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AGE-RELATED CHANGES IN FTIR
AND RAMAN SPECTRA OF HUMAN BLOOD

Blood analysis by spectroscopic techniques can provide important information about biochemistry and life processes in it. Blood indices are highly variable, and plenty of factors influence
them. The present work describes the combination of two methods – IR and Raman spectroscopies of blood applied to investigate gerontology issues. We carried out a pilot study of 74
blood samples. The donors were differentiated by age with the Partial Least Squares (PLS)
analysis of Raman and IR spectra. Analyzing the principal component spectra obtained during
PLS processn the most illustrative bands were found in the intervals 2860–3030 cm−1 , 1370–
1620 cm−1 , 1020–1220 cm−1 and in 1650–1530 cm−1 , 1380–1360 cm−1 , 1220–1200 cm−1 ,
1002–1004 cm−1 , 760–750 cm−1 in IR and Raman spectral regions, respectively. Calibration
models obtained via the PLS analysis of blood vibrational spectra provide the accuracy of
age determination around ±15 years from FTIR data and around ±20 years from Raman
data. Though such calibrations cannot be used for the precise determination of age, the agerelated changes of blood do really exist and can be detected from vibrational spectra.
K e y w o r d s: human blood, age, Raman spectroscopy, ATR-FTIR spectroscopy, Partial Least
Squares (PLS) analysis.

1. Introduction
IR and Raman spectroscopies are powerful tools
for the investigation of chemical compounds [1,
2]. Recently, spectroscopic methods showed a huge
potential for biomedical sciences [3]. A lot of scientific and diagnostic issues, which could be solved by
spectroscopy, deal with providing a new information
about the qualitative and quantitative compositions
of biological samples. The major types of samples are
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body fluids (blood, urea, tears, etc.). Blood investigations show the simplicity, speed, and convenience of
a research with the use of spectroscopy tools. The diagnostics makes it possible to distinguish healthy and
diabetic bloods and to evaluate the hemoglobin level
[4, 5]. It was shown that it is possible to achieve the
differentiation of healthy and infected bloods close to
100%. Some research groups studied whole blood,
while the other authors separated it into plasma,
white blood cells, and red blood cells [6–9].
One of the important issues in biology could be also
solved by spectroscopy – it is the age-related changes
of body’s indices. Some authors manage to correlate
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spectral data and the age of donors [10, 11]. Agerelated changes were found in UV Raman spectra
(amide-I region) of human humerus bone [12].
The other way to use the vibrational spectroscopy,
which could be applied to forensic science, is the age
identification of a sample. It was shown that it is possible to discriminate between different body fluids by
Raman spectra and to determine the donor age and
specimen storage time for blood, saliva, and vaginal
secretion by FTIR for crime investigations [13].
The other indispensable tool for such investigations is statistics. The mathematic analysis of the
whole blood spectrum can provide a good classification between healthy and infected samples, normal
and pathological glucose levels, and so on.
Statistical spectra analysis methods include the
principle component analysis (PCA), partial least
squares (PLS) analysis, discriminant analysis, etc.
[14]. In our study, PLS was used to investigate agerelated chemical alterations.
The main purpose of this work is to explore the
possibility of using IR and Raman spectroscopies in
the field of gerontology. The other goal of the present
paper is to combine and to compare Raman and FTIR
spectroscopic approaches.
2. Experiment
2.1. Subjects
All subjects provided informed consent. The sample
set included blood samples (using 4ml Vacutainer
tubes containing EDTA) from 74 healthy donors
ranging in age from 18 to 87 years (28 males and 46
Table 1. Donor information

Age
ranges

18–25
26–35
36–45
46–55
56–65
66–75
76–85
86–95
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Number of samples
measured by Raman
spectroscopy

