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ABSTRACT

Hypothesis: The process of dried blood spot sampling involves simultaneous spreading and penetration of
blood into a porous filter paper with subsequent evaporation and drying. Spreading of small drops of
blood, which is a non-Newtonian liquid, over a dry porous layer is investigated from both theoretical
and experimental points of view.

Experiments and theory: A system of two differential equations is derived, which describes the time evo-
lution of radii of both the drop base and the wetted region inside the porous medium. The system of
equations does not include any fitting parameters. The predicted time evolutions of both radii are
compared with experimental data published earlier.

Findings: For a given power law dependency of viscosity of blood with different hematocrit level, radii of
both drop base and wetted region, and contact angle fell on three universal curves if appropriate scales
are used with a plot of the dimensionless radii of the drop base and the wetted region inside the porous
layer and dynamic contact angle on dimensionless time. The predicted theoretical relationships are three
universal curves accounting satisfactorily for the experimental data.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Dried blood spot (DBS) sampling is a method of blood collection,
transportation and storage which has been investigated and used
over the recent decades [1-6]. However, most studies of DBS have
been focused on the clinical aspects, such as, developing new ana-
lytical method and improving their sensitivity of measurements,
and the detection of new analytes. The mechanisms of blood
spreading behavior during DBS sampling on DBS filter paper has
not been investigated yet. The basic procedure of DBS sampling

* Corresponding author. Fax: +44 (0)1509 223923.
E-mail addresses: T.Chao@lboro.ac.uk (T.C. Chao), O.Arjmandi-Tash@lboro.ac.uk
(0. Arjmandi-Tash), d.b.das@lboro.ac.uk (D.B. Das), v.m.starov@lboro.ac.uk
(V.M. Starov).

http://dx.doi.org/10.1016/j.jcis.2015.01.054
0021-9797/© 2015 The Authors. Published by Elsevier Inc.

is to deposit a small but known amount of blood droplet on a filter
paper where the droplet will spread, penetrate into and slowly dry
out as a spotted sample. Hence, the sampling process can be
described in terms of spreading of blood, which is a non-Newtonian
fluid, over a thin porous substrate. In order to investigate the
influence of the spreading/imbibition behavior on the DBS analysis,
the development of a theoretical model is presented below.

The spreading of Newtonian liquids over smooth homogeneous
surfaces has been investigated in [7-10]. It has been established
that a singularity at the three phase contact line is removed by
the action of surface forces [8,10]. The presence of roughness
and/or a porous sublayer changes substantially the wettability of
the substrate [11] and, hence, the spreading behavior [12-14].
The theoretical description of spreading over real surfaces is

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Latin

a radius of pores (pm)

A dimensionless parameter (-)

b, c, C  integration constant (-)

g gravity acceleration value (m s~2)

h height of the drop (mm)

Ky permeability of the porous layer (mD)
k flow consistency index (Pa s™)

L radius of the drop base (mm)

14 radius of the circular edge of the wetted region inside

the porous layer (mm)

m porosity (=)

p pressure (Pa)

nz co-ordinate system (mm)

t, T time (s)

u, v vertical and radial velocity components (m/s)
Vv volume of the drop (pl)

Greek

Y interfacial tension (dyn cm™!)

o surface tension (dyncm™')

7 shear rate (s71)

A thickness of the porous layer (pum)
) small parameter (-)

n effective viscosity (mPa s)

0 dynamic contact angle (°)

v dimensionless parameter (-)

P density (kg m~3)

2 effective lubrication parameter (-)

X dimensionless parameter (Egs. (28) and (29)) (-)

Subscripts

0 initial value

p porous layer

g ambient air

o capillary

n viscous

A complete saturation of the porous layer in the vertical
direction

f marks the constant value of the contact angle over the
duration of the second stage

+ expansion

- shrinkage

d drop

m corresponds to the moment when the drop base reaches
its maximum value

Superscripts

* characteristic value

- dimensionless

usually based on an ad hoc empirical “slippage condition” [15-19].
In [20] the spreading of small drops of Newtonian liquids over thin
porous layers saturated with the same liquid has been investigated.
Instead of the “slippage conditions” Brinkman'’s equations have been
used in [20] for the description of the liquid flow inside the porous
substrate. In [21] the spreading of Newtonian liquid over dry porous
substrates was investigated in the case of complete wetting.

