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Abstract. The multiplex detection of biologically important molecules such as proteins in complex mixtures has
critical importance not only in disease diagnosis but also in other fields such as proteomics and biotechnology.
Surface-enhanced Raman scattering (SERS) is a powerful technique for multiplex identification of molecular com-
ponents in a mixture. We combined the multiplexing power of SERS and heat denaturation of proteins to identify
proteins in ternary protein mixtures. The heat denaturation profiles of four model blood proteins, transferrin, human
serum albumin, fibrinogen, and hemoglobin, were studied with SERS. Then, two ternary mixtures of these four
proteins were used to test the feasibility of the approach. It was demonstrated that unique denaturation profiles
of each protein could be used for their identification in the mixture. © 2013 Society of Photo-Optical Instrumentation

Engineers (SPIE) [DOI: 10.1117/1.JBO.18.3.037007]
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1 Introduction
As the end product of gene expression, proteins carry out
numerous functions in living systems. Therefore, their detection
and identification have critical importance in many fields such
as medicine, biotechnology, and proteomics. The mass spectros-
copy (MS) and immunoassay-based methods are the most fre-
quently used approaches for the goal. The MS-based approaches
are the most sensitive and reliable ones without any question.
However, most of the time, it requires a separation step before
the analysis, and high cost instrumentation and highly trained
personal. In addition, the destructive nature of the technique
could constrain its use with the samples in limited amounts.1,2

The immunoassay-based methods are more straightforward
compared to MS-based approaches but they are prone to false
readings and the quantification could be problematic.3

Surface-enhanced Raman scattering (SERS) is a nondes-
tructive vibrational spectroscopic technique that can provide
detailed information about the chemical structure of molecules
or molecular structures with high sensitivity.4,5 There are a num-
ber of reports using the technique for the detection and identi-
fication of a wide range of biological molecules and structures
such as protein,6–10 DNA, RNA, oligonucleotide,11–14 bacte-
ria,15–17 yeast,18 viruses,19,20 and living cells21–23 in the literature.
These reports demonstrate the feasibility and potential of the
technique towards the goal.

Despite all the advantages of SERS, it still suffers from issues
such reproducibility and substrate stability when especially col-
loidal noble metal nanoparticles are used as substrates. Besides,
if a molecule of interest has a complex structure possessing
similar repeating units with multiple functional groups such
as a protein, the problems attributed to the nature of SERS

become more considerable.24,25 However, the reports to date
demonstrated that one of the most suitable substrates for pro-
tein-SERS studies appears to be aggregates of Ag colloidal par-
ticles (AgNPs) synthesized with citrate reduction of Agþ. Since
colloidal AgNPs provide outstanding SERS enhancement and
its preparation procedure is simple and low cost, it is routinely
used as SERS substrates.6–10,26

In SERS studies of proteins, external Raman-active dyes can
be used to obtain intense SERS signal, but the obtained SERS
spectrum cannot provide any information about the protein
structure. In addition, use of a label lengthens procedure and
it may result with the nonspecific interaction of the label
with substrates.27,28 Therefore, label-free approaches are consid-
ered more reliable. The label free-detection of proteins with
SERS is an ongoing effort but it has certain difficulties due to
their highly complex structures and surface properties. There-
fore, it is a challenging task to develop a universally accepted
SERS protocol for the label-free protein detection.6–10,24–26

