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Abstract. Surface-enhanced Raman scattering (SERS) spectra of serum proteins purified from human serum
samples were employed to detect colorectal cancer. Acetic acid as a new aggregating agent was introduced to
increase the magnitude of the SERS enhancement. High-quality SERS spectra of serum proteins were acquired
from 103 cancer patients and 103 healthy volunteers. Tentative assignments of SERS bands reflect that some
specific biomolecular contents and protein secondary structures change with colorectal cancer progression.
Principal component analysis combined with linear discriminant analysis was used to assess the capability
of this approach for identifying colorectal cancer, yielding diagnostic accuracies of 100% (sensitivity: 100%;
specificity: 100%) based on albumin SERS spectroscopy and 99.5% (sensitivity: 100%; specificity: 99%)
based on globulin SERS spectroscopy, respectively. A partial least squares (PLS) approach was introduced
to develop diagnostic models. An albumin PLS model successfully predicted the unidentified subjects with a
diagnostic accuracy of 93.5% (sensitivity: 95.6%; specificity: 91.3%) and the globulin PLS model gave a diag-
nostic accuracy of 93.5% (sensitivity: 91.3%; specificity: 95.6%). These results suggest that serum protein SERS
spectroscopy can be a sensitive and clinically powerful means for colorectal cancer detection.© 2014Society of Photo-

Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.19.8.087003]
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1 Introduction
Colorectal cancer, the third most common cancer and the fourth
leading cause of cancer death worldwide, is a major public
health problem.1 In most countries, the incidence rates have
increased during the past decades.2 Detection of cancer at an
early stage yields an excellent prognosis, with a 5-year survival
rate of over 90%.3 Thus, an early screening will help to improve
the crucial survival rate.

However, colorectal cancer screening is particularly chal-
lenging, especially in countries where there are high risks for
colorectal cancer.4 Conventional strategies for the early detec-
tion of colorectal cancer include the examination of fecal occult
blood test (FOBT), flexible sigmoidoscopy, colonoscopy, dou-
ble-contrast barium enema, and computed-tomographic colo-
nography (CTC). However, FOBT, flexible sigmoidoscopy,
and double-contrast barium enema demonstrate relatively
poor sensitivities for colorectal cancer detection (e.g., 30% to
80% with FOBT, 35% to 70% with flexible sigmoidoscopy,
and 48% with double-contrast barium enema), and CTC detec-
tion suffers from the risk of repeated ionizing radiation for
patients.4 Colonoscopy, though it is the “gold standard” for

colorectal cancer diagnosis, is of high cost and causes pain
and discomfort to patients, hampering its application in mass
screenings. Therefore, developing a patient-friendly and sensi-
tive method for colorectal cancer screening is imperative.

An optical technique, with the advantage of providing objec-
tive and specific information of biochemical changes during
cancer development, is being extensively employed for detec-
tion and analysis of some diseases.5–7 Raman spectroscopy,
in particular, is additionally attractive as a potential diagnostic
tool that can effectively provide information concerning the
structures and chemical compositions of biological materials
at a molecular level.1,8 Raman-based detections of serum, circu-
lating tumor cells, and tissue have already been exploited for
colorectal cancer detection and diagnosis.1,9–12 However, due
to the weak Raman signal, some of these detections require a
very long time for spectral integration. By contrast, surface-
enhanced Raman scattering (SERS) technology can easily over-
come this issue by significantly enhancing the Raman signal,
which expands the applicability of Raman-based analysis in
complex biological samples.

Albumin and globulin, which make up most of the total
serum proteins, help with the proper functioning of body proc-
esses. A marked depression of serum albumin in the presence of
various progressive cancers has been well recognized since at
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least 1950.13 Serum albumin is generally used to assess the
nutritional status, severity of disease, disease progression, and
prognosis.14 The rate of albumin synthesis, which is determined
by the supply of amino acids, significantly changes in the criti-
cally ill.15 In addition, the binding of substances (e.g., fatty acid)
to albumin can also induce a dramatic conformational change in
protein. Albumin bound-lipids have been found to increase in
patients due to the enhancement of metabolic pathways required
for cancer cell proliferation.16 Hence, it is possible to monitor
cancer progression through analyzing the changes of the secon-
dary structure of albumin. Globulins have multiple functions,
depending on their types: gamma globulins (primarily associ-
ated with immune system function), beta globulins (primarily
associated with hormone transport), alpha-1 globulins, and
alpha-2 globulins (primarily associated with clotting function).
One group of gamma globulins is the immunoglobulins, which
are also known as “antibodies.” They have special shapes that
recognize, bind to and surround foreign substances, including
bacteria or virus, so that scavenger cells can destroy the foreign
substances and flush them out of the body. Accordingly, the pro-
tein content in the body may provide us with some clinical infor-
mation regarding a patient’s general status.17

