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Abstract

Irreproducibility in surface-enhanced Raman spectroscopy (SERS) due to

variability among substrates is a source of recurrent debate within the field. It

is regarded as a major hurdle towards the widespread adoption of SERS as a

sensing platform. Most of the literature focused on developing substrates for

various applications considers reproducibility of lower importance. Here, we

address and analyse the sources of this irreproducibility in order to show how

these can be minimised. We apply our findings to a simple substrate demon-

strating reproducible SERS measurements with relative standard deviations

well below 1% between different batches and days. Identifying the sources of

irreproducibility and understanding how to reduce these can aid in the

transition of SERS from the lab to real-world applications.
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1 | INTRODUCTION

The extreme sensitivity of surface-enhanced Raman spec-
troscopy (SERS) makes this technique a promising and
powerful sensing platform.[1] With hardware components
such as lasers and detectors rapidly reducing in cost,
SERS has the potential to become an economically viable
technique[2] with broad adoption in medical diagnosis,[2]

environmental monitoring,[3] drug detection,[4] food
quality control[5–10] and continuous health screening.[11]

As first identified by Jeanmaire and van Duyne in
1977, this extraordinary sensitivity stems from the power-
ful field enhancements that can arise in nanostructured

metal surfaces.[12] Since then, an impressive volume of
literature has emerged around the subject with a wide
range of different methods employed to achieve field
enhancements.[13–15] Unfortunately, the source of this
high sensitivity is also the predominant cause for poor
reproducibility. As the SERS enhancement scales with
jE/E0j4, small changes in the in- and out-coupling or per-
turbations in near-field enhancement (E/E0) drastically
alter SERS intensities.[16] Even gold atom migration plays
a role in the reproducibility and performance of such
SERS substrates.[17] It is therefore essential to have
nanometre-scale, and preferably even atomic-scale, con-
trol over the substrate.
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The vast body of work on SERS sensing predomi-
nately focuses on developing substrates or identifying
new applications. Authors frequently report on a sensor's
performance in terms of repeatability and reproducibility,
but this is often regarded as secondary to other quantities
such as detection limit and signal strength. Despite the
lack of a standardised figure of merit for quantifying vari-
ance in SERS substrates,[18] the most widely encountered
metric in the literature is the relative standard deviation
(RSD). It is calculated by normalising the standard devia-
tion of a vibrational peak intensity by its mean value. A
well-performing substrate exhibits RSD values between
5% and 15%, but RSDs exceeding 15% are often still con-
sidered to be a 'good' result.

Here, we demonstrate that for a simple SERS sub-
strate based on aqueous suspensions of gold nanoparti-
cle (AuNP) aggregates, it is possible to nearly eliminate

variance (RSDs below <1%) if parameters such as inter-
particle spacing and aggregation time are controlled.
This allows us to study environmental and timing
factors applicable to other SERS substrates. The key
ingredient for achieving this high reproducibility is a
molecular linker (cucurbit[n]uril: CB[n][19]) that binds
AuNPs with fixed interparticle spacing (Figure 1a). The
self-assembly of the substrate is initiated by mixing a
CB[n] solution with citrate-stabilised AuNPs using a
micropipette in, for example, a multiwell plate. This
one-step protocol greatly increases reproducibility com-
pared with more complex top–down fabrication requir-
ing multiple sample preparation steps. In addition, with
both standardised AuNPs and CB[n] now commercially
available at affordable prices, such substrates are readily
accessible for anyone to employ provided they quantify
these RSDs.

