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Simultaneous determination of concentrations for four major components in human blood serum
was investigated using a Fourier-transform mid-infrared spectroscopy. Infrared spectra of human
blood serum were measured in 8.404 ~ 10.25 um range where the highest absorption peaks of glucose
are located. A partial least square (PLS) algorithm was utilized to establish a calibration model
for determining total protein, albumin, globulin and glucose levels which are commonly measured
metabolites. The standard error of cross validation obtained from our multivariate calibration model
was 0.24 g/dL for total protein, 0.15 g/dL for albumin, 0.17 g/dL for globulin, and 6.68 mg/dL
for glucose, which are comparable with or meet the criteria for clinical use. The results indicate
that the infrared absorption spectroscopy can be used to predict the concentrations of clinically
important metabolites without going through a chemical process with a reagent.

OCIS codes : 120.0120, 190.0190, 280.0280.

I. INTRODUCTION

Major dissolved substances in human blood and
serum play an important role in metabolism and are
usually sensitive indicators for the risk of various dis-
eases as well. For example, monitoring the glucose
level in serum or blood is an essential diagnosis for
people with diabetes and an important element of
managing the disease. Cholesterol and triglycerides in
serum are known to be some of the independent risk
factors for coronary heart disease. The levels of urea
and creatine are closely related to kidney function.
Protein or albumin in serum is commonly tested to
monitor liver and renal conditions. Not surprisingly,
therefore, serum and blood analyses become one of
the most common tests performed and all of the ma-
jor dissolved metabolites are routinely analyzed in the
clinical laboratory. Most of these analyses are carried
out with a photometric instrument using an enzymatic

reaction. The photometric measurement method is
well established and easily available. However, the
chemical process such as enzymatic reaction requires
expensive reagents and a relatively large volume of the
sample. More than 500f the operating cost of clinical
analyzers in the hospital is devoted to the expenses of
reagents. Recently, there have been some reports on
the optical spectroscopic method for the quantification
of major metabolites in human blood, serum, tissue
and other substrates [1-4]. From the clinical point of
view, the optical measurement is an attractive alter-
native as a standard enzymatic technique because it is
quite simple and rapid. Furthermore, several compo-
nents can be simultaneously estimated from a single
spectrum with no reagent and relatively small volume
of sample. In this regard, infrared (IR) spectroscopy
has emerged as an important tool to monitor the com-
ponents in whole blood or serum.

Both near-IR (0.7~2.5um) and mid-IR (2.5~10pm)
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TABLE 1. Reference intervals for serum components. The concentrations are in the physiological ranges.

Component reference interval

total protein 4.6 ~ 7.7(g/dL)
albumin 2.2 ~ 4.8(g/dL)
globulin 2 ~ 3.8(g/dL)
glucose 88 ~ 177(mg/dL)

spectroscopies are applicable for the diagnostics but
each one has its own advantages. Near-IR spec-
troscopy has an advantage over mid-IR spectroscopy
since samples with large size can be easily handled
(optical pathlength can generally be millimeters, com-
pared to micrometers in the mid-IR) [6-8]. There-
fore, it has een favorably employed for the analytical
tests. Meanwhile, mid-IR spectroscopy has also its
potential merits. One clear advantage is its applica-
bility for very small sample sizes (micro-liters). It also
provides relatively narrow bandwidths and compara-
tively rich mid-IR absorption spectra, which make for
more accurate analysis and better molecular finger-
prints than near-IR spectroscopy [4]. Previous studies
have demonstrated that the Fourier transform infrared
spectrometry coupled with an ATR sampling device
can be used to determine the amount of glucose in
blood or plasma [5]. A transmission scheme is also em-
ployed to overcome protein adsorption on the surfaces,
which is often observed in the ATR measurement. In
practice, the transmission measurement has the ad-
vantage of using small cell-volume and a low priced
transmission-flow-cell. However, there is hindrance to
the wide spread adoption of IR spectroscopy since the
IR spectrum obtained from biological samples usually
consists of many overlapping bands. In addition, wa-
ter, which is a strong IR absorber, is shown to con-
ceal the characteristics of vibrational bands of the
biological components and consequently the spectra
are difficult to interpret. Thus, the quantitative mea-
surement of biological metabolites using optical spec-
troscopy heavily depends on unscrambling the spectral
data from water band. Some of the previous studies
employed a drying step to eliminate one of the diffi-
cult obstacles for the quantitative analysis of an aque-
ous biological sample [9]. This drying process requires
an extra time of about 10 minutes, for example, and
adding chemicals such as thiocyanate for calibration.
In this paper, we demonstrate a new approach to uti-
lize the mid-IR absorption spectroscopic technique for
determining the concentration level of human serum
components such as total protein, albumin, globulin,
and glucose in the physiological concentration range
without using reagents or an additional step of speci-
men drying.

