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Abstract. Fourier transform infrared (FTIR) and Raman spectroscopy are complementary techniques, typically called vibra-
tional spectroscopy. Both techniques allow simple, rapid, non-destructive, specific, providing fingerprint spectra, and real-time
analytical method for analysis of molecules in different states. Besides, these methods are simple without any excessive sample
pre-treatment, therefore, they are sometimes called as “green analytical methods”. Biofluids have several biomolecules such as
lipid, protein, nucleic acids, and carbohydrates. These biomolecules can be used as biomarkers to detect some types of diseases,
since biomolecules are in direct contact with the human organs. FTIR and Raman spectra of biofluids are complex in nature,
therefore sophisticated statistical techniques, known as chemometrics, must be used to solve the analytical problems related to
quantitative analysis purposes. The objective of this review is to show the capability of FTIR and Raman spectroscopic tech-
niques in combination with chemometrics techniques to analyze the biomolecules in biofluids through an extensive literature
review. During performing this review, several databases in Science citation index, Scopus PubMed, and Google Scholar related
to the topics are identified and downloaded. With the present review, it is known that FTIR and Raman techniques are rapid
method for screening certain diseases by identifying the level changes of some biomolecules. In the future, this method will be
widely used for clinicians as new diagnostic tools for many diseases.
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1. Introduction

Infrared (IR) and Raman spectroscopies are called as vibrational spectroscopy which are commonly
used for analysis of different states of samples (solid, liquid, and semi-solid). Vibrational spectroscopy
(VS) allows the production of unique fingerprint spectra due to the interaction between electromagnetic
radiation (EMR) in infrared regions with biomedical samples to resulting the molecular vibrations [6,
43]. VS is used to describe the collective terms of two powerful spectroscopic techniques, namely IR
spectroscopy either in near region corresponding to wavenumber (1/λ) of 14,000–4000 cm−1, mid region
corresponding to 1/λ of 4000–400 cm−1, or far region corresponding to 1/λ 400–50 cm−1, and Raman
spectroscopy [44].

Raman and IR are complementary techniques that allow real-time analysis of analytes of interest in
biomedical samples with good sensitivity as expressed with relatively low detection limit, since both
techniques are non-destructive analytical technique in which the analyzed samples could be analyzed
further with other analytical techniques such as chromatographic-based methods [38]. Besides, VS pro-
vides highly specific information of target compounds which allow the identification of analytes by a
structural and biochemical diversity. Both techniques are also considered as green analytical technique
because of its minimal uses of solvents and chemical reagents during analysis, therefore the environment
pollution can be hindered [15].

Due to the advancement of instrumentation, Fourier transform infrared (FTIR) and FT-Raman have
been introduced and popular over the dispersive instruments. FTIR spectroscopy measures the absorp-
tion, reflection, or transmission of EMR in mid-infrared, due to the interaction of the electric dipole mo-
ment of the molecule bands with the infrared radiation [12]. FTIR spectrum is a plot of intensity of the
absorbed or transmitted light (y-axis) relative to the 1/λ (x-axis), a variable proportional to frequency.
In addition, FT-Raman spectroscopy employs the inelastic scattering of EMR by samples, which known
as Raman scattering. This technique was based on the sample illumination with EMR corresponding
to IR region and used to measure the fractions of scattered radiation for which the energy of EMR has
changed. FT-Raman spectrum described the correlation between intensity of the scattered light (y-axis)
relative to the 1/λ of the incident laser excitation (x-axis) [23]. Both FTIR and FT-Raman are known
as fingerprint spectroscopic technique because every molecule has unique spectra, which makes both
techniques are highly specific for the identification (qualitative analysis) and structural elucidation of
molecules. Both techniques provide qualitative and quantitative analyses related to vibrational modes
of specific functional groups in analytes and sometimes called as sister or complementary techniques.
These techniques are ideal for analytical applications, especially in biomedical applications for analysis
of several biomarkers including proteins, lipids, nucleic acids, and carbohydrates, and others [28,69].

2. Methods

During performing this review, we explored several databases such as Science Citation index, PubMed,
Medline, Scopus, and Google Scholar to identify and to download the abstracts, reports, review articles
and research papers related to the vibrational spectroscopy (FTIR and Raman) and its application in
quantitative analysis of biomolecules in the biofluids. The keywords used during searching of informa-
tion were: FTIR spectroscopy or Raman spectroscopy + chemometrics + biomolecules (lipid, protein,
nucleic acid and carbohydrates).
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3. Analysis of biomolecules in biofluids

Biofluids have several biomolecules which can be used as biomarkers to detect some types of diseases,
since these biomolecules are in direct contact with the human organs [27,34]. The other advantage of
biofluids as matrix samples is its availability and ease to get blood and urine for repeated testing. Bioflu-
ids are also potential to be used in monitoring the progression of diseases or treatment [4]. With this
in mind, the level changes of biomolecules in biofluids can provide substantial amount of information
about patient diseases in order to improve the clinical analysis. Maes et al. [42] reported that there is a
relationship between the changes of lipid levels in the membranes of red blood cells with the severity of
affective disorders. Other studies also reported that depression correlated with the increased concentra-
tion of the triglycerides and low-density lipoprotein (LDL)-cholesterol. The deficiency of phospholipids
is also used as depression marker [2,64]. The measurement of protein concentrations is useful to interpret
some biological parameters, discuss the nutritional status, and to help the diagnosis of some diseases.
Specific proteins like immunoglobulin G and human serum albumin may be changed during certain
diseases such as inflammation and infection [5]. The changes of nucleic acids are also correlated with
certain diseases like cancers [50]. In addition, the levels of carbohydrates were associated with diabetes
mellitus [24].