FIGURE 1 Reproducibility in surface-enhanced Raman spectroscopy (SERS) substrates. (a) Schematic representation of CB[5]-

aggregated AuNPs with 0.9 nm separation. (b) FDTD simulation of SERS enhancement as a function of gap size and AuNP size (calculated

as E2
633nmxE

2
700nm). (c) SERS spectra comparison between homemade (top) versus commercial (bottom) AuNPs aggregated using CB[5],

showing comparable reproducibility but lower counts for commercial AuNPs. Each spectrum represents another batch taken on a different

day. (d) Comparison of the reproducibility for various SERS substrates using a Pearson correlation coefficient analysis and the relative

standard deviation (RSD). (e) Salt-induced aggregation of both types of AuNP, showing larger spectral variance and an increased background

for commercial particles
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2 | MATERIALS AND METHODS

2.1 | Nanoparticles

Commercial AuNPs with 60 nm average diameter in
sodium citrate buffer are purchased from BBI Solutions.
To compare variances stemming from undisclosed surfac-
tants and chemical residues of the commercial product,
in-house AuNPs are synthesised according to the stan-
dard method published by Turkevich et al.[20] and
Frens.[21] To create AuNPs with an average diameter of
�60 nm, a citrate to HAuCl4 ratio of 1.33 is chosen. The
synthesis is performed both with tri-sodium citrate
(Na3citrate) and with tri-potassium citrate (K3citrate) to
explore the effects of counterions on reproducibility. All
chemicals are purchased from Sigma-Aldrich and used as
received.

2.2 | SERS measurement protocol

All experiments are performed using black polypropylene
96 multiwell plates with a well volume of 340 μl, as cross-
linked polystyrene multiwell plates (often used in biologi-
cal applications) are found to leak contaminants, likely
resulting from a lower chemical resistance to acetone,
one of the major thermal breakdown products of AuNP
suspensions. Dissolved polystyrene is found to interfere
with aggregation kinetics and to infiltrate plasmonic hot-
spots where it occupies binding sites, contaminating the
SERS signals due to its large Raman cross section, with
peaks at 1000, 1030 and 1600 cm−1.

In a typical experiment to prepare cucurbit[n]uril
(CB[n]):AuNP aggregates, 333 μl colloidal AuNP suspen-
sion is added to 7 μl of a 15.6 μM CB[n] solution using
Eppendorf Research Plus single channel micropipettes of
1 ml and 10 μl, respectively. As this nanoassembly
exhibits a very low detection limit (nanomolar range), it
is essential to keep pipettes clean and free of contami-
nants. Unless otherwise stated, the solution/suspension
is allowed to aggregate for exactly 10 min (±5 s) before a
SERS spectrum is taken. The aggregation time is mea-
sured and checked with a digital timer.

For experiments involving methyl viologen (MV2+),
the protocol above is amended by pipetting only 293 μl
of the AuNP suspension and adding 40 μl of a MV2+

solution with concentrations ranging from 7.8�10−4 to
1�10−8 M using a 100 μl Eppendorf pipette of the same
make. Because different aggregation and incubation
times are analysed, the exact times for CB[n]:AuNP:MV2

+ measurements are stated in the text. The
aggregation and incubation times are measured from
the moment of mixing. Salt-mediated aggregation is

performed with 40 μl of a 0.5M NaCl stock solution
followed by 300 μl of the AuNP suspension. Again, the
aggregation time is precisely fixed to 10 min (±5 s). It is
important to stress that each measurement is carried out
using a freshly prepared sample, strictly adhering to the
stated aggregation and incubation times.

After the aggregation (or in case of MV2+, incubation)
time has passed, three consecutive spectra with 10s expo-
sure are immediately taken and averaged. Spectra are col-
lected with a Renishaw InVia Raman system using the
same 5× objective for each measurement. The 785 nm
laser is given sufficient time to warm up and delivers
130 ± 1 mW laser power onto the sample. Before each set
of measurements, the Raman shift is calibrated to a sili-
con reference. To ensure consistency, the focal plane is
set near the liquid/air interface optimised to the highest
CB[5]:AuNP signal counts (within ±75 μm in height). In
order to make the measured intensities of SERS spectra
more comparable between different publications, our
reported results are all normalised to the product of laser
power (mW) and exposure time (s).

