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Abstract. This study is focused on the measurements of the refractive index of hemoglobin solutions in
the visible/near-infrared (NIR) spectral range at room temperature for characteristic laser wavelengths: 480,
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1 Introduction

The refractive index (RI) of biological tissue is a basic material
parameter that characterizes how light interacts with tissue.'
In many optical studies, a rough estimate of RI of the tissue
under study, based on the fact that the main constituent of
tissue is salt water-filled cells or more precisely a mixture of
salt water and proteins, is often used.>® For many tissues and
blood components, the data for RI in a wide spectral range
and concentrations are not yet available.*

The study of optical properties of hemoglobin is important
for the development of diagnostic and laser treatment
techniques, where consideration of blood optical properties is
critical. Various optical methods widely used for tissue charac-
terization, such as visible and near-infrared (NIR) spectroscopy,
optical coherence tomography, and fluorescence spectroscopy,
need exact data for RI of tissue, blood, and their components
to quantify properly experimental data.”™"'

At present, the usage of RI as a diagnostic marker is urgent.>2°
Sometimes, it is a self-sufficient parameter for tissue and blood
characterization. Zhernovaya et al. considered the change of
RI of hemoglobin and albumin at the interaction with glucose
as a possible method for studying the glycation process and
determining glycated proteins, which is important for the
monitoring of diabetes mellitus.” The RI of tissue was used
as a marker for cancer, reflecting changes of optical properties
in the course of pathology development.'®!"1420 Ap additional
motivation for this study is a lot of discrepancies between the
RIs reported in the literature by different research groups.

The RI is a complex value consisting of a real part n,
which represents the ratio of the speed of light in a vacuum to
the speed of light in the material n = ¢/v, and an imaginary
part k, which represents light attenuation>'=>>

*Address all correspondence to: Ekaterina N. Lazareva, E-mail: Lazarevaen@
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i = n + ik. 1

Because of tissue heterogeneity, n is always known as the
effective or average RL>**® According to the classical theory of
light dispersion, the components of the complex RI of molecular
structures can be written as*' ™2

2n¢>N(wf — w?)
(@R — ) 1 PP

n=1+ )

27q*Nyw

k= ,
m(a)% —0*)? +12e?

3

where ¢ is the molecular charge, N is the number of molecules
per unit volume, m is the molecular mass, o is the probing light
frequency, @, is the central frequency of molecular absorption
band, and y is the attenuation coefficient.?' ™’

Over the last decades, various techniques to determine RI of
biological tissues were developed; they include confocal micros-
copy,® optical fiber cladding method,?”” minimum deviation
angle method,?®?° optical coherent tomography with multiple
modifications,®*?%3¢ total internal reflection method,?%3738
measurement of the intensity profile of diffuse light refracted
into the prism around the critical angle,* various modifications
of nonlinear phase microscopy,’®™** and quantitative phase
imaging techniques.'>*>*

Because of the strong hemoglobin absorption, direct mea-
surements of the real part of RI using conventional refractom-
eters (for example, an Abbe refractometer) have proven to
be difficult, and data are available at a few wavelengths only.
In an early study, for example, Barer measured n for solutions
of oxygenated hemoglobin at 589 nm only.** He also discussed
RI dependence on the hemoglobin concentration and presented
the expression
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n = ng,o + aC, “)

where ny,q is the RI of distilled water, C is the concentration of
hemoglobin, and « is the specific refraction increment.**

Faber et al. measured the RI of solutions of oxygenated and
deoxygenated hemoglobin at 800 nm.* Friebel and Meinke
measured directly the RI of solutions of oxygenated hemoglobin
at 633 nm for several concentrations’®

Zhernovaya et al. also used the formula similar to Eq. (4) to
describe the linear dependence of the RI of hemoglobin on
the concentration

n=ny+aC, (6)

where n is the RI of solvent, C is the hemoglobin concentration
in dl/g, and « is the specific refraction increment.**°

Jin et al. measured RI of hemoglobin solution at 633 and
532 nm using a total internal reflection technique.’” Park
et al. measured the dispersion of Hb solutions, prepared from
Hb protein powder, at 440, 546, 560, 580, 600, 655, and
700 nm using spectroscopic phase microscopy.! Deng et al.
showed that, in the 400 to 750 nm range, hemoglobin solution
is characterized by specific forms of dispersion and extinction
spectra.’ Yahya and Saghir measured RIs for multiple temper-
atures and wavelengths using the Abbemat refractometer.*®
They found linear dependences of RI on hemoglobin concentra-
tion and temperature and nonlinear on the wavelength.

