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Glycated hemoglobin (HbA1c) has been increasingly accepted as the gold standard for diabetes
monitoring. In this study, Raman spectroscopy was tentatively employed for human hemoglobin
(Hb) biochemical analysis aimed at developing a simple blood test for diabetes monitoring. Raman
spectroscopy measurements were performed on hemoglobin samples of patients (n ¼ 39) with
con¯rmed diabetes and healthy volunteers (n ¼ 37). The tentative assignments of the measured
Raman bands were performed to compare the di®erence between these two groups. Meanwhile,
principal component analysis (PCA) combined with linear discriminant analysis (LDA) were
employed to develop e®ective diagnostic algorithms for classi¯cation between normal controls and
patients with diabetes. As a result, the spectral features of these two groups demonstrated two
distinct clusters with a sensitivity and speci¯city of 92.3% and 73%, respectively. Then the e®ec-
tiveness of the diagnostic algorithm based on PCA-LDA technique was con¯rmed by receiver
operating characteristic (ROC) curve. The area under the ROC curve was 0.92, indicating a good
diagnostic result. In summary, our preliminary results demonstrate that proposing Raman spec-
troscopy can provide a signi¯cant potential for the noninvasive detection of diabetes.
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1. Introduction

Diabetes, derived from the defect that human body
fails to produce or to respond to insulin which

regulates glucose °uctuation, is a chronic disease.

It is characterized by blood glucose increase. With

the deterioration of this disease, it will cause many
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diabetic complications, such as diabetic nephro-
pathy, diabetic retinopathy, atherosclerosis and
other perivascular diseases.1,2 It is well known that
all kinds of diabetes are incurable. Therefore, proper
monitoring of glycemic control becomes the most
important thing. Recently glycated hemoglobin
(HbA1c) as the new standard for diabetes moni-
toring has become a research hot spot. In diabetic
blood, high concentration of blood glucose resulted
in the formation of glycohemoglobin which mainly
stemmed from the nonenzymatic glycation of the N-
terminal valine on the � chain of Hb.3 Meanwhile,
the lifecycle of red blood cell (RBC) is about 120
days, which determines that HbA1c can re°ect the
average blood glucose level over 2–3 months. So
HbA1c can be used to monitor long-term glucose
control in diabetes, making it possible to realize
early diagnosis of diabetes.

Recently, Raman spectroscopy (RS) was widely
used as a powerful diagnostic tool in biomedical
research ¯eld for its characteristic of providing ¯n-
gerprint information of the molecular composition
and structure of a sample, such as proteins, lipids
and so on.4 For diabetes diagnosis, Han et al.5 used
RS to analyze the serum of diabetic patients and
Barman et al.6 used it to detect the glycated
hemoglobin in hemolysate model formed by two-
component mixture (Hb and HbA1c). To the best
of our knowledge, there is no report on using RS
of human hemoglobin — a multicomponent mix-
ture — for diabetes detection.

In this paper, we applied RS to analyze the bio-
chemical component of human hemoglobin for dia-
betes detection. Principal component analysis
(PCA) and linear discriminant analysis (LDA) were
employed to develop e®ective diagnostic algorithms
for classi¯cation between normal controls and
patients with diabetes.

2. Materials and Methods

2.1. Patients and preparation of human

Hb samples

The whole blood samples used for preparing Hb
were collected from 76 individuals, consisting of 39
patients with con¯rmed clinical diagnosis of type II
diabetes mellitus (HbA1c= 6.5%) and 37 healthy
volunteers. The whole blood samples of diabetes
were provided by First Hospital of Fuzhou. Ethical
approval was obtained for studying the human Hb.

The condition of drawing blood is as follows: A single
3-Ml fasting venous blood was drawn to a EDTA
anticoagulation tube between 7:00 and 8:00 in the
morning. Blood plasma andwhite cells were carefully
removed with a pipettor to obtain the RBCs by
centrifugation at 3000 rpm, 4�C for 10min. The
volume of RBCs used in our study was 300�l. To
purify the RBCs, phosphate bu®ered saline (PBS)
was added to wash the RBCs for at least three times.
Then the residual PBS was removed by the same
condition of centrifugation (3000 rpm, at 4�C for
10min). After puri¯cation, deionized water which
was pre-cooled at 4�C was added into RBCs in a
volume ratio of 3:1 (water/packed RBCs) to make
cells rupture by uptaking excessivewater.RBCswere
lysed completely after about 30min of storage at 4�C
in refrigerator. Then, the diluted Hb solution was
centrifuged at 15,000 rpm for 10min to removeRBCs
membrane. Hb Samples were frozen at�80�C before
Raman measurement.