Generally, the sample preparation steps in a SERS experi-
ment upon using colloidal metal nanoparticles follow the
order of simple mixing of analyte with a small volume of col-
loidal suspension of the noble metal nanoparticles, spotting this
mixture on a proper surface, and acquisition of SERS spectra
from the aggregates of noble metal nanoparticles distributed
in the droplet area after the evaporation of water. This procedure
is quite simple, but the phenomenon known as “coffee-ring”
governs the dynamic processes in a sessile droplet during drying
and all particles and molecules in the droplet are dragged and
jammed at the solid-liquid-air contact line.29 This uncontrolled
aggregation of AgNPs and proteins at the periphery of the drop-
let is not suitable for a successful SERS measurement due to the
tight packing of AgNPs and proteins, which is not a condition
for the optimal oscillation of electron systems of AgNPs. This
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poor oscillation eventually leads to a decrease in the SERS activ-
ity.7–10 In order to eliminate the negative effects of the coffee-
ring phenomenon on the SERS performance of the AgNP aggre-
gates, we altered the dynamics in a droplet by hanging it from a
relatively hydrophobic surface.7 The gravity force causes the
accumulation of the AgNPs and proteins at the apex of the dry-
ing droplet and after the complete evaporation of the liquid,
most of the AgNPs and proteins attach in the middle of the
dried droplet area. These accumulated AgNP-protein structures
in the middle of the droplet area were found more suitable for a
successful SERS measurement than the structures at the edges of
the droplet generated by the conventional method. The feasibil-
ity and details of the suspended droplet method were recently
reported by Keskin et al.7

Most of the previous studies based on label-free protein
detection employing SERS used samples that contained only
one type of protein.7,26,30–33 As an exception, Keskin et al.
achieved the differential separation of the binary and ternary
protein mixtures with the method known as “convective
assembly” and detection with SERS.8 In another previous
report, Zhen et al. used a mixture of proteins, some contain
chromophore and some do not, and performed protein detection
in their binary mixtures with using a heat-induced SERS
method.34 In a recent study, our group investigated the confor-
mational changes in the structure of the model proteins with
SERS at increased temperatures to 70°C from 30°C for detection
and identification in binary mixtures.9 We coupled the finger-
print property of SERS with unique denaturation profiles of
proteins as a new approach for label-free protein detection
and identification. The conformational changes in the structure
of proteins at varying temperatures with using SERS were pre-
viously investigated by Das et al.35 In their study, lysozyme,
ribonuclease B, bovine serum albumin, and myoglobin were
studied with a temperature gradient between −65°C and 90°C.

In this current study, we used colloidal AgNPs as substrates
and the human plasma proteins; human serum albumin (HSA),
transferrin (TF), hemoglobin (Hb), and fibrinogen as models.
The proteins were simply mixed with colloidal suspension of
AgNPs and dried at suspended position from a hydrophobic sur-
face. We investigated the conformational changes in the struc-
tures of the proteins among AgNP aggregates in dried droplet
area with SERS at a temperature gradient from 30°C to 70°C. We
set the starting temperature to 30°C due to its closeness to the
room temperature. The system is heated to a maximum of 70°C
since the denaturation temperatures of all model proteins in the
study are lower than 70°C, which was predicted in their aqueous
solution with dynamic light scattering (DLS) technique. The
denaturation profiles of the model proteins are found unique
and significantly different from each other, which can be
used for their detection in mixtures. Two different ternary mix-
ture combinations, which are HSA–transferrin–Hb and HSA–
fibrinogen–Hb, were investigated. A statistical program, SPSS
(statistical package for the social sciences), was used to analyze
the obtained SERS spectra.

2 Materials and Methods

2.1 Chemicals

Human serum albumin, transferrin, hemoglobin, and fibrinogen
were purchased from Sigma-Aldrich (Germany). Silver nitrate
was purchased from Fluka (Germany) and sodium citrate was

purchased from Merck (Germany). Ultra pure water was used
for preparing protein stock solutions.

2.2 Synthesis of AgNP Colloidal Suspension

AgNPs were prepared by using the Lee and Meisel method.36 A
90 mg of AgNO3 was dissolved in 500 mL double distilled
water and heated until boiling point. Then, a 10 mL of 1%
sodium citrate was added dropwise into the solution and boiling
was maintained until the volume of the solution was reduced
to approximately 250 mL. This prepared solution was kept at
room temperature for cooling. The characterization of the col-
loidal AgNPs was performed with UV/Vis Spectroscopy and
Dynamic Light Scattering (DLS, Zetasizer). The average diam-
eter of AgNPs is approximately 55 nm (data not shown). The
concentration of the AgNP suspension is called 1× and the sus-
pension was centrifuged (Beckman, Rotor: S4180) at 5500 rpm
for 30 min. Then, the supernatant of the solution was removed to
bring the final concentration to 8× and it was used for all the
experiments in the study.