In 2012, Chen et al. employed the SERS spectrum of circu-
lating ribonucleic acid (RNA) in serum to detect colorectal
cancer.18 However, the SERS spectrum of RNA was difficult
to obtain due to the low concentration of RNA in the serum.
In 2011, Lin et al. detected colorectal cancer based on the
SERS spectrum of the serum.19 Nonetheless, the SERS charac-
teristics of the serum were most dominated by uric acid, a
metabolite whose blood concentration depends on factors
such as sex, age, and therapeutic treatments, and were vulner-
able to the interference from exogenous substances such as
drugs.20 This suggests that the spectral differences between
test and control groups might be masked by greater differences
due to the large interindividual variability of uric acid and exog-
enous substance levels. To further improve these blood test-
based noninvasive cancer detection technologies, our research
group developed a label-free SERS detection method based
on serum protein spectroscopic fingerprints for nasopharyngeal,
gastric, and hepatocellular cancer detections.21–23 This approach
has achieved a sensitivity and specificity of 100% for discrimi-
nating these three kinds of cancers from the normal group. To
date, the potential of serum protein SERS for colorectal cancer
detection has not yet been reported in the literature.

In this study, we assess the utility of serum protein-based
SERS technology for colorectal cancer detection. This method
provides intrinsic fingerprints of proteins for cancer detection by
purifying albumin and globulin from complex blood samples,
but without using any external labels. One hundred and three
colorectal cancer samples and 103 control samples were col-
lected for analysis. Multivariate statistical analyses including
principal component analysis (PCA), linear discriminant analy-
sis (LDA), and the partial least squares (PLS) approach were
employed to fully and rigorously demonstrate the diagnostic
ability of this approach, as well as to construct a diagnostic
model to predict the “unknown” samples.

2 Materials and Methods

2.1 Preparation of Human Serum Samples

Two subject groups were involved in this work: the first
group consisted of 103 patients with confirmed clinical and

histopathological diagnoses of colorectal cancer, and the second
group consisted of 103 healthy volunteers as the control group.
All participants had similar ethnic and socioeconomic back-
grounds and were from the Fujian Provincial Cancer
Hospital. The mean age for the cancer group was 55.7 years
and for the control group it was 42.3 years. All patients were
untreated patients with primary colorectal cancer. They con-
sisted of 31 cases of T1–T2 stage and 72 cases of T3–T4
stage. More detailed clinical information for these patients is
given in Table 1. All the participants gave informed consent
before sample collection. Whole blood was collected in glass
tubes and allowed to clot at room temperature for 15 to
30 min. Then serum samples were obtained by centrifugation
(3000 rpm, 2 min).

2.2 Preparation of Protein-Silver Nanoparticles

Similarly to the previous reports, serum proteins were purified
from blood serum with membrane electrophoresis (ME).21–23

Silver nanoparticles (Ag NPs) were reduced by hydroxylamine
hydrochloride according to the method reported by Leopold and
Lendl.24 The absorption spectrum of Ag NPs was recorded using
a Perkin-Elmer Lambda 950 Spectrophotometer (Waltham,
Massachusetts) to characterize the average particle size.
Figure 1(a) shows the simplified schematic of the main pro-
cedure for obtaining the mixture of serum protein and Ag
NPs. Briefly, the blood serum was first blotted onto the cellulose
acetate membrane to performME. After ME, the membrane was
rinsed with a mixed solution of 95% ethanol, glacial acetic acid,
and distilled water with a volume ratio of 9∶1∶10 to purify
serum proteins from other materials in the blood serum. The
membrane containing serum proteins was then equally divided
into two parts along a vertical line. Half of the membrane was
stained with 0.5% amino black 10B to label the locations of
serum proteins (albumin and globulin) for reference, and the
serum proteins in the remaining half were cut down according
to the labeled positions. Acetic acid was added to dissolve the
membrane and Ag NPs were subsequently added and mixed to
enhance the protein signal. After 10 min of incubation, acetic
acid was again added to the protein-Ag NPs mixture as an

Table 1 Clinical information on colorectal cancer patients and
healthy volunteers.

