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Abstract This study investigates the feasibility of using
surface-enhanced Raman scattering (SERS) for the quanti-
fication of absolute levels of the boar-taint compounds ska-
tole and androstenone in porcine fat. By investigation of
different types of nanoparticles, pH and aggregating agents,
an optimized environment that promotes SERS of the
analytes was developed and tested with different multivar-
iate spectral pre-processing techniques, and this was com-
bined with variable selection on a series of analytical stan-
dards. The resulting method exhibited prediction errors
(root mean square error of cross validation, RMSECV) of
2.4×10−6 M skatole and 1.2×10−7 M androstenone, with a
limit of detection corresponding to approximately 2.1×
10−11 M for skatole and approximately 1.8×10−10 for
androstenone. The method was subsequently tested on por-
cine fat extract, leading to prediction errors (RMSECV) of
0.17 μg/g for skatole and 1.5 μg/g for androstenone. It is
clear that this optimized SERS method, when combined
with multivariate analysis, shows great potential for optimi-
zation into an on-line application, which will be the first of

its kind, and opens up possibilities for simultaneous detec-
tion of other meat-quality metabolites or pathogen markers.
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Introduction

The practice of piglet castration is a widely used method for
farmers to avoid delivering pigs to abattoirs which will devel-
op the malodorous boar-taint when cooked by the consumers
[1]. Beginning in 2018, the European Union member states
have agreed to a declaration which bans surgical castration as
a practice [2], as it is considered unnatural and painful for the
piglet [3, 4]. It is estimated that up to 80 % of all produced
male piglets undergoes the procedure [1]. If not castrated, 5–
10% of conventionally produced boars will develop boar taint
at a level that is organoleptically detectable by humans, and
further studies suggest that the level may be even higher for
organically produced boars [5]. With introduction of the ban,
and despite numerous studies of environmental factors [6, 7]
and even alternative castration methods [8, 9], abattoirs can
expect a sharp increase in the number of animals that will
develop taint and are thus unacceptable for the food market.

Boar-taint originates primarily from the two compounds—
skatole (3-methyl-indole) [10, 11] and androstenone (5α-
androst-16-en-3-one) [12]—see Fig. 1. Skatole is metabolized
from bacterial degradation of the amino acid tryptophan in the
large intestine [13, 14], and is associated with a strong faecal
odor [15, 16], whereas the steroid androstenone is produced in
the testes with onset of puberty [14] and is labelled as uninous
or musky [17, 18]. The simultaneous occurrence of these two
compounds is uncorrelated [19]. Both compounds are lipophilic
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and are found in high concentrations in the adipose tissue of the
loin [12, 20]. Human olfactory sensitivity is reported to be in
the range of 0.15–0.25 μg skatole per gram fat [21, 16], and
0.5–50 μg androstenone per gram fat depending on the observ-
er acuity [21]—although a threshold of 1.0μg androstenone per
gram fat is generally accepted as an industrial limit [22].

The use of liquid chromatography (LC) [23–25] and gas
chromatography (GC) [26–28] combined with mass spectrom-
etry (MS) for analyte detection has been reported in the literature
as an effective analytical tool for laboratory based quantification
of the compounds in various food sample matrices. A European
Commission Joint Research Centre standard method states a
level of quantification (LOQ) of 9.3 ng/g for skatole and
49.6 ng/g for androstenone using internal isotope-labelled stan-
dards on GC-MS [29], and a typical LC method [25] as the one
applied on the fat samples in the this work yields a LOQ of
30 ng/g for skatole and 200 ng/g for androstenone. While these
reference methods are unrivalled in detection limit and quantifi-
cation accuracy, they require long analysis times, operator train-
ing and apparatus costs that are unsuitable for most industrial
users. A modern slaughter line allows for very little time (500–
1000 carcasses per hour is common) in which analytical equip-
ment can be applied to sample the individual carcass. The quest
for improved processing efficiency has introduced the use of
process analytical technology (PAT) [30] and introduced rapid
on-linemeasurement systems coupledwithmultivariate analysis
methods to the slaughter line [31]. However, a system for on-
line boar-taint monitoring has not yet been developed. Currently,
the most widely used method of on-line detection is the Bhuman
nosemethod^, in which an operator quickly heats a piece of loin
back fat of a carcass, assesses the smell [19] for taints emission
and assigns a score [32]. This highly subjective approach has the
obvious drawback that it is dependent on the operator [33, 34].

