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Abstract—This paper presents an analysis and parametrical
modeling of blood plasma separation devices with optical
sorting and deterministic lateral displacement mechanisms.
The new device for optical sorting is offered. The modeling
with the novel device shows that this device can separate red
blood cells of different sizes from whole blood. Special
numerical technique with periodical boundary conditions was
applied for simulation of deterministic lateral displacement.
Comparison of optical sorting and deterministic lateral
displacement is performed. Unexplored optical and mechanical
properties of blood components and indispensability of
additional researches are also discussed.
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I. INTRODUCTION

Separation of the cellular component of human blood is
of essential interest for medicine and research. In general
outline human blood consists of plasma, erythrocytes or red
blood cells (RBCs), reticulocytes, platelets, and leukocytes
or white blood cells (WBCs). About 55% of whole blood is
blood plasma. The proportion of blood volume that is
occupied by erythrocytes is normally about 48% for men and
38% for women. This proportion is a hematocrit. Normally
leukocytes take up approximately 1% of blood volume in a
healthy adult human. The number of WBCs in the blood is a
very sensitive indicator of diseases. Thus it is especially
important to remove all RBCs for further analysis of WBCs.
There are diverse classes of WBCs. A major separation of
leukocytes includes five types, neutrophils, lymphocytes,
monocytes, eosinophils, and basophils [1].

Usually, human blood is separated by large volume
centrifugation [2]. With modern lab equipment such as lab-
on-a-chip-type devices this approach is not so effective. This
has lead to an interest in adopting new microscopic
separation techniques. Two of these promising methods are
optical sorting [3][4] and deterministic lateral displacement
[5] methods.

In the present paper, we first consider the new design for
optical sorting and then we compare it to the deterministic
lateral displacement. Also we discuss unexplored optical and
mechanical properties of blood components.
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II.  OPTICAL AND MECHANICAL PROPERTIES OF BLOOD

The analysis of the reviews devoted to optical sorting and
deterministic lateral displacement shows that only separation
of colloidal particles of spherical shape in special mixture is
well investigated [6-12]. Fractionation of real human blood
requires essential efforts and more complicated devices [13].

Major problem here is that we have multi-component
mixture of composite particles in non-Newtonian liquid.

Not all of the physical properties of these particles and
liquid are well known.

A. Refractive Index and Absorption Coefficient

Mostly examined are the refractive index of whole blood,
blood plasma, and RBCs. We collected some of measured
refractive indexes and description of measuring methods in
Table I.

If A is the wavelength in nm then according to [26] the
spectral dependence of refractive index of blood plasma is:

n,=1.3254+8405.3/A-3.9572-10%/A*-2.3617-10"/A°. (1)

We managed to find in the literature only one mention of
platelet [22] and WBC [25] refractive index.

Absorption and scattering coefficients of whole blood at
different oxygenation and different wavelength of incident
light is widely published [16][27-29]. These coefficients for
blood components are studied not completely. Absorption
coefficient is very important for estimation of heating of
plasma and particles during optical sorting.

B. Mechanical Properties of Blood

In a first approximation the blood plasma can be
considered as a Newtonian liquid, but whole blood is a non-
Newtonian.

At a normal physiological hematocrit of 45%, the
viscosity of blood is 1 = 4-107 poise, which is roughly 4
times that of water. Plasma alone (zero hematocrit) has a
viscosity of n = 1.1-10? to 1.6:107 poise, depending upon
the concentration of plasma proteins [30]. Variation of
viscosity with shear rate at different haematocrits is well
studied [31].
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The movement of a particle in the viscous medium is
characterized by Reynolds number Re = pvR/m, where, p is
the fluid density, v is the particle velocity, R is a
characteristic dimension (for example, radius of spherical
particle), and m is the fluid viscosity. In our case for very low
Reynolds numbers (Re<<1) the drag force on a sphere is
described by Stokes’ law:

Fp =—-6mnvR, 2)

For a 10 um diameter spherical particle at a speed of 20.0
pm/s the drag force is changed from 2.1 to 3.0 pN depending
on plasma viscosity.

11.0 + 0.5 Pa. In all probability the elastic properties of over
blood cells are still unknown.

