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a b s t r a c t

The steady-state movement of the spherical and non-spherical particles, such as prolate or oblate rota-
tional ellipsoids, cylinders, or parallelepipeds, suspended in a liquid and exposed to a unidirectional
temperature gradient, is analyzed theoretically. The differences in the ratios of the rotational to trans-
lational diffusion coefficients of the non-spherical to spherical particles, the heterogeneity of thermal
conductivity of the particle body, and the heterogeneity in surface chemical nature make possible
to separate the particles according to differences in shape. Preliminary experimental separations of
Gram-positive and Gram-negative, nearly spherical and rod-shaped bacteria performed by Microthermal
Field-Flow Fractionation confirmed that the fractionation of the cells according to differences in shape is
icrothermal Field-Flow Fractionation
eparation of different shape particles
iological applications
ram-positive and Gram-negative bacteria
taphylococcus epidermidis
hodococcus erythropolis

possible.
© 2010 Elsevier B.V. All rights reserved.
cinetobacter lwoffii
cidovorax sp.

. Introduction

Several methods are currently in use for the analytical and
reparative separation of living cells and subcellular particles.
ccording to the editors [1], approximately 99 percent of these
eparations were performed by centrifugation in the eighties of
he 20th century. Although the proportion of applications of a cen-
rifuge changed in the meantime, it is still the method of frequent
aboratory utilization.

The fractionation of the particulate species by centrifugation can
e performed on the basis of differences in particle sizes or densi-
ies. Since the product of the size and density determines the rate
f sedimentation, a simple measurement of sedimentation velocity
n one suspending liquid does not allow an accurate determina-
ion of particle size distribution if the density of all particles is

ot the same. The solution of this problem is to carry out several
easurements in suspending liquids of different densities.
On the other hand, the fractionation of the particles in density

radient by so-called “isopycnic focusing” which should provide

∗ Corresponding author. Tel.: +420 57603 5110; fax: +420 57603 2741.
E-mail address: jjanca@ft.utb.cz (J. Janča).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.10.082
the fractionation according to density differences may also be com-
plicated. The reason is that, contradictory to the general believe, the
famous Archimedes principle suits well to the macroscopic world
but not really to the microscopic one [2–4]. Consequently, the frac-
tions obtained by isopycnic focusing and considered as uniform can
contain the species of different sizes as well as of different densities.

An additional complication may occur whenever the particles
in a mixture fractionated by sedimentation are of different shapes,
spherical and non-spherical. In such a case, the fractionation based
on the differences in sedimentation velocities is not simple (if not
impossible). The complication is due to the fact that the sedimen-
tation of non-spherical particles results in their orientation relative
to the direction of sedimentation [5–7]. It has been found by Rong
et al. [7] that non-spherical particles (ellipsoids and cylinders of
small aspect ratio) which sediment at very low particle Reynolds
number turn the long axis vertically but they turn horizontally as
particle Reynolds number increases. Particle Reynolds number and,
consequently particle orientation, is determined by sedimentation

velocity. Reciprocally, sedimentation velocity changes with particle
orientation. The aspect ratio of non-spherical axisymetric particles
affects the orientation and sedimentation velocity [8]. However,
the fibers with different aspect ratio exhibit identical terminal
sedimentation velocity if they have the same density and diam-

dx.doi.org/10.1016/j.chroma.2010.10.082
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:jjanca@ft.utb.cz
dx.doi.org/10.1016/j.chroma.2010.10.082
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ter [5]. In concentrated particle suspensions, the orientation and
edimentation velocity of the rods and fibers are hindered by parti-
le hydrodynamic interactions [9–11] and this collective behavior
auses that the non-spherical particles align vertically. As a result,
he further progress in fractionation of the cells and subcellular par-
icles is possible only by looking for new methods that should be

ore specific, allowing the separations of the species which differ
ot only in size or density but exhibit also the differences in shape,
exibility, and in surface nature.

Bigelow et al. [12] have demonstrated long time ago that Field-
low Fractionation (FFF) can be used not only for the separation of
he cells but also for the measurement of surface adhesion forces.
ecently, the Microthermal Field-Flow Fractionation (Microther-
al FFF) was applied for high-performance, high-speed separation

f various living bacteria [13,14]. The dominating focusing mech-
nism of separation was proven but a fundamental question
emains unanswered: On the basis of which parameter the two
acteria exhibiting the similar size, Staphylococcus epidermidis and
hodococcus erythropolis, were separated?

Several studies of particle thermophoretic motion have clearly
ndicated that not only the size and density are the parameters
etermining the retention in Thermal FFF but that several other
article characteristics may also play an important role in sepa-
ation mechanism [15]. It has been found empirically that thermal
iffusion coefficient depends on the chemical nature of the retained
pecies. It is an important finding but the possibilities of a full
xploitation of this phenomenon in particle separations have not
et been systematically investigated.

The goal of this work is a detailed theoretical analysis of
he effect of the shape of particulate species on their transport
henomena and an experimental study of the effect of various
haracteristics of several types of bacteria and of the experimental
onditions on the retention in Microthermal FFF. A full understand-
ng of the relations between bacteria characteristics (such as the
ize, shape, and chemical nature) and separation mechanism deter-
ining the retention is important not only from the theoretical

oint of view but also for an optimal use of the Microthermal FFF in
he unconventional analyses and characterizations of the cells and
ubcellular particles.

. Theory

.1. Retention mechanisms in Microthermal Field-Flow
ractionation

One of two main retention mechanisms, polarization or focus-
ng [15], can govern the separation in Microthermal FFF. A detailed
xplanation of the separative and dispersive transport phenomena
elated to the separation mechanisms were repeatedly explained
n numerous papers and can be found in Ref. [15]. In this paper only
brief description is given in the following paragraphs.