Raman spectroscopy is frequently suggested as a tool for
determining meat quality attributes [35–38], due to its relative-
ly low equipment cost, characteristic spectral pattern, ease of
spectra acquisition and low acquisition time, and to an increas-
ing extent, portability [39]. However, the detection of analyte
concentrations in the microgram per gram to the nanogram per
gram range, as is the case with the boar-taint compounds, is far
from the detection limits for normal Raman scattering, and not
typically considered as a Raman application.

Surface-enhanced Raman scattering (SERS) increases the
sensitivity of Raman by several orders ofmagnitude [40]. SERS
has found many applications in materials science, electrochem-
istry and biomedicine [41–43, 39] but the applications relating
to complex biological systems are more limited and so far it has
remained unexplored for the quantification of boar-taint.

In this work, we demonstrate that SERS can be developed
to quantify the level of boar taint producing compounds
through optimization of parameters in a series of three exper-
iments: (S-I) identification of a suitable metal colloid, (S-II)
identification of an environment that elicits a reproducible
SERS response and (S-III) identification of stabilization time
of analyte and the colloid. These optimization experiments
and their results are described in detail in Electronic Supple-
mentary Material (ESM). The optimized system is demon-
strated in three experiments: (I) quantification of analyte levels
in standard mixtures, (II) calculation of limit of detection
(LOD), and finally (III) quantification of analyte levels in real
world biological fat samples.

Materials and methods

3-Methyl-indole (≥99 %) and 5α-androst-16-en-3-one
(≥98 %) were purchased from Sigma Aldrich (Sigma Aldrich,
Dorset, UK and Sigma Aldrich, Brøndby, Denmark). Metha-
nol used as solvent was of HPLC grade, and all chemicals that
were purchased were used as supplied. Citrate-reduced silver
colloid (CRSC) and citrate-reduced gold colloid (CRGC)
were synthesized as devised by Lee and Meisel [44] and hy-
droxylamine silver colloid (HRSC) by Leopold and Lendl
[45]. The details of the synthesis can be found in the ESM.
In addition, a series of aggregating agents and pH buffers
(potassium phosphate and sodium carbonate) were prepared,
also described in the ESM.

A total of 20 porcine back-fat samples were made available
from a previous experiment [5, 46] including analyte levels
determined by LC [25]. The skatole level in the fat samples
range from 0.03 to 1.42 μg/g (error level 30 ng/g), and
androstenone from 0.3 to 12.4 μg/g (error level 200 ng/g).
The fat samples were vacuum-packed individually and kept
frozen at −18 °C until they were analyzed.

Preparation of analyte mixtures As both skatole and
androstenone are insoluble in water, methanol was chosen as
the solvent. A 3.9×10−3 M skatole mixture (SM) was pre-
pared by dissolving 25.4 mg skatole in 50.00 mL methanol.
A 2.0×10−4 M androstenone mixture (AM) was prepared by
dissolving 5.0 mg androstenone in 913.5 μL methanol. Pure
Raman spectra of the two analytes are available in the ESM,
Figs. S6 and S7.

Fig. 1 Structures of the boar-taint compounds

7788 K.M. Sørensen et al.



Extraction of fat samples Fat extraction was performed as a
simplified version of the method outlined by Fischer et al.
[27]. From a larger collection of back-fat samples available
from a previous experiment [5], 20 cut-outs were selected at
random. The 20 cut-outs were defrosted, and extraction was
performed by cutting off approximately 10 g of fat, which was
separated in pieces of approximately 5×5 mm, put into a glass
beaker and melted in a microwave oven for 45 s at 300 W.
Connective tissue was separated from the fat by transferring a
1000 mg aliquot into a 10-mL centrifuge tube. Methanol
(1 mL) was added to the tube for extraction, followed by a
rapid vortexing for 5 min. The tubes were then heated to 55 °C
for 20 min, vortexed for 5 min, then left to equilibrate at 55 °C
for 20 min. Finally, fat was separated by a 10-min centrifuga-
tion at 1000×g at 5 °C; 750 μL of the occurring supernatant
was transferred to an empty tube and used for analysis. Fol-
lowing extraction, 1 μg/g analyte content in the fat corre-
sponds to 1 ng per μL extract.

SERS measurements SERS spectra were recorded on a
DeltaNu Advantage benchtop Raman spectrometer (Intevac
Inc., Santa Clara, CA, USA), with a 633 nm HeNe laser emit-
ting ~3 mW (measured at the sample). Spectra were acquired
for 20 s over a range of 200–3400 cm−1, with a spectral reso-
lution of 10 cm−1. Spectra were recorded in five replicates per
sample. Samples were presented to the spectrometer in 8 mm
disposable capped glass vials. For all experiments, all vials
were prepared prior to measurement except addition of the
colloid suspension. Before measurement of each vial, colloid
was added and the vial was vortexed for 5 s and subsequently
measured after 20 min. Manual adjustment of laser focus dis-
tance before each experiment was achieved using toluene as a
calibration standard.

