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Detection of doping represents a top priority for sports organi-
zations and athletic governing bodies because of the illegal
enhancement of athletic performance and also the potential
health risks to the athletes.[1] Recombinant protein abuse is an
evolving form of doping that challenges analytical detection.
The World Anti-Doping Agency (WADA)[2] prohibits the use of
recombinant proteins that are classified under doping substan-
ces. These substances are difficult to detect because they are
very similar to their endogenous counterparts. Corticotropin
releasing factors (CRFs)[3] are polypeptides produced in the hy-
pothalamus that induce the secretion of corticotrophin (ACTH)
and b-endorphins from the anterior pituitary. This communica-
tion demonstrates a) the identification of three closely related
CRFs by surface-enhanced Raman scattering (SERS) spectrosco-
py, b) their differentiation with 100% confidence using princi-
pal component regression (PCR) analysis, and c) the detection
of very small amounts (<10%) of nonhuman CRF co-mixed
with human samples by performing a prediction based on the
spectral data.

Consistent with their primary sequences (see Experimental
Section), human (H), bovine (B), and sheep (S) CRFs show very
similar vibrational patterns in their Raman spectra (Figure 1A).
The spectra are characterized by strong peaks at 1654 cm�1

(amide I, a-helix),[4] 1448 cm�1 (H�C�H scissoring), 1342 cm�1

(H�C�H deformation), 1002 cm�1 (ring breathing) and
933 cm�1 (C�C skeletal stretching).[5–7] Although Raman spec-
troscopy is a powerful analytical tool for structural characteri-
zation,[8,9] its low cross-section (10�29 cm2molecule�1) limits its
application in biodiagnostics. In contrast with this, the molecu-
lar cross-section increases significantly in SERS spectroscopy
(10�17 cm2molecule�1), allowing ultrasensitive chemical analysis
and single-molecule spectroscopy of peptides and pro-
teins.[10–12] For SERS analysis, the analyte must be adsorbed
onto an optical enhancer, usually nanostructured silver or gold.
For this we designed a nano-imprinted substrate upon which a
9-nm Ag island film was evaporated with a maximum surface
plasmon resonance (SPR) at 710 nm (Figure 1B).[13] CRF films,

prepared by casting solutions (10�7
m) and air-drying, were

studied with the 780-nm laser line. To test for reproducibility, a
mapping tool was used, collecting 266 spectra per CRF in trip-
licate (798 spectra per sample). The SERS spectra of the CRFs
(Figure 1C) and their mixtures (Figure 1D) show similar vibra-
tional features, but with some characteristic peak differences.
In agreement with surface selection rules,[14] these differences
are likely due to subtle conformational variations among the
CRFs,[15] which are amplified in SERS.

Multivariate data analysis was used to compare and classify
the SERS spectra of CRFs. First, two matrices were generated:
1) a reference identity matrix (30?3) that defines the composi-
tion of 30 samples (10 samples for each type of CRF) and three
variables (H-CRF, B-CRF, S-CRF), and 2) a spectral matrix (30?
879) that comprises 30 samples (10 samples for each CRF) and
879 variables per SERS spectrum. Then, a partial least-squares
regression (PLS2) model that correlates these two matrices was
generated. Figure 2A shows the score plot for the first and
second principal components (PCs) of the regression model.
The first two PCs accounted for 95% of the variance in the
identity matrix. Notably, the CRFs were clustered based on
their origin (gray regions, Figure 2A), thus demonstrating that
closely related CRFs could be classified with high confidence
based on their SERS spectra.

The validity of the regression model was established by gen-
erating a predicted identity matrix (Y’) from the spectral matrix
(X), and correlating it to the reference identity matrix (Y). The
correlation between Y and Y’ was obtained from the inner

Figure 1. Raman and SERS spectra of human, bovine, and sheep CRFs on a
nanostructured optical enhancer. A) Raman spectra of H-CRF, B-CRF, S-CRFs.
B) Surface plasmon resonance spectrum and SEM image of the pillared sub-
strate used as optical enhancer. C) Triplicate SERS spectra of the pure CRFs.
D) Average SERS spectra (10 points co-added) of CRF mixtures.
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product [Eq. (1)] of the reference composition vectors yi and
the predicted identity vectors y’i unique to each sample. The
angular matrix resulting from the inner product of Y and Y’ is
shown as a contour plot (Figure 2B). Cosq values of ~1 (high-
est correlation) were obtained for identity vectors correspond-
ing to CRFs of the same origin, whereas no correlation was
found between samples of different origin (blue regions in Fig-
ure 2B).

cos q ¼ yiy
0

i

yij j y 0
ij j

ð1Þ

To test the feasibility of detecting and determining the level
of contamination in unknown samples, a PLS2 regression
model was generated for the CRF mixtures in the same
manner as for the pure CRF samples (see above). The first two
PCs of the regression model accounted for 86% of the var-
iance in the identity matrix and resulted in a clear distinction
between the CRF mixtures (pink regions, Figure 2A). The inner
product matrix represented as a contour plot in Figure 2C
shows the highest level of correlation between reference and
predicted identity vectors corresponding to CRF mixtures with

the same composition (red di-
agonal). However, the model
also produces strong off-diago-
nal correlations resulting from
the presence of exogenous
CRFs in the human samples.
This result establishes that con-
taminated samples could be
readily identified and to some
extent quantified.