Polarization mechanism is usually assumed to dominate the
ractionation of the macromolecules in solution or of the small par-
icles in suspension whose effective size is less than approximately
�m. Nevertheless, it has been found recently that an unmistak-
ble domination of polarization mechanism is rather below particle
iameter of approximately 200 nm [15,16]. At a steady state, an
xponential concentration distribution of uniform retained macro-
olecules or particles is formed across the microfluidic separation

hannel of rectangular cross-section due to the balance between

he flux of the particles caused by the action of a thermodynamic
orce generated by temperature gradient and by the counteracting
ux which is due to Brownian motion or Fickian diffusion. The max-

mum concentration of the particles is at the accumulation wall of
he channel, most frequently at the cold wall.
1217 (2010) 8062–8071 8063

Focusing mechanism is generated by the effect of two or more
counteracting forces and the resulting force must lead to the con-
verging transport which concentrates each of the fractionated
species in a distinct focused zone at a particular focusing position
in the direction across the channel. It is generally assumed that this
mechanism occurs at relatively high linear velocities of the car-
rier liquid whenever the effective size of the fractionated species
is more than approximately 1 �m, as mentioned above. In this
case, so-called lift forces and the counteracting gravitational and
external field forces generate the focusing of the particles. The con-
centration distribution of uniform separated species in a focused
zone is similar to but not exactly the Gaussian distribution func-
tion [15]. However, detailed experimental studies [15–17] proved
that transition range of particle sizes at which polarization mech-
anism begins to be dominated by focusing mechanism is around
particle diameter of 200 nm [16]. Moreover, it has been found that
the gravitational force cannot be neglected for the particles as small
as 200 nm in diameter and of density � = 1.05 g/cm3, suspended in
water. It means that the condition for focusing mechanism to occur
(effective action of lift force and counteracting external field force)
is fulfilled at high linear velocities of the carrier liquid even for much
smaller particles than generally assumed until now.

Nearly parabolic flow velocity profile is formed in carrier liquid
flowing in the longitudinal direction of the microfluidic channel.
Consequently, different particles, distributed differently across the
channel under the conditions of dominating polarization mecha-
nism or focused at different positions across the channel if focusing
mechanism is effective, are transported along the channel with
different velocities and are thus separated.

The action of a particular retention mechanism in Microthermal
FFF is determined by the imposed experimental conditions such
as the temperature difference across the channel and the linear
velocity of the carrier liquid but also by the characteristics of the
retained particulate species, such as the mass, size, density, surface
chemical nature or other surface properties.

Two above mentioned primary retention mechanisms can be
accompanied by secondary mechanisms and interactions. Conse-
quently, the final driving force, F(x), acting on a single retained
particle suspended in a carrier liquid, can be position-dependent
and composed of several contributing forces resulting from the
secondary mechanisms [15,17]. The driving force can be formally
described by Eq. (1):

±F(x) = ∓FTD − FG ∓ FFD ∓ FAD ∓ FAI(x) ± FRI(x) ± FLF (x) (1)

where FTD is the thermodynamic force generated by temperature
gradient, FG is the force which results from the action of the grav-
itation and buoyancy, FFD is the force caused by friction drag of
the particle against the accumulation wall, FAD is the force gener-
ated by the adsorption of the separated species at the accumulation
wall, FAI(x) is particle–particle attractive interaction force, FRI(x) is
particle–particle repulsive interaction force, and FLF(x) is lift force.
The positive or negative sign is assigned to each of the contribut-
ing forces in Eq. (1) with regard to the position x = 0 at the cold
wall of the channel and to the positive direction of the x-axis from
the cold to the hot wall across the channel. The forces FAI(x) and
FRI(x) can vary with the x-coordinate because they can depend on
the concentration of the particles which itself varies with the x-
coordinate. Lift force FLF(x) is also position-dependent. Moreover,
its relative magnitude determines the primary retention mecha-
nism: polarization mechanism is effective if

∣∣FTD ± FG

∣∣� FLF (x) and∣ ∣

focusing mechanism is effective if ∣FTD ± FG

∣ ≈ FLF (x) and, conse-
quently, FAD = FFD = 0. In the latter case, the forces FAI(x) and FRI(x) do
not contribute to the retention but to the broadening of the focused
zone [15]. On the other hand, whenever polarization mechanism is
dominant, the force FLF(x) should be negligible, as mentioned above.
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Whenever focusing mechanism is dominant,
Eq. (1) reduces to:

F(x) = ∓FTD − FG ± FLF (x) (2)

The consequences of the forces FAI(x) and FRI(x) are different in
his case. Although both FAI(x) and FRI(x) contribute to the change
f the width of the focused zone in the direction of the focusing
orce, as mentioned above, the force FAI(x) leads to the sharpening
f the zone whereas the force FRI(x) broadens the zone. However,
f FAI(x) is not negligible, the occurrence of particle aggregation can
nfluence the retention.

Direct measurement of the above mentioned forces by
icrothermal FFF is usually not possible. However, the total driv-

ng force can be determined from the retention data (namely from
etention ratio R defined below) and the contributing forces can
e evaluated by a suitable variation of the experimental conditions
y which some particular contributing force or forces can be min-

mized in order to make dominant only one force, if possible, or
everal different combinations of forces, and thus to elucidate (by
deconvolution procedure) each particular force.

Retention ratio R is defined as the ratio of average linear velocity
f the retained species, vr, to average linear velocity of the carrier
iquid, 〈v(x)〉, or more conveniently as the ratio of the retention vol-
me of the unretained species, V0, to the retention volume of the
etained species, Vr. All mentioned parameters are easily obtained
rom the experiments.