3 | RESULTS AND DISCUSSION

Forming nanogaps between plasmonic nanoparticles is
the most common bottom–up colloidal method for
achieving SERS enhancement.[22] Nanogaps provide high
enhancement but are also extraordinarily sensitive to
even slight variations in size.[23,24] Increasing a 1 nm gap
by just 1.7 Å (the radius of one gold atom) affects the field
enhancement more than varying the diameter of 60 nm
AuNPs by 10 nm (Figure 1b). This potential source of
variance can be avoided by using a molecular spacer such
as CB[n], which binds AuNPs with a fixed interparticle
spacing of 0.9 nm[25] (Figure 1a).

Controlling the time between the start of aggregation
and acquisition is essential to obtain reproducible spectra
because the self-assembly of CB[n]:AuNPs aggregates is a
time-varying process. After 10min (±5 s) aggregation
time, the superposition of five unique CB[5]:AuNP spec-
tra taken on different days (different batches) is almost
perfectly congruent, showing the CB[5] vibrational spec-
trum (Figure 1c). This means that both background and
spectral shape are nearly identical, with an RSD of 0.8%
(Figure 1d). Here, the CB[5] concentration (312 nM) is
optimised to maximise the signal counts, which increases
the RSD value. For higher CB[5] concentrations, the sig-
nal variance is consistently low.

Another important factor that determines the long-
term reproducibility is a consistent surface chemistry of
the AuNPs used. Comparing our synthesised (Figure 1c,
top) to commercial (Figure 1c, bottom) AuNPs shows a
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45% drop in signal intensity resulting in a poorer RSD of
1.7%. This difference in CB[5] binding between commer-
cial and synthesised AuNPs is the result of different sur-
face chemistries, as supported by the disagreeing SERS
fingerprints obtained through NaCl salting (Figure 1e,
top and bottom). Instead, in-house AuNPs are fully
citrate-stabilised (pH = 3.5 ± 0.1) and synthesised with-
out the addition of any other surfactant. The commercial
AuNPs, though citrate-buffered at a higher pH
(6.8 ± 0.2), likely contain additional surfactants and/or
chemical residues from their synthesis. As the synthesis
protocol is not disclosed by the manufacturer, we cannot
report on the chemical composition.

As an alternative to RSDs, we introduce the Pearson
correlation coefficient r (PCC, plotted in Figure 1d as
1 − r on a log scale), which is more suitable for
characterising variance due to chemical inconsistencies;
PCC measures the similarity in shape between pairs of
SERS spectra whilst ignoring the background shifts often
encountered in SERS spectra. This can be seen for the
salt-induced aggregation (Figure 1e, top and bottom),
which yields comparably high PCCs (similar shape)
despite the clearly noticeable background fluctuations.

The highest PCCs were found for our synthesised
AuNPs aggregated using CB[5], yielding PCCs of
R = 0.9994 (Na3citrate), 0.9996 (K3citrate) and 0.9983
(commercial). Interestingly, using K3citrate-stabilised
instead of Na3citrate-stabilised AuNPs yields a 30%
improved PCC but also slightly increases the RSD. Both
AuNPs are synthesised using the same protocol resulting
in the same size distribution. This shows that the choice
of counterions can play a role in the reproducibility of
SERS substrates. Moreover, exchanging CB[5] for its
larger homologue CB[7] has little effect on the PCC, but
significantly increases the RSD (5.9%). As the larger CB
[7] is less rigid and also more prone to sequestering mole-
cules in its hydrophobic gap, this can alter the dielectric
constant of the gap[26] and might also interfere with the
vibrational spectra of CB[7] itself.[27]

Similarly high PCCs (0.9996) are achieved in the
work by Bi et al. where CTAB, 4-mercaptopyridine
(4-MPY) nanorods are self-assembled into tightly packed
arrays.[28] The rigid ligands together with the ordered
structure provide consistent spacing and controlled
hotspot intensities, resulting in highly reproducible sig-
nals. This good reproducibility comes at the expense of
complexity as this work involves careful colloidal synthe-
sis and self-assembly. In contrast, Zhang et al.[29] dem-
onstrate how an effective SERS substrate can be formed
by simply brushing AgNPs on microfluidic paper, but, as
expected, this in turn comes at the cost of reproducibil-
ity, which is reflected in both the degraded PCCs
and RSDs.

