ionic strength of
buﬀer solutions where immunoreactions occur.4
a
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Gold and silver are usually used as materials for SERS substrates, because they are relatively stable and good at sustaining
plasmon energy in the visible and near infrared wavelength
ranges where most Raman measurements occur.5,6 Si nanostructures or substrates that are decorated with metal nanoparticles (e.g., Au NPs and Ag NPs) have been recently developed
as a high performance SERS platform with excellent reproducibility, since the metal nanoparticles are tightly immobilized by Si, eﬀectively preventing random aggregation of the
nanoparticles.7
Currently it is assumed that the total SERS enhancement
mechanism is a combination of the electromagnetic and chemical
enhancement mechanisms,8 and for optimized surfaces, it may
reach 1010–1011.9 The electromagnetic (EM) enhancement mechanism is based on the amplification of light by the excitation of
localized surface plasmon resonances (LSPRs).10
The Van Duyne group demonstrated that the creation of hot
spots,6 where two particles are in subnanometer (gap o1 nm)
proximity or have coalesced to form crevices, is important
to achieve maximum SERS enhancements. Classical electrodynamics provides a good description down to gap distances of
the order of 41 nm, after which quantum and non-local theory
approaches have to be used. EM enhancement continues
until the distance between two metal surfaces becomes so
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small that electron spill-out and non-local eﬀects become
important, eventually leading to electronic tunneling and electrical
shortcut.11
Investigation of the influence of NP agglomeration on a
Raman signal can be simplified and carried out on monomers,
dimers and trimers. In comparison with a single NP, the
plasmonic absorption for dimers exhibits a new band at longer
wavelength (red shift) due to interparticle plasmonic coupling;
also theoretically the interparticle plasmonic coupling leads to
more enhancements and red shifts for the plasmonic absorption
band with a higher degree of aggregation than the dimer as an
example for a trimer.12,13 As the nanoparticles in chains are brought
closer to each other (gaps decreasing from 2.5 to 0.5 nm), the
maximum field enhancement at a gap becomes nearly 10 times
larger and aggregation causes a large red shift of the Raman signal
of more than 200 nm.12 However, colloidal aggregates often suﬀer
from poor reproducibility of the gaps.12
Therefore, a method to obtain metallic nanoparticle clusters
with well-defined, reproducible gaps is highly desirable.
Lithographic techniques are usually relatively expensive; still
they can be used to fabricate precisely controlled nanostructures
with large (410 nm) but not smaller enough gaps that would
generate maximum SERS enhancement.14 Self-assembly provides
a much easier, cost-eﬃcient means to achieve small interparticle
distances. Molecular layers in the self-assembly approach can be
used to create layers with controlled thickness between NPs and
a film.15
Super-resolution imaging is a technique that can be applied
to study hot spots with o10 nm resolution,16 below the optical
diﬀraction limit of an optical microscope. Then a map of
fluorescence intensity as a function of the centroid position
can be constructed.17 The disadvantage of this relatively complicated method is the fact that only qualitative similarities
exist between single dipole emission and SERS emission from a
nanoparticle dimer, because modeling the SERS emitter as a
single dipole fails to completely describe the emission.
Overall, despite a few publications, there are no suﬃcient
experimentally obtained data about SERS hot spot contribution
to the total SERS signal, even for the major types of nanoparticles
(Au and Ag NPs) laid on the surface of major plasmonic substrates (Au and Ag), while most of the published experiments are
performed on the surface of TEM grids6,18,19 or glass.16,20 We
also could not find information about the impact of nanoparticle
agglomeration (at least dimerization and trimerization) on the
SERS signal in SERS sandwich immunoassays.
However, our data obtained from AFM (ESI,† Tables S1
and S2) showed that the number of agglomerated nanoparticles
in those systems can account for 50–70% of the total number
of nanoparticles, among them 10–30% are dimerized nanoparticles. Do we need to suppress or, to the contrary, stimulate
dimerization (agglomeration) of those nanoparticles in order to
optimize the sensing parameters (LOD, sensitivity, response
linearity, etc.) for SERS assays? When AuNP–AuNP and AuNP–
metal substrate distances increase (due to the presence of
antibodies on NPs and on the Au/Ag substrate) in SERS sandwich immunoassays, do the SERS signals of dimers change
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relative to the signal of single NPs? What would be the best
substrate with maximum or minimum impact of dimerization
on the SERS signal? Looking for answers to these questions
we performed investigations on how the dimerization and
trimerization influence the SERS signal. Hereafter, we study
and compare the average signal from the dimers and sometimes
trimers (when their number is sufficient) with the average signal
from the monomers on different substrates (Au, Ag, and Al films
and Si wafer), using both Au and Ag nanoparticles coated with
various Raman active molecules.