2.3 Sample Preparation

The protein solutions were prepared in the concentration of
100 μg∕mL and they were mixed with 8× AgNP colloidal sus-
pension to bring the final protein and AgNP concentration to
50 μg∕mL and 4×, respectively. Each protein concentration
in all mixtures in the study is 50 μg∕mL. A volume of 2 μL
protein and colloidal AgNP mixture was spotted on a CaF2
slide (hydrophobic). Then, the CaF2 slide was fixed to a
clamp at the overturned position (with an angle of 180 deg
around its own axis). The position of the clamp was maintained
until the droplet completely dried at room temperature. The
room temperature and relative humidity were 22°C to 25°C
and 40% to 50%, respectively, during the experiments.

2.4 SERS Measurement

A Raman microscopy system (InVia Reflex, Renishaw, United
Kingdom) was used to perform all SERS measurements in the
study. The system was calibrated against a silicon wafer peak at
520 cm−1. A diode laser at 830 nm was used. The laser power of
15 mW was used for all measurements. A long-range objective
was used with the heating apparatus (THMS600) to prevent the
objective from any damage caused by high temperature. The
exposure time of laser on the sample is 10 s. The temperature
of the heating system was increased gradually from 30°C to
70°C with 10°C intervals and five SERS spectra were collected
at every point (at 30°C, 40°C, 50°C, 60°C, and 70°C) and
averaged to one spectrum.

2.5 Size and Zeta Potential Measurement

The size distribution measurements of the proteins in 1% phos-
phate buffered saline (PBS) at a temperature gradient between
30°C and 80°C were performed using Zetasizer NanoZS
(Malvern). Their zeta potential measurements were also per-
formed at 25°C. The Nano ZS contains a 4 mW He-Ne laser
operating at a wavelength of 633 nm and an avalanche photo-
diode detector. The scattered light was detected at an angle of
173 deg. The refractive index and absorption of the protein
solutions were assumed as 1.45 and 0.001, respectively.
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2.6 SPSS Analysis

The obtained SERS spectra were analyzed with using SPSS
15.0. After the normalization of the spectra, they were analyzed
with the multidimensional scaling feature of SPSS. The
Euclidean distances were used as a scaling model and two-
dimensional (2-D) plots were used for the presentation of
the data.

3 Results and Discussions
In this method, proteins and AgNPs are accumulated in the
middle of a dried droplet area by the force of gravity. These
easily prepared protein-AgNP aggregates are favorable to
collect SERS spectrum and the quality and reproducibility of
the obtained spectra are remarkably improved compared to other
techniques.10,25,26,37–41

In the first part of the study, we determined the melting tem-
peratures of the model proteins in their suspensions with the
DLS technique. We used these melting point values as a starting
point to analyze and compare the SERS spectra of the proteins
during heat denaturation. The physiochemical properties and
approximate melting point values of the proteins were shown
on Table 1. The melting point of fibrinogen could not be deter-
mined with DLS due to the linear structure of the fibrinogen
molecule, which is not suitable so as to the limitation of tech-
nique. As seen on Table 1, HSA and transferrin have similar
melting point values. On the other hand, hemoglobin, which
has a heme group consisting of an iron (Fe) ion hold in a hetero-
cyclic ring known as a porphyrin, has a lower melting point
compared to other proteins used in the study.