Analysis of the dispersion relation in similar studies showed
significant differences for oxyhemoglobin and deoxyhemoglo-
bin, related to the difference in the imaginary part of the RI for
the 500 to 600 nm region.**~ There is lack of data for RI of
hemoglobin solutions for concentrations close to that in the red
blood cells (RBC), especially for the NIR region.

This study is focused on the determination of the RI of hemo-
globin in the visible and NIR ranges at room temperature,
aiming for further quantification dispersion of hemoglobin
solutions. Measurements were carried out using the multiwave-
length Abbe refractometer (Atago, Japan). The hemoglobin
solutions of different concentrations obtained from human
whole blood were investigated. The RI of hemoglobin solutions
was measured for the wavelengths: 480, 486, 546, 589, 644,
656, 680, 930, 1100, 1300, and 1550 nm, which are character-
istic for different lasers widely used in biomedicine. The specific
increment of RI and Sellmeier coefficients for dispersion on
hemoglobin concentration were calculated based on the exper-
imental data.

2 Methods and Materials

Hemoglobin obtained from human whole blood was used to
prepare hemoglobin specimens. Whole blood was drawn
from the human vein. Immediately after collecting blood into
a test tube, heparin was added in it. The sample of blood
from a healthy person was taken at the State Healthcare
Organization “Saratov City Clinical Hospital No. 2 named
after V. I. Razumovsky” with the permission of the volunteer.
To separate blood into fractions, the centrifugation for 10 min
at 2000 rpm and at room temperature was provided. This
resulted in separation of blood plasma, leuko-platelet layer,
and RBC suspension. To conduct hemolysis and preparation
of hemoglobin solutions, RBC suspension was separated and
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Fig. 1 General view of the multiwavelength Abbe refractometer
(Atago, Japan): 1, refractometer; 2,—power supply; 3, light source;
4, the eyepiece imager for measurements in the NIR region; 5, inter-
ference filter; and 6, sample.

placed in a vial for freezing in a freezer at a temperature of
—15°C for 24 h.

Actual concentration of the basic hemoglobin solution was
estimated by the spectral technique and amounted to 260 g/1.
In the experiment, we measured the RI of three specimens
taken from the same sample. The RI measurements for solutions
of different concentrations obtained by diluting the basic solu-
tion of hemoglobin in saline solution were also provided.

At measurements, a sample layer on the working surface of
the prism had a small thickness of about 20 to 30 um. The time
of the full oxygenation (78.4% to 94.2%) of hemoglobin in such
a layer is about 6 to 10 s.>' Therefore, hemoglobin is fully
saturated with oxygen, and the process of oxygenation during
measurements is expected to not affect the result.

Measurements were performed using the multiwavelength
Abbe refractometer (Atago, Japan) (Fig. 1). The RI was
measured for samples of hemoglobin obtained from human
whole blood (65, 87, 173, and 260 g/1) on 11 wavelengths
from 480 to 1550 nm. The temperature was 23°C.

Multiwavelength refractometer Abbe allows one to measure
the RI in the wavelength range of 450 to 1550 nm with an accu-
racy of £0.0002. The working principle of the refractometer
technique is based on determining the critical angle of the
total reflection, where the incident light waves are completely
reflected with a 90-deg angle to the normal position. The inci-
dent light waves with angles greater than the critical angle will
only experience reflection at the interface surface and no refrac-
tion will be observed. The total internal reflection method is
applicable to measurement of the RI of biological media,
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Fig. 2 The optical density spectrum of a solution of hemoglobin
260 g/I. By the vertical lines visible working wavelengths of Atago
refractometer are shown.

which are characterized by high light scattering and absorption.
The wavelength of the light source is determined by the selec-
tion of the particular interferential filter. Available interferential
filters allowed for measurements on the wavelengths 480 + 2,
486 £2,546 £2,589 + 2,644 + 2, and 656 &+ 2 nm, 680 £ 5,
930 £6, 110026, 1300+25, and 1550 £25 nm. The
calibration of the device by measuring RI of distilled water
at a wavelength of 589 nm (the absorption band of sodium)
was used at the beginning of each experiment. The average
measurement error of the RI was +0.0003.