4. Chemometrics

FTIR and Raman spectra in biofluids are complex in nature, therefore, the sophisticated statistical
technique, known as chemometrics, must be used to solve the analytical problems related to the quanti-
tative analysis purposes. Chemometrics is the application of mathematics and statistics to treat chemical
data such as biomolecules in biofluids which help analytical chemists to deal with all steps of analyti-
cal procedures, starting from the experimental design and optimization through extraction of chemical
information and final decision [14]. Chemometrics allows the simultaneous determination of several
independent variables (factors) against several dependent variables or responses [32].

The chemometrics techniques commonly used in FTIR and Raman spectroscopy include (1) spectral
processing using derivatization (first and second derivatives), standard normal variate (SNV), multi-
plicative scattering correction (MSC), filtering, wavelet transformations (WT), feature selection, and
folding-unfolding, (2) classification techniques which can be either supervised pattern recognition such
as principal component analysis (PCA) or unsupervised pattern recognition such as linear discriminant
analysis (LDA), partial least square-discriminant analysis (PLS-DA), and orthogonal projection to latent
structures-discriminant analysis (OPLS-DA) and (3) multivariate calibrations used for quantitative anal-
ysis of biomolecules such as stepwise multiple linear regression (SMLR), principle component analysis
(PCR), partial least square regression (PLSR) and modified PLSR [37,52].

Figure 1 showed the general scheme of chemometrics techniques applied to analysis of biomolecules
in biofluid using FTIR and Raman spectra as variables [59]. Some user friendly statistical and chemo-
metrics softwares are available which are either free or commercially available to perform statistical
analysis of complex data with its advantages and features. Such softwares are Unscrambler®, SIMCA®

SIRIUS®, and Pirouette® offering standard methods of multivariate statistical analysis including chemo-
metrics classification (PCA and SIMCA) as well as multivariate calibrations (PCR, PLS, SMLR). The
softwares of Minitab® Matlab® are routinely designed to facilitate the writing of personal programs,
while Grams® 32 is particularly useful for calibration modelling during quantitative analysis rather than
for the exploration of a data matrix and classification by different pattern recognition techniques [46,51].
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Fig. 1. The general steps during the application of vibrational spectroscopy (FTIR and Raman spectroscopy) combined with
chemometrics for analysis of biomolecules such as proteins, lipids and nucleic acids in biofluids (adapted from depciuch and
parlinska-wojtan [16]). LDA = linear discriminant analysis; PLS-DA = partial least square-discriminant analysis; PCA =
principal component analysis; PLS = partial least square; PCR = principle component regression; R2 = coefficient of deter-
mination; RMSEC = root mean square error of calibration; RMSEP = root mean square error of prediction.

5. Application of FTIR spectroscopy combined with chemometrics for analysis of analytes in
biomedical fluids

The combination of FTIR spectroscopy and rapid sampling technique such as attenuated total re-
flectance (ATR) has accelerated the application of this method. ATR-FTIR spectroscopy has been re-
ported to be suitable technique for analysis of analytes in biomedical materials, including serum. Cur-
rently, FTIR spectroscopy, combined with multivariate calibrations, are popular to be applied in quantita-
tive analysis in biomedical analysis because they obey the principles of the Beer-Lambert law in which
the absorbance of certain functional groups are proportional with concentrations of analytes [43,62].
This enables ATR-FTIR spectroscopy to quantify specific biomolecule concentrations, as the proportion
of light absorbed by the sample will correlate with the concentration of molecules within a sample. Ta-
ble 1 provided the use of FTIR spectroscopy for analysis of biomolecules (proteins, lipids, nucleic acids
and carbohydrates) in the biomedical samples. The use of FTIR spectroscopy combined with certain
chemometrics allows the direct measurement of chemical constituents in biomedical matrices without
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Table 1

The application of FTIR spectroscopy combined with chemometrics for analysis of biomolecules in biological fluids

Samples Analytes FTIR condition Chemometrics Remarks References
Serum Glucose Combined regions of

988–1440 cm−1 and
2620–3060 cm−

PLSR Y = 0.89x + 0.45 with R2

of 0.994 Standard error:
0.29 mmol/L LOD: 0.55
mmol/L

Jessen et al.
[33]

Serum Glucose Wavenumber of
1600-900 cm−1

PLSR R2 calibration = 0.896;
RMSEC = 0.918
R2 = 0.882; RMSEP =
0.831

Xie et al. [68]

Serum Protein (albumin,
immunoglobulin,
total globulin, and
albumin/globulin
coefficients

Wavenumber of
4000-600 cm−1

PLSR R2 = 0.932, 0.850, 0.886
and 0.900 for albumin,
γ -globulin, total globulin
and albumin/globulin
RMSEC =
0.087-0.136 g/dL
RMSEP =
0.093-0.191 g/dL
RMSECV =
0.095-0.149 g/dL

Perez-Guaita
et al. [49]

Serum Protein (Albumin,
IgG)

Regions of 1800-900 cm−1 PLSR Albumin: R2 = 0.989;
RMSECV = 2.347 IgG:
R2 = 0.998; RMSECV =
0.487