Colorectal
cancer (n ¼ 103)

Healthy
controls (n ¼ 103)

Age

Mean 55.7 42.3

Median 56 43

Gender

Male 63 53

Female 40 50

Cancer stage

T1 to T2 31 N/A

T3 to T4 72 N/A
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aggregating agent to promote the aggregation of protein and Ag
NPs, with the aim of further magnifying the protein Raman sig-
nal. The mixture was incubated at 37°C and kept continually
stirred for 30 min. Prior to the SERS measurement, the super-
natant solution (protein-Ag NPs) was deposited on an aluminum
sheet and dried at 40°C using a constant-temperature drying
oven. Each sample was analyzed with three repeated SERS mea-
surements, then the average was recorded as the final SERS
spectrum.

2.3 SERS Spectral Measurement and Preprocess

The SERS spectrum was acquired with a 10 s integration time in
the range of 400 to 1800 cm−1 using a confocal Raman micro-
spectrometer (inVia System, Renishaw plc, Gloucestershire,
United Kingdom). A 785-nm diode laser was focused through
a Leica 50× objective to excite the samples. SERS spectra typ-
ically resulted from ∼0.1 mW. A Peltier cooled charge-coupled
device camera (400 × 578 pixels) and the software package of
WIRE 2.0 (Renishaw) were employed for spectral acquisition.
The 520 cm−1 band of a silicon wafer was used for frequency
calibration.

Prior to further analysis, the original SERS spectra were
baseline-corrected to remove the fluorescence background
using the Vancouver Raman Algorithm (a five-order polynomial
fitting algorithm) which was developed by BC Cancer Agency
and University of British Columbia.25 Origin eight software
(OriginLab Inc., Northampton, Massachusetts) was employed
to normalize each of the corrected SERS spectrum by integrat-
ing the area under the curve from 400 to 1800 cm−1. Area nor-
malization of the spectroscopic data was performed to
compensate for gross differences in the spectral response due
to the physical effects rather than the compositional properties
of the samples.

2.4 Data Analysis

2.4.1 Linear discriminant analysis

To evaluate the ability of the proposed method in regard to spe-
cific discrimination between the normal group and the colorectal
cancer group, LDA was performed on the entire dataset (206
average spectra) to identify the directions of the maximum dis-
crimination between groups. However, this has a tendency for
over-fitting when the training samples are small compared to the
dimensionality. PCA is less sensitive to over-fitting, therefore, a
hybrid model which incorporates both LDA and PCA criteria by
means of a regularization parameter was proposed. Briefly, PCA
was first performed on the spectral data to transform a set of
closely correlated variables into uncorrelated ones called PCs.
These PCs explain significant differences in the dataset. The
optimal number of PCs for LDA was properly determined
according to the classification accuracy and cumulative vari-
ance.26 These PCs were then used to develop a classification
model for the differentiation of the normal group and the colo-
rectal cancer group. Discriminant scores, obtained from the esti-
mation equation assuming equal a priori probabilities of group
membership (i.e., independent of differences in the size of the
groups), were selected to visualize the classification. PCA-LDA
was performed on the normalized spectral data using SPSS 19.0
software package (SPSS Inc., Chicago, Illinois).