Apart from SERS substrates based on plasmonic
enhancement from nanogaps, sharp features through
top–down fabrication or colloidal synthesis can also pro-
vide considerable field enhancement and low RSDs.
APTES-functionalised nanostars, as reported by Su
et al.,[30] give RSDs of �7% in spite of having a lower PCC
compared with salt-aggregated AuNPs. Such nanostars
do not require any self-assembly step as their shape yields
sufficient field enhancements. They can readily be
synthesised in bulk, or potentially even in flow reactors.
However, nanostars deposited on surfaces tend to aggre-
gate and sinter, which then leads to a second source of
field enhancements (nanogaps), negatively affecting
reproducibility.[30]

To put these RSDs into context, a range of RSD values
reported in the literature is compiled in Figure 2a
(labelled as 1–49). From this, it is clear that RSDs gener-
ally vary anywhere between 5% and 25%, with a wide
range of materials and nanostructures used. Notably, for
the two non-aggregate SERS substrates in the top 5 (3, 5),
the authors take special care to control the nanogap spac-
ings reporting RSDs below 3%. To this end, the authors
either employ an ultrathin aluminium mask (3) that sets
the spacing[31] or combine deep UV with large nanogaps
(30 ± 5 nm) (5), placing them in a less sensitive distance
dependent regime.[32] Using nanostars can circumvent
the need for nanogaps but in turn suffers from the need
to carefully control the nanostar shape. Although single
batch substrates can generate highly repeatable spectra, it
is difficult to synthesise nanostars with precisely similar
sharp point geometries, negatively affecting batch to
batch reproducibility.

In general, there is a tendency to report on repeat-
ability instead of reproducibility for SERS substrates
based on more complex fabrication methods. Repeat-
ability is a weaker measure of variance, often calculated
by taking the RSD values between multiple measure-
ment points from a single substrate,[18] indicated in
Figure 2a with a blue outline. Considering only RSD
reported for reproducibility, aggregate-based nan-
oassemblies (blue filled bars in Figure 2a) appear to pro-
vide both the best and worst reproducibility, topped by
CB[5]:AuNP aggregates with an RSD of 0.8%. For such
aggregates to generate repeatable spectra, a homoge-
neous distribution of aggregates is essential. In sub-
strates (1), (2), (4), (6), (8), (9), (13), (14), and (15), this
is achieved by keeping aggregates in suspension,
whereas in (7), a hydrophobic surface is employed forc-
ing dense homogeneous packing of aggregates. From
this overview, it is also evident that gold yields better
RSDs over silver. This is attributed to the formation of
oxide layers reducing signal strengths,[66] thus affecting
reproducibility. Whilst gold is more expensive than silver,
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the gain in reproducibility outweighs the increased base
material cost.

The lowest RSD value (1) is the result of careful opti-
misation with the goal of controlling variance in the sys-
tem whilst maximising signal intensity. Even though CB
[5] forms precise nanogaps, the morphology of the aggre-
gates plays an important role in SERS enhancement. The
enhancement factor and light coupling depend on the
average chain length and shape of the aggregates, which
grow as the aggregation proceeds. Hence, the aggregation
time must be precisely controlled to remove this source
of variance, keeping relative concentrations constant. A
CB concentration series (Figure 2b,c) shows that the larg-
est enhancement is achieved close to the aggregation
threshold (i.e., the CB[n] concentration that just induces
AuNP aggregation) where the aggregates have the most

efficient morphology for SERS. Such aggregates exhibit
an open fractal-like structure as a result of diffusion-
limited aggregation.[25] However, at this point, slight con-
centration variations (e.g., through inaccurate pipetting)
can lead to a different aggregate shape and thus reduced
repeatability.