Spalding et
al. [61]

Serum Lipids,
chylomicron-TG and
VLDL-TG

Combined regions of
900–1160, 1350–1480,
1715–1765,
2830–2950 cm−1

(chylomicron-TG); and
910–1170, 1350–1480,
1715–1765,
2840–3000 cm−1

(VLDL-TG)

PLSR The correlation between
actual values of as
determined by conventional
enzymatic assay (x-axis)
and FTIR predicted
(y-axis): Y = 0.9x + 2.8
(R2 of 0.99) for
chylomicron-TG
Y = 0.999x + 5.8 (R2 of
0.96) for VLDL-TG

Sato et al.
[56]

Serum Lipids (LDL and
LDL)

Spectral range of
1700–1800 and
2800–3000 cm−1 (for
LDL) and spectral range of
1700–1800, and
2800–3500 cm−1 (for
HDL)

PLSR For LDL, R2 = 0.98,
RMSEC = 0.34,
Y = 0.90x + 0.30 For
HDL, R2 = 0.91,
RMSEC = 0.26,
Y = 1.0x + 0.01

Liu et al. [40]

Plasma Biomarkers (protein,
lipid, nucleic acid)

Spectral range of
1800-900 cm−1; baseline
correction; normalized to
the Amide I peak

PCA-LDA,
GA-LDA

PCA-LDA and GA-LDA
were successfully detected
ovarian cancer based on
biochemical alterations.

Lima et al.
[39]

Cell Nucleic acid (DNA) Wavenumber of
4000-400 cm−1

PCA Samples from normal
patients and cancer patients
were clearly separated

Gok et al.
[29]

PLSR = partial least square regression; PCA = principal component analysis; PCA-LDA = principal component analysis-
linear discriminant analysis; GA-LDA = genetic algorithm-linear discriminant analysis.

the use of specific reagents. This could be a step forward for the simplification of analytical steps in clin-
ical laboratories. Problems related to the analytical procedure such as improper handling and lot-to-lot
variations could be eliminated by direct measurement [49,57].
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Fig. 2. Typical FTIR spectra of biomolecules in biofluids at wavenumber of 3.000–800 cm−1, along with corresponding func-
tional groups. ν = stretching vibrations, δ = bending vibrations, s = symmetric vibrations and as = asymmetric vibrations.
Adapted from Baker et al. [7].

Figure 2 revealed the functional groups responsible for IR absorption for the specific biomolecules
in biomedical fluids especially proteins, lipids, nucleic acids and carbohydrates. The amide groups cor-
respond to 1/λ region of amide I and amide II (1500–1700 cm−1) which are specific in proteins and
nucleic acids [8]. Specifically, the amide bands can be characterized by the presence of absorption peaks
at 1648 cm−1, 1544 cm−1, and 1314 cm−1 for amide I, amide II, and amide III, respectively. There are
some peak assignments related to protein structures based on the assignment of Amide I band. Generally,
the structure of α-helic exhibited peak at 1/λ 1650–1658 cm−1, β-sheet structures revealed bands at 1/λ

1640-1620 cm−1 and 1/λ 1695-1670 cm−1, and peaks of random coil structures at around 1644 cm−1

[63]. In biological fluid containing water, the study of aqueous protein is challenging task due to the over-
lapping between absorption peak of –OH in water and bending vibration of amide I at around 1600 cm−1.
This problem could be overcome using D2O, but this can affect the native secondary structure of protein.
Fortunately, current FTIR spectrophotometers were equipped with sophisticated software which allow
the accurate subtraction of sample peaks with water-related bands [30,36].

FTIR spectra of lipids were characterized by absorption peaks at 2963 cm−1, 2922 cm−1 and
2850 cm−1 corresponding to asymmetric stretching vibrations of CH3, CH2 and symmetric vibration
of CH2, respectively. In addition, phospholipid was characterized by absorption peaks at 1/λ 1057 and
1249 cm−1 [20,31]. Depciuch and Parlinska-Wojtan [16] have compared FTIR spectra of serum from
dried and liquid blood serum samples of depressed patients and healthy blood serum. FTIR spectra of
two samples (dried versus liquid) exhibited the same vibration patterns of peaks derived from proteins
and lipids. But, the intensities of peaks corresponding to proteins and lipids in depressed blood serum
are lower than those in healthy blood serum.
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5.1. Carbohydrate analysis using FTIR spectroscopy

Jessen et al. [33] have developed FTIR spectroscopy combined with PLSR for quantitative analysis
of glucose in serum using combined 1/λ region of 988–1440 cm−1 and 2620–3060 cm−1 without any
preparation step. FTIR spectra were subjected to the first derivative using the Savitzky–Golay algorithm
with 9 smoothing points. The spectra were recorded in absorbance mode and subtracted by water blank
spectrum. The actual values of glucose were measured using hexokinase method as described by [54].
The correlation between actual values (x-axis) and FTIR predicted values (y-axis) at concentration range
of 2.7–23 mmol/L yielded the equation of y = 0.89x + 0.45 with R2 of 0.994. The standard error and
limit of detection obtained were 0.29 mmol/L and 0.55 mmol/L, respectively. The authors concluded
that this technique offered reliable and rapid analysis with the total time of whole analysis from sample
measurement until data report is about 2–3 min.