2.4.2 Partial least squares regression

To test the predictive power of serum protein SERS spectral data
for colorectal cancer detection, the PLS approach was per-
formed on the same spectral data. Latent variables (LVs)
were calculated to explain the diagnostic relevant variations
rather than the significant differences in the dataset. The use
of the PLS approach would be beneficial for spectroscopic

Fig. 1 (a) Schematic of the preparation procedure of serum protein-Ag NPs mixture. (b) Aggregation
protocol of Ag NPs for label-free protein surface-enhanced Raman scattering (SERS) detection.
(c) The UV-vis absorption spectra of Ag NPs, albumin-Ag NPs, and globulin-Ag NPs.
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diagnostics since it provides group affinity information (e.g., all
samples belong to classes 1 or −1). The optimal number of LVs
included in a PLS model and the performance of the PLS model
were validated in an unbiased manner using a leave-one-out,
cross-validation method. The correlation coefficient (R), R2,
and the root-mean standard error (RMSE) were calculated to
assess the fitting of the models. Equations for these parameters
can be found in Ref. 27.

The entire dataset (consisting of 206 spectra) was divided
into two parts: a training set (that was used to build a prediction
model) and a test set (that was used to test the model’s predictive
ability). The training set was composed of 160 randomized spec-
tra (consisting of 80 normal and 80 colorectal cancer subjects),
and the test set was composed of the remaining 46 spectra (con-
sisting of 23 normal and 23 colorectal cancer subjects). The PLS
approach was performed on the normalized spectral data using
“Unscrambler” Version 9.7 (CAMO Software AS, Trondheim,
Norway).

3 Results and Discussion

3.1 Nanoparticle Aggregation for Additional SERS
Enhancement

As illustrated in Fig. 1(a), the membrane containing proteins
was separated into two parts: half of the membrane was used
as a reference and the other half was applied for the SERS detec-
tion. Using a part of the membrane itself as a reference can obvi-
ously improve the accuracy and efficiency of protein separation.
However, the protein content for SERS detection is reduced to
half of its original, at a concentration of approximately 0.42
to 0.6 g∕L for albumin and 0.23 to 0.5 g∕L for globulin. To
achieve a high signal-to-noise ratio available for cancer detec-
tion, the SERS signal should be amplified at least twice as much
as the original signal. Aggregating agents are routinely added to
nanoparticles to increase the magnitude of the SERS enhance-
ment.28,29 However, in some cases, bands from aggregating
agents such as KCl and KNO3 may interfere with the SERS
bands of the analyte.28,29 By contrast, the use of acetic acid
as the aggregating agent can avoid this problem. The flat,
near-zero background signal of the mixture of acetic acid and
the blank membrane has been demonstrated in our previous
work.22

The aggregation protocol in Fig. 1(b) depicts the main factors
that contribute to the additional SERS enhancement. The first
factor is the increase in protein-nanoparticle interaction. The iso-
electric point (pI) of the serum protein is in the range of 5 to 7.
At a low pH condition (lower than pI of serum protein), serum
proteins will carry net positive charges. Since the hydroxyl-
amine-reduced Ag NPs have negative charges,30 serum protein
will absorb on Ag surfaces by electrostatic interaction.
Furthermore, multiple interaction sites of an individual protein
may bridge two or more Ag NPs and induce a subsequent SERS
enhancement.31 The second factor is the increase in nanopar-
ticle-nanoparticle interaction. The existence of Hþ can neutral-
ize parts of negative-charged Ag NPs and consequently reduce
the repulsion between Ag NPs, which may promote the aggre-
gation of Ag NPs to some extent.

To characterize the average particle size or aggregation
effect, the position of the maximum absorption detected by
UV-vis spectroscopy was recorded.24 Figure 1(c) shows the
UV-vis absorption spectra of the Ag NPs, albumin-Ag NPs mix-
ture, and globulin-Ag NPs mixture. The maximum absorption of

Ag NPs is 417 nm, shifting to 426 nm for the albumin-Ag NPs
mixture, and 428 nm for the globulin-Ag NPs mixture. The band
shift demonstrates that aggregation of serum protein-Ag NPs
occurs to some extent.

Figure 2(a) displays the average SERS spectra of albumin
from the normal group (n ¼ 103) and the colorectal cancer
group (n ¼ 103) together with standard deviations (SDs).
Figure 2(b) shows the similar type of data for globulin.
Prominent SERS bands of albumin and globulin are observed
as follows: 522, 620, 644, 760, 830, 851, 880/883, 936,
1006, 1029, 1046, 1205, 1263, 1313/1324, 1447, 1551, and
1683 cm−1.22,32–39 Tentative assignments of these peaks are
summarized in Table 2. As shown in Figs. 2(a) and 2(b), the
distinct amide regions, tryptophan and tyrosine, as well as
the SS region indicate the existence of secondary structures
of serum proteins in acidic pH. Additionally, each small SD
shows that the intersubject variations are relatively subtle.
This may be because of the removal of undesired materials
in the serum sample.

