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Abstract This study aims to demonstrate the quantification of 

peptides based on isotope dilution surface enhanced Raman 
scattering (IDSERS). SERS spectra of phenylalanine (Phe), leucine 
(Leu) and two peptide sequences TGQIFK (T13) and 
YSFLQNPQTSLCFSESIPTPSNR (T6) as part of the   22-kDa 
human growth hormone (hGH) were obtained on Ag-nanoparticle 
covered substrates. On the basis of the dominant Phe and Leu 
vibrational modes, precise partial least squares (PLS) prediction 
models were built enabling the determination of unknown T13 and 
T6 concentrations. Detection of hGH in its physiological 
concentration in order to investigate the possibility of protein 
quantification has been achieved. 
 

Keywords Surface Enhanced Raman Scattering, Quantification, 
Peptides. 

I. INTRODUCTION 
HE characterization and quantification of protein 
biomarkers in human serum has the potential for 

biomedical analysis in early diagnosis and monitoring of 
specific diseases like cancer, AIDS or Alzheimer [1-11]. To 
ensure the reliability of clinical laboratory measurements for 
their diagnoses and to provide traceability of the results to the 
relevant SI units (mole, kg), routine test procedures have to be 
linked to higher order standards. Amount of substances in each 
of these measurements is the focus of being traceable. Hence, 
the quantification of proteins at a primary level is still a 
challenging and on-going topic in chemical metrology. 
Methodologies for SI-traceable protein quantification have 
been implemented recently [12,13]. The principle in this 
method is that particular signature peptides of the protein are 
obtained as cleavage products from enzymatic proteolysis and 
qualified by mass spectrometry (MS) in place of the protein as 
a whole. The required degree of accuracy and precision is 
achieved by application of the isotope dilution principle using 
isotopically labeled analogues of the probed peptides as 
internal standard [13]. 

Since the concentration of a specific protein biomarker in 
biological samples is typically sub-nanomolar, a highly 
sensitive method such as surface-enhanced Raman scattering 
(SERS) is used to provide the sensitivity for these types of 
assays. SERS is a possible alternative optical method for MS 
that can be applied in order to combine highest sensitivity and 
molecular specificity.   
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Novel metal nanostructures as SERS active substrates 

partially quench the fluorescence emission of biologic 
materials and also amplify the intensity needed for their 
detection in low concentrations [14-16].  

Therefore detection and amplification of a broad variety of 
biomolecules from small to larger ones like peptides and 
proteins by SERS has been extensively reported [17-23]. We 
have already shown that the ID principle can also be adapted 
to SERS that increases accuracy and precision of quantitative 
SERS results. This has led to the new IDSERS approach which 
has been applied as a possible optical alternative to MS for the 
quantification of small diagnostic marker molecules like 
creatinine [24] in colloid solutions at its relevant serum 
concentration level. Investigating other aspects of application 
of novel metal nanostructures, full procedure of IDSERS 
based quantification has been realized as on-chip assay on 
suitable nanostructured solid substrates. In such an approach 
the detection of very low concentration (ppm-ppb), and 
relatively small amounts of sample material (pg) is possible 
from sample volume with small quantity of samples (<0.1 µl) 
on a single chip [16, 25, 26].             
 This study demonstrates a possible reference procedure for 
traceable quantification of peptides and even full proteins that 
can be developed based on IDSERS. The scope of the on-chip 
procedure, reported recently for small biomarkers like urea 
and creatinine [25, 26], is extended towards the quantification 
of protein biomarkers. As an example, the human growth 
hormone (hGH) has been investigated and models for its 
quantification have been developed on the bases of several 
characteristic of peptide sequences. Growth hormone is a 191-
amino acid peptide hormone secreted by the anterior pituitary 
gland in the brain and enhances tissue growth by stimulating 
protein formation. The physiological concentration of hGH 
hormone containing in human serum is 60-180 pg/mL [27]. 
Identification is typically achieved by characteristic vibrational 
fingerprint of particular amino acids. Raman features of 
proteins are typically dominated by the vibrational modes 
involving the amide backbone and the aromatic amino acid 
side chains [28], so it is worthy to identify the spectral 
characteristics of aromatic amino acid residues and also their 
behavior in peptides in order to understand and interpret the 
SERS spectra of proteins. 

  
II. EXPERIMENTAL SECTION 

A. Chemicals and Reagents 
Silver nitrate (Aldrich) and methanol (Merck) were of 

analytical grade. Ultra pure Milli-Q water (Millipore) was used 
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for the preparation of aqueous solutions. Recombinant 22 kDa 
human growth hormone (hGH) was from ProSpec-Tany 
TechnoGene (Rehovot, Israel). The peptide fragments T13 
(TGQI(F)K, amino acids 135-140) and T6 
(YSFLQNPQTS(L)CFSESIPTPSNR, amino acids 42-64) 
were custom synthesized and obtained from Cambridge 
Research Biochemicals (T13) and Thermo Electron (T6). The 
isotopically labeled forms are referred to as *T13 and *T6 and 
contain 13C9,15N-phenylalanine in position (Phe) and 13C6,15N-
leucine in position (Leu), respectively. Natural L-
phenylalanine was obtained from Fluka (> 99%), isotopically 
labeled 13C9,15N-phenylalanine was obtained from Cambridge 
Isotope Laboratories (98% 13C, 98% 15N). 