5.2. Qualitative and quantitative analysis of protein

The changes in protein concentration in human blood can be used as an indicator for the nutritional
status and certain illnesses state. ATR-FTIR spectroscopy has been applied to detect the minor dif-
ference of protein qualitatively and quantitatively in the biological samples [60]. The human serum
samples spiked with proteins of human serum albumin (HSA) and immunoglobulin G (IgG) at seven
different concentrations were directly analyzed on crystal ATR and their spectra were used for mak-
ing prediction and validation models using multivariate calibration of PLSR. The wavenumber (1/λ)
of 1640-1560 cm−1, associated with stretching vibration of amide groups, were used for quantitative
analysis. This band was increased with the increasing levels of proteins (HSA and IgG). In the sipked
samples model, the R2 values for the prediction of HSA and IgG were 0.982 and 0.947, respectively in
liquid patient samples. The cross validation model using leave one out technique, root mean square error
of cross validation (RMSECV) obtained were relatively low, namely 3.065 mg/mL and 2.365 mg/mL
respectively for HSA and IgG. This method was succesfully applied for analysis of patient samples with
acceptable accuracy and precision. ATR-FTIR spectroscopy was also used for the quantitative analysis
of IgA, IgG and IgM in myeloma affected blood samples. Quantitative analysis was performed by in-
vestigating the ratio (R) of absorbance values at several wavenumbers (cm−1), namely R1 (Abs2874/2930),
R2 (Abs1542/1654), R3 (Abs1315/1404), R4 (Abs1165/1244) and R5 (Abs953/1025). The results showed that these
ratios are decreased in myeloma samples than those in normal serum samples [55].

The combination of ATR-FTIR spectra and multivariate calibration of PLSR was succesfully applied
for quantification of IgA, IgG, IgM in the plasma samples. The spectra of dried human plasma samples
were analyzed at mid IR region (4000 to 500 cm−1) at resolution of 2 cm−1 and number of scanning of
32. The R2 for the correlation between actual values of IgA, IgG and IgM and FTIR-predicted values
were 0.98, 0.98, and 0.97, respectively. The error in validation model expressed by root mean square
error of prediction (RMSEP) was relatively low, namely 0.05 g/L (IgA), 0.4 g/L (IgG), and 0.03 g/L
(IgM). The relative standard deviation for reproducibility study was less than 2% for all analytes [9].

The complex nature of biological fluid samples is still the limiting factors for direct analysis using
ATR-FTIR spectroscopy. For this reason, some innovations by combining sample preparation step and
direct measurement using FTIR spectroscopy has been proposed. Elsohaby et al. [22] have coupled
centrifugal ultrafiltration and ATR-FTIR spectroscopy for quantitative analysis of IgA in human serum.
The actual values of IgA were determined using reference method of immunoturbidimetric assay. The
whole serum samples and residue reconstituted with saline after centrifugal ultrafiltration were subjected
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to FTIR spectral measurement at 4000-650 cm−1. PLSR calibration models using 5 factors (for whole
serum) and 9 factors (for the reconstituted residue) was succesfully applied for relating the actual values
of IgA and FTIR predicted values. The RMSEP value reported was in the range of 79-102 mg/dL.

ATR-FTIR at 1/λ of 4000-600 cm−1 has been used for determination of proteins (albumin, im-
munoglobulin, total globulin, and albumin/globulin coefficients) in serum and blood samples. The actual
values of proteins were determined using electrophoresis which involved 200 samples in calibration sets
and 120 samples in validation sets [48]. Some 1/λ region and FTIR spectral processing (normal versus
derivative) have been optimized to get the best results in terms of the highest R2 value and the lowest
root mean square error of calibration (RMSEC) and RMSEP values. The regions related to amide I and
amide II bands were used for quantitative analysis, namely albumin at 1/λ 1228-1024 cm−1 using first
derivative (1st der) spectra with 6 factors, γ -globulin at 1/λ 1392-1024 cm−1 using 1st der spectra with 6
factors, total globulin at 1/λ 1440-1018 cm−1 using 1st der spectra with 4 factors, and albumin/globulin
coefficients using 1/λ 1531-1242 cm−1 using 1st der spectra and standard normal variate (SNV) with 5
factors. The R2 values for the correlation between actual values and FTIR predicted values were 0.932,
0.850, 0.886 and 0.900 for albumin, γ -globulin, total globulin and albumin/globulin, respectively. The
RMSEC values ranged 0.087-0.136 g/dL, RMSEP values of 0.093-0.191 g/dL. The cross validations
resulted RMSECV value of 0.095-0.149 g/dL. This result indicated that FTIR spectroscopy combined
with PLS regression could be used to predict proteins in serum samples.

5.3. Quantitative analysis of lipids

ATR-FTIR spectra have been applied for rapid analysis of very low density lipoprotein-triglyceride
(VLDL-TG) serum in maternal serum without any sample preparation. The multivariate calibration of
PLS was applied for prediction the levels of VLDL-TG. Using second derivative FTIR spectra at com-
bined 1/λ region of 3100–2800 and 1800–1000 cm−1 with 3 PLS factors, the correlation between actual
values (x-axis) of VLDL-TG as determined by Triglyceride GPO-PAP spectrophotometric assay (Roche
Diagnostics) and FTIR predicted values (y-axis) was y = 0.985x + 0.784 with R2 value of 0.985. The
calibrated model was validated using independent samples to yield R2 value of 0.890 and RMSEP of
0.20 mol/L. This method has been successfully applied in serum and in ultracentrifugated VLDL frac-
tions from 32 patients with acceptable accuracy and precision. Quantitative analysis of VLDL-TG by
FTIR spectroscopy seems to be promising screening technique to identify women with increased risk of
adverse pregnancy outcomes [47].

