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Abstract. The refractive index of blood is a key biophysical parameter, which can reflect the physiological state.
We measured the refractive index of whole blood and other components, such as serum, plasma, and hemo-
globin, based on internal reflection by using a homemade apparatus in the spectral range of 400 to 750 nm. In
addition to the hemoglobin solution, which has a Soret band about 420 nm and two Q-bands between 500 and
600 nm, the measurements of other samples are the normal dispersion curve. The results are approximated by
the Cauchy equation and Sellmeier equation, and the correlation coefficients are more than 0.997. © The Authors.
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1 Introduction
It is known that the study of optical properties of biological
tissue contains much information that plays an important role
in medical diagnostics and therapy.1–7 The optical properties of
blood are required for a number of methods, such as optical
coherent tomography,8 transmission electron microscopy,9 and
derivative total internal reflection method,10 to calculate the dis-
tribution in the sample. As an important optical parameter, the
refractive index of blood sample, which reflects the physiologi-
cal state and functions regularity, appears crucial in many fields.
Blood analysis, which depends on the measurement of refractive
index, is widely used as a diagnostic basis for clinical applica-
tion. Blood plasma and serum are the most substantial biochemi-
cal samples in clinical examination, and the substantial
difference between them is whether it contains fibrinogen or
not.11 For example, Li et al.12 determined the refractive index
of different types of human blood sample based on the total
internal reflection, and the measurements have an important
reference value in pathology and medical laboratory sciences.
Mazarevica et al.13 reported a qualitative relationship that the
values of the refractive indices of red blood cells (RBCs) sig-
nificantly decrease for the diabetic patients compared with
healthy donors at the same pH level, and Maximov et al.14 con-
firmed this a few years later. Park et al.15 determined that the
refractive index of RBCs declined due to the volume of cyto-
plasm reduced during infection and used it as an important indi-
cator to diagnose malaria. The refractive index of RBCs can also
be seen as a parameter for diagnosis of anemia.16

Normal human whole blood consists of about 55% plasma
(90%water and 10% proteins) and 45% cells (99% erythrocytes,
1% leukocytes, and thrombocytes).17 Light adsorbing and

scattering properties of blood depend on the refractive index
of erythrocytes, which is mainly determined by the concentra-
tion of hemoglobin in erythrocytes. According to past research,
the measurements of optical properties of blood components
focus on absorption, scattering, anisotropy factor, and refractive
index at certain wavelengths. The complex refractive index
of blood is defined as n ¼ nr þ ik; here, the real refractive
index nr describes energy storage and the imaginary refractive
index k describes energy dissipation and specifies the extinction
coefficient.18 There are many investigations on the absorption
behavior of hemoglobin, and both the real and imaginary
parts of refractive index can be calculated. Ghosh et al.19

gave an equation for calculating the real part of the refractive
index of hemoglobin solutions depending on the concentration:

EQ-TARGET;temp:intralink-;e001;326;284n − nwater ¼ β � CHGB; (1)

where β is the specific refraction increment in dL/g and CHGB is
the hemoglobin concentration in g/dL. Many studies used
phantoms instead of whole blood, and the range of measured
wavelengths is limited to a few specific wavelengths. As a con-
sequence, the optical information of the blood sample is missing
partly.

In this paper, we present the real part of refractive index of
blood components, such as plasma and serum, which were
investigated for their effect on the optical properties of whole
blood. The continuous complex refractive index dispersion
(CRID) of whole blood and blood component solutions was
measured in the spectral region of 400 to 750 nm, and spectral
resolution is about 0.263 nm. In addition, comparisons were
made between our results and the ones reported in the literature.
The results of blood plasma and serum present the normal
dispersion property, and hemoglobin solution presents a Soret
band of about 420 nm and two Q-bands between 500 and*Address all correspondence to Qing Ye, E-mail: yeqing@nankai.edu.cn
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600 nm. The Cauchy equation and Sellmeier equation are used
to approximate our results, respectively, and the correlation
coefficients are more than 0.997.

2 Material and Methods

2.1 Blood Preparation

Fresh blood sample was obtained from a male adult rabbit
by femoral artery puncture and placed in anticoagulation and
nonanticoagulation tubes, which used heparin sodium as the
anticoagulant. Blood serum was prepared by nonanticoagulation
whole blood which was centrifuged at a speed of 3000 rpm for
10 min. Blood plasma and erythrocytes were obtained by
centrifuging anticoagulation whole blood at a speed of 2500 rpm
for 10 min. The erythrocytes were washed with saline solution
until supernatant was transparent after low speed centrifuga-
tion.7 Then, erythrocyte samples were frozen (−20°C) and
thawed four times, which caused hemolysis to release
hemoglobin.20 After filtering out the cell membranes, hemoglo-
bin concentration was placed in the dialysis dag surrounding
phosphate-buffered saline solution (pH 7.4) for 12 h in order
to remove small molecular weight impurity. All samples are

maintained at pH 7.4. All experiments on animals followed
the ethical principles and standards.