After the preparation of 76Hb samples, a 5-�l
drop of Hb sample was transferred onto a rectangle
aluminum plate and left in the air for drying natu-
rally before Raman analysis. Figure 1 illustrates the
schematic of Hb sample preparation for Raman
analysis.

2.2. RS measurements

A confocal Raman micro-spectrometer (Renishaw,
Great Britain) with a 785 nm diode laser excitation
was employed for the collection of Raman spectra.
In our experiment, the range of Raman spectra was
set from 400 to 1800 cm�1 and the Raman signals
were collected from the edge of the Hb drop coating
ring [shown in Fig. 1(c)] with an integration time of
10 s and accumulated four times. Before measure-
ments, the wavelength position and instrumental
response were calibrated by the 520 cm�1 vibration
band of a silicon wafer.

2.3. Data analysis

The original data of Raman spectra were ¯rst
treated using the program previously devised by
Zhao et al.7 to remove the °uorescence background
noise. Then, each of the spectra was normalized to
the integrated area under the curve from 400 to
1800 cm�1. After these pretreatment, the ultimate
spectrum was able to better analyze spectra shape
for the reason that it eliminated the di®erence of
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absolute spectral intensity.8 At last, to extract and
compare the spectral shape di®erences between
diabetes group and health group, the multivariate
statistic method PCA and LDA was employed.

PCA models a variance-covariance structure of a
data matrix which is able to extract the eigen-
values — principal component (PC).9 Each PC is a
linear combination of the n-independent wave-
number variables �1 . . .�2. For example:

PC1 ¼ a1�1 þ � � � þ an�n:

It is worth noting that the PCs are orthogonal to
each other while their proportion represents that
the variances decrease gradually. Above all, PCA
was used for reducing the complex data sets and
extracting the key variables that account for
maximal variances in the multidimensional data
sets. Independent-sample t-test was used to select
the most signi¯cantly di®erent PCs (p < 0:05) to
e®ectively discriminate diabetes group and health
group and these PCs were ¯nally loaded to LDA to
generate diagnostic algorithms. These steps are all
carried out in SPSS software package (SPSS Inc.
Chicago).

3. Results and Discussion

Figure 2 shows the normalized mean Raman spectra
obtained from 39 diabetic blood Hb samples and 37
healthy blood Hb samples, with the standard devi-
ations overlying as shaded color ¯ll (shown on the
top). There is a similar spectra pro¯le between these
two groups. Prominent Raman peaks at 568, 620,
676, 753, 793, 898, 970, 1002, 1126, 1172, 1228,
1341, 1372, 1450, 1562, 1580, 1602, 1621 and
1660 cm�1 were obviously observed in both diabetic
and normal Hb samples, among which, the most

intense Raman bands were found to locate at 1002,
1562, 1580 and 1621 cm�1. To highlight the subtle
di®erences between diabetic and normal Hb samples
more visually, the di®erence spectrum is shown
(bottom in Fig. 2). Obviously, the di®erences are
mainly re°ected in the variation of relative peak
intensity, which indicates that major di®erences
may exist in the content of certain compositions.
The vertical dotted line in the plot indicates the
position where major di®erences exist. The band at
1228 cm�1, which is assigned to the C–H methine
in-plane bending vibration and glutathione,9,11 loses
intensity as Hb stayed long time in high blood
glucose level, whilst the band at 1562, 1580 and
1621 cm�1 appears to gain intensity. Among them,
1562 cm�1 is attributed to C�C� stretching vi-
bration, 1580 cm�1 is attributed to phenylalanine

Fig. 2. (Color online) The normalized mean Raman spectra
obtained from 39 diabetic blood Hb samples (red line) and 37
healthy blood Hb samples (black line), with the standard de-
viations overlying as shaded color ¯ll. Also shown at the bottom
is the di®erence spectrum. The vertical dotted line in the plot
re°ects the main di®erence.