In the second part of the study, we investigated the heat dena-
turation profiles of proteins with SERS in their dried aggregates.
The changes on the SERS spectra are specific for each protein
and can be used for the identification of the proteins. We used
a statistical program, SPSS, to determine the similarities or
differences between the spectra obtained at different tempera-
tures. In multi-dimensional scaling of SPSS, each spectrum
can be reduced into one point on a 2-D coordinate system
using Euclidean distances. The most straightforward and gener-
ally accepted way of computing distances between objects in a
multi-dimensional space is to compute Euclidean distances. The
closeness of the coordinates indicates the close relationship
among the spectra.

Figure 1(a) shows the SERS spectra of HSA at a temperature
gradient with 10°C steps and Fig. 1(b) shows the 2-D Euclidean
distances plot. The melting point of HSA was found 64°C in
solution. As seen in Fig. 1(b), obtained spectra at different tem-
peratures located on very different coordinates relative to each
other on the 2-D plot and the spectra at 30°C differ most from the
others. A careful inspection of the spectra at different temper-
atures reveals that the intensity of the several bands changes
with the temperature change. When the spectra are compared,
two spectra at 30°C and 70°C show the greatest difference com-
pared to the others as seen on Fig. 1(b). The reason for this dif-
ference at 30°C is the intense peaks at the bands, 628 (COO−

wag.), 928 (Pro), 955 (Ala), and 1001 cm−1 (Phe). Since this is
just the beginning of the temperature gradient, denaturation of
the proteins is not expected. This is possibly due to better oscil-
lation of the electron system of the AgNPs with the loss of water
molecules from the sample, which has a considerable effect on
the excitation of surface plasmons. The spectra at 40°C, 50°C,

Table 1 Physiochemical properties and approximate melting point values of proteins.

Protein MW (kDa) Hydrodynamic radius (nm) Isoelectric point (pI) Zeta potential (mV) Melting point (°C)

HSA 66.5 7.937 4.7–5.2 −28.9 64

Transferrin 76 to 81 15.55 5,5 −18.4 68

Fibrinogen 340 15.68 5.8–6.1 −9.53 —

Hemoglobin 64.5 8.911 6.8 13 42

Fig. 1 (a) SERS spectra of HSA at increased temperatures and (b) 2-D Euclidean distances plot. The numbers on the plot (b) represent the temperature
values.
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and 60°C are very stable and similar to each other compared to
the spectra at 30°C. When the temperature reaches 70°C, which
is around the melting point of HSA, the spectra are located on
different coordinates due to the significant decreasing in the
intensities of the bands at 928, 955, and 1001 cm−1. This sug-
gests that the environment of these residues change at 70°C as a
result of the conformational changes of HSA molecules in the
AgNP-protein structures. The assignments of all the Raman
bands in the study are given in Table 2 in Appendix B.42–50

Figure 2(a) shows the SERS spectra of transferrin with tem-
perature gradient and Fig. 2(b) shows the 2-D Euclidean distan-
ces plot. As seen in Fig. 2(a), a significant change is observed in
the region from 620 to 680 cm−1. The melting temperature of
transferrin was found at approximately 68°C in solution. On the
2-D plot, the spectra at 60°C and 70°C placed relatively far from
other spots on the plot with relative closeness to each other. This
suggests that the structure of transferrin shows a noteworthy
change at some point between 60°C and 70°C.

The intensities of the peaks at 676 and 1001 cm−1, which are
both associated with Phe, gradually increase from 30°C to 60°C.
For example, human serum transferrin has two domains and
contains 28 Phe residues.51 The increase in the intensity of

these two bands can be explained with the gradual denaturation
of the protein with increasing temperature. As the denaturation
of protein progresses, Phe residues interact with the AgNPs
more effectively, which is reflected on the SERS spectra as
an increase in the intensity of the peaks attributed to Phe at
676 and 1001 cm−1. The intense peak at around 1053 cm−1,
which is observed in the SERS spectra of all the proteins in
the study, is attributed to C─O str. It may originate from
both citrate ions7,26 and protein structures.43 The citrate ions
are adsorbed onto the NPs’ surfaces during their synthesis.
The intense peak at around 1053 cm−1 is the only significant
feature of the SERS spectra of the sample that contains only
AgNPs (Fig. 7 in Appendix A).