= vr〈
v(x)
〉 = V0

Vr
(3)

he combination of Eqs. 2.64, 3.9, and 3.20 from Ref. [15] results,
ith regard to the force FTD, in:

TD = DT

D

(
dT

dx

)
∼= DT

D

�T

w
(4)

here D is diffusion coefficient of the retained species, DT is ther-
al diffusion coefficient, dT/dx is temperature gradient across the
icrothermal FFF channel, �T is temperature difference across

he channel, and w is the channel thickness or, in other words,
he distance between the accumulation and depletion walls of the
hannel. Eq. (4) clearly shows how the thermodynamic force FTD

n Eqs. (1) and (2) is related to the coefficients D and DT. It follows
lso from the approximate relationships 2.62 2.64, and 2.65, given
n Ref. [15], and from Eqs. (3) and (4) that:

= 6kBTD

DT �T
(5)

here kB is Boltzmann constant and T is the temperature (usually
t the accumulation wall of the channel). As a result, Eqs. (1)–(5)
emonstrate the impact of the coefficients D and DT on the retention
atio R determined from Microthermal FFF data for which it holds
t an experimental steady state that F(x) = 0 in Eqs. (1) and (2).

Previous qualitative observation that S. epidermidis and R. ery-
hropolis bacteria [13] can effectively be separated by Microthermal
FF stimulated an interest to investigate in detail the physical and
hysico-chemical backgrounds of this first successful separation of
he bacteria generated by thermophoresis. An obvious difference

etween the two bacteria is in their shape. While S. epidermidis are
early spherical cells, R. erythropolis are rods. Consequently, with
egard to the above relationships, the theoretical analysis of dif-
usive, Brownian, and thermophoretic motion of the spherical and
on-spherical particles should be the starting point of the study.
1217 (2010) 8062–8071

2.2. Brownian movement of hard spherical and non-spherical
particles

The translational diffusion coefficient D of a hard sphere is given
by the well-known Einstein–Stokes [18–20] relationship:

D = kBT

6��r
(6)

where T is the temperature, � is the dynamic viscosity of the sus-
pending liquid, and r is the radius of the rigid spherical particle. The
rotational diffusion coefficient Dω of a spherical particle is given by
[18]:

Dω = kBT

8��r3
(7)

The translational diffusion coefficient of a non-spherical parti-
cle, freely rotating in a three-dimensional (3-D) space, is smaller
than that of a sphere of the same volume because of the increased
surface area in contact with the liquid and thus the increased fric-
tion [20]. The hydrodynamic behavior of a non-spherical particle
transported by the flow is complicated because the particle can be
oriented as mentioned in the Introduction. However, at a very low
particle Reynolds number, shear stress producing the orientation
can be compensated by Brownian motion.

The translational diffusion coefficient of the rotational ellipsoid,
which can be considered as a model of a non-spherical particle,
can be compared with the translational diffusion coefficient of an
equivalent sphere having the same volume as the rotational ellip-
soid. The ratio of the translational diffusion coefficient, De, of a
rotational ellipsoid to the diffusion coefficient, D, of a spherical
particle of the same volume was derived by Perrin [21]:

De

D
= �2/3

e√
1 − �2

e

ln

(
1 +
√

1 − �2
e

�e

)

for a prolate ellipsoid for which �e < 1 (8)

and:

De

D
= �2/3

e√
�2

e − 1
arctan

√
�2

e − 1

for an oblate ellipsoid for which �e > 1 (9)

where �e = b/a is the axial ratio of a rotational ellipsoid (a = length
of the axis of the rotation, b = maximal equatorial diameter).

The behavior of the rods for which �e � 1, the ratio De/D can be
approximated by [22]:

De

D
= lr

ln(lr)
(10)

where lr is the length of the rod. The dependences of the ratios of
the translational diffusion coefficients, De/D, of the non-spherical
to spherical particles on the axial ratio, �e, for oblate ellipsoids or
on its inverse value, 1/�e, for prolate ellipsoids, are demonstrated
in Fig. 1. There is only a minor difference between these two depen-
dences. In comparison with the spherical particles, the decrease of
the diffusion coefficient of the rotational ellipsoid is roughly by 20%
for �e = 5 or 1/�e = 5. However, even this difference can be sufficient
for the separation of the spherical from non-spherical particles by
Microthermal FFF, under the condition that no other effects occur.
The ratio of the rotational diffusion coefficient, Dω,e, of a rota-
tional ellipsoid to the rotational diffusion coefficient, Dω,e, of a
spherical particle of the same volume was derived by Gans [23]
and Perrin [24], however Perrin’s solution is preferred here for the
reasons of homogeneity.
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Fig. 2. Schematic representation of the orientation of the spherical and non-
spherical particles exposed to temperature gradient and exhibiting heterogeneous
nature of their surfaces and thus the differences in thermal diffusion coefficients of
different parts of particle surfaces. A part of a particle (spherical or non-spherical)
which shows higher thermal diffusion coefficient (grey part in comparison with the
red part) moves faster by thermophoresis when exposed to temperature gradient
and it results in the rotation of the particle until a stable position (shown here for
cients of the spherical particles to the diffusion coefficients of the rotational
llipsoids, De/D (for prolate and oblate ellipsoids) on the axial ratio �e of a rotational
llipsoid or on its reciprocal value 1/�e , calculated from Eqs. (9)–(12).

This ratio is for a prolate ellipsoid:

Dω,e

Dω
= 2(�2

e − 1)/3

[1 − (�2
e /
√

1 − �2
e ) ln((1 +

√
1 − �2

e )/�e)]

for which �e < 1 (11)

nd for an oblate ellipsoid:

Dω,e

Dω
= 2(�2

e − 1)/3

[(�2
e /
√

�2
e − 1) arctan(

√
�2

e − 1) − 1]

for which �e > 1 (12)

The dependences of the ratios of the rotational diffusion coeffi-
ients, Dω,e/D, of the non-spherical to spherical particles on the axial
atio, �e, for oblate ellipsoids or on its inverse value, 1/�e, for prolate
llipsoids, are demonstrated in Fig. 1. There are important differ-
nces between these two dependences. The decrease of the ratio
ω,e/D with �e = 5 or 1/�e = 5 for oblate or prolate ellipsoids, respec-

ively, is much more important for oblate ellipsoids. This is easily
nderstandable because the surface to volume ratio of the parti-
le is higher for oblate ellipsoids. In comparison with the spherical
articles, the decrease of the rotational diffusion coefficients of the
llipsoids is roughly by 63% for �e = 5 of an oblate ellipsoid and by
0% for 1/�e = 5 of a prolate ellipsoid. The rotational diffusion coef-
cients should compete with a casual orientation of the particles

n temperature gradient, discussed in the following paragraph, and
hus influence the retention ratio.