III.  OPTICAL SORTING

According to investigations of continuous flow
separation [4, 33-38] optical fractionation may offer
unparalleled selectivity for particle size and refractive index.
WBCs have larger size than RBCs and smaller refractive
index. Hence WBCs are undergone to greater drag force and
smaller optical force than RBCs. It allows us to propose a
device of optical sorting which separates only RBCs from
whole blood.

TABLE L. SIZE AND REFRACTIVE INDEX OF BLOOD COMPONENTS
AND METHODS OF MEASURING Buffer Whole blood Buffer
. . Wave- RBC WBC
Size Refractive
Samples (um) index I((err:g]t; Method Ref. l l
Lymphocytes 1.3545 - Abbé "
(rats) -1.3580 refracto- [14] o
Cytoplasm 1.3583 - meter s
(rats) -1.3584 5
RBC 5.5 1.40 842 Scattering [15] i
488 &
Whole blood 1.38 33 [16] .
Scanning ") \,-
RBC 6.3 1.41 632.8 flow [17] I g!
cytometer . =
. ¥ b
RBC 7.5 1.4 .
440 . 1
Scattering [18] it '%(
Plasma 1335 1000 -l -
Optical > %
RBC 1.405 820 coherence [19] \I'_ .
tomography i l
4.82- 1.385 - . .
RBC 56 1405 632.8 Scattering | [20] l 5
Haemoglobin 1.3871 532 ) a
cytoplasm 1.3800 632.8 Total .
Blood plasma 1.3515 - 532 internal [21] E
1.3479 632.8 reflection .
e 1.4852 532
Lecithin 1.4838 632.8 l b
Scanning L i
Platelet 2-4 1.3999 660 Flow [22]
Cytometer
Tomograph . . . . . . .
RBC ~8 1.3999 ic phase (23] Figure 1. Schematic drawing of possible device for optical separation.
MiCcrosco
Digitalp Y A two buffer streams of plasma and a central stream of
RBC 7.7 1.418 663 | holographic | [24] whole blood move at equal speed (Fig. 1.). The optical traps
microscopy are shown in Fig. 1 by green dots. RBCs are deviating by
RBC 1.399 light (red arrows); WBCs are practically not at same
1064 [25] conditions (blue arrows).
WBC 1360 For our simulation, we assume that RBCs and WBCs are

Elastic properties of blood cells are very important in
collision between particles or between particles and
mechanical hindrance. To the best of our knowledge, mainly
works have been devoted to the coefficient of elasticity of
RBCs. For example, in [32], the homogeneous Young’s
modulus for spherical red blood cells was measured as E =
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spherical balls. The radii of RBCs are Rggc = 2.5, 3.0, 3.5,
and 4.0 pm. The refractive index of plasma is n, = 1.335,
refractive indexes of RBCs and WBCs are nggc = 1.40 and
nwpc = 1.36 respectively. The distance between light spots is
b =4 and 5 um. The angle of trap layout is y = 15° and 20°.
The laser power per trap is P =5.0, 6.5 and 8.3 mWtrap. The
speed of plasma is 20 um/s for all presented calculations.
Trajectories of RBCs (red lines) and WBCs (blue lines) for
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distance b = 4 pum and angle y = 20° are shown in Fig. 2.
Trajectories of RBCs are deviated on angle y while WBCs
practically freely pass through tweezers array.
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Some results of our simulations for average velocity of
RBCs are summarized in Table II and III. At some set of
parameters it is possible to keep RBC at the trap. At the same
time WBCs practically do not change speed.

IV. DETERMINISTIC LATERAL DISPLACEMENT

Deterministic lateral displacement has been applied to the
size separation of particles and DNA molecules by pumping
through an array of obstacles [5, 13, 39-41]. The array
consisted of rows of micrometer-scale posts with a consistent
gap between the posts in each row. Each row of obstacles is
shifted horizontally with respect to the previous row (Fig. 3).

Figure 2. Caclulated trajectories of RBCs (red lines) and WBCs (blue
lines).