The presence of triglycerides (TG) in serum was analyzed using FTIR spectroscopy and multivari-
ate calibration of PLSR. FTIR spectra were subjected to mean centering and first derivatization. The
combined 1/λ regions of 1117–1200, 1429–1483, 1700–1785, 2780–3060 cm−1 was used to predict the
levels of TG without any preparation step. The correlation between actual values of TG as determined
using enzymatic colorimetry (x-axis) according to Wahlefeld [65] and FTIR predicted values (y-axis)
resulted an equation of y = 0.73x + 0.15 with R2 of 0.989, standard deviation of response of 0.035
mmol/L and limit of detection of below 0.34 mmol/L.

5.4. Analysis of nucleic acids in biomedical fluids

Quantification of DNA in eukaryotic cells has been performed using FTIR spectroscopy method in
combination with chemometrics of PLS regression. DNA quantification was performed using standard
consisting of DNA and hemoglobin standards. PLS model was built at the fingerprint region of FTIR
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spectra (1800-850 cm−1). The model was evaluated using R2 values. The peaks of DNA were observed at
1225 cm−1 (asymmetric phosphate stretching), 1087 cm−1 (symmetric phosphate stretching), 1051 cm−1

(C–O–C stretching), 970 cm−1 (C–C stretching), and 1715 cm−1 (C=O stretching). PLS was performed
either in dehydrated or hydrated models. The R2 values were higher than 0.96 for all build models with
lower RMSEP. It indicated that the PLS model has good accuracy, good predictivity, and good of fitness
for DNA quantification [67].

FTIR spectroscopy has been used for analysis of nucleic acid in bladder cancer subject. FTIR mea-
surement was performed at mid infrared region (4000-400 cm−1) using resolution of 4 at 100 scans
number. The peak of PO2

− stretching vibration in nucleic acid appeared specific at 1086 cm−1 measured
using FTIR spectrophotometer. In the condition of bladder cancer, the peak shifted to around 1087 ±
0.87 cm−1 compared to control. Some vibrations especially stretching vibration was increased signifi-
cantly in cancer subject compared to control. The peak appeared at 967 cm−1 could be considered as
marker peak to detect tumors. FTIR measurement of sample from bladder cancer subjects showed slight
shifting from 967.22 ± 0.33 cm−1 to 967.40 ± 0.31 cm−1. Moreover, the peak at 1/λ 930 cm−1 in
bladder cancer appeared at higher intensity than in control. The shifting of FTIR spectra is associated
with considerable changes of nucleic acid (DNA) in the case of cancer because of uncontrolled cell
proliferation, uncontrolled cell growth, and decreasing of nucleid acid stability. The use of chemomet-
rics principal component analysis was also successfully differentiate between samples from normal and
bladder cancer subjects [29].

6. Application of Raman spectroscopy for analysis of biomolecules in biomedical fluids

There are several variants of FT-Raman spectroscopy applying the phenomenon of Raman scatter-
ing in different ways which included Conventional Raman Spectroscopy (CRS), Surface-enhanced Ra-
man Spectroscopy (SERS), Resonance Raman Spectroscopy (RRS), coherent anti-Stokes Raman spec-
troscopy (CARS), resonance enhanced Raman scattering (RRS) and spatially offset Raman spectroscopy
(SORS). The selection of these variants depends on some inherent factors namely the sample complexity,
the type of samples, and the concentrations of the target analytes. CRS is suitable technique in biomedi-
cal analysis due to its capability to provide high efficiency, but this technique is not suitable for analysis
of analytes with low concentration, therefore, analyst should use other variants capable of amplifying
the analyte signals [11]. Table 2 provided the use of Raman spectroscopy for analysis of biomolecules
(proteins, lipids, nucleic acids and glucose) in biomedical samples.

6.1. Analysis of carbohydrate in serum using Raman spectroscopy

Application of Raman spectroscopy has been explored for glucose analysis in blood serum. Sugar con-
centration in human diabetic serum has been successfully analyzed using Raman Spectroscopy. Blood
serum samples were obtained from normal and diabetic subjects. Raman measurement was performed in
the range of 2000-800 cm−1 at 532 nm. Raman spectra of glucose in diabetic mellitus patients appeared
at 1168 cm−1 which correspond to the carbohydrate peak. This peak appeared at very low intensity or
almost lacking intensity in the normal serum (healthy subjects). The C=C (carbon double bond) could
be observed from peak appeared at 1650 cm−1. One specific peak at 1463 cm−1 appeared only in blood
serum from diabetic subjects that can be used as marker peak of diabetic subject. The glucose peaks
at 1168 cm−1 and 1531 cm−1 were plotted against intensity to determine glucose concentration. Even-
though glucose from normal serum still could be detected, the intensity of glucose peaks from diabetic
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Table 2

The application of Raman spectroscopy combined with chemometrics for analysis of biomolecules in biological fluids

Samples Analytes Raman condition Chemometrics Remarks References
Serum Glucose Diode laser at 830 nm and

25 mW; wavenumber of
1800-400 cm−1

PLSR LVs = 10
R = 0.86
RMSECV = 26.4 mg/dL

Silveira et al. [58]