Experimental
Materials and methods
The samples were prepared as follows: 0.02 mL of analyte
solution (1 mmol L 1) in acetonitrile (34888 ALDRICH, CAS
Number 75-05-8) and 0.58 mL of DI water were added to 0.4 mL
of nanoparticle (NP) dispersion. Then three cycles of centrifugation (the rate of centrifugation = 3000g for 80 and 60 nm gold
nanoparticles and 100 nm silver nanoparticles) with the replacement of 0.95 mL of the supernatant with water were performed to remove the surfactant and Raman active analyte not
bound to NPs. After each resuspension, samples were treated in
an ultrasonic bath for 10 minutes to obtain a finer dispersion of
the nanoparticles. Finally, from 1 mL of the obtained stock
dispersion more diluted dispersions were prepared by 4, 8 or
16 fold dilution in DI water. Then the obtained dispersions
(drop volume 25 mL) were drop-cast on the substrates. Gold and
silver films were opaque; they had a 50 angstroms chrome layer
under a 100 or 200 nm layer of gold or silver, 99.9% pure. To
control the spreading of the droplets, just before drop-casting,
spherical holes (d = 5 mm) were made in paraﬃn films with a
hole puncher and those films were annealed to each substrate
by short term heating.
The following combinations of analytes, nanoparticles and
substrates were used in the experiments:
(1) 2-Methoxythiophenol (2-MOTP, 184055 ALDRICH, CAS
Number 7217-59-6), Au NPs (742023 Aldrich, d = 80 nm,
C = 7.80  10+9 particles per mL), substrates—Au and Ag films
on a glass slide.
(2) 4-Aminothiophenol (4-ATP, ACROS Organics, 96%, CAS:
1193-02-8), Ag NPs (d = 100 nm, Aldrich 730777, 0.02 mg mL 1),
substrates—Ag, Au and Al films on a glass slide.
(3) 4-Aminothiophenol (4-ATP, as one above), Au NPs
(d = 60 nm, 742015 Aldrich, C B 1.9  10+10 particles per mL),
substrates—Ag, Au films on glass and Si wafer.
(4) 4-Nitrobenzenethiol (4-NBT, Apollo Scientific Ltd, 98%,
CAS: 1849-36-1), AuNPs (d = 60 nm, as aforementioned) modified
with anti-human IgG and 4-NBT in a preparation of extrinsic
Raman labels similar to the procedure described in the
literature.21 However, we used no DSNB and no DSP as linker
molecules, but we used a modified gold or silver film with
captured antibody in the first step. The rinsing/blocking
(with super block)/antigen (or blank)/rinsing/ERLs (extrinsic
Raman label)/rinsing/drying/measurement sequence in the
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SERS immunoassay for hIgG is kept unchanged. A blank of PBS
solution is used instead of antigen for our study.
(5) 4-Nitrobenzenethiol with the same AuNPs, blocking
agent and blank (PBS) used in the immunoassay for MPT64.
Here the only diﬀerence in the preparation of the sample from
the previous sample (4) is anti-MPT64 antigen instead of antihuman IgG antigen, all other steps being similar.
All above mentioned samples should have nearly monolayer
or 10% of a monolayer coverage of the NP surface with the
analyte resulting in a few thousands of Raman active molecules
per nanoparticle. All three analytes have comparable cross
sections on a gold/silver surface.
(6) A sample with a very low concentration of the analyte,
approaching the single molecule detection regime, used 1 nM
solution of 2-methoxythiophenol in acetonitrile, Au NPs (d =
80 nm, 742023 Aldrich), and gold films on glass as substrates.
(7) 4-Nitrobenzenethiol solution in acetonitrile only (no
proteins or other modifiers) to modify 100 nm AuNPs, subsequently dropcast on an Au film.
To determine the baseline corrected signal from the nanoparticles (monomers, dimers, etc.) we optimize the parameters
of the mapping and data analysis. We obtained AFM maps
(SmartSPM 1000 Scanning Probe Microscope system from
AIST-NT, with APPNANO SPM probe model ACTA-50, tip
radius: o10 nm) to combine images of nanoparticle distribution
on the substrate surface with Raman emission intensity maps
(obtained by LabRAM HR Evolution system – HORIBA, with
helium neon laser power supply 632.8 nm, Melles Griot) recorded
with the following parameters:
(1) The size of AFM maps – 100  100 mm, resolution 500 
500 pixels, scan rate – 0.1 Hz, then, for more detailed analysis on
the AFM maps (100  100 mm), new maps 20  20 mm with a
resolution of 2000  2000 pixels were recorded, scan rate – 0.4 Hz.
(2) Raman map resolution was 101  101 pixels with step
1 mm (map size 101  101 mm). For steps 0.5 and 0.25 mm the
map resolution was 201  201 pixels, the map size was 100.5 
100.5 mm for step 0.5 mm, and for step 0.25 mm the map size was
50.25  50.25 mm.
The acquisition time was 1 s, accumulation 1. The laser power
values (laser 633) at the focus of the 100 objective lens were
0.64 mW (in most experiments), 0.51 mW (experiments 1 and 7),
and 0.28 mW (experiments 3 and 5 for Au NPs on a Ag film due to
the high intensity of Raman radiation). The laser power (laser 532)
in experiment 3 was 2.3 mW. To determine the laser power a
PM160T power meter (Thorlabs, Inc.) was used. Raman maps were
compiled using the maximum intensity of emission in an appropriate range of the spectrum and as the peak base average values of
intensity in the corresponding ranges were used (Table 1 and Fig. 1).
Table 1 Ranges of the spectra (SERS and from solid) that were used for
Raman map compilation