Three series of each 11 reference mixtures for the systems 
Phe/*Phe, T13/*T13 and T6/*T6 were prepared 
gravimetrically. They cover the entire range of possible molar 
compositions between 0:100 and 100:0 and contain a constant 
total analyte concentration of 100 nmol/L.  

Figure 1 shows the molecular structures of phenylalanine, 
leucine, T13 in which Phe has been labeled, T6 with the 
labeled leucine and hGH containing two peptides T6 and T13.  

 

Phe *Phe 

Leu T13 

T6 hGH 

 
Fig. 1 Structure formulas of natural and 13C9 15N-phenylalanine, 

natural leucine and stick-representations of the T6 and T13 structures 
with the phenylalanine and leucine entities highlighted in color and 

also hGH with T6 and T13 
 

B. Nanoparticles Prepared by Electroless Deposition 
Spherical silver nanoparticles were fabricated by electroless 

deposition. A 3-inch Si(100) wafer was coated with a 70 nm 
Germanium layer. Then, the wafer was cut into 5 x 8 mm 

rectangular pieces that were immersed for 10 min in a             
1 mmol/l AgNO3 solution to induce silver nanoparticle 
formation. To stop the surface reaction, the substrates were 
first immersed in distilled water and then stored in a 1:1 (v/v) 
methanol-water mixture until further use. As a result, a SERS 
active substrate covered with spherical and nearly mono 
disperse silver nanoparticles of ~50 nm is obtained [25,26].   

 

C. Sample Preparation 
The procedure is schematically shown in figure 2. Several 

spots containing sample amounts of approximately 1 pmol are 
applied by pipetting an aqueous solution (0.1 µl) onto the 
SERS-active area of the substrate. After evaporation of the 
solvent, the analyte remains as thin layers forming patches of 
500 µm diameter which were measured one by one. 

 

 
Fig. 2 (a) on-chip approach, (b) continuous transition of 

isotopologues, (c) SEM of AgNPs, (d) appearance and size of patches 
 

D. Raman Instrumentation 
SERS spectra were recorded using a LabRam ARAMIS 

Raman-spectrometer (Horiba Jobin Yvon) equipped with four 
holographic gratings (600, 1200, 1800 and 2400 grooves/mm) 
and a CCD detector thermoelectrically cooled to -70 °C. A 
785 nm diode laser (100 mW) was used for excitation by 
focussing the beam onto the sample surface through a 100x 
objective resulting in a cross section of 1 µm. The 520.5 cm-1 
Si optical phonon mode caused by the underlying substrate 
was used for Raman shift calibration. Measurements were 
recorded at various positions inside the sample spots with 
integration times of 10 seconds and averaged over 30 
accumulations. Spectrum acquisition and preprocessing were 
done with LabSpec 5.0 software (Horiba Jobin Yvon). The 
data was then converted to ASCII format and imported into 

as been used 
for generation and validation of the partial least squares (PLS) 
model. 
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III. RESULTS AND DISCUSSION 
In this work, label free detection of the 22-kDa human 

growth hormone (hGH) at its physiologically serum 
concentration, has been investigated and the SERS spectrum is 
shown in figure 3. 

 

 
Fig. 3 SERS of hGH in its physiologically concentration obtained on 

substrates covered with silver nanoparticles 
 

Quantification of peptides and proteins by means of 
IDSERS requires that at least one prominent Raman band 
could be detected which represent the peptide of interest and a 
sufficient wavenumber shift could be measured for the labeled 
isotopologue with respect to the unlabeled isotopologue. Both 
requirements are met here by selecting two sequences in hGH, 
the amino acids phenylalanine and leucine as two labeled 
entities (figure 4). 

Together with protein backbone groups, aromatic amino 
acid residues provide dominant features in SERS spectra of 
peptides and proteins when present. It follows that the Raman 
modes of phenylalanine may likely apply to the assignment of 
Raman and SERS features in the spectra of other peptides and 
proteins. Since aromatic amino acids are found amongst the 
dominant features in the Raman spectra of peptides and 
proteins, it should be possible to predict at least some of the 
major features of the SERS spectrum of more complex 
proteins and peptides using the spectra of the aromatic 
peptides as a conceptual basis set [10]. Such behaviors have 
been applied in view of realizing ID based quantification.  