Spreading of droplets of non-Newtonian liquids over smooth
solid surfaces was considered in [22] in the case of complete wet-
ting. Considerable deviations from the spreading of Newtonian lig-
uids were found [22]. In [23] a simultaneous spreading and
evaporation of droplets of Newtonian liquids were considered.

Below the liquid under investigation is spreading/imbibition of
a blood drop, which is a non-Newtonian power-law liquid, over a
filter paper. Hence, the problem under investigation is similar to
that considered in [21] when a drop of Newtonian liquid spreads
over a dry porous layer, however, the difference is that now the
liquid is a non-Newtonian blood. The experimental result on blood
drops spreading over Whatman 903 filter paper (GE healthcare,
UK) has been presented in [24]. The experimental results presented
in [24] show that the blood spreading deviates from the corre-
sponding Newtonian liquid [21] in two ways: (i) the droplets
spreading governs by a different law as compared with [21] and
(ii) non-Newtonian liquid imbibition into a porous substrate differs
from that of Newtonian liquids.

The problem is treated below under the lubrication theory
approximation and in the case of complete wetting. Spreading of
“big drops”, that is, bigger as compared with thickness of the por-
ous substrate but still small enough to neglect the gravity action
over “thin porous layers” is considered below.

2. Theory
The kinetics of blood motion in the drop both above and within

the porous layer itself is taken into account below. It is assumed
that the thickness of the porous layer, 4, is much smaller than

the drop height, that is, 4 < h*, where h* is the scale of the drop
height. The drop profile is assumed to have a low slope, h*/
L* <« 1, where L* is the scale of the drop base, and the
influence of the gravity is neglected (small drops, Bond number

ng*z/y < 1, where p, g, and y are the liquid density, gravity
acceleration and the liquid-air interfacial tension, respectively).
That is, only capillary forces are taken into account.

Under such assumptions a system of two differential equations
is deduced below, which describes the time evolution of the radii
of both the drop base, L(t), and the wetted region inside the porous
layer, 4(t), (Fig. 1).

2.1. Droplet profile

According to [22] in the case of the capillary spreading the
droplet profile in the central part of the droplet, except for a small
vicinity of the three phase contact line, can be presented as a
spherical cap even in the case of non-Newtonian liquids, which is
similar to the case of Newtonian liquid [21]:

2V o,
h(t,r):?(L —r%), r<L(t) (1)
lA
r
3 LR R S TSy
| 10
Fig. 1. Cross-section of the axis-symmetric spreading drop over initially dry filter
paper with thickness 4. 1 - liquid drop; 2 - wetted region inside the porous

substrate; 3 - dry region inside the porous substrate. L(t) - radius of the drop base;
£(t) - radius of the wetted area inside the porous substrate; A - thickness of porous
substrate; 0(t) - contact angle; r, z co-ordinate system.



220 T.C. Chao et al./Journal of Colloid and Interface Science 446 (2015) 218-225

The latter expression is independent of the power law for the bulk
viscosity.

The porous layer is assumed to be thin enough and the time for
saturation in the vertical direction can be neglected relative to
other time scales of the process.

Darcy’s law cannot be used for description of the flow of a
non-Newtonian liquid in the thin porous layer; hence, a modified
approach is used (see the Supplementary Material for further
details).

In the same way as in [21] the time required for a complete
saturation of the porous layer in the vertical direction, t,, can be
estimated. Accordingly, the porous layer beneath the spreading
drop (0 <r < L(t)) is always assumed completely saturated.

The capillary pressure inside the porous layer, p., can be
estimated as p, ~ % where a* is the scale of capillary radii inside

the porous layer and y is the surface tension. The capillary pressure
inside  the drop, p-p, can be estimated as

p—pg~ ziz = I <& < Z~p., where p, is the pressure in the
ambient air. That is, the capillary pressure inside the drop can be
neglected as compared with the capillary pressure inside the filter
paper.

The drop volume, V(t), changes over time, t, because of the imbi-
bition of the liquid into the porous layer, this means:

V(t) = Vo — mmAF(t) )

where Vj is the initial volume of the drop; m is the porosity of the
porous layer; and ¢(t) is the radius of the wetted circle on the sur-
face of the porous layer. The wetted region is a cylinder with radius
£(t) and the height 4. ¢(t) is referred below as the radius of the wet-
ted region inside the porous layer.