Serum Glucose Diode laser at 830 nm (250
mW); wavenumber of
1800-400 cm−1; resolution
of 2 cm−1

PCA PCA could discriminate
normal and pathologic
glucose serum. The percent
correct classification was
70%

Borges et al. [10]

Serum Lipids
(VLDL-TG)

CRS; Nd:YAG 1064 nm
laser at power of 300 mW;
wavenumber of
1000–3700 cm−1 at
resolution of 4 cm−1

PLS Y = 0.994x + 0.281 with
R2 value of 0.994

Oleszko et al. [47]

Serum Lipids (total
cholesterol,
triglycerides,
HDL, LDL)

Diode laser at 830 nm (250
mW); wavenumber of
1800-400 cm−1; resolution
of 2 cm−1

PCA PCA could discriminate
normal and pathologic lipid
serum. The percent correct
classification was 77, 81,
59, and 60% for total
cholesterol, triglycerides,
HDL, and LDL
respectively).

Borges et al. [10]

Cell Nucleic acid
(RNA)

Diode laser at 785 nm;
spectral range from
1500-500 cm−1

PCA-LDA Good accuracy (89.1%) for
cancer subjects and good
accuracy (92.35%) for
healthy subjects

Chen et al. [13]

Cell Nucleic acid
(mi
RNA/micro
RNA)

SERS Raman diode laser at
785 nm, spectral range of
1800-400 cm−1

PLSDA SERS and PLSDA was
successfully used for
miRNA detection and
classification, R2 = 0.967

Driskell et al. [21]

Serum Protein
(albumin)

Diode laser at 785 nm (400
mW); wavenumber of
3200-2500 cm−1 and
1146-800 cm−1 with vector
normalization

PLSR R2 = 0.9911; RMSECV =
0.64

Zhao et al. [70]

Serum Protein
(albumin, Ig
A, Ig G)

Diode laser at 785 nm PLSR R2 = 0.95; 0.94; 0.99
(albumin; Ig A; Ig G)
RMSEC = 5.9; 0.3; 0.4
(albumin; Ig A; Ig G)
RMSECV = 7.8; 0.5; 1.2
(albumin; Ig A; Ig G)

Artemyev et al. [1]

PLSR = partial least square regression; PCA = principal component analysis; PCA-LDA = principal component analysis-
linear discriminant analysis; PLS-DA = partial least square-discriminant analysis.

serum showed very high intensity than normal serum. Therefore, the increasing concentration of glu-
cose could be detected using Raman spectroscopy to differentiate glucose level from serum of normal
and diabetic subjects [26].

Quantitative analysis of glucose in human serum has been performed using Raman spectroscopy and
chemometrics of PLS regression method. Raman measurement was carried out using diode laser at
830 nm, and each sample was measured in three replicates. The measurement was performed in the range
from 1800-400 cm−1. The bands of glucose were observed at 507 cm−1 (skeletal modes of glucose),
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1065 cm−1 (C–C, C–O, C–H and C–OH modes), and 1128 cm−1 (C–O stretching). Raman spectra were
subjected to PLS regression to predict glucose concentration in human serum measured by Raman spec-
troscopy. The actual value of glucose was obtained from colorimetric method measurement. PLS model
was evaluated using R2 and RMSECV values. Result of PLS model showed that Raman spectroscopy
combined with PLS regression method is a good combination for quantitative analysis of glucose in
human serum. PLS could be used to predict glucose concentration in the range of 0-200 mg/dL. Using
10 latent variables (LVs), PLS showed high R2 value (0.86) and lower RMSECV value (26.4 mg/dL)
[58].

6.2. Qualitative and quantitative analysis of lipids using Raman spectroscopy

Conventional Raman spectroscopy (CRS) has been used for analysis of very low-density lipoprotein-
triglyceride (VLDL-TG) serum in maternal serum without any sample preparation. The samples were
excited using Nd:YAG 1064 nm laser at power of 300 mW. Raman signal was collected at 1/λ of 1000–
3700 cm−1 at resolution of 4 cm−1 for 90 min and averaged over 2048 accumulations. The multivariate
calibration of PLS was applied for prediction the levels of VLDL-TG. Using first derivative Raman spec-
tra at combined 1/λ region of 3100–2800 and 1800–1000 cm−1 with 3 factors, the correlation between
actual values (x-axis) of VLDL-TG as determined by triglyceride spectrophotometric assay (Roche Di-
agnostics) and Raman predicted values (y-axis) was y = 0.994x + 0.281 with R2 value of 0.994. The
prediction models using PLS revealed R2 of 0.800 and RMSEP of 0.27 mol/L. This method has been
successfully applied in serum and in ultracentrifugated VLDL fractions from 32 patients with acceptable
accuracy as indicated by high R2 and precision as indicated by low RMSEP [47].