Fig. 2 Average SERS spectra of (a) albumin and (b) globulin from the
normal group (n ¼ 103) and the colorectal cancer group (n ¼ 103),
respectively. The shaded areas represent the standard deviations
of the means. (c) Albumin and globulin difference spectra obtained
by subtracting the colorectal cancer group from the normal group.
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3.2 SERS Spectra of Serum Proteins

The difference spectra shown in Fig. 2(c) are calculated by sub-
tracting the average SERS spectra of the colorectal cancer group
from that of the normal group. The blue line is the albumin dif-
ference spectrum and the black line is the globulin difference
spectrum. Distinct spectral changes (e.g., Raman peak inten-
sities, Raman peak positions, and spectral bandwidths broaden-
ing or narrowing) can be observed in both difference spectra
around 515, 644, 760, 883, 936/960, 1006, 1046, 1205,
1313/1324, 1423/1447, 1580, 1646, and 1706 cm−1.32,36,38–42

The peaks assigned to phenylalanine (1006 and 1580 cm−1)
and tyrosine (644 cm−1) show lower intensities in the colorectal
cancer group, while the peak at 1205 cm−1, which is related to
both phenylalanine and tyrosine, is higher in the colorectal
cancer group. Because 644, 1006, 1205, and 1580 cm−1 belong
to the C─C twisting mode of tyrosine, the symmetric ring
breathing mode of phenylalanine, the ring breathing of phenyl-
alanine or tyrosine, and the C═C stretching of phenylalanine,

respectively,32,41 it is possible that even though (1006, 1205,
and 1580 cm−1) or (1205 and 644 cm−1) are assigned to the
same kind of biomolecules, their molecular vibration modes
are different. The band around 1580 cm−1 also belongs to tryp-
tophan, but other tryptophan bands (883 and 1046 cm−1) in the
difference spectra show higher intensities in the colorectal
cancer group. It is supposed that the 1580 cm−1 band in the
spectra of serum proteins is dominated by the vibration of
phenylalanine. Actually, most of the bands in the two difference
spectra have similar profiles except for the peak at 760 cm−1.
The intensity of the 760 cm−1 band is negative in the albumin
difference spectrum, while it is positive in the globulin differ-
ence spectrum. This means that the content of tryptophan
existing in the albumin increases, but the content in the globulin
decreases with cancer development. Some earlier findings have
reported elevated levels of plasma free tryptophan in animals45

and patients46 with cancer, particularly those with anorexia.47,48

However, in 2002, Huang et al. found a statistically significant
16% lowering of serum tryptophan among colorectal cancer
patients compared with “no cancer” controls,49 and this was
compatible with some other results reported for patients with
a variety of cancer types.50,51 The differences between these
results deserve further investigation due to the importance of
tryptophan catabolism in the immunobiology of cancer.

The 1646 and 1706 cm−1 peaks are attributed to the α-helix
and β-sheet structures of amide I, respectively.52 The 1646 cm−1

peak is higher, but 1706 cm−1 peak is lower in the normal group
than in the colorectal cancer group, suggesting that the colo-
rectal cancer group has fewer α-helix but more β-sheet structural
elements than the normal group. The structure of albumin is very
flexible and it readily changes shape with variations in environ-
mental conditions and with the binding of ligands;15 as a result,
changes in the albumin structure could indicate changes in the
types of biological substances the albumin is carrying. As for
globulin, the increase in β-sheet structural elements could
very much indicate increased immunoglobulins, whose folds
are mostly composed of β-sheet secondary structures and one
disulfide bond. The conformational change of α-helix to β-
sheet structure has also been reported for other diseases, such
as melanoma, nasopharyngeal, and gastric cancer.21,22,53