Number of samples
measured by FTIR
spectroscopy

Male

Female

Male

Female

6
1
6
2
1
2
–
–

3
6
6
4
5
3
2
–

5
5
11
3
1
1
2
–

6
8
7
5
7
6
2
1

females) and was subdivided into 10-year age groups
(see Table 1). This research was performed, by following the approval by the Ethics Board of the Institute
of Gerontology of the NAMS of Ukraine. The blood
samples were stored at –20 ∘ C.
2.2. Raman spectroscopy
A self-made Raman microscope in the inverted
configuration was used in this research. The system consists of laser sources with wavelengths at
785 nm (diode laser StarBright 785 XM, maximum
power 500 mW). Raman spectra were measured via
a 40x water immersion objective (Zeiss W PlanApochromat 40x/1.0 DIC). The high work distance
of the objective (2.5 mm) allowed us to use fused silica window with 1.5-mm thickness between a sample
and the immersion liquid. A Princeton Instruments
Schmidt–Czerny–Turner spectrograph IsoPlane SCT320 and a high sensitive CCD PI Pylon 400BR eXcelon cooled with liquid nitrogen were used for the
registration of spectra. The spectrograph has a focal
length of 320 mm with aperture ratio f/4.6. It was
equipped with two gratings, 300 gl/mm (blaze angle
800 nm) and 600 gl/mm (blaze angle 860 nm), which
provide the simultaneous measurements of Raman
spectra at a laser wavelength of 785 nm in the ranges
200–1900 cm−1 and 400–3650 cm−1 , respectively.
The blood samples were measured just after thawing. All Raman spectra were measured in the spectral
range of 200–1800 cm−1 with a spectral resolution
of 3 cm−1 at the 785-nm excitation wavelength. The
laser power was 100 mW in all measurements.
2.3. FTIR spectroscopy
The blood samples were thawing at room temperature, and 100 𝜇L of each sample were dried at
room temperature before the measurement (in order
to avoid a strong background from water). Reflection
spectra in the mid-infrared region (400–4000 cm−1 )
were registered using a FTIR spectrometer Nicolet iS50 equipped with a single-bounce diamond attenuated total reflection (ATR) accessory. All ATR
spectra were measured with a spectral resolution of
4 cm−1 . The number of scans for each spectrum
was 32.
2.4. Computational details
The PLS analysis of measured FTIR and Raman
spectra of human blood was carried out, by using the
Themo Scientific TQ Analyst Software.
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3. Results
Typical FTIR and Raman spectra of human blood
are shown in Fig. 1. The band assignments of IR and
Raman spectroscopic signatures of blood are summarized in Table 2.
Information in Table 2 shows that the vibrational
spectrum of blood consists of a large number of different vibrational modes from different molecules. It is
impossible to analyze such complicated spectrum on
the amount of different compounds via simple linear
models like Beer’s law. Just calibration models like
the PLS analysis or principle component regression
(PCR) can be used. It is necessary to note that the
calibration can be done not only for the determination of a concentration of species in a solution, but it
is possible to build the calibration on chemical, biochemical and physical features like the age of donors
in our case.
The calibration problem is to establish a quantitative relationship between variables (predictors) X and
response Y, i.e., to construct a mathematical model
connecting blocks X and response Y [58]. The simplest and widely used calibration model is linear:
Y = XB + E.

(1)

Thus, the aim is to find the matrix B. The simplest
way is to use the classical least squares (CLS) approach [58], and B can be written as
B = (Xt X)−1 Xt Y.

(2)

The main assumption of CLS is the absence of errors in the matrix of predictors X, and errors are
present in Y. Another important assumption is the
linear independence of predictor vectors x𝑎 . Usually,
in spectroscopic applications, the matrix X contains
library spectra of compounds present in the investigated system. The measured spectrum of the sample
is not a linear combination of the spectra of pure components due to intermolecular interactions. Moreover,
library spectra are not linearly independent in the
common case.
The more advanced calibration technique is PCR
[58]. First, the matrix X is decomposed by PCA
X = TPt + R.