TABLE II. VELOSITY OF RBC AT SMALL DISTANACE BETWEEN
LIGHT POSTS
R, Distance between light posts, b = 4 um
nm P =5 mW/trap P =6.5 mW/trap P =8 mWi/trap
y=15° | y=20° | y=15° | y=20° | y=15° | p=20°
2.5 18.67 17.56 18.32 17.49 17.93 17.18
3.0 18.33 17.94 17.34 17.09 15.86 15.69
3.5 18.23 17.81 16.87 16.46 14.70 14.28
4.0 17.97 17.71 16,53 16.15 14.32 14.01
TABLE III. VELOSITY OF RBC AT LARGE DISTANACE BETWEEN
LIGHT POSTS
R, Distance between light posts, b =5 um
nm P =5 mW/trap P =6.5 mW/trap P =8 mWi/trap
y=15° | y=20° | y=15° | y=20° | y=15° | y=20°
2.5 16.96 16.64 13.69 14.20 Stop Stop
3.0 18.48 17.41 18.05 16.96 17.95 16.82
3.5 18.77 18.13 18.31 17.70 17.64 17.20
4.0 18.56 18.06 17.94 17.51 16.52 16.64

To calculate the optical force we followed [4, 33], the
drag force was evaluated by (2).
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Figure 3. Streamlines in low Reynolds number flow through a periodic
array of micrometer-scale obstacles.
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The green circles represent the array of obstacles; the red
lines are the streamlines in Fig. 3. The shift of each next row
equals to tenth of the horizontal distance between obstacles
in our illustration. The total fluid flux through each gap
between two obstacles is divided into 10 flow streams in Fig.
3. After 10 horizontal rows the picture is repeated.
Rectangular periodical part of obstacle array is colored in
Fig. 3.

According to deterministic lateral displacement
conception, small particles shall move in zigzag mode (blue
and pink paths in Fig. 3) along a streamline from top to
bottom. Large particles should jump from one post to
another and deviate to the right from horizontal direction.

Apparently the flow in infinite periodic array of obstacles
is presented by the primitive cell shown in Fig. 4. Obstacles
are painted in green color; the cell is marked by pink color.
We applied the finite element method and used special
numerical technique to take into account periodical boundary
conditions for simulation of deterministic lateral
displacement in primitive cell. This reception allows to
reduce number of nodes essentially.

Figure 4. Streamlines (a) and velosity distribution (b) for primitive cell of
obstacle array.

For simulation which shown in Figs. 3 and 4 the diameter
of cylindrical obstacles was 10 um, Distance between centers
of cylinder in horizontal direction and period of obstacle
rows in vertical direction were 20 pm.

The large problem is a trajectory analysis of individual
blood cell:

e Application of the Stokes’ law (2) for evaluation of

the drag force is incorrect;

e The size of a particle is comparable with distance
between posts as shown in Fig. 4b. Such particle has
to perturb the fluid flow;

e Parameters of collision between a blood cell and
obstacles are unknown. Conditions of sticking of a
cell to an obstacle are unknown too;

e  Density of blood cells is quite high therefore RBCs
undergo impacts at passing through an array.

Let's note also that boundary conditions between plasma

and obstacles as well as between plasma and blood cells are
insufficiently studied.
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V. CONCLUSION

The review of measured optical and mechanical
properties of blood is presented. It is noted, that physical
properties of many blood components are studied not fully.
Thus it is essential to investigate refractive indexes and
absorption coefficients of reticulocytes, platelets, and white
blood cells (neutrophils, lymphocytes, monocytes,
eosinophils, and basophils). Also elastic properties of all
blood cells except RBCs are practically unknown.

We offered a new device for optical sorting of blood
cells. The modeling with the novel device shows that this
device can separate RBCs of different sizes from whole
blood. For simulation of deterministic lateral displacement
we developed special finite-element technique which allows
to take into account periodical boundary conditions for
primitive cell and to reduce number of nodes.

We can conclude that optical separation possesses certain
advantages in comparison with deterministic lateral
displacement:

e  Smaller distance of separation;

e Tunable distance between light spots and tunable

power per trap;

e Absence of mechanical interaction and hence
absence of mechanical damage of cells.

Additionally we note that the gaps between mechanical
posts in deterministic lateral displacement method can be
littered by the stuck cells.

At the same time optical separation has the certain
drawbacks:

e Heating of plasma and blood cells;

e Optical traps can hold small blood particles and

obstruct to extraction of RBC;

e Speed of the RBC guided by optical traps is smaller
than speed of a free RBC thus it is possible a
collision between RBCs.