It can be concluded from the above analysis and the results
hown in Fig. 1, and with regard to Eq. (4), that the differences
etween diffusion coefficients of the spherical and non-spherical
articles have a direct impact on the thermodynamic force FTD

nd, consequently, on the retention ratio R as defined by Eq. (3).
oreover, the differences in rotational diffusion coefficients of the
pherical and non-spherical particles should allow the separation
f the spherical from non-spherical particles by Microthermal FFF
ven more efficiently in comparison with the effect of differences
n translational diffusion coefficients on such a separation.
both spherical and non-spherical particles) is reached. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of the
article.)

2.3. Orientation of the particles exposed to temperature gradient

The thermophoresis should produce similar effect like the sed-
imentation [7] caused by the gravitational or centrifugal forces. It
means that parallel or perpendicular orientation (with regard to
the driving force which selectively displaces non-spherical par-
ticles in a suspending liquid) should occur independently of the
physical character of the driving force. Temperature gradient which
generates the thermophoresis of the particles should entrain their
orientation as a function of the rate of thermophoretic motion.

The rate of thermophoretic motion is quantitatively described
by thermophoretic mobility of a particle, �T, which is proportional
to the gradient of the temperature, dT/dx, to which the particle is
exposed:

�T = −DT
dT

dx
(13)

It is a well known empirical fact that DT is practically inde-
pendent of particle size but it strongly depends on the chemical
nature of the thermophoretically migrating species. As concerns
the particles, it is the chemical character of the surface shell and
not of the inner core which determines the thermophoretic mobil-
ity. The other factors like ionic force of the carrier liquid, pH, etc.,
also influence the amplitude of DT. Recent paper [25] reviews and
systematically classifies all published data on these phenomena,
and brings some new experimental findings as well as their expla-
nations.

As a result, the dependence of DT on the chemical character
of particle surface suggests that the particles possessing the topo-
graphical heterogeneity in chemical character of their surface can
exhibit an orientation when exposed to temperature gradient even
in a steady state established by a balance between the flux caused

by the thermophoresis and the opposed entropy driven dispersive
flux (diffusion or Brownian motion). This hypothesis is schemati-
cally demonstrated in Fig. 2 for spherical as well as for non-spherical
particles.
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Temperature gradient can generate the orientation of a parti-
le also if the particle is not homogeneous with regard to thermal
onductivity of its body. The movement of a non-spherical particle
for which one of the dimensions prevails) or of a spherical particle
xhibiting spatial heterogeneity in thermal conductivity exposed
o a unidirectional temperature gradient could be different in com-
arison with the particles homogeneous with regard to thermal
onductivity.

As described in the previous section, each particle in a sta-
ionary isothermal liquid, thus not exposed to temperature and
ow velocity gradients, is subject to a free translational and rota-
ional Brownian movement. The mean angular velocity ωx,y,z of
he rotating particle is constant, provided that sufficiently long
eriod of time is considered. Such a uniform rotation is equivalent
o presence of two field forces, centrifugal and Coriolis, the later
s negligible compared to the first one. The condition of thermal
quilibrium of the rotating particle is [26]:

0(P, T) − 1
2

∑
a

Maω2
x,y,z r2

a = const. (14)

here �0 is the chemical potential of the particle at rest and ra

s the distance of the a-th part of the whole rotating body of the
ass Ma from the centre of rotation. The second term in Eq. (14)

epresents the kinetic energy of the rotational movement. The total
nergy E of the closed system of a suspension of the particulate
omponents k (undergoing the Brownian movement) is constant
n thermal equilibrium [27]:

= U + 1
2

∑
k

Mku2
k + 1

2

∑
k

∑
a

Maω2
x,y,z r2

a = const. (15)

here U is the internal energy not associated with the Brownian
ovement and u is the linear velocity of the Brownian movement.

he second term in Eq. (15) then corresponds to the energy of the
ranslational Brownian movement and the third one to the rota-
ional Brownian movement.

Let a non-spherical particle or a spherical particle exhibit-
ng spatial heterogeneity in thermal conductivity is suspended in

stationary liquid and exposed to a unidirectional temperature
radient dT/dx. The temperature in the steady state of such a non-
quilibrium system is not uniform but well defined locally. The
ntropy production � due to the heat conduction across the particle
an be written as [27]:

=
3∑

i=1

Jqi
∂

∂x

(
1
T

)
=
∑
x,y,z

(∑
−	k;x,y,z∇ 1

T

)
∇ 1

T

≡
∑

k

dsk,t

dt
≥ 0 (16)

=
∑

k

Jk
∂

∂x

(
1

T(x)

)
≡
∑

k

dsk,t

dt
≥ 0

here Jq;x,y,z is the local flow of heat, 	k;x,y,z is temperature depen-
ent local value of the thermal conductivity of the k-th part of the
article, sk,t is local entropy density (entropy per unit volume) of a
-th part of the particle at a time t. The relationship between the
ow of heat and thermal conductivity is determined by Fourier’s

aw:

= −	∇T (17)
q;x,y,z

here 	 is the heat conductivity. The components Jq;y and Jq;z are
on-zero only during the rotational Brownian movement of the
article and thus should not be considered for a steady-state posi-
ion of the particle at rest. Eq. (16) is an extension of the Second
1217 (2010) 8062–8071

Law of thermodynamics. It postulates that the entropy produc-
tion due to the irreversible processes must be positive in each
part of the system (of the particle body in this case) in the steady
state as well as during the transition of the system to a steady
state.