To further demonstrate the
relative ease with which a con-
taminated sample could be clas-
sified, a contour plot featuring
the angular correlation between
all the samples (Figure 2D) was
generated as described above
for the pure (Figure 2B) and
mixture samples (Figure 2C).
Once again, the pure and mix-
ture samples showed excellent
correlation between the rele-
vant predicted and reference
identity vectors (normalized di-
agonal values for cosq exceed
0.7). However, the appearance
of off-diagonal angular values
>0.6 and as high as 1.0, dem-
onstrates the ability of the re-
gression model to identify con-
taminated samples (mixture
samples) relative to pure sam-
ples. For instance, the region
within the red circle in Fig-
ure 2D shows that all the mix-

ture samples contain H-CRF, and as the percentage of H-CRF
decreases in the sample, the correlation also decreases.

In summary, we have shown that peptidic performance en-
hancers with more than 80% sequence homology could be
classified with 100% confidence from simple SERS measure-
ments and multivariate data analysis. We have also shown that
’contaminated’ samples (mixtures) can be readily identified,
classified, and even quantified by using the same approach.
This method may constitute a fast and reliable approach for
the rapid identification of doping peptides, and may be ex-
tended to other important proteogenic enhancers such as er-
ythropoietin and growth hormones.

Experimental Section

Materials : Dilute solutions (10�7
m) of the pure CRFs (Sigma–Al-

drich) were prepared using phosphate-buffered saline (PBS, 0.05m,
pH 7.4). Mixtures of CRFs were prepared by mixing the appropriate
volumes from the CRF stock solutions.

Raman microspectroscopy : Raman and SERS spectra were collect-
ed on a Nicolet Almega system using a near-IR excitation laser line
(780 nm) to minimize photobleaching. Raman spectra were collect-

Figure 2. Classification of human, bovine, and sheep CRFs, and mixtures thereof. X and Y axes refer to the predict-
ed and reference samples, respectively. A) Score plot representing the first and second PCs for the PLS2 regression
model of human (*, H-CRF), bovine (&, B-CRF) and sheep (~, S-CRF) CRFs, and mixtures thereof (&, 0.9:0.1 H-CRF/
B-CRF; ^, 0.75:0.25 H-CRF/B-CRF; ~, 0.5:0.5 H-CRF/S-CRF; *, 0.5:0.5 H-CRF/B-CRF). B) Contour plot showing the an-
gular correlation between the reference and predicted identity matrices for B-CRF (samples 1–9), H-CRF (samples
10–19) and S-CRF (samples 20–29). C) Contour plot showing the angular correlation between the reference and
predicted identity matrices for H-CRF/B-CRF/S-CRF 1:1:1 (samples 1, 2), H-CRF/B-CRF 0.9:0.1 (samples 3, 4), H-CRF/
B-CRF 0.75:0.25 (samples 5, 6), H-CRF/S-CRF 0.5:0.5 (samples 7–9), and H-CRF/B-CRF 0.5:0.5 (samples 10–12).
D) Contour plot showing the angular correlation between the reference and predicted identity matrices for B-CRF
(samples 1–9), H-CRF (samples 10–19), S-CRF (samples 20–29), H-CRF/B-CRF/S-CRF 1:1:1 (samples 30, 31), H-CRF/B-
CRF 0.9:0.1 (samples 32, 33), H-CRF/B-CRF 0.75:0.25 (samples 34, 35), H-CRF/S-CRF 0.5:0.5 (samples 36–38), and H-
CRF/B-CRF 0.5:0.5 (samples 39–41).
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ed on 10 different samples for each CRF in high-resolution mode
(2400 gmm�1 grating). The laser beam was focused onto the
sample using a 100? objective, providing a scattering area of
~1 mm2. Two spectra with accumulation times of 5 s were co-
added for each experiment (Figure 1A). Thin films for SERS were
prepared by casting and air-drying 10 mL of a 10�7

m solution of
each CRF on a nano-imprinted pillared silver island substrate (Fig-
ure 1B), resulting in ~104 moleculesmm�2. The films were studied
using the mapping mode (19?14 points) with a step size of 5 mm.
The other acquisition parameters are the same as above. To ensure
reproducibility, three different films were mapped, giving rise to a
dataset of 798 spectra per sample (Figure 1C and D).

Multivariate data analysis : The SERS spectra were analyzed and
correlated by partial least-squares regression (PLS2) using the Un-
scrambler software package: a) Pre-processing of all the SERS spec-
tra involved baseline correction, normalization and Norris-Gap first
derivative. b) The reference identity matrix (Y) composed of the
samples’ identities (human, bovine, sheep, or mixtures thereof)
was generated. c) The spectral matrix (X) was generated from the
SERS spectra (879 variables per spectrum) for each sample (human,
bovine, sheep, or mixtures thereof). d) A regression model that cor-
relates the identity and spectral matrices was generated using a
PLS2 regression. e) The validity of the regression model was estab-
lished by generating a predicted identity matrix (Y’) from the spec-
tral matrix (X), and correlating it to the reference identity matrix
(Y). The correlation between Y and Y’ was obtained from the inner
product [Eq. (1)] of the reference composition vectors yi and the
predicted identity vectors y’i unique to each sample. If yi and y’i are
highly correlated (that is, yi=y’i), cosq~1. f) The angular matrix re-
sulting from the inner product of Y and Y’ is better visualized in a
contour plot (Figure 2B). The same sequence of steps (e, f) was
used to compare the mixture samples (Figure 2C and 2D).
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