Multivariate calibration Partial least squares (PLS) [47] re-
gression and interval partial least squares (iPLS) [48] were per-
formed using the PLS Toolbox 7.8.2 (Eigenvector Research
Inc., Wenatchee, WA, USA) running under Matlab R2014a
(MathWorks Inc., Natick, MA, USA). Cross-validated results
were produced by leave-one-replicate-out (i.e. 20 % of the
dataset when five replicates of each sample is recorded). All
pre-processing methods (Savitzky-Golay derivative filter [49]
and standard normal variate (SNV) scaling [50]) were per-
formed using the PLS toolbox. Datasets were generated directly
from .SPC files from the instrument via the toolbox. The num-
ber of latent variables (principal components or PCs) included
in the developed models has been manually selected based on
examination of the development of RMSECV and RMSEC
values as a function of latent variables.

Quantification of analyte levels in standard mixtures For
each analyte, a series of 21 Eppendorf tubes were prepared,
each containing 5 % increments of 0 to 100 % dilutions of

either SM or AM in methanol. The two series of tubes were
combined randomly (with concentrations correlating R2=
0.006) into a final set of 21 vials to allow simultaneous mea-
surement of both analytes (see Table S1 in the ESM). Each
vial contained 50 μL KNO3 0.1 M solution, 146 μl 0.1 M
pH 3.0 buffer, 2 μL analyte from each of the paired tubes
and 200 μL CRGC. The concentration of skatole in the vials
was, at 0 % dilution, 1.9×10−7 M, corresponding to 0.507 μg
skatole per gram of porcine back fat, and at 95% dilution 9.7×
10−5 M, corresponding to 0.0254 μg/g skatole in back fat. For
the androstenone vial concentration at 0 % dilution was 1.0×
10−8 M, corresponding to 5.44 μg/g androstenone in back fat,
and at 95 % dilution 5.0×10−6 M, corresponding to 0.27 μg/g
androstenone in back fat. Several PLS regressionmodels were
calculated for prediction of the known concentration of each
analyte from the spectral data, varying pre-processing
methods and iPLS variable selection setup.

Identification of LOD For each analyte, a series of 20 serial
1:1 dilutions were prepared in Eppendorf tubes: 200 μL of
analyte solution stock (either SM or AM) was transferred to
the first tube. For the 19 subsequent tubes, 100 μL was
taken from the previous tube and mixed with 100 μL meth-
anol, thus making each tube half the concentration of that of
the previous. For the SM stock, the range spans 3.8×10−3 M
(tube 1) to 7.4×10−9 M (tube 20). For the AM stock, the
range spans 2.0×10−4 M (tube 1) to 3.8×10−10 M (tube 20).
For each of the two mixture serial dilutions, 20 vials corre-
sponding to each of the tubes were prepared containing
50 μl KNO3 0.1 M solution, 140 μl 0.1 M pH 3.0 buffer,
10 μL analyte (from the corresponding tube in the series)
and 200 μl CRGC. The achieved concentrations in the vials
are therefore 9.7×10−10 M (vial 1) to 1.9×10−14 M (vial 20)
for SM and 5.0×10−7 M (vial 1) to 9.5×10−14 M (vial 20)
for AM. The two series of vials were measured in a random-
ized order. A PLS model was fitted on each of the recorded
sets of spectra: the spectra were pre-processed by applying
log10 (found to better allow for calibration of the very large
range of values), SNV scaling and mean centering. The
known concentrations were similarly pre-processed by ap-
plying log10 followed by mean centering.

Quantification of analyte levels in biological fat samples
The 20 fat sample extracts were each prepared in separate
vials for analysis with 50 μL of the fat extract, 50 μL KNO3

0.1 M solution, 100 μL 0.1 M pH 3.0 buffer and 200 μL
CRGC. The mixture in the vial turned slightly milky in ap-
pearance when pH buffer and aggregating agent were added.
Following measurement of the 20 samples, PLS calibrations
of the LC reference analyte concentrations [5] (obtained in a
previous experiment) were performed based on the iPLS var-
iable selections and pre-processing methods examined in
Quantification of analyte levels in standard mixtures.
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Results and discussion

Optimization experiments The three optimization experi-
ments detailed in ESM, revealed that the best SERS response
was found using CRGC (S-I), and could be further enhanced
using KNO3 as an aggregating agent with a pH 3.0 buffer (S-
II). The SERS response was found to stabilize 20 min after
addition of colloid to the analyte mixture (S-III). Spectra for
the two compounds are shown in Fig. 2, showing both
analytes at pH 3.0 with KNO3 used as aggregating agent, with
significant peaks labelled. The presence of methanol is shown
by Raman scattering as labels M1 and M2. Skatole provides at
least four significant signals S1 to S4, and androstenone can be
assigned at least two significant signals, A1 and A2. Assign-
ments of the shifts indicated are shown in Table 1.