Each particle undergoes a 3-D rotational Brownian movement.
However, only its rotation in all planes parallel to dT/dx generates
the fluctuation of the heat flow across the particle, under the con-
dition that either 	 across the particle or dT/dx or both are not
constant. The fluctuation of the heat flow during the rotation occurs
also if the particle exhibits an asymmetry at least with regard to
one of three orthogonal axes like, for example, an U-shaped par-
ticle. Trivial numerical calculus using Fourier’s law can prove this
fact. On the other hand, if the axis of the rotation is parallel to dT/dx,
the heat flow across the particle is constant in the steady state of
the whole system.

By supposing that 	 is not constant within the temperature
range of the extreme ends of the particle, it is obvious that, for
example, if a parallelepiped of three side dimensions a = b < c is
oriented by the side c parallel to dT/dx = const., the flow of heat
across the whole particle body is minimum compared to the ori-
entation of the side a or b parallel to dT/dx at which the flow of
heat reaches its maximum. The same observation holds for any
non-spherical particle such as the rotational ellipsoids, cylinders,
etc.

If the particle rotates from its extreme position, the longest c side
parallel to dT/dx, to any other inclined position with respect to dT/dx
axis, the heat flow Jq,x across the particle increases and the condi-
tion of the positive entropy production due to the rotation, imposed
by Eq. (16), is respected. On the other hand, the particle oriented
by its side c perpendicular to dT/dx cannot rotate in the planes par-
allel to dT/dx because such a rotation should result in a decrease in
the heat flow Jq,x and, consequently, in a prohibited negative value
of entropy production. As a result, the rotational Brownian move-
ment generates the entropy driven perpendicular orientation of the
longest axis of a non-spherical particle with respect to the temper-
ature gradient. Once the particle achieves this oriented position, its
free Brownian rotational movement is possible only around its axis
parallel to dT/dx. The Second Law of thermodynamics of irreversible
processes postulates the identical restriction of the free Brownian
rotational movement for the spherical particles. Nevertheless, this
restriction should not lead to a change in thermal diffusion and to a
change in unidirectional molecular diffusivity of spherical particles
like in the case of non-spherical particles.

It follows from the above theoretical analysis that not only the
differences in translational diffusion coefficients and in thermal dif-
fusion coefficients of the particulate species can be exploited for
their effective separations. The differences in rotational behavior
of the particles exposed to temperature gradient make possible to
separate the particles according to differences in shape, in hetero-
geneity of thermal conductivity of particle body, and/or in surface
chemical nature heterogeneity.

2.4. Effect of hydrodynamic flow

It is a well known fact that the particles transported by a hydro-
dynamic flow are exposed to shear stress caused by the flow
velocity profile established in carrier liquid. If the particle is spher-
ical, it will be forced to rotate due to its exposal to flow velocity
gradient. This rotation can be in competition with the orientation of
the particle caused by its surface chemical heterogeneity or thermal

conductivity. Moreover, the hydrodynamic interactions at higher
concentrations of the particles in suspension can lead to collective
behavior which still remains rather unclear.

If the particle is not spherical and not oriented at a steady
state due to the action of temperature gradient it can be forced
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Fig. 3. Schematic representation of various situations which can occur when the
spherical and non-spherical particles are exposed to temperature gradient under
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and for 5.0 �m spherical silica particles were obtained under dif-
teady-state conditions without the hydrodynamic flow of the carrier liquid and
hen the particles are transported longitudinally, also under steady-state condi-

ions, by the low (central scheme) or high (bottom scheme) flow-rate of the carrier
iquid.

o be oriented in flow velocity gradient. The possible situations
re schematically shown in Fig. 3. Temperature gradient combined
ith the opposite diffusive flux generates, in the absence of the
ydrodynamic flow, a steady state with a stable concentration
istribution of the spherical or non-spherical particles across the
hannel. When the longitudinal flow of carrier liquid is applied,
he particles undergo the action of lift forces which displace the
articles to a new dynamic steady-state position, where the par-
icles are focused. During this displacement, the particles can be
riented vertically or horizontally according to the ratio of the
ate of vertical focusing transport to the velocity of longitudinal
ransport which determines flow velocity gradient in carrier liq-
id.

The preliminary experimental results described in the following
ections indicate that the above theoretical analysis shows very

ealistic ways to particle separations. Thus the particulate species
ike the cells and subcellular particles can be separated not only on
he basis of size and density differences but also according to shape
iversity.
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3. Experimental

A versatile Microthermal FFF setup was described in detail pre-
viously [14]. Versatility of the channel allows an easy change of
its thickness and thus its easy adaptability and optimization of the
experimental conditions for the separation of the particular species.
The dimensions of the Microthermal FFF channel used in this work
were 76 mm × 3.2 mm × 0.1 mm. A variable wavelength detector
(Watrex UVD 250, Czech Republic) equipped with 1 �L measur-
ing cell was used to record the fractograms at the wavelength of
260 nm.

Deionized water and aqueous NaCl solutions of different con-
centrations from 3 to 150 mM/L were used as carrier liquids.
The optimized injection-stop-flow-time procedure was applied in
Microthermal FFF experiments. The injection at the low flow-rate
of 0.005 mL/min was carried out during 25 s to introduce the sam-
ple into the channel with a minimum zone broadening. Thereafter,
the flow rate was stopped for 5 min to allow the establishment
of a steady-state concentration distribution of the sample across
the channel thickness. Finally, the flow-rate was restarted at dif-
ferent higher values. The temperature of the cold wall, Tc = 21 ◦C,
was kept constant in all experiments. Relatively low temperature
difference �T = 33 ◦C across the separation channel was chosen to
prevent bacteria denaturation.