Let t* be the time instant when the drop is completely sucked

by the porous substrate, V(t*) =0 =V, — nmAe’, where ¢ is the
maximum radius of the wetted region in the porous layer. The lat-
ter equation gives

(Vo'
£ = (7o) ®)
¢ is used below to scale the radius of the wetted region in the por-
ous layer, ¢(t).
Eq. (1) gives the following value of the dynamic contact angle, 6,
(tan 0 ~ 0):

4V
0="2 4
nl? 4)
or
4\ 13
L— (E) (5)

2.2. Spreading above porous substrate

The drop motion is a superposition of two motions: (a) the
spreading of the drop over already saturated part of the porous
layer, which results in an expansion of the drop base, and (b) a
shrinkage of the drop base caused by the imbibition into the por-
ous layer. Hence, the following equation can be written:

dL
dt
where v,, v_ are unknown velocities of the expansion and the

shrinkage of the drop base, respectively.
Let us take time derivative of both sides of Eq. (5). It results in:

v —U_ (6)

dt~ 3

dL 1/74VN\"3do 1/ 4 \"av
= — ) Gtal=m - (7)
o dt 3 \nv?o dt

Over the whole duration of the spreading over the porous layer both
the contact angle and the drop volume can only decrease with time.
Accordingly, the first term in the right hand side of Eq. (7) is positive
and the second one is negative.

Comparison of Egs. (6) and (7) yields

1/74V\"3do 1/ 4 \'"7dv
v=3(m) @0 v=3lwm) &0 ©

no* V2o

The derivation above can be justified as follows. There are two
substantially different characteristic time scales in the problem
under consideration: T, = t, < t, =T, where t; and t, are time
scales of the viscous spreading and the imbibition into the porous
layer, respectively; & :i—i’<<1 is a smallness parameter (around

P

0.08 for Newtonian fluid [21]). It is possible to write down
L =L(T,,T,), where T, is a time of the fast viscous spreading and
T, is a time of the slower imbibition into the porous substrate.
The time derivative of L(T,, T) is

dL oL oL
@t~ at, o, ®)
Comparison of Egs. (6), (8) and (9) shows that
aL 1/4v\'do oL 1/ 4 \'av
vo=t=—g(tg) o v=r—=—g(=) T (10)
aT, 3 \no dt Ty 3 \nv?o dt

The decrease of the drop volume, V, with time is determined
solely by the imbibition into the porous substrate and, hence, the
drop volume, V, only depends on the slow time scale.

According to the previous consideration the whole spreading
process can be subdivided into two stages:

(i) first fast stage, when the imbibition into the porous sub-
strate is small, and the drop spreads with approximately
constant volume. This stage goes in the same way as the
spreading over saturated porous layer and the arguments
developed in [20] can be used here;

(ii) second slower stage, when the spreading process is almost
over and the evolution is determined mostly by the imbibi-
tion into the porous substrate.

During the first stage the dependency of the droplet base radius
can be rewritten in the following form [22]:

o

(t+ to) (11)

5

Vén+2)/n

no A/o\n
L(t) = n+i &(E) Qm)m2m

where n is the flow behavior index from the known Otswald-de
Waele relationship; o = 52 and to is the duration of the initial stage
of spreading, when the capillary regime of spreading is not applica-
ble; / is a constant, which has been already determined from exper-
imental data [20] for Newtonian liquids. Below the same value as in
[20] was adopted for /. in the case of non-Newtonian liquids,
because the actual viscosity of blood investigated was not drasti-
cally different from those liquids used in [20]. Note, the parameter
/2 is independent of the droplet volume [20]. The parameter «
increases from 0 at n=0 to 1/3 at n - oo and equals to 0.1 in the
case of Newtonian liquid at n = 1; that is, the limits are: 0 < a < 1/3.

In the case of Newtonian liquids Eq. (11) gives a well-known
results of spreading in the case of complete wetting [8]:
L(t) ~ (t+to)*'. Eq. (11) shows that pseudo plastic fluids, n<1,
spread slower than Newtonian liquids because in this case
0 < o <0.1; however, dilatant fluids, n > 1, spread faster than New-
tonian liquid because in this case o > 0.1.