The large benefit of the deterministic lateral displacement
is that the method is very simple and devices are very cheap.
Although the optical sorting still are on a development stage
the deterministic lateral displacement are already close to
clinical tests.

ACKNOWLEDGMENT

This research was partially funded by grants from the
National Research Foundation of Korea (NRF, Project No.
2010-0012897), the Ministry of Education, Science and
Technology (MEST, WCU Program, Project No. R31-2008-
000-10026-0), and the institute of Medical System
Engineering (iMSE) in the GIST, Republic of Korea.

REFERENCES

[1] M. Toner and D. Irimia,. “Blood-on-a-Chip,” Annu. Rev.
Biomed. Eng., \vol. 7, Aug. 2005 pp. 77-103,
doi:10.1146/annurev.bioeng.7.011205.135108.

[2] J.P. Hester, R. M. Kellogg, A. P. Mulzet, V. R. Kruger, K. B.
McCredie, and E. J. Freireich, “Principles of blood separation

and component extraction in a disposable continuous-flow
single-stage channel,” Blood, vol. 54, July 1979, pp. 254-268.

106



ICQNM 2011 : The Fifth International Conference on Quantum, Nano and Micro Technologies

[10]

[11]

[12]

[13]

[15]

[16]

[17]

Copyright (c) IARIA, 2011.

M. P. MacDonald, G. C. Spalding, and K. Dholakia,
“Microfluidic sorting in an optical lattice,” Nature, vol. 426,
Nov. 2003, pp. 421-424, doi:10.1038/nature02144.

K. Xiao and D. G. Grier, “Multidimensional Optical
Fractionation of Colloidal Particles with Holographic
Verification.” Phys. Rev. Lett., vol. 104, Jan. 2010, pp.
028302 (4 pages), doi:10.1103/PhysRevLett.104.028302.

L. R. Huang, E. C. Cox, R. H. Austin, and J. C. Sturm,
“Continuous  Particle Separation through Deterministic
Lateral Displacement.” Science, vol. 304, May2004, pp. 987-
990, doi:10.1126/science.1094567.

H. Andersson and A. van den Berg, “Microfluidic devices for
cellomics: a review,” Sens. Actuators B, vol. 92, July 2003,
vol. 92, pp. 315-325, doi:10.1016/S0925-4005(03)00266-1.

N. Pamme, “Continuous flow separations in microfluidic
devices,” Lab Chip, vol. 7, December 2007, pp. 1644-1659,
doi:10.1039/B715936F.

K. Dholakia, W. M. Lee, L. Paterson, M. P. MacDonald, R.
McDonald, I. Andreev, P. Mthunzi, C. T. A. Brown, R. F.
Marchington, and A. C. Riches, “Optical separation of cells
on potential energy landscapes: enhancement with dielectric
tagging,” IEEE J. Sel. Top. Quant., vol. 13, Nov.-Dec. 2007,
pp. 1646-1654, doi:10.1109/JSTQE.2007.911314.

K. Dholakia, M. P. MacDonald, P. Zemének, and T. Cizmar,
“Cellular and Colloidal Separation Using Optical Forces.”
Methods Cell Biol,, vol. 82, 2007, pp. 467-485,
doi:10.1016/S0091-679X(06)82017-0.

A. Jonas and P. Zemanek, “Light at work: The use of optical
forces for particle manipulation, sorting, and analysis.”
Electrophoresis, vol. 29, Dec. 2008, pp. 4813-4851,
doi:10.1002/elps.200800484.

A. Lenshof, Th. Laurell, “Continuous separation of cells and
particles in microfluidic systems,” Chem. Soc. Rev., vol 39,
March 2010, pp. 1203-1217, doi:10.1039/b915999c.

A. A. S. Bhagat, H. Bow, H. W. Hou, S. J.Tan, J. Han, and C.
T. Lim, “Microfluidics for cell separation,” Med. Biol. Eng.
Comput., vol. 48, Oct. 2010, pp. 999-1014,
doi:10.1007/s11517-010-0611-4.

J. A. Davis, D. W. Inglis, K. J. Morton, D. A. Lawrence, L. R.
Huang, S. Y. Chou, J. C. Sturm, and R. H. Austin,
“Deterministic hydrodynamics: Taking blood apart.” PNAS,
vol. 103, Oct. 2006, pp- 14779-14784,
doi:10.1073/pnas.0605967103.