II. EXPERIMENTAL METHOD

1. Biological Samples

A total of 93 human blood serum samples were ob-
tained from the Samsung Medical Center and ana-
lyzed for the construction of a multivariate calibration
model. Reference values for total protein, albumin,
globulin and glucose were obtained by the conven-
tional method using photometric measurements based
on enzymatic reactions. Table 1 lists the reference in-
terval of the concentration range for four metabolites
in human blood serum used in this work.

2. Fourier Transform Infrared(FT-IR)
Spectroscopy

Absorption spectra of human blood serum were
measured with a Nicolet AVATAR 360 FT-IR spec-
trophotometer. This spectrometer was equipped with
a KBr beam splitter and DTGS detector operating at
room temperature. The sample was contained in a 50
pm pathlength BaF2 transmission window cell. The
spectra were ratioed against the single-beam spectrum
of a clean transmission window cell and converted to
an absorbance scale. However, even a minute vari-
ation of cell thickness may induce error in the spec-
trum. In order to perform pathlength calibration we
obtained blank absorption spectra with an empty cell
which contains a typical interference pattern (Fig. 1).
To calculate the cell thickness we employed following
equations.

nwws
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1)

L(in min) =

where L = cell thickness (in mm), w; = starting wave-
length(in pm), wy = ending wavelength (in um), and
n = number of fringes between w; and ws.

About 100 uL of blood serum was used to fill the
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FIG. 1. Interference fringe of an empty absorption cell

window. After measurement, the cell and the tub-
ing were rinsed with 600 uL of distilled water. The
absorption spectra were acquired from 93 serum sam-
ples. We obtained FT-IR spectrum over the wave-
length range from 8.404 to 10.25 pm with a spectral
resolution of 4 cm~! and with an 8 mm aperture. Each
spectrum was obtained from 128 interferograms. Au-
togain was applied. Typically, it took about ten min-
utes to obtain the absorption spectrum of each serum
sample. We employed the Happ-Genzel apodization
function to convert the interferogram to an absorp-
tion spectrum.

3. Construction of a Statistical Model

For the multivariate analysis [10,11] of absorp-
tion spectra, a partial least squares(PLS) calibra-
tion method was constructed separately for each of
four components. The spectra were analyzed between
8.404 ~ 10.25 pm. The highest absorption peak of glu-
cose, the most important component of our interest,
is located in this range. All the spectral preprocess-
ing and statistical computation were carried out with
Pirouette 2.6 software (Informetrix Inc., Woodinville,
WA). The best results were obtained when the pre-
processing included one-point baseline correction and

mean centering. One-point correction subtracts a con-
stant Y value from each point of the spectrum. Four
out of ninety-three spectra were considered as outliers
and removed in the development of calibration models
due to large spectral residuals. Table 2 lists the num-
ber of samples used in the development of the PLS
calibration model.

III. RESULTS AND DISCUSSION

Fig. 2 presents the mid-IR spectra of human blood
serum between 8.404 ~ 10.25 um for a total of 93 sam-
ples. Previous studies have shown that this spectral
region features the characteristic absorption bands of
saccharides such as sucrose, fructose, and glucose [3].
A typical mid-IR spectrum of the glucose solution is
displayed in Fig. 3 as an example. It shows the afore-
mentioned coupled absorption bands between 8.404 ~
10.25 pm (1190 ~ 976 cm™!) region associated with
elongation of vibrations of C-C and C-O bonds. More
detailed discussion on this matter was reported by
Heise [12]. trictly speaking, the spectra obtained with
the complex biological samples originate from the dif-
ferent absorption bands of many constituents in the
serum such as sugar and protein. Nevertheless, the
spectral variation is strongly dependent upon the glu-
cose concentration.