To approximate the dispersion dependence of the RI of the
hemoglobin solution, the Sellmeier formula was used

Al x A2 +A2*/12
2—Bl MP2-B2

n2(l) =1+ )

where Al, A2, B1, and B2 are empirical constants. Sellmeier’s
formula gives a good agreement for describing the dispersion
dependence of the RI of multicomponent systems near

absorption bands of a medium under study.’> Mathematical
calculations were performed in the software package Origin
ProLab.

3 Measurement Results

The optical density spectra of a solution of hemoglobin obtained
from the whole blood by hemolysis are shown in Fig. 2. The
graph shows that the wavelengths available for RI measure-
ments, i.e., 480, 486, 546, 589, 644, and 656 nm, belong to
different or the same absorption bands of hemoglobin with
quite different absorption abilities. Therefore, we can expect
different inclusion of anomalous dispersion in RI wavelength
dependence at these wavelengths. Wavelength 546 nm is the
closest to the isobestic point 544 nm, where the absorption of
hemoglobin does not depend on the degree of oxygenation.>

Table 1 presents data for Atago refractometer measurements
of RI for four different concentrations of hemoglobin, i.e., 65,
87, 173, and 260 g/1 at room temperature, 23°C.

It is well known that the RI of proteins is nonlinearly depen-
dent on the wavelength.**-%* Figure 3 shows the dispersion
curves for hemoglobin solutions in the visible/NIR spectral
range. The symbols are experimental data from Table 1, and
the lines correspond to the fit of these data to the Sellmeier
formula, Eq. (7). Table 2 presents data for the decomposition of
the Sellmeier formula.

As it follows from Table 2, for all wavelengths and hemo-
globin concentrations, measured Rls are well fit to the Sellmeier
formula with correlation coefficient, R?, equal or better than
0.993. Specifically, there is a linear relationship between the
RI and hemoglobin concentration. The RI of the hemoglobin
samples is also temperature-dependent, although the tempera-
ture effect on the RI is small when compared with the hemoglo-
bin concentration effect. Figure 4 shows the dependence of the
RI of human hemoglobin solution on hemoglobin concentration
for the room temperature of 23°C. These data can be used to
predict the hemoglobin concentration of the blood sample based
on the knowledge of the RI and using the refraction increment
provided. This dependence can be described by Eqgs. (4) and (5).

Table 1 RI measured for four different concentrations of hemoglobin at room temperature 23°C. SD is shown in brackets.

87 g/ 173 g/l 260 g/I

4 (nm) 049/ 65 g/

480 1.3371 (0.0003) 1.3476 (0.0003)
486 1.3371 (0.0002) 1.3478 (0.0002)
546 1.3342 (0.0002) 1.3448 (0.0002)
589 1.3329 (0.0002) 1.3438 (0.0002)
644 1.3313 (0.0002) 1.3419 (0.0002)
656 1.3308 (0.0002) 1.3414 (0.0002)
680 1.3301 (0.0002) 1.3403 (0.0003)
930 1.3259 (0.0002) 1.3360 (0.0002)
1100 1.3222 (0.0002) 1.3329 (0.0002)
1300 1.3174 (0.0002) 1.3280 (0.0005)
1550 1.3140 (0.0002) 1.3244 (0.0004)

1.3571 (0.0003)
1.3563 (0.0002)
1.3533 (0.0002)
1.3519 (0.0003)
1.3497 (0.0002)
1.3493 (0.0002)
1.3482 (0.0003)
1.3440 (0.0002)
1.3411 (0.0002)
1.3364 (0.0002)

1.3314 (0.0003)

1.3728 (0.0003)
1.3721 (0.0002)
1.3681 (0.0007)
1.3667 (0.0004)
1.3640 (0.0003)
1.3647 (0.0003)
1.3633 (0.0003)
1.3572 (0.0003)
1.3542 (0.0002)
1.3503 (0.0002)

1.3458 (0.0002)

1.3879 (0.0002)
1.3871 (0.0004)
1.3836 (0.0002)
1.3821 (0.0004)
1.3801 (0.0003)
1.3792 (0.0009)
1.3771 (0.0002)
1.3735 (0.0007)
1.3690 (0.0006)
1.3642 (0.0004)

1.3598 (0.0004)
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Fig. 3 The dispersion curves for hemoglobin solutions: the symbols
are experimental data from Table 1 and the lines correspond to the
fit of these data to the Sellmeier formula, Eq. (7).