(a) (b) (c)

Fig. 1. Schematic of hemoglobin samples preparation for Raman measurement. (a) A 5-�l drop of Hb sample was transferred onto
a rectangle aluminum plate, respectively, then (b) the drop was left in the air for drying naturally. (c) Composite photograph
showing the drop coating ring pattern produced by air-drying Hb sample solution on a rectangle aluminum slide.
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and C�Cm asymmetrical stretching mode9 which
also have contribution to 1621 cm�1. These high-
frequency peaks have been reliably related to vinyl
group planarity with respect to the porphyrin core,
by Smulevich et al.12 So, the high blood glucose
level not only has in°uenced on protein function,
but also a®ects the heme's structure. More detailed
assignments of all peaks are shown in Table 1.

In order to test the capability of blood Hb
Raman spectra for di®erentiating diabetes from
normal, PCA combined with LDA was performed
on the pre-processed Raman data. After that,
Independent-sample t-test on the obtained PCs
showed that three PCs (PC1, PC2 and PC3)
revealed the most signi¯cant diagnostic features
(p < 0:05) for discriminating diabetic group and
normal group. Finally, to incorporate all signi¯cant
Raman spectral features, LDA was used to generate
diagnostic algorithms using the PC scores for the
three most signi¯cant PCs (PC1, PC2 and PC3).

Figure 3 shows a three-dimensional (3D) scatter
plot of the three PC scores (PC1, PC2 and PC3)
between the diabetic and normal groups. These two
groups demonstrate two obvious separated regions
though there still exist a little overlap. The sensi-
tivity and speci¯city of this method for identifying

diabetes by the blood Hb Raman analysis were
calculated to be 92.3% and 73.0%, respectively
instead of 84.6% and 70.3% for PC1 vs PC2 and
79.5% and 70.3% for PC1 vs PC3. To con¯rm the
e®ectiveness of the diagnostic algorithm based on
PCA-LDA technique for blood Hb di®erentiation,
the receive operator characteristic (ROC) curve,

Fig. 3. (Color online) A 3D mapping of the PCA scores for the
diabetic group (red triangle) and the normal group (blue circle)
(PC1, PC2 and PC3 were chosen as the x–y–z axis).

Table 1. Raman peak positions and tentative assignments.8–10

Raman

shift (cm�1) Assignments

568 �(Fe–O2)
620 Phenylalanine
676 �(pyr deform)sym
753 �(pyr breathing), tryptophan,
793 �(pyr breathing)
898 p:C–C skeletal, �(C–O–H), glutathione,
970 p: Skeletal vibration, glutathione
1002 Phenylalanine
1126 �(C�-methyl), L-Valine,

1172 �(pyr half-ring)asym, Tyrosine
1228 �(CmH), glutathione
1341 �(pyr half-ring)sym
1372 �(pyr half-ring)sym, glutathione

1450 �(CH2/CH3), D-(C)-galactosamine,
1562 �(C�C�)

1580 �ðC�CmÞasym, Phenylalanine
1602 �ðC¼CÞvinyl; �ðCa¼CbÞ
1621 �ðC¼CÞvinyl; �ðCa¼CbÞ Phenylalanine
1660 Amide I, �ðC¼OÞ þ �ðC� NÞ þ �ðNH2Þ

Notes: � and �: In-plane modes, sym: symmetric, asym:
asymmetric, p: protein.

Fig. 4. ROC curve of the discrimination result using the PCA-
LDA-based spectral classi¯cation. The integrated area under
the ROC curve is 0.920.

J. Lin et al.

1350051-4

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
4.

07
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

03
.2

40
.1

26
.9

 o
n 

10
/2

1/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



which is a comparison of two operating character-
istics (true and false positive rates) as the threshold
level changes, was generated and the result was
shown in Fig. 4. The area under the ROC curve was
0.920, showing a relatively high accuracy of di®er-
entiation with Raman spectra of blood Hb.

4. Conclusion

To the best of our knowledge, this is the ¯rst time
that RS was employed to analyze human Hb
samples for the di®erentiation between normal
volunteers and diabetic patients. The tentative
assignments of the measured Raman bands of Hb
were performed, indicating that the high blood
glucose level not only has in°uence on protein
function, but also on the heme structure. RS com-
bined with multivariate analysis (PCA-LDA) was
able to distinguish the blood Hb of diabetic patients
from that of healthy subjects with a diagnostic
sensitivity and speci¯city of 92.3% and 73%, re-
spectively. Anyway, our preliminary study demon-
strates RS that provides a new and noninvasive
method for di®erentiation of normal volunteers and
diabetes patients based on Hb Raman spectra. Our
future work will focus on combing surface-enhanced
Raman spectroscopy (SERS) method with multi-
variate analysis method to improve the accuracy for
the diagnosis of diabetes.
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