Absorbance
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87 80 93 96 89 102
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FIG. 2. Absorption spectra of blood serum in the spec-
tral range between 8.404 and 10.25 pum.

TABLE 2. Summary of PLS calibration model for blood serum samples in terms of SECV. Spectral region under
analysis is 8.404~10.25 um. Clinically acceptable ranges are also given from the reference [11].

Component number of samples correlation coefficient SECV clinically acceptable range [11]
total protein 89 0.96 0.22 g/dL 0.7 g/dL at 7g/dL
albumin 88 0.98 0.14 g/dL 0.35g/dL at 3.5g/dL
alobulin 90 0.87 0.19 g/dL 0.44g/dL at 4.4g/dL
(with assumption of 10%)
ghucose 89 0.96 6.68 mg/dL 12.6 mg/dL at 126mg/dL

20 mg/dL at 200mg/dL
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FIG. 3. Glucose spectrum over the spectral region(8.404
~ 10.25 pum). Glucose in water whose concentration is
3.7g/dl in 50 pm cell.

Fig. 4 represents typical glucose absorption spec-
tra for various concentrations dissolved in water, in
which the absorption from the water is compensated.
The enlargement of the characteristic absorption band
clearly appeared in the spectrum with increasing glu-
cose concentration. The magnitudes of the absorption
peaks at 9.7um, 9.25pm, 9.07um, and 8.67um linearly
increases as the glucose concentration is increased, as
shown in Fig. 5.

In order to determine the concentrations of all other
components in the human blood serum simultane-
ously, the spectral region between 8.404 ~ 10.25 ym
was chosen consistently. As described in section II, ta-
ble 1 shows the reference concentrations for four com-
ponents predetermined by chemical and enzymatic
methods. Note that the concentrations of glucose in
the samples lie within the ranges of 88 ~ 177 mg/dL.
It is important to determine the optimal number of
loading vectors to avoid under- and over-fittings for
establishing the calibration model. The F-test was
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FIG. 4. Glucose absorbance for concentrations of 50,
100, 150, 200, 300, 400, 500 and 100 mg/dL. The water
baseline compensation was performed.
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FIG. 5. Linear fitting of the absorption peaks of glucose
solution.

used to determine the optimal number of factors for
the calibration model. The 4 ~ 5 ranks were found
to be sufficient for the establishment of a calibration
model for each analysis. The standard error of cross-
validation (SECV) was taken as the assessment of
the calibration models. The cross-validation was per-
formed by a leave-one-out method. The SECV values
are listed along with correlation coeflicients in Table
2.

Fig. 6 shows the results from the PLS, which pre-
dicts the glucose concentration versus the reference
values. The SECV for the glucose was found to be
6.68 mg/dL. The result is quite comparable or supe-
rior to other results [9]. In this and all other instances,
the correlation coefficient between the reference and
predicted values was greater than 0.87 for all the com-
ponents in our study.
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FIG. 6. The concentrations of glucose in blood serum
predicted by the multivariate calibration model over the
spectral region(8.404 ~ 10.25 pum) were plotted against
the reference values.
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IV. CONCLUSIONS

We have shown that a mid-IR spectroscopic method
can be applied to serum analysis without using
reagents. This technique seems to be a very attrac-
tive candidate for the development of a small ana-
lyzer with simple components [13,14]. Generally, mul-
tivariate statistical analysis in the mid-IR spectral re-
gion produces a more reliable prediction than near-IR,
spectroscopy because mid-IR spectrum consists of rel-
atively well resolved band shapes due to the narrow
band width. Actually, SECV obtained from the near-
IR spectroscopy is ~ 17.7 mg/dl, which is much better
than the values measured by the conventional method.
Therefore, our study successfully demonstrates the po-
tential of mid-IR transmission spectroscopy in deter-
mining the concentrations of several major metabo-
lites simultaneously in the clinically relevant range of
concentration [15]. In addition, our results indicate
that the wavelength range from 8.404 to 10.25 pm can
be used to predict the concentration of total protein,
albumin, globulin and glucose in human blood serum
with errors being in the same or better range than
those commonly stated in the literature. We want
to emphasize that it is possible to obtain correlation
coeflicients greater than 0.87 even from aqueous bi-
ological samples, meaning that the mid-IR transmis-
sion spectroscopy of aqueous biological samples with-
out reagent and without specimen drying is a reliable
method for clinical use.
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