Table 2 Coefficients of Sellmeier formula for hemoglobin solutions of
different concentrations.

Hb (g/) AT A B1 (1/nm2) B2, 107 (1/nm?) R?

65 0.79099 685.08237 8366.45239 4024.35 0.995

87 0.80835 450.24119 9983.69749 2842.83 0.999
173 0.84507 402.89873 11065.32117 2540.72 0.998

260 0.88871 190.95319 10187.17167 1039.98 0.993

Table 3 presents data for the RI of distilled water and the
specific increment of RI for hemoglobin solutions obtained
by hemolysis. Approximation of the dependence of the specific
increment of the RI on the wavelength was performed using the
software package OriginProLab. The best fit was achieved using

Cx
y Zm’ (8

where C = 0.17263 £ 0.00157 and D = —57.8324 + 5.56032.
The correlation coefficient was RZ = 0.90.

1.39 -
1.38 -
137
1.36 -

135

Refractive index

134

[ 4

¢ .
133 &

1

0

50 100 150 200 250 300
Hb concentration (g/l)
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Refractive index

Table 3 The distilled water Rl n,o and the specific incrementdn/dC
of Rl for hemoglobin solutions obtained by hemolysis, for the room
temperature 23°C. SD is shown in brackets.

A (nm) Nh,0 a (ml/g) # (ml/g)

480 1.3371 (0.0003) 0.199 (0.006) 0.149 (0.005)
486 1.3371 (0.0002) 0.196 (0.005) 0.147 (0.004)
546 1.3342 (0.0001) 0.193 (0.005) 0.144 (0.004)
589 1.3329 (0.0002) 0.192 (0.005) 0.144 (0.003)
644 1.3313 (0.0002) 0.189 (0.004) 0.142 (0.003)
656 1.3308 (0.0002) 0.190 (0.005) 0.143 (0.003)
680 1.3301 (0.0001) 0.185 (0.005) 0.139 (0.004)
930 1.3259 (0.0002) 0.183 (0.004) 0.138 (0.003)
1100 1.3222 (0.0002) 0.183 (0.005) 0.139 (0.004)
1300 1.3174 (0.0002) 0.185 (0.006) 0.140 (0.004)
1550 1.3140 (0.0002) 0.179 (0.004) 0.136 (0.003)

4 Discussion

The results of the measurements revealed that there is a linear
relationship between the RI and hemoglobin concentration.
Table 4 summarizes data on hemoglobin RI available in the
literature. The comparison of received data with the literature
is presented.

There is lack of data on the RI measurement of hemoglobin
solutions for concentrations close to that in the RBC; specifi-
cally, data for the NIR region are practically absent. The RI of
hemoglobin solution of 260 g/1, obtained from whole blood
at room temperature (23°C) for the wavelength of 480 nm,
was found to be equal to 1.3879 4+ 0.0002, for 589 nm to
1.3821 +0.0004, for 1100 nm to 1.3690 % 0.0006, and for
1550 nm to 1.3598 £ 0.0002. The concentration increment of
RI of hemoglobin was found as 0.199 + 0.006 ml/g for the
wavelength 480 nm, 0.192 4+ 0.005 ml/g for the wavelength

1.38 -
137
1.36 -
135
1.34
133

132

1‘31 1 1 1 1 1 ]
50 100 150 200 250 300
Hb concentration (g/l)

(b)

Fig. 4 The dependence of the Rl on the concentration of hemoglobin in solution for: (a) visible and
(b) NIR ranges (black symbols, experimental data; red lines, approximation of these data).
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Table 4 The experimental data for the real part of the RI of the hemo-

globin solutions.

Table 4 (Continued).