Analyte

The peak maximum
in the range, cm 1

The peak base (average
value in the ranges), cm

2-MOTP
4-NBT
4-ATP

1030–1045
1317–1341
1066–1086

1020–1030 and 1045–1055
1290–1300 and 1350–1360
1050–1055 and 1095–1100
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All values of Raman emission intensities for lasers 633 and 532 were
normalized to 1 mW of the laser power. For data calculation and
visualization of Raman radiation intensity the OriginPro 2015
(OriginLab Corp.) software was used. The detailed procedure for
Raman intensity maps and AFM map recording and combination is
described in the ESI† (Fig. S1–S19).
Substrate roughness determination (AFM)
Surface roughness (Ra) data are presented as the mean values
of five areas of 1 mm2, scanning speed 1 Hz and resolution
500  500 points.
Determination of the size of particles and calculation of the
distance between them in agglomerates using TEM and AFM
Rough calculations of the size of particles and the distance
between them were performed using AFM (ESI,† Fig. S20A).
Determination of the distance between the edges (gap) of the NPs
in dimers was performed using TEM (JEOL JEM-2100 transmission
electron microscope), and then the mean hot spot cross section (S)
between two NPs in dimers was calculated from the length L
(diameter) of the contact zone between NPs (ESI,† Fig. S20B).
Measuring Au NP size distribution using DLS
Measurements were performed on Zetasizer Nano ZS (Malvern
Instruments) for 60 nm Au NPs with and without an adsorbed
layer of antibodies (MPT64) in suspension to estimate the size of
the adsorbed layer. ERL solution was diluted with distilled water
up to 4 times (Au NP concentration was the same in each case).
Enhancement factor (EF) calculations
Enhancement factor (EF) calculations were performed assuming
that NPs were covered with one layer of the analyte. SERS
enhancement factor values were calculated by comparing the
intensity of the appropriate peaks (Fig. 1 and Table 1) measured
in the SERS experiments to the corresponding peaks measured
from the solid analyte. The SERS enhancement factor (EF) is
given by:
EF = (ISERS/IRaman)(NSERS/NRaman) = (ISERS/IRaman)(NnbulkVlaser/CS)
(1)
where ISERS and IRaman are the intensities of the same band for
the SERS and normal Raman spectra, NRaman is the number of
molecules probed for a normal Raman setting, and NSERS is the
number of molecules probed in SERS. NRaman was determined
based on the Raman spectrum of the solid analyte. By incorporating the number of molecules in 1 mm3 (Nnbulk), the average volume
of the focused laser beam in mm3 (Vlaser) and the SERS surface
concentration, the number of molecules per 1 mm2 (CS), the EF
can be rewritten as the second part of eqn (1). While determining
NSERS, we assumed that the molecules of the analyte were
adsorbed as a monolayer with a molecular footprint of 0.2 nm2
for 4-NBT, 2-MOTP,22 and 4-ATP.23 This assumption represents
the theoretical maximum number of molecules (in the case
of a monolayer) and therefore it is an overestimate. Thus, the
calculated EF will likely be an underestimate rather than an
overestimate of the enhancement. We used analyte concentration
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Fig. 1 Spectra of Raman bulk and SERS spectra of analytes adsorbed on 60 nm Au NPs on a Au film: (A) 4-aminothiophenol, 1 – Raman, 2 – SERS,
(B) 4-nitrobenzenethiol, 1 – Raman, 2 – SERS, (C) 2-methoxythiophenol, 1 – Raman, 2 – SERS, (D) SERS spectra of 2-methoxythiophenol (monomer,
dimer, and trimer).

of 1 nM in the sample solution dropcasted on the substrate
in experiment 6. Calculations of NSERS in this experiment,
revealed that each AuNP was covered only with 14 molecules
of 2-MOTP, when a uniform coating of the analyte on nanoparticles and the substrate was assumed.