(3)

T is the so-called score matrix, and P is the matrix
of loadings. The columns of the matrix T are linearly
ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 10

Fig. 1. Typical FTIR (a) and Raman (b) spectra of human
blood

independent. The obtained score matrix T is used as
a matrix of predictors for further calibration.
Another widely used technique is the PLS regression [58, 59]. The method is similar to PCR. But the
principal components in PCR are determined only by
the matrix X, while, in PLS, both matrices X and Y
are used for the determination of principal components. PLS implies the simultaneous PCA decomposition
X = TPt + E,

Y = UQt + F.

(4)

These decompositions are performed under the condition of a maximal correlation between the X-score
(t𝑎 ) and Y-score (u𝑎 ) vectors. Therefore, the PLS regression describes much better the complex relationships, by using a smaller number of principal components [60].
Here, we present calibration models which we built
according to age-related changes in FTIR and Raman spectra obtained via PLS regression (Fig. 2). In
order to perform the PLS analysis, the samples were
divided on calibration and validation subsets. After
the initial analysis, a few outliers were removed manually. We found correlations with age both for ATRFTIR (corr. coeff. 0.92) and Raman (corr. coeff. 0.89)
spectra of donors’ blood. Validation standards were
used for testing the calibration accuracy. It is pos-
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Table 2. Assignment of Raman and IR vibrational bands with corresponding literature data
IR peak
present

Raman peak
present

Stretching Fe–His, Mb [15]

–

+

Stretching Fe–His, deoxy configuration
of heme, methemohlobine, Hb [16, 17]

–

+

Stretching methemoglobin [16]

+

+

Cholesterol [13, 18] 𝛿 (Fe–O–O) [19]

+

–

Glycogen, HbO2 [20, 21, 22, 23]

+

+

Wavenumber,
cm−1
219 (220)
343–345
378
421 (419)
482

Bands assignment

524, 527

Stretching S–S in proteins [24], phosphatidylserine [18]

–

+

532 (534)

Cholesterol ester [21, 18]

–

+

559 (565)

Stretching Fe–O2 [25]

–

+

Twisting C–C, phenylalanine [24, 26]

+

+

Stretching C–S, twist C–C, tyrosine, cysteine, lactose [24, 15, 26]

–

+

Stretching C–S of cysteine, thymine, guanine, adenine in DNA [27, 15]

+

–

Stretching C–S, (pyr. deform.) sym., deoxygenated state of hemoglobin,
pyrrole bending (heme) [28, 25, 29, 30]

+

+

680

Symmetric stretching of ferritin (pyr. deform.) [31, 32]

+

+

700

(C–S) trans (aminoacid methionine), cholesterol, cholesterol ester [18, 30]

+

–

747

Thymine in DNA [15]

+

–

754–761

Thymine (ring breathing mode of DNA/RNA bases), DNA, symmetric
breathing of tryptophan (protein assignment) [15], stretching pyr. breathing
in oxyhemoglobin [9, 19] phosphatidylethanolamine [18], stretching (pyr.
breathing) [29, 30]

–

+

825–834

Tyrosine, O–P–O stretch DNA [20, 15]

+

+

Tyrosine, proline [20, 21, 30]

–

+

b-D-glucose, fatty acid, phosphodiester, deoxyribose [18, 22, 33, 34]

–

+

C–C stretching mode of proline and valine and protein backbone
(𝛼-helix conformation)/glycogen [15, 20]

+

–
+

619–626
641
660 (662)
674 (672, 673)

858 (854–869)
898 (893)
935 (934, 933)
976 (977)

CH3 deformation [15]

–

989 (984)

Stretching (C3 N) of porphyrin modes [35]

+

–

–

+

1002 (1003, 1004) Symmetric stretching C–C, phenylalanine [20, 24, 21, 9, 15, 36, 37]
1023

C–C stretching mode in phospholipids, glycogen [38]