3.3 PCA-LDA Analysis of SERS Spectra

To test the capability of serum proteins for distinguishing the
colorectal cancer group from the normal group, a multivariate
statistical method based on the combination of PCA and
LDA was performed on the normalized SERS spectra.
Figure 3 shows the trends of the classification accuracy
(black line) and cumulative variance explained (blue line)
with the varying number of PCs. Interestingly, the classification
accuracy and cumulative variance explained are greatly
improved when the number of PCs increases from 1 to 3.
When the first three PCs are projected to LDA, a classification
accuracy of ∼97% can be achieved in both cases. The successive
PCs describe the spectral features that contribute progressively
smaller variances and accuracy increments. In some points, a dip
[such as PCs ¼ 4 in Fig. 3(b)] in accuracy may even appear.
This may be because some PCs represent the background signal
or common characterizations between the normal group and the
cancer group. Hence, the combination of these PCs for PCA-
LDA analysis does not guarantee an improvement in accuracy.
The data points marked by the red arrows indicate the highest
classification accuracies of 100% achieved at PCs ¼ 6 for

Table 2 Peak assignments for serum protein SERS spectra.22,32–
42,43,44

Peak position (cm−1) Major assignments

515/522 S─S stretching

557 Tryptophan

620 Phenylalanine

644 Tyrosine

690 C─S stretching

716 Methionine

760 Tryptophan

830 Tyrosine

851 Tyrosine

880/883 Tryptophan

936 C─C stretching

960 C─C stretching

1006 Phenylalanine

1029 Phenylalanine

1046 Tryptophan

1205 Phenylalanine, tyrosine

1263 Amide III

1313/1324 Amide III

1423/1447 CH2 bending or scissoring

1551 Tryptophan

1580 Tryptophan, phenylalanine

1646/1683/1706 Amide I
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albumin and of 99.5% achieved at PCs ¼ 11 for globulin. The
loadings of the first six PCs obtained from the albumin spectral
dataset and the loadings of the first 11 PCs calculated from the
globulin spectral dataset have been plotted in Fig. 4. Even
though the latter PCs only account for small variances, they
may also contain some information helpful for recognition
and their removal may introduce a loss of discriminative infor-
mation. For example, PC6 (∼4.3%) and PC11 (∼1.5%) only
contain a small part of the spectral variances in albumin and
globulin SERS spectra, respectively, but they promote accuracy
improvement. The loadings of PC6 [Fig. 4(a)] show intense pos-
itive features at 832 and 1210 cm−1, indicating different con-
tents of tyrosine and phenylalanine in the albumin obtained
from the normal group and the colorectal cancer group. The
loadings of PC11 [Fig. 4(b)] are dominated by the vibrational
feature of methionine with a positive band around 716 cm−1.
Both PC6 and PC11 provide a good complement to the varian-
ces explained by other PCs.

The classification results of the PCA-LDA diagnostic models
are shown in Fig. 5. As seen from Fig. 5(a), the discriminant
scores of the normal group and the colorectal cancer group
do not overlap. Hence, the PCA-LDA diagnostic model
based on albumin SERS spectroscopy provides a diagnostic sen-
sitivity and specificity of 100% for discriminating the normal
group from the colorectal cancer group. For globulin, a clear
separation between the normal group and the colorectal cancer
group can be observed with only one case of misclassification:
one spectrum from the normal group is incorrectly classified
into the colorectal cancer group. Therefore, the PCA-LDA

Fig. 4 (a) Loadings of the first six PCs calculated from the albumin
SERS spectral dataset. (b) Loadings of the first 11 PCs calculated
from the globulin SERS spectral dataset.

Fig. 3 Classification accuracy (black line) and cumulative variance
explained (blue line) as a function of the number of principal compo-
nents (PCs) for principal component analysis combined with linear
discriminant analysis. The results are calculated from the dataset
of (a) albumin and (b) globulin SERS spectra. The data points labeled
by the red arrows correspond to the highest classification accuracies
of 100% achieved at PCs ¼ 6 for albumin and of 99.5% achieved at
PCs ¼ 11 for globulin.

Fig. 5 Scatter plots of the linear discriminant scores belonging to the
normal and colorectal cancer group, calculated from the datasets of
(a) albumin and (b) globulin SERS spectroscopy.
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diagnostic model based on globulin SERS spectroscopy pro-
vides a sensitivity of 100% and a specificity of 99% in the diag-
nosis of the colorectal cancer.