Four different bacterial species were used in this study. S.
epidermidis are Gram-positive spherical cocci that are common
members of the normal skin and mucous membranes microflorae.
R. erythropolis are also Gram-positive but rod-shaped bacilli occur-
ring in soils, waters, and activated sludges. Acinetobacter lwoffii is
a Gram-negative, non-motile species which exhibits preponder-
antly a coccobacillary morphology when grown on nonselective
agar. It is widely occurring in nature. Acidovorax sp. is a genus of
Gram-negative aerobic bacteria commonly living in water and soil
environments. This species is usually rod-shaped. The above men-
tioned species were selected in order to represent Gram-positive
and Gram-negative cocci and rods.

The particles of the spherical polystyrene latex (PSL) of the diam-
eter of 1 �m were used for the direct experimental comparison
of their behavior with the behavior of the bacteria, investigated
under the identical experimental conditions of Microthermal FFF.
The experimental data for larger size (5.3 �m in diameter) PSL and
for spherical silica particles (5.0 �m in diameter) were also used in
this study in order to demonstrate the effect of the size and den-
sity on the retention. Unfortunately, a direct comparison of their
experimental retentions with the data obtained for 1 �m PSL par-
ticles and bacteria cells is not possible because the experimental
conditions of Microthermal FFF had to be chosen different in this
case. Temperature difference applied in the experiments with the
bacteria and 1 �m PSL particles would be too high for larger size and
higher density particles and thus temperature difference applied in
this case was �T = 0 ◦C.

4. Results and discussion

4.1. Retention of Gram-positive bacteria

The results of Microthermal FFF obtained with PSL particles and
with S. epidermidis and R. erythropolis cells are presented in Fig. 4 as
a dependence of the retention ratio R on the average linear veloc-
ity of the carrier liquid 〈v(x)〉. Although the results for 5.3 �m PSL
ferent experimental conditions, they are also given in Fig. 4 in order
to show the effect of the density of the particles on the retention.
It can be seen in Fig. 4 that all particulate species exhibit more or
less strong dependences of R = f(〈v(x)〉) regardless their size, density,
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Fig. 4. Dependences of the retention ratio R on the average linear velocity of the
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Fig. 5. Fractograms of Staphylococcus epidermidis cells obtained under different
experimental conditions of Microthermal Field-Flow Fractionation. Experimental

◦

ococcus epidermidis and Rhodococcus erythropolis bacteria. Experimental conditions:
emperature of the cold wall Tc = 21 ◦C, �T = 33 ◦C, linear velocity of the carrier liquid
uring the elution 〈v(x)〉 = 0.208 cm/s.

nd nature (or chemical character). This is a proof of the dominant
ocusing mechanism which was explicitly confirmed by previous
etailed studies [16,25] in which the same or similar PSL and sil-

ca particles were used. The first such observation of the impact
f lift forces on the retention ratio and, consequently, of the occur-
ence of focusing behavior in FFF of micrometer-sized particles was
ublished by Caldwell et al. [28].

The comparison of the dependence R = f(〈v(x)〉) in Fig. 4 for PSL
.3 �m with that for 5 �m silica particles demonstrates the effect
f different densities of the particles focused due to the action of
he gravitation and buoyancy and the counteracting lift force. The
xperimental data for 5 �m silica as well as for PSL 5.3 �m particles
ere obtained at �T = 0 ◦C. However, the effect of different densi-

ies of the retained PSL and silica particles is clearly documented.
he dependence R = f(〈v(x)〉) for silica particles lies well below that
or PSL particles up to the average linear velocity of the carrier liq-
id vy(x) = 0.417 cm/s. This difference can be explained by much
igher density of silica particles (�SiO2 ≈ 2.1 g/cm3) which causes
heir slower takeoff from the lower wall in comparison with PSL
articles (�PSL ≈ 1.05 g/cm3). This finding agrees with the theoreti-
al assumptions [15].

Experimental data in Fig. 4 for PSL 1 �m particles, S. epidermidis
nd R. erythropolis Gram-positive bacteria were all obtained at the
ame temperature difference �T = 33 ◦C and at the temperature of
he cold wall, Tc = 21 ◦C but with the use of carrier liquids contain-
ng different concentrations of NaCl: 3 mM/L of NaCl in the case of
xperiments with PSL 1 �m particles and R. erythropolis whereas,
nd 150 mM/L of NaCl in the case of S. epidermidis. The reason for the
se of different carrier liquids is explained in the following para-
raph in relation with the results shown in Fig. 5. As can be seen in
ig. 4, there are enormous differences in R = f(〈v(x)〉) dependences
or the three studied species (PSL, S. epidermidis, R. erythropolis).
hese differences cannot be explained by different densities of
he retained species (1.03 g/cm3 for PSL, 1.125–1.129 g/cm3 for S.
pidermidis, as determined in [14], and 1.04 g/cm3 determined by
sopycnic focusing in density gradient for R. erythropolis) which are
ery small (in comparison with the effect of density demonstrated
y PSL 5.3 �m and silica 5 �m particles). As concerns the size of the
etained species, only R. erythropolis cells are significantly larger,

ee the results of the dynamic light scattering (DLS) given in the
ollowing paragraphs, but PSL 1 �m and S. epidermidis have almost
he same size. Substantially higher retention ratios of bacteria cells,
ithin the whole range of average linear velocities of carrier liq-
conditions: temperature of the cold wall Tc = 21 C, linear velocity of the carrier liq-
uid during the elution 〈v(x)〉 = 0.208 cm/s, temperature difference, �T = dT is given
for each particular experiment.

uid, in comparison with perfectly spherical PSL particles could be
due to their non-spherical shape which is more important for R.
erythropolis than for S. epidermidis. This hypothesis is developed
below.