1029 (1031, 1032) O–CH3 , stretching of methoxy groups, phenynalanine CH in plane, [20, 24, 15]

+

–

+

+

1055

Stretching C–C skeletal, lipid, cholesterol, C–O stretch of glucose region
[39, 40, 41]

–

+

1084

C–C stretching (PO2 ) in phospholipids an proteins [18, 20, 39, 42, 43]

+

–

1105

Glycogen [44] CO stretching coupled with OH deformation glucose [41, 45, 46]

+

–

1122–1128

C–C stretching in lipids, C–N stretching in proteins, D-mannose, glucose,
phospholipid, stretching C-methyl in heme [21, 20, 9, 30]

–

+

1155–1161

C–C (and C–N) stretching of proteins (also carotenoids), glycogen
[20, 38, 44, 47, 37]

+

+

1170–1179

C–H in-plane bending mode of tyrosine, C–O ester stretch: cholesterol esters,
stretching (pyr. half-ring) asymmetric, C–C, phospholipids, HbO2 [48, 43, 37]

+

+

–

+

+

+

1212 (1213, 1211) C–H deformation in oxyhemoglobin, deoxygenated hemoglobin, asymmetric
stretching (PO−
2 ) [9, 19, 49]
1223–1225
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Oxygenated state of hemoglobin, – PO−
2 asymmetric stretching vibrations,
nucleic acids [25, 42, 50, 37, 30]
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End
IR peak
present

Raman peak
present

Amide III protein, asymmetric P=O stretching in PO2 , fibrin, asymmetric
in plane deformation C–H [48, 43, 51, 36, 30]

+

–

1303–1309 (1300)

Amide III, CH2 deformation (lipid, adenine) [20, 24, 52, 26]

+

–

1335–1342 (1336)

Amide III, CH3 , CH2 wagging mode of collagen, glycine, nucleotide chain
(DNA-purine bases), fibrin, a1-Acid glycoprotein [20, 21, 39, 52, 36, 37]

+

+

1368–1375

Symmetric stretching (pyr. half-ring), hemoglobin (oxyhemoglobin),
methemoglobin, guanine in DNA, tryptophan in proteins, [48, 36, 53, 50]
saccharide [18] cholesterol [41]

+

+

1380–1394

CH3 bending [20]

+

–

Stretching of COO [54], IgG1 [52]

+

–

C–H2 deformation, tryptophan, collagen, phospholipids, cholesterol
[20, 39, 26, 30]

+

CH2 deformation in lipids, C–H bending in proteins [21, 43]

+

+

C–H bending, CH2 bending, lipids [43, 55]

+

–

1485 (1482)

Guanine, adenine [15, 26]

+

–

1529 (1526)

–C=C– carotenoid [20, 47]

+

–

1539–1546

Amide II, stretching CN and CNH bending tryptophan, deoxygenated
state of hemoglobin, methemoglobin [56, 48, 42, 36, 6]

+

+

1560–1590

Deformation C=C, tryptophan, phenylalanine, acetoacetate, riboflavin,
hemoglobin, carboxyhemoglobin, guanine, deoxygenated state of
hemoglobin [56, 24, 56, 36, 26, 48]

+

+

1605–1620

C–C stretching of methemoglobin, C=C deoxygenated state of
hemoglobin, phenylalanine/tyrosine [16, 24, 36, 26]

+

+

1641–1658

Amide I, C=O hydrogen bonded stretching, hemoglobin (oxygenated state
of hemoglobin) [19, 48, 42, 56]

+

–

Amide I proteins, stretching C=C in unsaturated fatty acids
[48, 18, 15, 30]

–

+

Wavenumber,
cm−1
1243 (1248)

1419
1439–1445
1452 (1456)
1468

1660
2863–2865

Bands assignment

C–H stretching, Lipids [57]

+

–

2928 (2930)