A(nm) g/l N Notes Ref.
A (nm | N Notes Ref.
(m) o/ 450 320 1.3888 Bovine hemoglobin 22
250 46 1.398 Human hemoglobin from 55, 56 (lyophilized powder);
104 1.406 fresh RBC suspensions 0.5% HbO,; T = 20°C;
of donors; VIS-NIR- fiber spectrometer
165 1.435 spectrometer 450 320 1.3933 Bovine hemoglobin
287 1.470 (lyophilized powder);
Hb; T = 20°C;
300 46 1.373 fiber spectrometer
104 1.389 480 65 1.3476 (0.0003) Human hemoglobin from a
whole blood; HbO,;
165 1.405 87 1.3571(0.0003) 1 "53¢ Multiwavelength
287 1.441 173 1.3728 (0.0003) Abbe refractometer
400 46 1.354 260 1.3879 (0.0002)
104 1.367 486 65 1.3478 (0.0002) Human hemoglobin from a
whole blood; HbO,;
165 1.383 87 1.3563 (0.0002) T = 23°C; Multiwavelength
287 1.409 173 1.3721 (0.0002) Abbe refractometer
400 20 1.35223 Bovine hemoglobin (dry); 47 260 1.3871 (0.0004)
40 1.35495 t Hb; 2"' 74 ff:,°m 486.1 140 1.361 Human hemoglobin 4, 46
emperature; continuous lyophilized powder): Hb:
60 1.35806 RI dispersion (CRID) ()} P 20°C: EH . 4.)T,R
80 1.36078 486.1 140 1.361 Human hemoglobin
lyophilized powder); HbO,;
120 1.36369 (lyop P » HoO,;
T =20°C; pH 7.4; TIR
140 1.36600 .
500 287 1.413 Human hemoglobin from 55, 56
280 1.37010 165 1383 fresh RBC §uspen3|ons of
320 1.38621 donors, VIS-NIR-
104 1.363 spectrometer
400 20 1.35107 Bovine hemoglobin (dry); 4 1.34
40 1.35417 HbO,; pH 7.4; room 6 348
temperature; CRID . i i -
60 1.35767 p 500 20 1.34583 Bovme' hemogllobln (dry); 47
40 1.34913 Hb; pH 7.4; room
80 1.36039 ’ temperature; CRID
1.3522
120 1.36369 60 35223
140 1.36602 8 1.35592
280 1.36951 120 1.35922
320 1.38660 140 1.36175
400 320 1.3822 Bovine hemoglobin 26 280 1.36544
(lyophilized powder); 320 1.38408
0.5% HbO,; T =20°C; 500 20 1.34505 Bovine hemoglobin (dry);
fiber spectrometer HbO,; pH 7.4; room
. . 25 L]
400 320 1.3775 Bovine hemoglobin 40 1.34854 temperature; CRID
(lyophilized powder); 60 135262
Hb; T = 20°C; ’
fber spectrometer 80 1.35573
401 140 1.365 Hurp.an hemoglobin 4, 46 120 135845
435.8 1367 (lyophilized powder); Hb;
’ ' T =20°C; pH 7.4; TIR 140 1.36214
(total internal reflection)
401 140 1.369 Human hemoglobin 280 1.36544
(lyophilized powder); HbO,; 320 1.38505
e e T = 20°C; pH 7.4;TIR 513.9 150 1.36053 Human hemoglobin (dry); 48
436 150 1.36481 Human hemoglobin (dry); 48 - - uman hemoglobin (dry);
o . T =20°C; pH 7.4;
T = 20°C; pH 7.4, Abbemat refractometer
Abbemat refractometer 532 17 1.3400 H ema he acc|> b? e 37
438 140 1.374 Bovine hemoglobin (dry); 47 : : . “Tﬁa;‘ emoglo g‘_
Hb; HbO,; room 25 1.3431 (fresh human blood);
temperature; pH 7.4 4 1.3485 - ’
440 50 1.3562 Human hemoglobin 41 ’
150 1.3780 (lyophilized powder); 1.3604
300 1.4187 spectroscopic phase 12.97 1.3871
' microscopy ’ :
Journal of Biomedical Optics 035004-5 March 2018 « Vol. 23(3)
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Table 4 (Continued). Table 4 (Continued).

A (nm) g/l N Notes Ref. A(nm) g/l N Notes Ref.
546 65 1.3448 (0.0002) Human hemoglobin from a 600 20 1.34233 Bovine hemoglobin (dry); 47
87 1.3533 (0.0002) _ Whole blood; HbO,; 40 1.34485 Hb: pH 7.4; room

T = 23°C; Multiwavelength temperature; CRID
173 1.3681 (0.0007) Abbe refractometer 60 1.34874
260 1.3836 (0.0002) 80 1.34835
546 50 1.3472 Human hemoglobin 41 120 1.3520
150 1.3700 (lyophilized powder); 140 1.35495
spectroscopic phase 280 1.36155
300 1.4051 microscopy '
) 320 1.38233
546.1 140 1.357 Human hemoglobin 4, 46 ) ]
(Iyophilized powder); Hb; 600 20 1.34136 Bovine hemoglobin (dry);
T =20°C; pH 7.4; TIR 40 1.34447 HbO,; pH 7.4; room
546.1 140 1.357 Human hemoglobin 60 1.34874 temperature; CRID