Fig. 5 represents the fractograms of S. epidermidis obtained at
average linear velocity of the carrier liquid 〈v(x)〉 = 0.208 cm/s but
at different temperature differences, �T = 0 ◦C and �T = 33 ◦C, and
at different concentrations of NaCl in carrier liquid: 3 mM/L and
50 mM/L. As a matter of fact, the first peaks in all fractograms shown
in Fig. 5 but also in Figs. 8, 10 and 12, always correspond either to the
small-size of unfocused and thus unretained species (for example
to the products of bacteria metabolism) or to the large-size species
either unfocused or focused near the centerline of the channel (it
means at the fastest streamline), or to a mixture of both. Large-size
unfocused or focused species can thus move along the channel with
an average linear velocity higher than the average linear velocity of
the carrier liquid. Such a behavior was confirmed by the fact that
some peaks of large-size unfocused or focused species eluted in
shorter time in comparison with retention time of the unretained
acetone. As can be seen in Fig. 5, the S. epidermidis is not retained
or is focused near the centerline at �T = 0 ◦C in carrier liquid con-
taining 3 mM/L of NaCl but it exhibits a small increase in retention
with an increase in concentration of NaCl. The increase in concen-
tration of NaCl causes the screening of surface charges, a decrease
of zeta-potential (as can be seen in Fig. 6), and thus the reduction
of inter-particle repulsive interactions. As a result, the sole gravi-
tational force is able to generate a weak retention indicated by the
shoulders on the fractograms. On the other hand, the application of
temperature difference �T = 33 ◦C causes a substantial increase in
retention of S. epidermidis. It means that S. epidermidis exhibits an
important thermal diffusion effect. The retention of S. epidermidis at
�T = 33 ◦C is also weakly influenced by the variation of the concen-
tration of NaCl in carrier liquid, as can be seen in Fig. 7. Although the
decrease of zeta-potential of S. epidermidis with increasing concen-
tration of NaCl is important (see Fig. 6), the corresponding variation
of retention ratio is almost negligible (see Fig. 7). These findings
indicate that there is not an important aggregation of the cells in
150 mM/L NaCl but perhaps the variation of NaCl concentration

causes some minor changes in size of S. epidermidis which, however,
were not confirmed (within the range of experimental errors) by
DLS measurements. Particle diameter dp of S. epidermidis was found
dp = 0.89 �m in pure water and dp = 0.91 �m in 145 mM/L NaCl.
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Fig. 8. Fractograms of Rhodococcus erythropolis cells obtained under different
experimental conditions of Microthermal Field-Flow Fractionation. Experimental
conditions: temperature of the cold wall Tc = 21 ◦C, linear velocity of the carrier liq-
uid during the elution 〈v(x)〉 = 0.208 cm/s, temperature difference, �T = dT is given
for each particular experiment.
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rax sp. bacteria. Experimental conditions: temperature of the cold wall Tc = 21 ◦C,
�T = 33 ◦C, linear velocity of the carrier liquid during the elution 〈v(x)〉 = 0.208 cm/s.

Fig. 8 shows the fractograms of R. erythropolis obtained at aver-
age linear velocity of the carrier liquid 〈v(x)〉 = 0.208 cm/s but at
different temperature differences �T = 0 ◦C and �T = 33 ◦C, and at
different concentrations of NaCl in carrier liquid (from 3 mM/L
to 150 mM/L). The fractogram obtained at �T = 0 ◦C indicates that
there is a non-negligible retention due to only lift force and the
counteracting gravitation-buoyancy force. DLS measurements of
R. erythropolis indicated a small variation of the size, dp = 3 �m in
pure water and dp = 2.8 �m in 145 mM/L NaCl. The application of
temperature difference �T = 33 ◦C leads to an important increase
in retention thus showing that this species also exhibits the effect
of thermal diffusion. Small and non-systematic variation of reten-
tion ratio with the concentration of NaCl in carrier liquid (see Fig. 7)
can hardly be related to an important variation of the zeta-potential
with the concentration of NaCl (see Fig. 6). However, it is worth-
while to note that a decrease of R. erythropolis particle–particle
repulsive electrostatic interactions with an increase of NaCl con-
centration is accompanied by narrowing of the focused zones with
increasing concentration of NaCl (see the concerned fractograms in
Fig. 8, obtained at �T = 33 ◦C). This observation holds true also for
the fractogram obtained at 50 mM/L of NaCl in carrier liquid, not
shown in Fig. 8. This is an important finding because it represents
the first experimental proof of our theoretical prognosis [15] con-
cerning the narrowing of the focused zones as a consequence of the
reduced particle–particle repulsive interactions.

An actual separation of S. epidermidis and R. erythropolis bacteria
was published previously [13]. Fig. 1 in Ref. [13] clearly showed that
the order of elution was rod-shaped R. erythropolis first, followed
by nearly spherical S. epidermidis. With regard to relatively high
linear velocities of the carrier liquid, 〈v(x)〉 = 0.208 cm/s, focusing
mechanism clearly dominated the separation.