Results and discussion
Roughness measurements
First we performed surface roughness measurements (Ra) of
used substrates in the nanoscale region using atomic force
microscopy (ESI,† Table S3). The roughness measurements
showed relatively smooth substrates with Ra of about 2.8 nm
for gold films and 3.2–3.9 nm for aluminum and silver films
and the silicon wafer. This average roughness would not exceed
5–6% of the nanoparticle diameter allowing a certain classification of nanoparticles and their dimers and trimers on each
substrate by AFM. However, this kind of roughness may
contribute by several percent to the relative uncertainty in
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measurement height by AFM, increasing the uncertainty in
the calculation of the interparticle gap in dimers and trimers
from AFM data.
Analysis of the samples
Analysis of the samples by optical and atomic force microscopy
showed more uniform distribution of Au and Ag NPs on the Ag
and Al surface and partly in the form of spots on the Au surface.
The observed diﬀerences are probably because the Au surface is
more hydrophobic, a water drop with nanoparticles has a
smaller area of contact with the surface, and the drying process
takes place in steps.
The selections of nanoparticle concentration and map locations on the substrate surface are important. At suﬃciently high
concentration it is diﬃcult to recognize the Raman signal from
individual nanoparticles or clusters covered with the analyte. It is
shown that when diluted solutions (by 8 or 16 times) of nanoparticles are used to obtain samples and AFM images with a
resolution of 2000  2000 pixels per square map of 20  20 mm
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are used, it becomes possible to uniquely identify individual
nanoparticles (for Au and Ag NPs, d = 60, 80, and 100 nm) and
agglomerates and evaluate the Raman signal. In this case, the
average NP surface density was 20–100 monomers, 2–5 dimers
and 1–2 trimers per 20  20 mm map; aggregates with more
than 3 NPs were also available but were rare. Undiluted NP
suspensions also may be used, but in this case it is necessary to
select the location on the sample with low NP surface density.
Calculations of average agglomeration in the immunoassay
test were performed (ESI,† experiment 5, 60 nm Au NPs on a
Au film, total area 36 mm2, Table S1 and S2). From these data
it can be seen that the number of agglomerated particles
(N agglomerates B 2.0 per mm2) exceeds the number of monomers
(Nm B 0.88 per mm2).
We estimated intensities of the Raman signal originating
from nanoparticles using Raman signal maps (Fig. 2A and B)
and AFM maps (Fig. 2C and D) for the mentioned combinations
of analytes, substrates, and nanoparticles.

Paper

Then, the mean Raman signal intensities for monomers
(Im), dimers (Id) and trimers (It), relative standard deviation,24
(RSDm, RSDd, RSDt), standard error (SEm, SEd, SEt), enhancement factor (EFm, EFd, EFt) per particle, the number of monomers, dimers and trimers (Nm, Nd, Nt), intensities of the Raman
signal originating from substrates (background, Ibg) were also
calculated in those spots of the sample where there are no
nanoparticles. The main data are given in Table 2 (all calculated
data are provided in the ESI,† Table S4). The value of mean
Ibg was calculated from 10 spots; each spot includes 12 pixels
of a Raman map (1.5  2 mm). Fig. 2A shows a Raman map
(size 101  101 mm), and Fig. 2B is a zoomed Raman map (size
approximately 20  20 mm) that can be compared with the AFM
map (size 20  20 mm) from the same place to identify the
position of the particles at the surface. From Fig. 2B and D it
can be seen how a monomer and a dimer located not far from
each other appear on Raman and AFM maps. As can be seen,
the strongest SERS intensity originates from the spots of NP

Fig. 2 SERS signal determination from nanoparticles, (A) intensity of the Raman signal (Raman map) originating from nanoparticles from experiment
4 on a Au substrate; (B) Raman map in the same place (increased scale); (C) AFM map from the place where the Raman map (B) was recorded; (D) AFM map
from the same place (increased scale) for a monomer and a dimer.
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Table 2 Comparison of mean SERS intensities of monomers and dimers calculated for several compounds on gold or silver nanoparticles set on various
substrates

Experiment N,
analyte

Substrate

NPs,
nm

Id/Im/Ibg, cps (normalized
to 1 mW laser power)

(Id–Ibg)/
(Im–Ibg)

Standard error Id/Im
without BG

EFm  106

EFd  106

(EFd)/
(EFm)

Nm/Nd

(1)
(1)
(2)
(2)
(2)
(3)
(3)
(3)
(4)
(4)
(5)
(5)
(5)
(6)
(7)

Au
Ag
Au
Al
Ag
Au
Ag
Si
Au
Au
Si
Au
Ag
Au
Au

Au, 80
Au, 80
Ag, 100
Ag, 100
Ag, 100
Au, 60
Au, 60
Au, 60
Au, 60
Au, 60
Au, 60
Au, 60
Au, 60
Au 80
Au 80

2848/1013/15
2925/861/9
6446/2128/9
2445//923/8
22 757/10 376/12
333/120/10
1283/399/20
70/14/8
77/44/19
2403/1048/9
753/15/9
2577/1039/12
2491/810/21
277/95/10
3411/1200/13