(lyophilized powder); HbO,;

T =20°C; pH 7.4; TIR 80 1.35068
550 320 1.3724 Bovine hemoglobin 26 120 1.35456
(lyophilized powder); 0.5% 140 1.35767
HbOz; T = 2000; fiber 280 1.36155
spectrometer
550 320 1.3738 Bovine hemoglobin 320 1.38058
(lyophilized powder); Hb; 600 320 1.3684 Bovine hemoglobin 26
T = 20°C; fiber (lyophilized powder);
spectrometer 0.5% HbO,; T = 20°C;
560 50 1.3466 Human hemoglobin 41 fiber spectrometer
150 1.3687 (Iyophilized powder); 600 320 1.3702 Bovm_e_ hemoglobln.
spectroscopic phase (lyophilized powder);
300 1.4033 microscopy Hb; T =20°C; fiber
) spectrometer
%80 %0 1.3451 uman hzmoglgb'”_ “ 632 17 1.3626 Human hemoglobin 37
150 1.3668 (lyophilized powder): 25 1.3360 (fresh human blood);
spectroscopic phase ’ : T _ 25°C: TIR ’
300 1.4025 microscopy 4 1.3425 = ’
587.6 140 1.356 Human hemoglobin 4, 46 7 1.3538
(lyophilized powder); Hb;
T — 20°C; pH 7.4; TIR 1297 1.3800
587.6 140 1.857 Human hemoglobin 632.8 140 1.354 Human hemoglobin 4, 46
(lyophilized powder); HbO,; 656.3 1.354 (lyophilized powder); Hb;
T =20°C; pH 7.4; TIR T =20°C; pH 7.4; TIR
. 632.8 140 1.355 Human hemoglobin
589 65 1.3438 (00002) Human hemoglobln from a 656.3 1.354 (Iyophlllzed pOWder) HbO2
87 13519 (0.0003) _ V"zhso'g b'ooltt"j Hbolz; " T = 20°C; pH 7.4; TIR
= 23°C; multiwaveleng 633.2 150 1.35601 Human hemoglobin (dry); 48
173 1.3667 (0.0004) Abbe refractometer 657.0 1.35587 T_ 2ooC.ng 7_‘(1. )
260 1.3821 (0.0004) Abbemat refractometer
, 633 104 1.3600 Human hemoglobin (dry); 56
589 46 1.343 Human hemoglobin from 55, 56 165 1.3750 T = 20°C; pH 7.4;
104 1.357 fresh RBC suspensions of Abbemat refractometer
donors; VIS-NIR- 644 65 1.3419 (0.0002) Human hemoglobin from @
165 1.375 spectrometer 87 1.3497 (0.0002)  whole blood; HbO,;
287 1.406 173 1.3640 (0.0003) T = 23°C; multiwavelength
Abbe refractometer
589.2 150 1.35724 Human hemoglobin (dry); 48 260 1.3801 (0.0003)

T =20°C; pH 7.4;
Abbemat refractometer
589.3 140 1.356 Human hemoglobin 4, 46
(lyophilized powder); Hb;
T =20°C; pH 7.4;TIR
589.3 140 1.357 Human hemoglobin
(lyophilized powder); HbO,;
T =20°C; pH 7.4;TIR

650 320 1.3652 Bovine hemoglobin 26
(lyophilized powder);
0.5% HbO,; T =20°C;
fiber spectrometer
650 320 1.3668 Bovine hemoglobin
(lyophilized powder);
Hb; T = 20°C; fiber

spectrometer
600 50 1.3443 Human hemoglobin - 41 655 50 1.3408 Human hemoglobin 41
150 1.3666 (lyophilized Powser)’ 150 1.3642 (lyophilized powder);
spectroscopic phase [
300 1.4014 microscopy 300 1.3969 Spec:](i):rc;czzlgpp;hase

Journal of Biomedical Optics 035004-6 March 2018 « Vol. 23(3)



Lazareva and Tuchin: Measurement of refractive index of hemoglobin. ..

Table 4 (Continued).

Table 4 (Continued).