4.2. Retention of Gram-negative bacteria

The comparison of R = f(〈v(x)〉) dependence for PSL 1 �m parti-
cles with those for A. lwoffii and Acidovorax sp. is shown in Fig. 9.
The differences in R = f(〈v(x)〉) dependences for the PSL particles and
Gram-negative bacteria are similar to those of Gram-positive bac-
teria presented in Fig. 4. A. lwoffii is known as nonmotile cocci

which usually occurs in pairs under magnification. The size of
our sample measured by DLS was dp = 1.1 �m in pure water and
dp = 1.3 �m in 145 mM/L NaCl, thus very close to the size of PSL
particles. The density of A. lwoffii determined by isopycnic focus-
ing was �Ac ≈ 1.09 g/cm3. Acidovorax sp. consists mainly of single
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Fig. 12. Fig. 5 Fractograms of A. lwoffii and Acidovorax sp. cells obtained by
xperimental conditions of Microthermal Field-Flow Fractionation. Experimental
onditions: temperature of the cold wall Tc = 21 ◦C, linear velocity of the carrier liquid
uring the elution 〈v(x)〉 = 0.208 cm/s, temperature difference, �T = dT is given for
ach particular experiment.

od cells with the width of 0.8 �m (ranging from 0.6 to 0.9 �m)
nd the length of 1.6 �m (ranging from 1.0 to 2.1 �m). The pairs of
ells with the length of 2.8 �m (ranging from 2.2 to 3.6 �m) are
sually present. The size of our sample of Acidovorax sp. deter-
ined by DLS was dp = 2.1 �m in 145 mM/L NaCl. The density of

cidovorax sp. was not measured but should lie within the range
f densities of all other bacteria studied in this work. As a result,
lso in this case of Gram-negative bacteria, an important differ-
nce between R = f(〈v(x)〉) dependences for bacteria cells and that
or PSL particles cannot be explained by the differences in size or
ensity.

Fig. 10 represents the fractograms of A. lwoffii and Aci-
ovorax sp. obtained at average linear velocity of the carrier
iquid 〈v(x)〉 = 0.208 cm/s but at different temperature differences,

T = 0 ◦C and �T = 33 ◦C, and at different concentrations of NaCl in
arrier liquid (3 mM/L and 50 mM/L). As can be seen in Fig. 10, A.
woffii exhibits a clear retention in carrier liquid containing 3 mM/L
f NaCl, even at �T = 0 ◦C, which is again due to only lift force and
ounteracting gravitation-buoyancy force. Its retention substan-
ially increases at temperature difference of �T = 33 ◦C in 3 mM/L
aCl but it decreases in 50 mM/L NaCl. This spectacular decrease in

etention coincides with a dramatic decrease of zeta-potential of
. lwoffii within the range of concentrations 35 mM/L to 70 mM/L
f NaCl, as can be seen in Fig. 11. Such a dramatic decrease of
eta-potential can provoke the aggregation of A. lwoffii cells which
as not detected by DSL measurement in 145 mM/L NaCl solution

ecause of relatively low concentration of the cells. On the other
and, such an aggregation might occur under Microthermal FFF
onditions due to the important concentration of the cells within
he focused zone. The formed large aggregates are focused near the
enterline of the channel and are then transported by carrier liq-
id at faster velocity. It results in an increase of retention ratio, as
lready discussed above.

Acidovorax sp. exhibits only a weak retention at �T = 0 ◦C in car-

ier liquid containing 3 mM/L of NaCl and at average linear velocity
f the carrier liquid 〈v(x)〉 = 0.208 cm/s (see the shoulder on the cor-
esponding fractogram in Fig. 10). On the other hand, a decrease of
verage linear velocity of the carrier liquid to 〈v(x)〉 = 0.052 cm/s and
he application of temperature difference of �T = 33 ◦C in 3 mM/L
Microthermal Field-Flow Fractionation under identical experimental conditions.
Experimental conditions: temperature of the cold wall Tc = 21 ◦C, temperature dif-
ference, �T = dT = 33 ◦C, linear velocity of the carrier liquid during the elution
〈v(x)〉 = 0.052 cm/s.

NaCl resulted in an important increase of the retention of Acidovo-
rax sp., as can be seen in Fig. 12. The fractogram of A. lwoffii, shown in
Fig. 12, was obtained under the identical experimental conditions
and demonstrates that the difference in the retentions of these two
Gram-negative bacteria should allow their separation. In this case
of Gram-negative bacteria, the elution order was the same as in
the case of Gram-positive bacteria. The rod-shaped Acidovorax sp.
eluted first, followed by nearly spherical cells of A. lwoffii. On the
other hand, with regard to lower linear velocity of the carrier liq-
uid applied in this case, 〈v(x)〉 = 0.052 cm/s, polarization mechanism
probably dominated the separation.

5. Conclusions

The theoretical analysis concerning free translational and rota-
tional diffusion of the spherical and non-spherical particles,
exposed to temperature gradient and, consequently, undergoing
the thermophoresis, indicated the possibilities to fractionate the

particles according to the differences in shape.

Orientation of the spherical and non-spherical particles caused
by topographical heterogeneity of their surface chemical nature
or by heterogeneous dissipation of heat energy due to non-
homogeneous thermal conductivity of the particle body can also be
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xploited for the fractionations based on the differences in shape
f the cells and subcellular particles.

An optimized choice of the operational conditions, especially of
emperature gradient and linear velocity of the longitudinal flow
f carrier liquid should allow the above mentioned separations
f the particles by Microthermal Field-Flow Fractionation. Both
ain separation mechanisms, polarization and focusing, seem to

e effectively exploited.
Preliminary experimental separations of nearly spherical and

od-shaped Gram-positive and Gram-negative bacteria confirmed
hat Microthermal Field-Flow Fractionation is a suitable method to
erform such difficult task. Although the preliminary experimental
esults are convincing, it is obvious that enormous but challeng-
ng experimental work remains to be done in order to fully exploit
he potential of Microthermal Field-Flow Fractionation in cells and
ubcellular particles separations.

In the theoretical part, all possible explanations of the experi-
ental results were analyzed and discussed. The analysis showed

hat the only explanation of the separation of different bacteria
s based on the differences in their shape. The goal of our study

as to compare qualitatively the experimental observations with
he contributions of some particular mechanisms participating in
he separations of the spherical and non-spherical particles and
escribed in the theoretical part. The investigated system is so
omplex that quantitative comparison is recently not possible with
egard to the lack of full understanding of thermal diffusion phe-
omenon.

cknowledgements
This work was partially supported by the Ministry of Educa-
ion, Youth and Sports of the Czech Republic, project No. MSM
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