2.84
3.42
3.04
2.66
2.20
2.93
3.33
9.55
2.26
2.35
107
2.49
3.12
3.15
2.86

0.53
0.60
0.48
0.50
0.27
0.34
0.50
0.44
0.24
0.28
11.5
0.39
0.48
0.57
0.38

10.9
11.7
5.0
2.2
24
0.7
2.5
0.043
0.011
0.44
0.003
0.44
0.34
6625
0.25

15.5
20.0
7.6
2.9
27
1.1
4.1
0.20
0.012
0.5
0.16
0.5
0.52
10 463
0.35

1.42
1.71
1.51
1.33
1.10
1.42
1.61
4.8
1.1
1.17
53
1.24
1.56
1.58
1.43

15/10
10/10
33/18
18/15
40/28
40/22
22/14
28/23
20/19
20/12
15/25
33/17
17/15
16/18
15/8

2MOTP
2MOTP
2-ATP
2-ATP
2-ATP
2-ATP
2-ATP
2-ATP
4-NBT (532) hIgGa
4-NBT hIgG
4-NBT, MPT64
4-NBT, MPT64
4-NBT, MPT64
2MOTP 1 nMb
4-NBT

Nm is the number of monomers, Nd is the number of dimers. a It is the only sample where 532 nm laser is used, all other data in the table are
obtained with 633 nm laser excitation. b Calculations for 1 nM show that each AuNP adsorbs an average of 14 molecules of 2MOTP.