A (nm) g/l N Notes Ref. A(nm) g/l N Notes Ref.
656 65 1.3414 (0.0002) Human hemoglobin from a 800 46 1.338 Human hemoglobin from 55, 56
87  1.3493 (0.0002) whole bIooq; HbO,; 104 1.353 fresh RBC suspensions of
T = 23°C; multiwavelength donors; VIS-NIR-
173 1.3647 (0.0003) Abbe refractometer 165 1.370 spectrometer
260 1.3792 (0.0009) 287 1.400
680 65 1.3403 (0.0003) Human hemoglobin from a 900 46 1.338 Human hemoglobin from 55, 56
87 1.3482 (0.0003) whole bIood_; HbO,; 104 1.352 fresh RBC suspensions of
T = 23°C; multiwavelength donors; VIS-NIR-
173 1.3633 (0.0003) Abbe refractometer 165 1.369 spectrometer
260 1.3771 (0.0002) 287 1.401
700 50 1.3405 Human hemoglobin 41 930 65 1.3360 (0.0002) Human hemoglobin from a
spectroscopic phase T = 23°C; Multiwavelength
300 1.3971 microscopy 173 1.3572 (0.0003) Abbe refractometer
700 20 1.33961 Bovine hemoglobin (dry); 47 260 1.3735 (0.0007)
40 1.34252 te”g;)ggtz'r‘:_ oo 1000 46 1.338 Human hemoglobin from 55, 56
60 1.34602 ’ 104 1.353 fresh RBC suspensions of
80 1.34874 165 1.370 d°§;’g§;r;’r',;°‘et'i'ﬁ
120 1.35184 287 1.401
140 1.35456 1100 46 1.337 Human hemoglobin from 55, 56
280 1.35806 104 1.352 freshdRBC §l</slge’r\1‘?li§ns of
320 1.37709 165 1.369 o;:;{rometer
700 20 1.33883 Bovine hemoglobin (dry); 287 1.400
40 1.34175 HbO,; pH 7.4; room 1100 65 1.3329 (0.0002) Human hemoglobin from 2
80 1.34835 173 1.3542 (0.0002) Abbe refractometer °
120 1.35107 260 1.3690 (0.0006)
140 1.35476 1300 65 1.3280 (0.0005) Human hemoglobin from a
20 135748 5713064 00002) 1 D e evelongh
320 1.3767 173 1.3503 (0.0002) Abbe refractometer ’
700 320 1.3612 Bovine hemoglobin 26 260 1.3642 (0.0004)
O(g,zp:géid .‘I).Ollgg?;c_ 1550 65 1.3244 (0.0004) Hyman hemoglobin from a
) ’ ’ 87 1.3314 (0.0003) whole blood; HbO,;
fiber spectrometer T — 23°C; ultiwavelength
700 320 1.3637 Bovine hemoglobin 173 13458 (0.0002) © /o T o ctometer
lyophilized powder);
(I-)|/b;pT o e 260 1.3598 (0.0004)
spectrometer @Data from this study.
700 46 1.341 Human hemoglobin from 55, 56
104 1.356 fresh RBC suspensions of
donors; VIS-NIR- 589 nm, 0.183 4+ 0.005 ml/g for the wavelength 930 nm, and
165 1.374 spectrometer 0.179 + 0.004 ml/g for the wavelength 1550 nm.
287 1.404 Freibel et al. also measured the RI of a hemoglobin solution
706.5 140 1.352 Human hemoglobin 4, 46 of 287 g/1 obtained from whole blood. According to their mea-
(lyophilized powder); Hb; surements using the spectral method and the Fresnel formula,
T =20°C; pH 7.4, TIR the RI was 1.409 for the wavelength 400 nm, 1.406 for the
706.5 140 1.352 Human hemoglo_bi” _ wavelength 589 nm, 1.404 for the wavelength 700 nm, and
(Iyg_pElIlzzoi%;-)ov:'d;r‘){- |:||'tI)F? 2 1.400 for the wavelength 1100 nm.> The same scientific
- pr A% _ group received at the wavelength 633 nm the RI = 1.3750 for
750 320 1.3589 (Sg;'ﬁiﬁzzzn;)%%m;- 26 concentration 165 g/1 and the RI = 1.3600 for concentration
0.5% HbOy:; T — zooc’;; 104 g/1. Jin et al.,’” Park et al.,*! Zhernovaya et al. ¢ Yahya
fiber spectrometer et al.,*® and Deng et al.*’ used a solution obtained from dry
hemoglobin for the study of refraction. Zhernovaya et al. mea-
750 320 1.3599 Bovine hemoglobin sured the RI of oxygenated and deoxygenated hemoglobin of
(lyophilized powder); 140 g/1 by refractometer Abbe for nine wavelengths at a tem-
Hb; T = 20°C; Fiber perature of 20°C. For example, the values of RI were 1.361 for
Spectrometer the wavelength 486 nm, 1.357 for the wavelength 589 nm, and
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Fig. 5 The dependence of the specific Rl increment a of hemoglobin
solution on the wavelength (black symbols, estimated data, red lines,
approximation of data).