Figure 3(a) shows the SERS spectra of Hb with temperature
gradient and Fig. 3(b) shows the 2-D Euclidean distances plot.
The melting point of Hb was found 42°C in solution, which is
lower than the melting points of other proteins used in the study.
Therefore, it can be a suitable model protein for investigating the
potential of the approach. Since it has a lower melting temper-
ature than the other proteins, the structural changes will be easier
to distinguish in the mixture. As seen in Fig. 3(a), the intensity
of the peak at 937 cm−1, which is associated with Pro, decreases

Fig. 2 (a) SERS spectra of transferrin at increasing temperatures and (b) 2-D Euclidean distances plot. The numbers on the plot (b) represent the
temperature values.

Fig. 3 (a) SERS spectra of hemoglobin at increasing temperatures and (b) 2-D Euclidean distances plot. The numbers on the plot (b) represent the
temperature values.
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while the temperature increases and it completely disappears at
70°C. Additionally, the intensity of the peak at 1260 cm−1,
which is attributed to Amide III vibration, shows a significant
increase at 40°C, compared to the intensity of the peak at 30°C.
Note that 40°C is close to the melting point of Hb. In Fig. 3(b), a
significant difference among the spectra recorded at increasing

temperature is observed at 70°C. Although the temperatures
at 50°C and 60°C are closer to the melting temperature of Hb
in solution, the greater difference is observed at 70°C. This
difference can be explained with a behavioral difference of protein
in solution and in the dried film. In water, they can behave
more freely, which leads to a more effective and fast response

Fig. 4 (a) SERS spectra of fibrinogen at increased temperatures and (b) 2-D Euclidean distances plot. The numbers on the plot (b) represent the
temperature values.

Fig. 5 (a) SERS spectra of HSA, transferrin and Hb mixture at increased temperatures and 2-D Euclidean distances plots for each temperature [(b) 30°C,
(c) 40°C, (d) 50°C, (e) 60°C, and (f) 70°C]. HB: hemoglobin; TF: transferrin; and M (red): mixture. The numbers on the plots (b) to (f) represent the
temperature values.
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to changes in temperature. In SERS measurement, we used dried
samples that also contain AgNPs. Therefore, it requires more time
and higher temperature for proteins to respond to the temperature
increase.

The last model protein included in the study was fibrinogen,
which is another blood plasma protein and plays a crucial role in
hemostasis. Even though the melting point of fibrinogen could
not be determined in solution with DLS, there are a number of
reports demonstrated that fibrinogen is very sensitive to heat
and its structure shows dramatic changes between 60°C and
70°C.52,53 Figure 4(a) shows the SERS spectra of fibrinogen with
temperature gradient and Fig. 4(b) shows the 2-D Euclidean
distances plot. We have also observed a significant change
on the SERS spectra of fibrinogen at 60°C and 70°C, which
can be seen in Fig. 4(a). The intense peak at 640 cm−1,
which is obtained at 60°C, is associated with Tyr residues.
Also, another intense peak at 671 cm−1, which is observed at
70°C, is associated with C─C stretching. The broad peak at
around 524 cm−1 is associated with S–S disulfide stretching.
The peak at 757 cm−1 is associated with Trp and the peaks

at 826 and 857 cm−1 are associated with Pro and Ala,
respectively. As seen in Fig. 4(b), the spectra at 60°C
show a significant difference from the other spectra. There
is also another significant difference between the spectra
obtained at 60°C and 70°C. This indicates that the structure
of fibrinogen changes starting from 50°C and the tem-
perature values of 60°C and 70°C are critical points in this
differentiation.