location and decays in a direction away from the highest
intensity spot. This SERS intensity profile is consistent with
theoretical calculations which show that plasmon-enhanced
EM fields are typically the most strongly enhanced in the region
between two nanoparticles.16
Laser wavelength
Lasers with excitation wavelengths 633 and 532 nm were used to
obtain Raman radiation maps at the same place of the sample
(experiment 4). Intense Raman radiation was observed using the
laser of wavelength 633 nm. Weaker Raman radiation was
observed using the laser of wavelength 532 nm. For excitation
at 633 nm, although the mechanism was similar when compared
to excitation using the 532 nm laser, the excitation photon
energy was closer to the gap-mode resonance energy, resulting
in a stronger enhancement of the e–h generation rate.25 When
the 532 nm laser was used (Table 2) the ratio of the Raman signal
intensity to the background (Im/Ibg) was lower than that for the
633 nm laser, but the measurement was possible even soon after
some sample photo-bleaching due to map recording with the
633 nm laser. We observed that the laser excitation wavelength
of 633 nm, when compared to the excitation using the 532 nm
laser, generates a much higher Raman signal to noise ratio,
where the signal comes from the Raman reporter modified
nanoparticles and the noise is observed as a signal from the
bare metal film (background). For instance at 633 nm the Im/Ibg
ratio is close to 114, but under 532 nm excitation the Im/Ibg ratio
is close to 2.4. For this reason almost all our measurements were
carried out using the 633 nm laser.
Scanning step and the sequence of map recording
The scanning step and the sequence of map recording were also
changed to check how they aﬀect the ratio of dimer to monomer intensities (Id/Im) at two diﬀerent places of the sample
(experiment 4). The steps used were 1 mm (resolution 101 
101 pixels), 0.5 mm (resolution 201  201 pixels) and 0.25 mm
(resolution 201  201 pixels). For map recording it takes about
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4, 16 and 16 hours respectively for each map. We observed that
while reducing the step, RSD for monomers decreases and was
71%, 34% and 31% for steps 1 Mm, 0.5 Mm and 0.25 mm,
respectively, which may be due to an increase in the accuracy of
the measurement but the value of Id/Im remains suﬃciently close.
Also the sequence of map recording aﬀects the intensity, and the
intensity values decrease as the number of scans increases, due to
the degradation of the analyte. Thus, using a step of 0.25 mm
significantly increases the time of analysis while the standard
deviation varies slightly, so most of the measurements were
carried out using a step of 0.5 mm.
Intensity of the Raman Signal
Neglecting small fluctuations in focusing of the microscope,
during Raman map recording, we can compare the intensity of
Raman scattering from NP monomers and dimers on diﬀerent
substrates within the same experiment. Thus, in experiments 1
and 3, one can observe that the intensity of AuNPs (monomers
and dimers) on the Ag film is higher than that on Au. In
experiment 2 the smallest Raman intensity is observed for Ag
NPs on the Al substrate, average intensity is obtained on the Au
substrate, and the highest intensity is observed for Ag NPs on the
Ag film. In general, the obtained results are in agreement with the
theory. Plasmonic materials must have a negative real component
of the dielectric constant (er, for metals it corresponds to reflection
in the optical range) and a small positive imaginary component
of the dielectric constant (eim, corresponds to the absorption of
light).1 Wavelength dependence of the ratio between the real
and imaginary components of the complex dielectric constants
of Au, Ag, and Al demonstrates a sharp decrease in er/eim, below
about 120 nm for Al, about 350 nm for Ag, and about 500 nm
for Au.26 However, for Al the imaginary component of the
dielectric constant (eim) that corresponds to the absorption of
light by the metal significantly increases up to 800 nm,27 which
may be responsible for the reduction of the Raman radiation
intensity on Al substrates. In addition, the Al2O3 layer on the
Al film can aﬀect the Raman signal.
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As known in nanoscale optics, the square of the plasmon
frequency is proportional to the electron density of the plasmonic material.28 The three metals used in our study, Au, Ag and Al,
have electron densities of 5.90, 5.86 and 18.1  10+22 cm 3
respectively.29 Therefore, the plasmon frequency for Al should be
much higher than those for Au and Ag. Actually the extinction
maxima for Al, Ag, and Au are 508, 639, and 787 nm, respectively.27 Higher EFs are expected for silver-based substrates
compared with other metals due to the dielectric function of
silver,30 which restricts interband transitions to the UV region,
minimizing plasmon resonance damping.
Ratio of Raman radiation intensities
FEM calculations show scattering,28 absorption and extinction
cross sections as a function of the incident laser wavelength for
Au NP dimers and monomers. Light absorption for 100 nm Ag
NPs occupies a wide range from 350 to 700 nm (ESI,† Fig. S21)
with maximum at 490 nm,31 absorption for 60 nm Au NPs
occupies a range from 500 to 600 nm with maxima at 546 nm
(ESI,† Fig. S22) and 540 nm.32,33 However NPs (in particular
Au NPs with a diameter of 80 nm) located on the plasmonic
substrate (Au film) have a gap mode originating from the
monomers lying on the surface with a resonance wavelength of
660 nm,23 which is close enough to the laser frequency 633 nm,
used mainly in our experiments. The dimers have an additional
interparticle gap mode.31,34 In comparison with the single NP,
the plasmonic absorption for the dimer exhibits a new band at a
longer wavelength due to interparticle plasmonic coupling, and
there is a red shift for the plasmonic absorption band with a
higher degree of aggregation.12,13 Thus the ratio of the mean
intensity of dimers or trimers to the mean intensity of monomers (Id/Im or It/Im) for NPs on substrates should depend on the
position of the resonance frequencies (a gap mode for monomers on the surface and an interparticle gap mode for dimers)
relative to the frequency of the exciting laser. This assumption
may explain diﬀerent observed Id/Im values for NPs on diﬀerent
substrates.
On average the values Id/Im or It/Im calculated per NP (ESI,†
Table S4) are not so significant (increase by less than a factor
of 2) as predicted by some theoretical calculations in the
literature.6 Therefore, we conclude that under real conditions
the agglomeration of gold nanoparticles in SERS sandwich
immunoassays on gold films should have just moderate impact
on the intensity of the Raman signal. But the observed ratio of
some dimers to the mean monomer intensities can reach higher
values for example Id max/Im = 5.5 in experiment 2, for Ag NPs on
the Au substrate (Table 2).
Si substrate
The smallest Raman intensity from NPs is observed for the
Si substrate. Si has a free electron density about 4 orders of
magnitude lower than those of Au and Ag,35 and the use of such
non-plasmonic materials as substrates may provide additional
information about the interaction between the individual
nanoparticles while excluding or minimizing the eﬀect of the
substrate. This eventually can help us in understanding which
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nanoparticles and substrates should be used to improve the
reproducibility of SERS applications. We observe a dramatic
increase in the ratio of dimer ERL Raman intensity to single
ERL Raman intensity on Si relative to the same ratio, previously
calculated for ERLs on gold and silver films (diﬀerent batches
of ERLs), which was close to 3. We also observe that by far most
of the signals on these substrates come from dimers and trimers
(and probably other oligomers) rather than single ERLs. Therefore we can claim that by far most Raman signals from ERLs on
Si wafer are produced from hot spots (or from plasmon coupling)
between gold nanoparticles rather than from hot spots (plasmon
coupling) between gold nanoparticles and the Si substrate. Also
we observed that RSD for the Raman signal from dimers on
Si substrates increases compared to other substrates (Au, Ag),
which may be due to the fact that this signal is mainly caused
by an interparticle hot spot signal that strongly depends on
distances between NPs which vary over a wider range than
distances between NPs and the surface (determined by roughness). The Raman signal from dimers on Au and Ag substrates
is caused by three hot spots: two hot spots between NPs and the
surface and one interparticle hot spot.
In most experiments we observed that the standard deviation (SD) of the SERS signal from the monomers is lower (ESI,†
Table S5) than that of the signal from dimers, which is probably
due to the lower standard deviation of distances between
monomers and the substrate than between NPs in dimers. This
diﬀerence is noticeable especially when comparing SD of the
Raman signal for monomers and dimers on the Si substrate
where interparticle hotspot contribution to the overall SERS
signal is dominant. Thus from this point of view, samples with
a lower degree of agglomeration should show more accurate
measurement results.
Low analyte concentration
Very low molecular concentrations (o10 8 M) are usually
chosen to ensure that statistically there is no more than one
molecule per nanoparticle (Au, Ag), and that the Raman signal
originating from the sample can be considered from a single
molecule (SM-SERS).36 We conducted the investigation (experiment 6) at low concentrations of analyte (about 1 nM, assuming
that each AuNP was covered with 14 molecules of 2-MOTP),
approaching a single molecule detection mode.37 It is assumed
that at low analyte concentrations, molecules will migrate along
the surface into the contact points between the particles and
between the particles and the surface, thus high sensitivity of
analyte determination may be achieved. It can be seen (Table 2)
that the Id/Im ratio compared to other experiments has increased
for low analyte concentrations when compared to the same ratio
obtained for the same Raman reporter with nearly a monolayer
Raman reporter surface coverage of Au NPs on Au films. This
ratio is about 3.15 at 1 nM concentration of analyte and about
2.84 for the assumed monolayer coverage. Therefore, we may
roughly estimate only about 1.37-fold increase in the interparticle
hot spot signal from 84% of the monomer signal to 115% of the
monomer signal as nearly monolayer coverage is substituted with
nearly single molecule in a hot spot concentration, which is
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about 1/7140 (0.014%) of monolayer coverage. Upon assumption of a negative power trend between hotspot contribution
and analyte concentration, we can estimate from these data the
trend to be I hot spot B [surface coverage] 0.036, because
7140 0.036 is about 84/115 B 0.73. Therefore, according to this
trend, even a 2 fold change in surface coverage of analyte from
100% to 50% would result only in a 3% increase in the relative
hot spot intensity (0.5 0.036 = 1.03), making the diﬀerence about
one order of magnitude less than the experimental error for the
reported ratio. From this perspective, the impact of possible
variations in analyte surface concentrations between ERLs and
single analyte modified nanoparticles on the relative hot spot
SERS intensity is not very significant and it can be justifiably
neglected. However we plan to continue investigations of the
impact of analyte concentration and average interparticle gap
on hot spot SERS intensities in the future.
Trimers
We summarize the relative Raman signal of trimers obtained
from 5 diﬀerent samples in Table 3. For all used substrates, the
average It/Im value was about 5.05–6.54, while each of the
observed trimers had 6 potential hot spot zones: 3 between NPs
and 3 between each NP and the substrate. The Raman signal of
trimers on metal substrates is proportional to the total number of
hot spots and the average Raman signal per hot spot for trimers
and for monomers would be roughly the same. The average It/Im
value for heterometallic substrates (Ag NPs on Al films) was a bit
higher (6.54) than It/Im for homometallic Au NPs on Au films
(5.05 and 5.94), leading to a similar trend for Id/Im Raman signal
ratios. The average It/Im value for Au NPs on Si for both systems
also follows the trend of 1–2 order of magnitude increase in the
signal ratio observed for dimerization in those systems. In fact,
It/Id signal ratios for both systems are very similar: 143% (13.7/9.55)
and 139% (148/107). The overall measured trimer Raman signals
are consistent with the dimer Raman signals within a factor of
experimental uncertainty.
Determination of distance between particles in agglomerates
Measurement of Au NP size distribution in suspensions was
also conducted using dynamic light scattering (DLS). Measurements have shown that the maximum size distribution by intensity located at d = 60.4 nm for a suspension of Au NPs and at
d = 68.5 nm (hydrodynamic diameter) for a suspension of ERL
(ESI,† Fig. S23 and S24). The thickness of the adsorbed layer of
antibody immunoglobulin G (a-Ig G) on the Au surface varies