In a similar fashion to the aggregation process, the
incubation time also requires careful control when intro-
ducing an analyte to the SERS substrate, because equili-
bration between the analyte in solution and the
plasmonic hotspots requires time. A concentration series
of MV2+ added to the CB[5]/AuNP aggregates at different
aggregation versus incubation times (Figure 2d) reveals
large fluctuations in signal strength. Choosing both a
long aggregation and incubation time (10:5 min) results
in very large aggregates that begin to precipitate out of

FIGURE 2 Factors influencing relative standard deviations (RSDs) in surface-enhanced Raman spectroscopy (SERS). (a) Comparison

between RSDs from various SERS substrates as reported in literature or presented in this work. Values are collated from the following

literature: 3,[31] 5,[32] 7,[33] 8,[34] 9,[35] 10,[36] 11,[37] 12,[38] 13,[39] 14,[40] 16,[41] 17,[42] 18,[43] 19,[44] 20,[30] 21,[32] 22,[28] 23,[45] 24,[46] 25,[47] 26,[48]

27[49], 28,[50] 29,[51] 30,[52] 31,[53] 32,[54] 33,[55] 34,[56] 35,[57] 36,[58] 37,[32] 38,[59] 39,[29] 40,[29] 41,[60] 42,[61] 43,[62] 44,[63] 45,[64] 46,[65] 48,[55]

49.[33] (b) SERS signal for CB[5,7] aggregates for different CB concentrations. (c) Extracted peak intensity plotted against CB concentration,

showing signal increase with reduced concentration. (d) PCA scores of methyl viologen concentration series for different aggregation and

incubation times. (e) Extracted PCA scores demonstrating how variations arising from aggregation and incubation influence dynamic range
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the solution. This effectively reduces the detection limit
for low MV2+ concentrations compared with a shorter
incubation time (10:1 min). Similarly, a high MV2+ con-
centration implies a high AuNP surface coverage, which
stabilises the aggregates by preventing further growth.
Depending on the application, it is thus possible to shift
the dynamic range so that a specific sensitivity and con-
centration range is attained (Figure 2e). This shows that
understanding and carefully controlling parameters
(which appear to be weaknesses) instead can be turned
into useful features.

It is important to note that when using aggregation to
form SERS substrates, analytes and interferants can alter
the aggregation process. This means that aggregates need
to be formed in a chemically controlled environment
prior to combining with an analyte solution to ensure
reproducibility. This will become even more important
when probing real-world samples as ion concentrations
will vary and unknown organic moieties will be present.

As shown here, SERS can be sensitive and highly
reproducible at the same time. However, this requires
control of all parameters because every step in the pro-
cess from manufacturing/self-assembly to incubation and
measurement will affect the reproducibility. All parame-
ters identified in this work are collated in Figure 3.

4 | CONCLUSION

We presented a systematic analysis with the goal to iden-
tify various sources of variance, which in general affect

the reproducibility of SERS substrates. When applying
these findings to our simple prototypical substrate, we
achieve highly reproducible SERS spectra with RSDs
below 1%.

For the self-assembled CB[n]/AuNPs aggregates with
their precisely defined nanogaps, we find that reproduc-
ibility is eventually determined by environmental factors
such as accurate timings for aggregation and analyte
incubation. Moreover, we compared the CB[n]/AuNPs
substrate to various approaches found in the literature
and discussed their sources of variance.

Because the degree of control has to be very tight to
reach a reproducibility as high as presented here, auto-
mation can likely play a major role in ensuring accurate
timings and dispensed volumes. Via this route, we believe
that it will be possible to acquire sufficiently large
datasets for quantitative sensing.
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