K. W. Keohane and W. K. Metcalf, “The cytoplasmic
refractive index of lymphocytes, its significance and its
changes during active immunization,” Exp. Physiol., vol 44,
March 1959, pp. 343-350.

D. H. Tycko, M. H. Metz, E. A. Epstein, and A. Grinbaum,
“Flow-cytometric light scattering measurement of red blood
cell volume and hemoglobin concentration,” Appl. Optics,
vol. 24, May 1985, Pp. 1355-1365,
doi:10.1364/A0.24.001355.

D. K. Sardar and L. B. Levy, “Optical properties of whole
blood,” Lasers Med. Sci., vol. 13, June 1998, pp. 106-111,
doi:10.1007/s101030050062

A. N. Shvalov, J.T. Soini, A. V. Chernyshev, P. A. Tarasov,
E. Soini, and V. P. Maltsev, “Light-scattering properties of
individual erythrocytes,” Appl. Optics, vol. 38, Jan. 1999, pp.
230-235, doi:10.1364/A0.38.000230

J. Mroczka, D. Wysoczanski, “Optical parameters and
scattering properties of red blood cells,” Optica Applicata,
vol. 32, no. 4, 2002, pp. 691-700.

X. Xu, R. K. Wang, J. B. Elder, and V. V. Tuchin, “Effect of
dextran-induced changes in refractive index and aggregation
on optical properties of whole blood,” Phys. Med. Biol., vol.
48, May 2003, pp. 1205-1221, doi:10.1088/0031-
9155/48/9/309.

ISBN: 978-1-61208-151-9

(20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

N. Ghosh, P. Buddhiwant, A. Uppal, S. K. Majumder, H. S.
Patel, and P. K. Gupta, “Simultaneous determination of size
and refractive index of red blood cells by light scattering
measurements,” Appl. Phys. Lett., vol. 88, Feb. 2006, pp.
084101 (3 pages), doi:10.1063/1.2176854.

Y. L. Jin, J. Y. Chen, L. Xu, and P. N. Wang, “Refractive
index measurement for biomaterial samples by total internal
reflection,” Phys. Med. Biol., vol. 51, October 2006, pp.
N371-N379, doi:10.1088/0031-9155/51/20/N02.

I. V. Kolesnikova, S. V. Potapov, M. A. Yurkin, A. G.
Hoekstra, V. P. Maltsev, and K. A. Semyanov,
“Determination of volume, shape and refractive index of
individual blood platelets,” J. Quant. Spectrosc. Radiat.
Transf., vol. 102, Nov. 2006, pp- 37-45.
doi:10.1016/j.jqsrt.2006.02.050.

Y. K. Park, M. Diez-Silva, G. Popescu, G. Lykotrafitis, W.
Choi, M. S. Feld, and S. Suresh, “Refractive index maps and
membrane dynamics of human red blood cells parasitized by
Plasmodium falciparum,” PNAS, vol. 105, Sep. 2008, pp.
13730-13735, doi:10.1073/pnas.0807334105.

B. Rappaz, P. Marquet, E. Cuche, Y. Emery, C. Depeursinge,
and P.J. Magistretti, “Measurement of the integral refractive
index and dynamic cell morphometry of living cells with
digital holographic microscopy,” Optics Express, vol. 13,
Nov. 2005, pp. 9361-9373, doi:10.1364/OPEX.13.009361.

A. Bankapur, E. Zachariah, S. Chidangil, M. Valiathan, and
D. Mathur, “Raman tweezers spectroscopy of live, single red
and white blood cells,” PLoS ONE, vol. 5, April 2010, pp.
e10427 (11 pages), doi:10.1371/journal.pone.0010427.

V. V. Tuchin, D. M. Zhestkov, A. N. Bashkatov, and E. A.
Genina, “Theoretical study of immersion optical clearing of
blood in vessels at local hemolysis,” Opt. Express, vol. 12,
June 2004, pp. 2966-2971, doi:10.1364/OPEX.12.002966.

F. J. Janssen, “A study of the absorption and scattering factors
of light in whole blood.” Med. Biol. Eng. Comput., vol. 10,
March 1972, pp. 231-240, doi:10.1007/BF02474113.