1.352 for the wavelength 706.5 nm.*® Yahya et al. measured RI
of oxygenated human hemoglobin 150 g/1 as 1.36481 for the
wavelength 436 nm, 1.35724 for the wavelength 589 nm,
and 1.35587 for the wavelength 657.2 nm.*® Deng et al. mea-
sured RI of 50% oxyhemoglobin 320 g/1 by fiber spectrometer
at a temperature of 20°C. RIs were 1.3775 for the wavelength
500 nm, 1.3684 for the wavelength 600 nm, and 1.3612 for the
wavelength 700 nm.*” Jin et al. determined RI of hemoglobin for
concentration of 12.97 mmol/1 as 1.3871 for the wavelength
532 nm and 1.3800 for the wavelength 632 nm.”’ Park et al.
measured the dispersion of Hb solutions, prepared from Hb pro-
tein powder, at three different concentrations: 0.05, 0.15, and
0.30 g/ml. For example, the RI for 0.15 g/ml was 1.3687 at
wavelength 560 nm.

Zhernovaya et al.,* Freibel et al.,>>° Yahya et al.,*® and Park
etal.*! also calculated the specific increment of RI (20°C), which
was equal to 0.147, 0.2015, and 0.151 ml/g for the wavelength
589 nm and 0.183 + 0.003 ml/g for the wavelength range of
440 to 700 nm, respectively. In this study, the RI-specific incre-
ment of hemoglobin was found as 0.192 £+ 0.005 ml/g for
the wavelength 589 nm and temperature at 23°C.

The discrepancy between literature and our data may be
caused by the differences in the sample preparation protocols
since the human hemoglobin may differ in content of various
forms of hemoglobin of donor’s blood. The specificities of
experimental setups also may play a role.

In Fig. 5, it is seen that the RI-specific increment of a solution
of human hemoglobin decreases with the wavelength. This
could be explained by the dispersion theory of multicomponent
materials and caused by strong absorption bands of hemoglobin
and water in UV, hemoglobin in the visible, and water in the
NIR. The dependence of the specific RI increment o of hemo-
globin solution on the wavelength is in a good agreement with
the literature data given by Friebel et al. for whole blood using
an integrating sphere spectrometer technique and by Jung et al.
for an Hb solution in intact individual RBC cytoplasm.*>

As the experimental data for the real part of RI of hemoglo-
bin solutions differ for measurements done by alternative tech-
niques (see Table 4), it is important for researchers to use a
specific tool, such as the Kramers—Kronig relations, to analyze
experimental results for discrete wavelengths and to derive the
Rl real part theoretically from the measurements of its imaginary
part. 24495953 Tn addition to providing quantification of the real

Journal of Biomedical Optics

035004-8

part of the RI of hemoglobin at selected wavelengths, where
no direct measurements are available, they are independent of
hemoglobin concentration and thus can augment the model
functions for the RI found by alternative methods.* Such analy-
sis was done early in Ref. 4 for the measurements of the real part
of the RI of hemoglobin solutions at eight discrete wavelengths
from 400 to 700 nm, and we received encouraging results.
In this work, measurements were done in a wider wavelength
range from 480 to 1550 nm at 11 discrete wavelengths, which
will allow us to make a more precise Kramers—Kronig analysis,
results of which we are planning to publish in the near future.

5 Conclusion

The RI of hemoglobin solutions has been measured for visible
and NIR ranges using a commercially available multiwave-
length Atago refractometer. Data were approximated by the
Sellmeier formula with a high accuracy in a whole wavelength
range. The absolute value of the initial index of refraction n, and
the specific refraction increment dn/dC on hemoglobin concen-
tration C for room temperature at 23°C were derived from
these measurements for each wavelength from 480 to 1550 nm.
The data obtained are in good agreement with available data in
the literature and supplementary to already measured values as
done for new wavelengths, which allowed for evaluation of the
specific refraction increment dn/dC in a wide spectral range.
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