Quantification of analyte levels in standard mixtures The
variable selection configurations and pre-processing methods
used provide for a very broad selection of model qualities as
shown in Table S1 in the ESM. A general observation on the
number of components used in the models shows that the
skatole calibrations uses between 4 to 7 PLS components,
androstenone calibrations uses 5 to 8 and thus requires a
slightly more complex model. For each of the analytes,
models were chosen where (a) the model has as few compo-
nents as possible and (b) would provide the lowest prediction
error for the number of components used. The two selected
models, shown in Fig. 3, provide a skatole concentration pre-
diction of R2=0.82, RMSECV=2.4×10−6 M and RMSEC=
2.1×10−6 M, with 4 PLS components, and the androstenone
prediction of R2 =0.83, RMSECV=1.2×10−7 M and
RMSEC=1.2×10−7 M, using 5 PLS components. Figure 3
also shows the frequency with which various bands were cho-
sen by the iPLS algorithm for the two models. The selected
skatole vibrational bands correspond well to the ones de-
scribed above. The androstenone model includes several
broad bands, indicating that the androstenone vibrations are
significantly more complex. The androstenone model also
contains several bands associated with methanol. Since the

experimental design randomized the combination of the two
analyte mixtures, the (small) variations of methanol cannot be
related to the individual analyte concentration, hence the fre-
quencies chosen by iPLS originate from overlapping
androstenone vibrations.

Establishment of LOD The result of the multivariate LOD
calibration is shown in Fig. 4. Both analyte calibrations dis-
play similar trends; an initial range of relatively high linear-
ity followed by a point after which the prediction curve
becomes unstable and horizontal (the level labelled P1 in
Fig. 4). For the skatole LOD prediction, the P1 critical point
is at 9.7×10−10 M, and 1.5×10−10 M for androstenone. The
instability following P1 causes a noise floor, consisting of
blanks or signals with no detected analyte (the average of
the no-analyte signal level is shown as a red line in Fig. 4).
The LOD, defined as three times the standard deviation of
the blank signals [51], is indicated by the black dotted lines
in Fig. 4. The intersection of 3× SD lines with the signal
curves (labelled P2 in Fig. 4) is estimated to approximately

Fig. 2 SERS spectra of a skatole and b androstenone in a pH 3.0/KNO3 environment. Blue line with analyte, red line without analyte. See
Table 1 for peak assignments, for bands labelled Mn, Sn, An

Table 1 Assignments of the peaks labelled in Fig. 2

ID Origin Band
(cm−1)

Assignment/comments

M1 MeOH 1019 C–O stretch

M2 2838 CH3 symmetric stretch

S1 Skatole 569 Skeletal bending [58–61]

S2 756 Benzene ring breathing or ring
twist [58–61]

S3 1225 C–N stretch or pyrrole ring stretch
[58–61]

S4 1447 CH3 antisymmetric deformation
[58–61]

A1 Androstenone 1159a −
A2 1456b CH2 bending (experimental

observation by
Guler [62] and Nahar [63])

a Indicates that no assignment has been made
b Indicates a tentative assignment
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2.1×10−11 M for skatole and approximately 1.8×10−10 M
for androstenone.

The LOD prediction for skatole shows a concentration (la-
belled P3 in Fig. 4) after which the prediction profile changes
slope. Other studies show similar concentration/intensity non-
linearity dependencies [52], where the lesser concentration
allows for a different adsorption profile on the colloid and thus
different intensity linearity.

Quantification of analyte levels in biological fat samples
Calibration to the response variable for the two analytes is
shown in Fig. 5. The calibrations use the variable selections
and pre-processing steps proposed in Quantification of ana-
lyte levels in standard mixtures. Calibration required that three
samples (3×5 spectra) had to be removed, as they disturbed
the calibration significantly. Since the removed samples were
the same for both analytes, erroneous extraction of the fat is

suggested as the most probable cause. The calibration yields
prediction errors of 0.173 μg/g for skatole and 1.46 μg/g for
androstenone. For reference, ESM Fig. S8 shows the recorded
SERS Raman spectra for the 20 fat extracts.