from approximately 20 nm to 3 nm (determined in aqueous
solutions).38 In open air, collapse of the adsorbed layer or its
reorientation may occur, so usually the thickness would be even
smaller. This eﬀect can explain the diﬀerence in measurements
using TEM and the DLS method. Another problem of TEM is
damage from the electron beam embedding medium;39 a model
organic substrate shrank 5% laterally and 25% in thickness during
the first 5 min of TEM exposure. Our measurements show that the
average distance (gap) between NPs in agglomerates (dimers,
trimers and agglomerates) is close to 3 nm for ERL (Table S5,
ESI†). This value indicates that only one layer of antibody is likely
to be present in the places of contact between the nanoparticles in
agglomerates at the time of deposition on the surface. Such a
‘‘halo’’ can be seen around the Au NPs (Fig. 3A and Fig. S25A, B,
ESI†) and its thickness can become larger than the gap between
the particles, that is up to 5–8 nm even if the distance between the
particles is equal to 1 nm. Also, as can be seen (Fig. 3B), the same
sample contains NPs with much smaller adsorption layers.
For Au NPs (60 and 80 nm) covered with nearly a monolayer
of analytes without an antibody layer, the average distance (gap)
between NPs in agglomerates (dimers, trimers and agglomers)
is close to 1 nm. Also the ‘‘halo’’ (analyte accumulation) around
the NPs can be observed (Fig. 3C, D and Fig. S26, ESI†), but near
the places of contact between the particles its thickness is larger
and it may reach several nanometers due to increasing interparticle capillary forces forming the so-called capillary bridges.40
The mean distance between nanoparticles in dimers (ERLs) was
estimated using AFM (gap (AFM) = 10.6 nm), and also between NPs
without antibody molecules (gap (AFM) = 3.8 nm). Clearly, the
values obtained using AFM were very high compared to TEM data,
but it is possible to conduct measurements directly on the Au film
using AFM and those AFM data can be used as a rough upper limit
for interparticle gaps. Also AFM data were calculated under the
assumption that the nanoparticles have a perfect spherical shape,
but we can see that the nanoparticles do not have a perfect
spherical shape (some of the particles have a polygonal shape)
and therefore AFM may systematically underestimate the interparticle gap.
We observed on many TEM images that the NPs are in contact
with each other predominantly by faces (Fig. 3B). In order to
evaluate the area of contact between nanoparticles and to get an
idea about the fraction and/or the number of analyte molecules
that may contribute to the SERS signal from interparticle gaps we
calculated mean hot spot cross sections (S) between two NPs in
dimers. This area S was calculated as the area of the circle with