Finally, we attempted to identify each protein in their ternary
mixtures using the proposed approach. In the first model ternary
mixture, we used HSA, transferrin, and Hb to mix with the col-
loidal suspension of the AgNPs and spotted a 2 μL volume of
this mixture on a CaF2 surface. After the sample completely
dried at suspended configuration at room temperature, we col-
lected SERS spectra at increasing temperatures. The proteins in
the mixture have different melting points. Therefore, it
is expected that the structure of each protein starts to change
at a different point of the temperature scale. This change can
be observed on the SERS spectra. Figure 5(a) shows the
SERS spectra of HSA, transferrin, and Hb mixture at increased

Fig. 6 (a) SERS spectra of HSA, fibrinogen and hemoglobin mixture at increasing temperatures and 2-D Euclidean distances plots for each temperature
[(b) 30°C, (c) 40°C, (d) 50°C, (e) 60°C, and (f) 70°C]. HB: hemoglobin; FBG: fibrinogen; and M (red): mixture. The numbers on the plots (b) to (f)
represent the temperature values.
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temperatures and 2-D Euclidean distances plots for each temper-
ature [Fig. 5(b) 30°C, 5(c) 40°C, 5(d) 50°C, 5(e) 60°C, and 5(f)
70°C]. The concentration of each protein and AgNPs are
50 μg∕mL and 4×, respectively. As seen in Fig. 5(a), the
SERS spectra of the mixture have more spectral features than
the individual spectra of the proteins due to the interaction of
different proteins with AgNPs and also each other. The intense
peak at 1334 cm−1, which is associated with Trp, is a result of
this protein-protein interaction, since it could not be observed on
the individual SERS spectra of the proteins. The peak at
854 cm−1, which is associated with Ala residues, belongs to
transferrin since it can also be observed on the spectra of the
sample that contains only transferrin [Fig. 2(a)]. The peak at
1126 cm−1, which is associated with NHþ

3 deformation of
Leu, belongs to Hb. As seen in Fig. 4(b)–4(d), the spectra of
the mixture are close to the spectra of the Hb at 30°C, 40°C,
and 50°C. Note that these temperature values are close to the
melting point of Hb, which was found as 42°C. The broad
peak at 605 cm−1 is observed at 50°C. Note that the peak at
605 cm−1 is also observed in the SERS spectra of the sample
that contain only HSA [Fig. 1(a)]. When the temperature
reaches 60°C, the spectra of the mixture show more resemblance
to the spectra of HSA [Fig. 5(e)]. It should be noted that
60°C is close to the melting point of HSA, which was found
to be 64°C. In summary, the spectra of the mixture have a
different pattern from the individual spectra of each protein
and also have unexpected spectral features due to the intermo-
lecular interactions among proteins (before and after denatura-
tion) in the mixture. Therefore, it is difficult to observe
small differences in the SERS spectra for comparison.
However, the 2-D plots indicate that when a protein reaches
its melting point, it starts to dominate the spectra of the
mixture. The structure of Hb denatures in the range of 30°C
to 40°C and the surfaces of AgNPs are exposed to the amino
acid residues of Hb effectively. When the temperature reaches
to the range of 50 to 60°C, the same case was observed for HSA
and when it is 70°C, transferrin molecules show their impact
more effectively.