Quantification of lipid components has been performed using Raman spectroscopy and chemometrics
of PLS regression. The lipid components consist of cholesterol, triglycerides, high-density lipoprotein
(HDL), and low-density lipoprotein (LDL). Raman spectral data were collected using a near-infrared
dispersive Raman spectrometer. The diode laser is 830 nm with 25 mW. For excitation and collection
of Raman spectra, a Raman probe was used and connected to spectrometer. PLS model was carried out
using wavenumber of 1800-400 cm−1. The actual concentration of cholesterol, triglycerides, HDL, and
LDL were measured using colorimetric methods. Lipid bands could be observed at 1676 cm−1 (C=C
stretching of cholesterol), 1659 cm−1 (C=C stretching of unsaturated lipid), 1452 cm−1 (CH3, CH2

bending of lipids), 1269 cm−1 (C=C stretching of saturated lipid), 1085 cm−1 (C–O stretching or C–C
skeletal of unsaturated lipid), and 700 cm−1 (stretching of steroid ring from cholesterol). The R2 values
obtained from PLS regression were 0.96; 0.98; 0.75; and 0.86, while the RMSEC values were 15.9;
35.4; 17.8; and 24.2 mg/dL for cholesterol, triglyceride, HDL, and LDL respectively. Whereas the latent
variables (LVs) used were 9 for cholesterol and 8 for triglyceride, HDL, and LDL, respectively [58].

Raman spectroscopy has also been used for the quantitative analysis of some compounds in serum
including cholesterol, HDL, LDL, triglycerides, and glucose. The concentration was compared to that
obtained from enzymatic assay. Chemometrics of PLSR was used to build calibration models. PLSR
showed good correlation between Raman and enzymatic assay as shown by the correlation coefficient
value for all measured compound was higher than 0.940. The region used for building PLSR model was
in the range of 4000-450 cm−1 and the peaks were normalized to the peak at 1514 cm−1 (peak with
highest intensity). The use of Raman was also applied for serum differentiation from normal serum and
gastric cancer serum samples. Raman spectra were subjected to chemometrics of partial least square-
discriminant analysis (PLS-DA) for classification. Serum from normal sample could be clearly differen-
tiated with serum from gastric cancer sample by using PLS-DA method [3].
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6.3. Analysis of nucleic acid in biomedical fluids using Raman spectroscopy

Surface-enhanced Raman spectroscopy (SERS) and multivariate analysis of principal component
analysis-linear discriminant analysis (PCA-LDA) have been used for analysis of ribonucleic acid (RNA)
in serum from normal and colorectal cancer subjects. Mixture of colloidal silver solution and MgSO4

were used as substrate for RNA measurement to enhance the Raman intensity of RNA. Raman measure-
ment was performed using diode laser at 785 nm in the region of 1500-500 cm−1. Raman spectra from
normal subjects were similar with those from colorectal cancer subjects. SERS peaks of RNA appeared
at 527 cm−1 (uracil), 573 cm−1 (cytosine, guanine), 678 cm−1 (guanine), 714 and 736 cm−1 (adenine),
859 cm−1 (phosphate group), 1008 and 1033 cm−1 (C–O and C–C stretching), 1240 cm−1 (phosphate
asymmetric stretching), 1277 cm−1 (nucleic acid and phosphate), 1316 cm−1 (guanine), and 1391 cm−1

(C–H rocking). However, there were several differences located in several peaks, especially in the peak
intensities of RNA between normal and cancer groups. In normal subjects, the peaks at 1391, 1240, 1008,
860, and 714 cm−1 are higher than in cancer subjects, whereas the peak intensities at 1316, 1277, 1033,
and 573 cm−1 are higher in cancer subjects than in normal. Multivariate analysis of PCA-LDA success-
fully differentiated RNA serum from normal and cancer subjects. RNA serum samples from normal and
cancer subjects were clearly separated using LDA analysis. LDA showed good accuracy (89.1%) for
predicting RNA samples from cancer subjects and showed good accuracy (92.35%) for predicting RNA
samples from normal subjects [13].

Raman spectroscopy in combination with chemometrics of PCA and PLS-DA was used for detec-
tion of nucleic acids and protein changes during breast cancer development [45]. Some Raman spec-
tral markers were identified in relation to the specific biomolecule markers such as peak at Raman
shift of 689 cm−1 (nucleotide conformation), 788 cm−1 (phosphodiester bands in DNA), 828 cm−1 (ty-
rosine/protein), 848 and 1663 cm−1 (DNA) have not previously been identified. Principal component
analysis-factorial discriminant analysis (PCA-FDA) was successfully used for the classification of Ra-
man spectra related to biomolecules changes in the breast cancer patients, according to different stages
of the disease.

Surface-enhanced Raman Spectroscopy (SERS) has been used for analysis of nucleic acids in human
infected Hepatitis C (HCV). The Raman spectra of healthy samples were different from those in in-
fected patients with HCV. Several peaks from infected samples were used as markers for nucleic acid
in the infected patients. The peaks appeared at 720 cm−1 (adenine), 1077 cm−1 (PO2 RNA stretching),
1678 cm−1 (C–O stretching of RNA), 178 cm−1 (RNA), 1641 cm−1 (amide), 1721 cm−1 (protein stretch-
ing), and 1738 cm−1 (C–O ester group in lipids). Principal component analysis has been successfully
used for differentiation between normal serum and infected Hepatitis C serum. SERS spectra from nor-
mal subjects were clearly separated from SERS spectra obtained from cancer subjects as shown by PCA
score plot [19].