In both of the PCA plots, a number of samples remain close
to the zero line, probably because some cancer patients showed a
normal level of cancer biomarkers. For instance, it has been
reported that only 4% of patients with stage T1 had an elevated
carcinoembyonic antigen (>5 ng∕mL), whereas 25%, 44%, and
65% of patients with stages T2, T3, and T4, respectively, had
abnormal levels.54 The next step, therefore, will be the study
of the characteristic Raman peaks of these cancer biomarkers
which play a key role in discriminating colorectal cancer
patients from healthy controls.

We also examined the influence of the factors of age and gen-
der on the diagnostic accuracy. No significant differences in the
SERS spectra of the serum proteins purified from different age
groups or different gender groups of the same pathology type
can be observed. Interestingly, the SERS data seem to have
some potential correlations with cancer stages. In the next
step, we will concentrate on more detailed and prospective stud-
ies, including assessing samples from different pathology con-
ditions to test whether this diagnostic platform has the ability to
discriminate subpathology classes within colorectal cancer path-
ology and other cancer types (e.g., gastric cancer and esophagus
cancer).

3.4 PLS Models for Predicting Colorectal Cancer

Given the excellent performance of PCA-LDA in discriminating
the colorectal cancer from the normal subjects, the PLS
approach was employed to demonstrate the predictive power
of the proposed approach. Figures 6(a) and 6(c) provide the
results of the leave-one-out cross-validation analysis for the

albumin and globulin PLS models, respectively. In particular,
the albumin PLS model is comprised of the first three LVs
and the globulin PLS model consists of the first four LVs.
The number of LVs used in the PLS model is automatically
determined by the decision rule of the Unscrambler package
together with a cross-validation analysis. Both figures plot
the predicted values on the y-axis and the reference values
on the x-axis. Relevant figures have also been summarized
on the corresponding plots. R values for albumin and globulin
PLS models are 0.944 and 0.922, respectively, exhibiting good
fitting and predictive capacities. The RMSE values for both
models (0.316 for albumin and 0.366 for globulin) are not sat-
isfactory, which may be due to the small size of the training set.

In order to put the predictive capability of our models in per-
spective, the reliability of the predictions on “unknown” sam-
ples was validated in Figs. 6(b) and 6(d). The zero line is the
boundary of the normal group and the colorectal cancer
group, which is determined according to class membership (nor-
mal group: 1; colorectal cancer group: −1). As seen from the
plots, the albumin PLS model provides a diagnostic accuracy
of 93.5% (43∕46) [sensitivity of 95.6% (22∕23) and specificity
of 91.3% (21∕23)], and the globulin PLS model yields a diag-
nostic accuracy of 93.5% (43∕46) [sensitivity of 91.3% (21∕23)
and specificity of 95.6% (22∕23)] for colorectal cancer detec-
tion. However, some points as well as their relative SDs are
near or even over the zero line, suggesting the potential possibil-
ities might be misidentified.

4 Conclusions
We have studied colorectal cancer using serum protein SERS
spectroscopy. Acetic acid, as a new aggregating agent, increases
the magnitude of the SERS enhancement without contaminating
the serum protein SERS signal. The difference spectra of serum

Fig. 6 Partial least squares (PLS) prediction models for correct classification of normal and colorectal
cancer. Training sets were calculated from (a) albumin (160 spectra consisting of 80 normal subjects and
80 colorectal cancer subjects) and (c) globulin SERS spectra (160 spectra consisting of 80 normal sub-
jects and 80 colorectal cancer subjects) and validated by leave-one-out cross-validation method. PLS
prediction results based on (b) albumin and (d) globulin PLS prediction models. The blue arrows indicate
the misjudged samples.
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proteins and the corresponding PC loading plots, calculated
from the spectral dataset of the colorectal cancer group and
the normal group, demonstrate that the secondary structures
of serum proteins and the contents of amino acids (e.g., trypto-
phan) change during cancer progression. PCA-LDA analysis
and the PLS approach show that SERS spectra of albumin
and globulin can provide a rapid and sensitive “Yes/No” assess-
ment to identify the colorectal cancer.
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