SERS spectra of phenylalanine (Phe), leucine (Leu) and two 
peptide sequences T13 and T6 as part of hGH were obtained 
on Ag-nanoparticle covered substrates. The spectra of Phe and 
T13 are shown in figure 4a together with spectra of the 
isotopically labeled *Phe and *T13. It can be seen that the 
spectrum of the pure phenylalanine (Phe) is dominated by the 
symmetric ring stretching mode at 1003 cm-1 [10] which is 
shifted to 965 cm-1 due to the 10 fold isotopic labeling in 
phenylalanine pic shift of 38 cm-1 results 
in two fully separated bands. The peak at 1003 cm-1 also 
appears at the same position as one of the most prominent 
SERS modes in the spectra of the pure T13. 

In labeled T6, the 7 fold isotopic labeling has been done on 
leucine by comparing the results for L/*L to T6/*T6, it can be 
seen that leucine peak dominates the spectrum at   838 cm-1 
and actually is the amino acid responsible for isotopic shift 
(figure 4b). The extent of the isotopic shift in leucine (labeled/ 
unlabeled) is of 22 cm-1 and remains constant. The interesting 
point observed is that in SERS of leucine we can detect a 
relatively broad peak at 838 cm-1 but in labeled leucine not 
only the shifted mode due to the labeling is seen but also one 
more neighboring peak which seems to have been overlapped 
in the dominant peak of the leucine is observable. This peak is 
not shifted because it has not been a matter of labeling of 
carbon and nitrogen. Since the leucine which is labeled is 
internally connected to other amino acids in the long chain of 
peptides, it can be interpreted that the second neighboring 
peak cannot be seen in the spectrum of labeled T6.  

The amino acids and peptides are bound to the surface of 
Ag nanoparticles via side binds or come very close to it and 
SERS spectra were obtained. The small amounts of available 
sample material require the quantification to be realized as an 
on-chip approach described recently [25]. The measured SERS 
spectra were limited to the most significant spectral range 
between 950 and 1030 cm-1 for T13 and 800 to 850 cm-1 for 
T6 which particularly reflects the continuous transition 
between analyte and standard, and converted into a calibration 
set. The selected wavenumber range particularly reflects the 
continuous transition between e
contributions according to their proportions in the mixtures. 
The measurements for validations have been done with 
concentration of 100 nmol/L.  

Two series of Phe/*Phe and T13/*T13 mixtures have been 
measured here and the transition from T13 to *T13 in 11 steps 
is shown in figure 4b. The experiments have been done for the 
mixture of T6 and *T6 as well. The obtained result of T6 as a 

contain the aromatic ring, shows how this procedure could be 
promising in quantification of larger and more complicated 
peptide sequences. The same procedure mentioned earlier can 
be done for quantification of T6/*T6. The peak of Phe also 
appears in T6 spectrum but since T6 is a longer chain of amino 
acids, it is observed that other amino acids could show even 
more prominent peaks than phenylalanine. It is observed that 
no matter the amino acid be labeled as a single molecule or as 
a one connected to another 5 amino acids in T13 and another 
22 in T6, no changes in the position of the peaks happen. 

The validation results are presented as predicted mass 
fractions of natural Phe and T13, plotted against the 
corresponding reference values (figure 5 a,b). The outcome of 
the internal validation is summarized in terms of the root mean 
square error of cross validation (RMSECV). The average 
deviation between the predicted and the true compositions 
yields a measure for the predictive performance of the model, 
which is converted into the measurement uncertainty U(c). 

The RMSECV values correspond to prediction uncertainties 
of between 1 and 2 % in the case that the model is applied to 
approximately equimolar analyte-to-spike ratios.  
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The uncertainty for both 2 series is of the same order as 
what attained in quantification of a single amino acid. The 
same prediction process was done for T6 and RMSE of 
0.012024 was obtained, the graph not shown here. 

 
 

Fig. 4 (a) SERS spectra of natural (Phe) and 13C9-15N-labeled 
phenylalanine (*Phe), natural and *Phe-labeled T13, (b) T6/*T6, T6 

based on labeling L 

 
Fig. 5 (a) Full series of calibration spectra recorded to generate the 

PLS model showing the continuous transition from T13  to *T13; (b) 
Results of internal cross-validation for two matrixes 
 

It can be observed that extending isotope labeling would be 
an advantage in order to achieve a lower uncertainty in the 
quantitative results in comparison with previous results 
achieved on smaller biomarkers [25]. 

IV. CONCLUSION 
The present work shows that IDSERS is a sensitive and 

accurate tool for identification and quantification of signature 
peptides from complex protein biomarkers. The possibility of 
quantifying larger biomolecules was also investigated as on-
chip assay. As examples, two peptide sequences of the human 
growth hormone containing 6 (T13) and 22 (T6) amino acids 
have been analyzed on the basis of the most prominent 
phenylalanine and leucine bands. The labeled single amino 
acids, *Phe and *Leu have been investigated here for their use 

as internal standards for making a reference model of T6 and 
T13. Having knowledge about molecular binding behavior of a 
single amino acid and a short peptide on a metal surface leads 
toward knowing the approximate behavior of longer peptides 
or even proteins, human growth hormone (hGH) as the 
example here. 
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