Discussion

The method presented in this work clearly demonstrates that
SERS spectra in combination with multivariate data analysis
has the quantitative capability for detection of boar-taint
compounds at very low limits of detections (~2.1×10−11 M
for skatole and ~1.8×10−10 M for androstenone in standard
solutions). This is far below what is normally associated
with any of the rapid vibrational spectroscopic disciplines
(we have unpublished data determining the RMSECV of
Raman for the compounds at ~5.0×10−3 M in solvent and

Fig. 3 Details of selected PLS Models for prediction of analyte
concentrations. a Cross-validated prediction of skatole concentration. b
Cross-validated prediction of androstenone concentration. c Average

spectra (blue line) overlaid with iPLS selected frequency bands (green
bars) in skatole model. d Average spectra (blue line) overlaid with iPLS
selected frequency bands (green bars) in androstenone model

Quantification of the skatole and androstenone 7791



~1.0×10−5 M in fat). When the method is applied to extracts
of real fat samples, the observed prediction errors (173 ng/g
for skatole and 1.46 μg/g for androstenone) is significantly
higher than what is observed for established reference GC-
MS methods (see BIntroduction^). Unfortunately, experi-
mental considerations did not allow for validation of the
fat extract analyte levels (e.g. by means of LC-MS or GC-
MS), and incomplete extraction may be a major contribution
to the high prediction error level. Multivariate calibration in
conjunction with proper variable selection, as demonstrated
here, produces less complex and more accurate models due
to a targeted inclusion of frequency bands specific for the
analytes in question.

In complex fat extracts, where other compounds with dif-
ferent affinities for adsorption on the CRGC exist in the ex-
tract matrix, the prediction errors eclipse the detection limits of
the human olfactory sense. The fat extraction method
employed here was not optimized, and it is likely that the
accuracy of quantification, extraction time and complexity of
the method can be further improved.

It is important to note that the colloids used in this study
were not specifically adapted to target these lipophilic
analytes. As demonstrated by Steward et al. [53], both analyte
and colloid can be functionalized to promote adsorption while
maintaining the integrity and activity of the compound. In our
approach, this non-specificity opens for a new series of

Fig. 4 Multivariate LOD calibration for a skatole and b androstenone.
Blue line spline interpolation of the prediction points. Red circles
predicted values. Red line average of blank (no analyte) signal. Black

lines (horizontal): 3× standard deviation of blanks. Black lines
(vertical): intersect of 3× standard deviation of blanks with X axis. P1,
P2 and P3 labels: see text for details

Fig. 5 Prediction of analyte mass in vials. Blue points: sample points;
green lines X=Y; red lines: regression line. a Skatole calibration, five
latent variables, R2=0.87, RMSECV=0.173 μg/g. b Androstenone

calibration, R2=0.80, RMSECV=1.46 μg/g. Both calibrations required
removal of outliers, see text for details
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investigations targeted to reveal if quantitative SERS can be
used to express other quality parameters of the porcine car-
cass—and may even lead to detection of marker compounds
for pathogens or other bacteriological activity [54, 39, 55].

Analytical methods for detection of boar taint are well de-
scribed in literature, but we believe this novel SERS approach
to detect boar taint has the best potential to be developed into
an on-line application, especially with the advent of many
portable Raman spectrometers [39, 56]. It is assumed—but
not tested—that the presence of fat in the colloid suspension
will saturate the nanoparticles, and thus, a proper separation
stepmust be applied to separate asmuch non-relevant material
from the extract before Raman analysis. Such a separation
could be performed using commonly available solid-phase
high-pressure extraction or similar adsorbent systems. We
suggest a system where the fat is introduced in a single-use
low-cost disposable sample extraction cartridge and inserted
in an at-line analyser (located at the abattoir process line),
where SERS analysis is conducted by flow-injection of col-
loid [57] in an extract stream from the cartridge followed by
Raman analysis.

Conclusion

This study has demonstrated that multivariate calibration of
SERS spectra has excellent potential for the quantification of
boar-taint compounds in concentrations low enough to make
this approach highly applicable for the food industry. Extract
prediction errors of 0.17 μg/g for skatole and 1.5 μg/g for
androstenone was achieved. This method does have potential
for much higher analytical accuracy, as prediction errors
(RMSECV) of 2.4×10−9 M and 1.2×10−10 M for skatole
and androstenone respectively was achieved in standard solu-
tions, where the limit of detection was established at approx-
imately 2.1×10−11 M for skatole and approximately 1.8×
10−10 M for androstenone.
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