Table 3 Comparison of mean SERS intensities of monomers and some trimers calculated for several compounds on gold or silver nanoparticles set on
various substrates

Experiment (N),
analyte

Substrate

NPs, nm

It

(It–Ibg)/
(Im–Ibg)

Standard error It/Im
without BG

EFt with BG,
per 1 NP  106

(EFt–EFbg)/(EFm–EFbg)
per 1 NP  106

Nt

(2)
(3)
(3)
(5)
(6)

Al
Au
Si
Si
Au

Ag, 100
Au, 60
Au, 60
Au, 60
Au, 80

5997
564
97.1
1028
513

6.54
5.05
13.7
148
5.94

1.50
1.66
0.44
13.8
1.09

4.06
1.06
0.183
0.132
2440

2.16
1.57
2.29
22.2
1.81

18
8
6
10
5

2-ATP
2-ATP
2-ATP
4-NBT, MPT64
2MOTP, 1 nM

Nt is the number of trimers, It is the average baseline corrected Raman intensities for trimers, normalized to 1 mW laser power on a sample.
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TEM photo of Au NPs (d = 60 nm) on TEM grids (A and B) used in immunoassay as ERL; (C and D) – with analyte 4-ATP.

diameter equal to the length of the contact zone between NPs,
estimated from TEM images of dimers. This contact zone spreads
until the gap between nanoparticles is within 10 nm, where high
enhancement is still expected to exist36 (ESI,† Fig. S20B). The
visual representation of this hot spot zone area would be a circle
inscribed into a concave lens with a maximum height of 10 nm
and minimum thickness equal to the minimum gap between
nanoparticles. Thus calculated hot spot areas occupy 8–11% of
the nanoparticle surface area. Therefore NPs coated with a
monolayer of the reporter would have several thousand molecules within the hot spot area, but for 2-MOTP concentration of
1 nM (average 14 NPs per NP), there is on average about one
molecule per each hot spot area. Therefore labeling experiment
6 as a single molecule SERS experiment is justifiable.

Summary and conclusions
The conclusion made for Raman reporters adsorbed on noble
metal nanoparticles on plasmonic metal films is that all hot
spot zones (e.g. NP/NP and NP/metal film) generate on average
SERS enhancement of the same order of magnitude.
The ratio of the mean intensity of dimers or trimers to the
mean intensity of monomers (Id/Im or It/Im) for NPs on substrates depends on the nature of NPs, substrates and the
position of the LSPR frequencies (gap mode for monomers on
the surface and interparticle gap mode for dimers) relative to
the frequency of the exciting laser.
The dimerization and trimerization of nanoparticles in
sandwich SERS immunoassays and just SERS assays have limited
(within a factor of 2) impact on the SERS signal. The increase in
the signal is even smaller for homometallic systems such as Au
NPs on Au films in comparison with heterometallic systems such
as Au NPs on Ag films or Ag NPs on Au films. Therefore, in typical
sandwich SERS immunoassays with Au NPs on Au films the SERS
signal is not critically aﬀected by the aggregation of ERLs on the
substrate surface unless the aggregation changes dramatically.
To put in a memorable, but a bit oversimplified form: all SERS
hot spots in noble metal nanoparticles on the same kind of
substrate are of equal magnitude. The SERS signal and EFs
increase upon dimerization and trimerization for the Si substrate by one or two orders of magnitude. Therefore, if we seek to
make an assay responsive to the fraction of agglomerated NPs,
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an appropriate possible system would include plasmonic NPs
and a non-plasmonic substrate.
Typically, we observed that the standard deviation (mean) of the
SERS signal from the monomers is lower than that from the dimers.
This is probably due to the lower standard deviation of distances
between monomers and the substrate than the standard deviation
of distances between NPs in dimers. Therefore, from this point
of view the samples with a lower degree of agglomeration should
demonstrate more reproducible results of SERS measurements.
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