2.2 Experimental Setup and Methods

In the illustrated apparatus as shown in Fig. 1, which is similar to
Ref. 21, four arms labeled L1, L2, L3, and L4 are connected by
high precision bearings with intersection points J1, J2, J3, and
J4. A slider fixed on J1 can move along the lead screw, driven by
a stepper motor. J2 coincides with the center of the semicylin-
drical prism (ZF4). The sample cell is placed on the prism sur-
face and its center is in accord with J2. L1 and L2 used as towed
arms. The light beam travels along L3, which passes through
a fiber, a beam expander, and an aperture (d ¼ 1.5 mm), and
an aperture, and the light beam is received by the spectrometer
(HR4000, Ocean Optics) on the reflector arm L4. The incident
angle θ depending on the symmetry of the device can be mea-
sured as

EQ-TARGET;temp:intralink-;e002;326;557θ ¼ arccos

�
b2 þ s2 − a2

2bs

�
; (2)

where a, b, and s are the lengths of J1J3, J2J3, and J1J2, respec-
tively. Therefore, incident angle θ varies with s which is defined
as s ¼ sw þ sr. According to Ref. 22, water is considered as a
standard sample for system calibration, and the length of sw can
be obtained when incident angle θ comes to the critical angle of
water. The sr is the length of the relative movement of the slider.
The reflection spectra of sample and air are measured in the
same angle range, respectively. Thus, the reflection intensity
R can be obtained from R ¼ Rsample=Rair in a continuous wave-
length range. Based on the Fresnel equation, the reflectance of
the sample could be calculated; hence, the refractive index is
obtained. The correlation coefficient of the fitting program is
defined as

EQ-TARGET;temp:intralink-;e003;326;368E2 ¼ 1 −
XN
i¼1

ðRm;i − RiÞ2
�XN

i¼1

ðRm;i − R̄Þ2: (3)

Here, Rm;i and Ri are the values of measured and calculated
reflectance, respectively, and R̄ is the mean value of measuredFig. 1 The schematic of the experimental apparatus.

Fig. 2 The measured continuous CRIDs and fitting curves of (a) blood serum and (b) blood plasma.
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reflectance over whole incident angle. The value of E2 is
between 0 and 1, and the value closer to 1 which represents
a reliable fitting to be obtained.

3 Results and Discussion

3.1 Blood Serum and Plasma

The dispersion of blood serum and plasma in visible wavelength
range is shown in Fig. 2. The refractive index of serum and
plasma decreases while the wavelength increases. It is shown
that there is only a marginal difference between serum and
plasma. The composition of plasma in human and rabbit is
basically unanimous, then compared with Meinke’s results,17

our results are close to their measured data. There are several
fitting equations about refractive index of biotissue given by
some research. As Ding et al.23 have done, we selected the
Cauchy equation:

EQ-TARGET;temp:intralink-;e004;63;562nr ¼ Aþ B
λ2

þ C
λ4

: (4)

The coefficients A; B, and C calculated by nonlinear fitting
program are shown in Table 1. The cooperation between the
approximated curve of the Cauchy equation and our measure-
ment is shown in Figs. 2(a) and 2(b). In the range of measured
wavelengths, the fitting coefficients E2 values better than 0.997.

3.2 Whole Blood

The CRID curve of whole blood is shown in Fig. 3(a). The curve
of refractive index of whole blood is decreasing monotonically.
The descent of RI is more rapid than other samples we

measured, which is consistent with the results in the literature.24

Because of the individual difference, the RI values of whole
blood are reported from 1.36 to 1.44,4,25,26 and most of them
were measured at single wavelength. As Lazareva et al. has
done,24 we selected the Sellmeier equation [Eq. (5)] and the
blood refractive index model based on the measured results
of refractive index of albumin and hemoglobin to calculate
the refractive index of whole blood. The coefficients of the
Sellmeier equation are listed in Table 2. The experiment and
fitted reflectance curve of whole blood at different wavelengths
in which the interval between two adjacent wavelengths is about
100 nm is shown in Fig. 3(b), the critical angles decrease with
increasing wavelengths and their fitting coefficients E2 are more
than 0.985

EQ-TARGET;temp:intralink-;e005;326;598n2ðλÞ ¼ 1þ A1 � λ2
λ2 − B1

þ A2 � λ2
λ2 − B2

: (5)

3.3 Hemoglobin

In Fig. 4(a), it is shown that the anomalous dispersion occurs at
420 nm. According to Eq. (1), the concentration of hemoglobin
solution was about 88 g/L. Compared to previous research
results,27 our result is greater than the 90 g/L solution of Hb
and HbO2. In contrast to our samples, the configured solutions
used in Ref. 27 do not contain other impurity constituents.
Unlike the fresh blood, our sample obtained by femoral artery
puncture, contained oxyhemoglobin and deoxyhemoglobin.
Therefore, the peak position of hemoglobin solution is about
420 nm, which is between the peak of Hb and HbO2 curves28

in Fig. 4 (b), and it has a shift of the Soret band apparent relative
to Ref. 27. Meanwhile, our results present two Q-bands of
hemoglobin in the range of 500 to 600 nm.

Table 1 The coefficients of Cauchy equation of serum and plasma.

Sample A B C

Serum 1.3350 4.6513 × 103 −1.3069 × 108

Plasma 1.3353 4.4048 × 103 −9.1925 × 107

Fig. 3 (a) The measured continuous CRID of whole blood, compared with the Sellmeier equation and the
blood refractive index model; (b) the experiment and fitted reflectance curves of whole blood.

Table 2 The coefficients of Sellmeier equations of whole blood.

A1 A2 B1 B2

0.7960 5.1819 1.0772 × 104 −7.8301 × 105
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4 Conclusion
For this work, the continuous CRID of whole blood and each
component is determined in the spectral range of 400 to 750 nm,
which is more accurate than the results of equation fitting.
As far as we know, this is the first time that continuous CRID
of whole blood and each component has been measured. The
results can be useful for blood analysis, clinical examination,
and study of hematology.
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