6.4. Protein analysis in biomedical fluids using Raman spectroscopy

Surface-enhanced Raman spectroscopy (SERS) combined with multivariate analysis of PLSR has
been successfully applied to differentiate saliva protein from healthy subject, patient with benign breast
tumor, and patient with malignant breast cancer. There are some differences of SERS spectra resulted
from normal and tumor group. Some intense peaks appeared at 1684 cm−1, 1340 cm−1, 1208 cm−1,
and 1004 cm−1 in benign and malignant breast tumor group, whereas peaks at 1176 cm−1, 1049 cm−1,
and 621 cm−1 are higher in normal group. This indicates the changes in saliva proteins either in benign
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or malignant breast tumors. Spectra shifting in saliva protein of malignant breast cancer could also be
monitored using SERS. The peak of saliva protein at 1310 cm−1 which appeares in normal subject is
shifted to 1318 cm−1 in malignant breast cancer subject. The changes in SERS peak could be used as
marker peak for the detection of benign and malignant breast cancer. More exploration was carried out to
confirm the spectra from three different groups using multivariate analysis of PLS-DA. Model validation
was carried out using leave one out cross validation technique and the score plot of PLS-DA showed clear
classification among these three groups (normal, benign tumor, and malignant tumor). PLS-DA showed
good diagnostic sensitivity (75.75%, 72.73%, and 74.19%) and good diagnostic specificity (87.63%,
78.35%, and 82.47%) for normal, benign, and malignant breast tumor subject, respectively [25].

Raman spectroscopy and multivariate analysis of PLS have been used for qualitative and quanti-
tative analysis of albumin and immunoglobulin protein in human serum samples. Raman measure-
ment was performed at 785 nm. Raman spectra of protein fraction could be observed at the band of
1650 cm−1 (vibration of amide I), 1436-1460 cm−1 (CH2 deformation), 1300-1343 cm−1 (CH defor-
mation), 1004 cm−1 (phenylalanine), 944 and 890 cm−1 (C–C stretching), and 856 cm−1 (tyrosine)
[18,35,66]. Raman spectra of albumin, Immunoglobulin A (Ig A), and Immunoglobulin G (Ig G) are
similar. However, the intensities of albumin spectra have the highest spectra intensity compared to Ig A
and Ig G. Quantitative analysis for determination of albumin, Ig A, and Ig G was performed using PLS
regression. PLS models were evaluated using R2, RMSEC, and RMSECV value. PLS model showed
a good prediction model to determine albumin and immunoglobulin concentrations. The R2 values for
calibration model were 0.95, 0.94, and 0.99 for albumin, Ig A, and Ig G, respectively. The high values of
R2 showed good accuracy and predictivity of PLS models. The RMSEC values were 5.9, 0.3, and 0.4 for
albumin, Ig A, and Ig G, respectively whereas the RMSECV values were 7.8, 0.5, and 1.2 for albumin,
Ig A, and Ig G, respectively. Lower RMSEC and RMSECV values indicated lower error values in PLS
models [1].

The combination of Raman spectroscopy and chemometrics of PLS has been used for protein analysis
of human blood fractions. Raman measurement was carried out at 785 nm and the blood samples were
divided into two categories; whole blood and blood plasma. Raman spectra of blood plasma showed sev-
eral peaks corresponding to protein or protein component signals such as 820 cm−1 (tyrosine), 950 cm−1

(deformation of C-H group), 1002 and 1080 cm−1 (phenylalanine), 1160 cm−1 (deformation of C-
C group), 1250 cm−1 (α-helix of Amide III), 1330 cm−1 (tryptophan), 1450 cm−1 (CH2 group), and
1650 cm−1 (β-helix of Amide I). Raman spectra of whole blood were similar to blood plasma except in
some peaks, namely 570 cm−1 (deformation of FeO2 group), 750 and 670 cm−1 (pyrrole), 1120 cm−1

(C–N group), 1227 cm−1 (deformation of C-H group), and 1550 cm−1 (phenylalanine). PLS method
was performed to quantify protein either in blood plasma or whole blood. The variable in projection
(VIP) analysis from PLS measurement was carried out to identify peaks which have strong contribution
to build PLS model. Raman peaks at 570-700 cm−1, 1120 cm−1, 1550 cm−1 are the most informative
peaks in whole blood that correspond to hemoglobin and they are not found at blood plasma spectra.
Peaks at 1002 cm−1, 1227 cm−1, 1440 cm−1, and 1630 cm−1 are the largest VIP value and they can be
found both in blood plasma and whole blood that correspond to the peaks of albumin and globulin [41].

Raman spectroscopy has been employed for protein analysis in patient with asthma. Protein could
be used as marker molecule to differentiate between normal and pathology condition. In pathology
condition, certain protein could be different either in composition or structure from normal condition.
Serum samples from asthma patients have been analyzed using Raman spectroscopy to investigate the
changes in protein. Result showed that the proteins structures changed as the increasing severity of
asthma [53]. Raman spectroscopy has been used for protein analysis in serum. Human blood serum in
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normal health was collected and then measured using Raman at wavelength 780 nm. Protein could be
detected using Raman and the signals appeared at several regions. Most of protein signals appeared in
the region of 1544 cm−1 and 1648 cm−1, which correspond to the signal of amide II and amide I. Other
peak at 904 cm−1 is associated with deformation of C-H bond in protein. Proteins have either single
bond of C–O or double bond of C=O that appear at 1740 cm−1 for single bond stretching vibration as
well as 1780 cm−1 and 1816 cm−1 for double bond stretching vibration [17].

7. Conclusion

FTIR and Raman spectroscopy are non-destructive, fast techniques, and fingerprint techniques for
analysis of biomolecules including protein, glucose, lipids, and nucleic acid in biomedical fluid. Com-
bined with chemometrics of multivariate analysis either pattern recognition or regression, FTIR and
Raman spectroscopy offer powerful and rapid analysis of biomolecules in biomedical fluids.
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