D. J. Faber, M. C. G. Aalders, E. G. Mik, B. A. Hooper, M. J.
C. van Gemert, and T. G. van Leeuwen, “Oxygen Saturation-
Dependent Absorption and Scattering of Blood,” Phys. Rev.
Lett., vol. 93, July 2004, pp. 028102 (4 pages).
doi:10.1103/PhysRevLett.93.028102.

A. N. Bashkatov, E. A. Genina, V. I. Kochubey, and V. V.
Tuchin, “Optical properties of human skin, subcutaneous and
mucous tissues in the wavelength range from 400 to
2000nm,” J. Phys. D: Appl. Phys., vol 38, Aug. 2005, pp.
2543-2555, doi:10.1088/0022-3727/38/15/004.

D. Elad and S. Einav, “Physical and flow properties of
blood,” in: Standard handbook of biomedical engineering and
design, chapter 3, M. Kutzr, Ed. New York: McGraw-Hill,
2003, pp. 3.1-3.25.

J. P. Woodcock,. “Physical properties of blood and their
influence on blood-flow measurement,” Rep. Prog. Phys., vol.
39, Jan.1976, pp. 65-127, doi: 10.1088/0034-4885/39/1/002.

J. Guck, R. Ananthakrishnan, C. C. Cunningham, and J. Kés,
“Stretching biological cells with light.” J. Phys.: Condens.
Matter, vol. 14, May 2002, pp, 4843-4856, doi:10.1088/0953-
8984/14/19/311.

P. T. Korda, M. B. Taylor, and D. G. Grier , “Kinetically
locked-in colloidal transport in an array of optical tweezers,”
Phys. Rev. Lett., vol. 89, Sep. 2002, pp. 128301 (4 pages),
doi:10.1103/PhysRevLett.89.128301.

K. Ladavac, K. Kasza, and D. G. Grier, “Sorting mesoscopic
objects with periodic potential landscapes: Optical
fractionation.” Phys. Rev. E, vol 70, July 2004, pp. 010901(R)
(4 pages). doi:10.1103/PhysRevE.70.010901.

S.-K. Hoi, C. Udalagama, C.-H. Sow, F. Watt, and A. A.
Bettiol, “Microfluidic sorting system based on optical force

107



ICQNM 2011 : The Fifth International Conference on Quantum, Nano and Micro Technologies

[36]

[37]

[38]

Copyright (c) IARIA, 2011.

switching,” Appl. Phys. B, vol. 97, Dec. 2009, pp. 859-865,
doi:10.1007/s00340-009-3687-5.

S.-K. Hoi, V. H. Kim, N. M. Huy, C.-H. Sow, Y.-S. Ow, and
A. A. Bettiol, “Passive optical separation and enrichment of
cells by size difference,” Biomicrofluidics, vol. 4, Dec. 2010,
pp- 044111 (9 pages), doi:10.1063/1.3523057.

K. Xiao, and D. G. Grier, “Sorting colloidal particles into
multiple channels with optical forces: Prismatic optical
fractionation,” Phys. Rev. E, vol. 82, Nov. 2010, pp. 051407
(9 pages), doi:10.1103/PhysRevE.82.051407.

K. H. Lee, S. B. Kim, K. S. Lee, and H. J. Sung
“Enhancement by optical force of separation in pinched flow

ISBN: 978-1-61208-151-9

[39]

[40]

[41]

fractionation,” Lab Chip, vol 11, Jan. 2011, pp. 354-357.
doi:10.1039/c01c00225a.

D. W. Inglis, J. A. Davis, R. H. Austin, and J. C. Sturm,
“Critical particle size for fractionation by deterministic lateral
displacement,” Lab Chip, vol. 6, May 2006, pp. 655-658,
doi:10.1039/b515371a.

D. W. Inglis, “Efficient microfluidic particle separation
arrays,” Appl. Phys. Lett., vol. 94, Jan. 2009, Vol. pp. 013510
(3 pages), doi:10.1063/1.3068750.

S. Chang and Y.-H. Cho, “A continuous size-dependent
particle separator using a negative dielectrophoretic virtual
pillar array,” Lab Chip, vol. 8, Nov. 2008, pp. 1930-1936,
doi:10.1039/b806614k.

108