Fatty acid, cholesterol, CH2 asymmetric stretching [21, 53, 11]

+

–

2953 (2960)

C–H stretching: CH2 , and CH3 , fatty acid/lipids [43, 54]

+

–

3026 (3015)

Stretching CH of lipids [53]

+

–

Amide A, H-bonded N–H stretching [43]

+

–

Attributed to OH stretch [18, 30]

+

–

3294
3100–3600

“–” – peak is not observed, “+” – peak is present, ( ) – literature data

sible to estimate from Fig. 2 that the vibrational
spectra of blood provide the age determination accuracy around ±15 years from FTIR data and around
±20 years from Raman data. Therefore, we can conclude that such calibration models cannot be used
for the quantitative analysis of age, but age-related
changes really exist and can be obtained from vibrational spectra.
Except calibration models, PLS also provides useful information about Principle Components (PCs),
ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 10

which was built automatically in PLS procedures.
Such PC represents spectral curves which independently correlate with age. PCs with the strongest impact into age-related changes obtained from FTIR
and Raman data are shown in Fig. 3. It is clearly
seen that PC1 curve from FTIR (Fig. 3, a) and
Raman (Fig. 3, b) data very similar to the spectrum of typical protein. This means that the protein (hemoglobin) impact dominates in the vibrational spectrum of blood according to age. Other PCs
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Fig. 2. Calibration models of age-related changes in FTIR (a) and Raman (b) spectra obtained via PLS regression. RMSEC
(Root Mean Square of Calibration), RMSEP (Root Mean Square Error of Prediction)

Fig. 3. Derivative principal components of FTIR (a) and Raman (b) spectra of human blood. PC – principal component

(PC2, PC3, and PC4) can represent theoretically the
spectra of different independently correlated chemical
compounds according to changes in donor’s age. It
is seen from the spectra of PC2, PC3, and PC4
that they cannot be interpreted as spectra of blood
compounds like albumin, fatty acids, fibrinogen, im-
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munoglobulin, etc. First of all, such PCs have negative intensities, which means that non-negative closure constrains was not applied. Therefore, we plan
to use chemometric techniques like multivariate curve
resolution (MCR) with a possibility of applying the
non-negative closure constrains in our future studies. PLS shows that age-related spectral changes are
connected with the characteristic ATR-FTIR spectral bands in PC1 such as at 1640 cm−1 , 1525 cm−1 ,
and 1458 cm−1 that correspond to hemoglobin,
cholesterol, and lipids, respectively; PC2 has bands
at 1587 cm−1 (deoxyhemoglobin), 1405 cm−1 (immunoglobins), 1023 cm−1 (phospholipids); PC2:
1298 cm−1 (lipids), 1551 cm−1 (deoxyhemoglobin),
1653 cm−1 (oxyhemoglobin), 3294 cm−1 , (Amide A,
N–H stretching); PC4: 1059 cm−1 (phospholipids),
1662 cm−1 (fatty acids), 2154 cm−1 (not identified),
2367 cm−1 (not identified), 2931 cm−1 (fatty acids,
cholesterol) from FTIR spectra regions (Fig. 3, a).
Raman spectra of blood have such bands for
each PC – PC1: 350 cm−1 (deoxyhemoglobin),
379 cm−1 (methemoglobin), 754 cm−1 (thymine),
1625 cm−1 (oxyhemoglobin), 1545 cm−1 (methemoglobin), 1005 cm−1 (phenylalanine); PC2:
358 cm−1 (deoxyhemoglobin), 379 cm−1 (hemoglobin), 758 cm−1 (hemoglobin), 1005 cm−1 (phenylalanine), 1224 cm−1 (oxyhemoglobin), 1548 cm−1
(methemoglobin), 1604 cm−1 (deoxyhemoglobin),
1621 cm−1 (deoxyhemoglobin), 757 cm−1 (hemoglobin), 1002 cm−1 (phenylalanine), 1227 cm−1
(oxyhemoglobin), 1550 cm−1 (deoxyhemoglobin),
1565 cm−1 (oxyhemoglobin), 1606 cm−1 (deoxyhemoISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 10
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globin), 1621 cm−1 (deoxyhemoglobin), 1638 cm−1
(oxyhemoglobin), 1657 cm−1 (oxyhemoglobin) PC4:
346 cm−1 (deoxyhemoglobin), 376 cm−1 (methemoglobin), 758 cm−1 (thymine, oxyhemoglobin),
1621 cm−1 (oxyhemoglobin).
4. Discussion
The analysis shows that the most spectral changes
with age are related to hemoglobin bands alterations. It is known from the study by M. Polakovs et
al. that irradiation of blood with radioisotopes leads
to the transformation of hemoglobin (Fe2+ ) to methemoglobin (Fe3+ ) with corresponding changes of Raman spectra in range 1370–1380 cm−1 [61]. We found
the analogous bands in IR spectra (1377 cm−1 ) suitable for the age identification. Other authors [53]
identified the increasing band 1370 cm−1 as a methemoglobin peak, which could be a marker of smoking
or some disorders. Comparing this data, we can guess
that the hemoglobin transformation is related to age,
though disorders also could lead to the same changes
in spectra.
The changes observed in the band 2860–3030 cm−1
correspond to the age-related lipids content instability. Such lipid modifications with age were explained
in [62].
Our further research should be focused on taking samples from larger groups, as well as applying some regression technique to separate contributions from different chemical compounds to the blood
spectrum. The dependence of measured spectra on
the sample storage time is the other problem to
be solved. The studies in forensic sciences demonstrated a significant influence of the storage and exposition time on the spectral properties of blood samples. S. Boyd showed the dependence of the oxyhemoglobin peak intensity on the time passed from the
collection [63]. The subsequent possible steps may involve some classic biochemistry methods to support
and to verify spectral data.
5. Conclusion
This pilot study has shown the sensitivity of vibrational spectroscopy data to age-related changes in human blood. We have analyzed a set of blood samples from donors of different ages by a combination
of Raman and FTIR spectroscopy with the further
data processing with Partial Least Squares (PLS) regression. The calibration model of age dependence
ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 10