Figure 6(a) shows the SERS spectra of the second set of pro-
tein mixture composed of HSA, fibrinogen, and Hb at increased
temperatures and 2-D Euclidean distances plots for each temper-
ature [Fig. 6(b) 30°C, 6(c) 40°C, 6(d) 50°C, 6(e) 60°C, and 6(f)
70°C]. The concentration of each protein and AgNPs are
50 μg∕mL and 4×, respectively. As seen in Fig. 6(a), the
bands at 1126 and 1260 cm−1 are associated with Hb and
the intensity of the peak at 1260 cm−1 is increasing when the
temperature reaches around 40°C. This point is also close to
the melting point of Hb and as seen in Fig. 6(c), the spectra
of Hb are approaching the spectra of the mixture at 40°C.
When the temperature reaches to 60°C, the spectra of the
mixture become similar to the spectra of HSA and fibrinogen
and show a significant difference from the spectra of Hb.
Note that the melting points of both HSA and fibrinogen are
between 60°C and 70°C. The intensity of the peak at
838 cm−1, which arises from HSA, starts to increase at 60°C.
Therefore, the spectra of the mixture are close to the spectra
of HSA at 60°C. When the temperature reaches 70°C, the spectra
of the mixture show more resemblance to the spectra of Hb
again (compared to the spectra at 60°C) due to the intense
peak at 1260 cm−1, which arises from Hb. This peak at
1260 cm−1 (CH2 wag.) is associated with both heme group
and backbone of Hb molecule. The spectra of the mixture

also resemble to the spectra of fibrinogen at 60°C and 70°C
[Fig. 6(e) and 6(f)] due to the intense peak at 524 cm−1,
which could also be observed on the individual spectra of
fibrinogen. Therefore, we can suggest that the changes occur-
ring in the structure of proteins could be observed not only
on their individual SERS spectra but also in the spectra of
their ternary mixtures.

4 Conclusion
In this study, we demonstrated the feasibility of a combined
approach of temperature gradient and SERS for protein identi-
fication in their mixtures. The colloidal AgNPs and HSA, trans-
ferrin, Hb, and fibrinogen as substrates and model proteins are
used, respectively. As the temperature increases, protein mole-
cules start to denature and this is reflected to the SERS spectra.
The melting temperature of each protein in their solution was
used to relate the changes in SERS spectra of the proteins.
The obtained information from their SERS spectra during
temperature gradient was used for their identification in ternary
mixtures. The results indicate that proteins can show different
behaviors in multiple mixtures due to their interaction with
each other and the AgNPs, which further complicates the inter-
pretation of the SERS spectra. However, from the analysis of
the data, it can be suggested that when a protein in a multiple
mixture reaches its melting (denaturation) point, it causes an
observable impact on the SERS spectra of the mixture and
this can be used for the routine detection of proteins in mix-
tures composed of proteins. We continue to investigate influence
of protein concentration on the spectral changes during the
temperature gradient. Successful implementation of such a
technique can serve the detection and identification of pro-
teins obtained from a known source such as blood after a crude
separation step.

Appendix A
In this appendix, SERS spectrum of citrate-reduced AgNPs
is presented for possible interferences (Fig. 7). An average
of ten SERS spectra were acquired from different spots on
the dried sample. As seen, the only significant feature of
the spectrum is the intense peak at 1053 cm−1, which is asso-
ciated with C─O vibration of citrate ions adsorbed on NPs’
surfaces.

Fig. 7 SERS spectrum obtained from citrate-reduced AgNPs. The
concentration of AgNP suspension was 4× in the dried sample.
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Appendix B
This appendix provides the assignments of the band frequencies,
which are obtained from the SERS spectra of the proteins and
protein mixtures (Table 2).
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675 676 — — 676 — Ala46

— — — — — 680 —

712 — — — — — Met42

758 — 761 757 — 761 Trp46

806 — — — 806 — —

— 827 — 826 — — Pro, Tyr47

838 — — — — 838 Vibration of amine groups48

— 854 — 857 854 857 Ala46

928 928 — — — — Pro, Val49

— — 937 — — — Pro44

955 — — — 955 955 Ala46

1001 1001 1001 1001 1001 1001 Phe46

1054 1054 1053 1053 1053 1053 C─O, C─N str.43

— — 1126 — 1126 1126 C─N str.50

1175 — 1175 — 1175 — Tyr50

— 1218 — — — — Amide III46

— — 1260 — — 1260, 1268 CH2 wag.46

— — — — 1334 — Trp46

1453 — 1453 — — 1453 Gly46

aHSAþ transferrinþ hemoglobin
bHSAþ hemoglobinþ fibrinogen
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