shows the high values of correlation coefficients both
for ATR-FTIR and Raman spectra: 0.92 and 0.89,
respectively. Nevertheless, the estimated accuracy of
the age determination from FTIR and Raman data is
around ±15 and ±20 years, respectively. Therefore,
we can conclude that such PLS calibration models
cannot be used for the precise determination of age,
but the age-related changes do really exist and can
be detected from vibrational spectra.
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ВIК-ЗАЛЕЖНI ЗМIНИ РАМАНТА IЧ-СПЕКТРIВ КРОВI ЛЮДИНИ
Резюме
Розглянуто можливостi застосування Раман- та IЧ-спектроскопiї для аналiзу вiкових змiн кровi людини. Дослiдже-

862

но 74 зразки кровi пацiєнтiв рiзних вiкових груп. До дослiджуваних спектрiв було застосовано PLS-аналiз. Виявлено
недостатню точнiсть методу для визначення вiку. При цьому були знайденi вiк-залежнi дiлянки спектрiв. Було охарактеризовано основнi дiлянки спектрiв, що показали змiни,
залежнi вiд вiку, вiдповiдно до PLS-аналiзу та лiтературних
даних. В статтi наведено приклади характерних Раман- та
IЧ-спектрiв. Значення всiх знайдених пiкiв Раман- та IЧспектрiв зiбранi та описанi у таблицi вiдповiдно до лiтературних даних. Знайдено, що основнi вiдмiнностi стосуються
пiкiв, якi несуть iнформацiю про гемоглобiн та його похiднi. Було зроблено висновок щодо необхiдностi проведення
дослiду з бiльшою кiлькiстю зразкiв.
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