According to Eq. (11) the characteristic time scale of the first
stage of spreading is
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o (zn)(n+2)/nL(l)/1

n A 1/ny,(n+2)/n
2nn+1 é (%) VO

(12)

where Ly = L(0) is the radius of the droplet base in the end of the
very fast initial stage of spreading. Eq. (11) can be rewritten now as

(13)

Combination of Egs. (13), (8) and (4) gives:

V(t)>1/3 Lo
[ _— 14
+ (VO (ﬂ 1-a ] ( )

)

Substitution of Eq. (2) into Eq. (8) gives the following expression
for velocity of the drop base shrinkage, v_:

212 mare 4 " de
v_ = 3 22 E (15)
(Vo —tmae=) 0

Substitution of the latter two equations into Eq. (6) results in:
n+2)/n o
al L 13 n i(g)l/” Vf‘) 2)
dL Vo 2n+1 o \k anmm
dt n (l‘ + to)l—a

3
B 27 mAe ( 4 )1/ de
3 (Vo — mma®)’g) dt

(16)

The only unknown function left now is the radius of the wetted
region inside the porous layer, ¢(t), which is determined below.

2.3. Inside the porous layer outside the drop (-4 <z<0,L<r</{)

The liquid flow inside the porous layer obeys the modified
Darcy’s law (Eq. (A.11) in Appendix A):

10/ v 1 1/n
F§<r§>70, ”*K”<E > (17)

Solution of the latter equations is

c\", rim c

op

or

where b and c are integration constants, which should be deter-
mined using the boundary conditions for the pressure at the drop
edge, r=L(t), and at the circular edge of the wetted region inside
the porous layer, r = ¢(t).

Note that in the case of the imbibition of a Newtonian liquid
[21] the solution is different from the case of power law non-New-
tonian liquids:

p=—(cu/K,)Inr +b; 1/:% (19)
because the solution, Eq. (18), becomes singular at n=1, that is, in
the case of Newtonian liquid.

The boundary condition at the drop edge is:

P=Dg— D, T=AL1) (20)

where p. ~ ﬁ— is the capillary pressure inside the pores of the porous
layer, and a* is a characteristic scale of the pore radii inside the por-
ous layer.

The other boundary condition is

p=pg+pe; T=L(t) (21)
where p, is an unknown pressure [21] inside the drop. It was esti-

mated above and in [21] that p; < p.. That is, below py is omitted in
expression (21).

Taking into account the latter two boundary conditions, both
integration constants, b and ¢, can be determined, which gives
the following expression for the radial velocity according to Eq.
(18):

1/n

y Ko {w (22)

T k@I

The velocity at the circular edge of the wetted region inside the por-
ous layer is:

de
dt

Combination of the latter two equations gives the evolution equa-
tion for /:

1/n
de K,| (1-n)p,
b R S/ o 24
dt YA |:k(€1n _ Lln):| ( )

=Vl (23)

An estimation of the time scale t, can be made according to Eq.
(24) in the same way as in [21]:

g*(lﬂ/n)k]/”
ty=———— T (25)
Knpc
Comparison of the estimated values of t, according to Eq. (12)
and of t,, according to Eq. (25) shows that under all our experimen-
tal conditions the following inequality ¢, < ¢, is really satisfied.

Substitution of Eq. (24) into Eq. (16) gives the following system
of differential equations for the evolution of both the radius of the
drop base, L(t), and that of the wetted region inside the porous
layer, 4(t):

1% 173 n_J(a\1/n VE)"‘Z)/" !
dL @ Vo 2n+1 o (E) (27[)("4'2)/"

dr (t+to) "

2nmd  Ka 1-np. 1" 26
3 Vo—mmdA k(" — L")
e K[ 1-np, 1"
n —n pc
e _Kn Pe 27
dt Vi |:k(eln _ Lln):| ( )

Let us make the system of differential Egs. (26), (27) dimension-
less using new scales L =L/L,,{ = ¢/¢",t = t/t*, where L, is the
maximum value of the drop base, which is reached at the unknown
time instant t,,, that is, at the moment when the right hand site of
Eq. (26) is equal to zero. Note that the time instant t* is unknown
but according to the previous estimations is not very much differ-
ent from the characteristic time ¢, according to Eq. (25). That is we
adopt that t* = vt;, where v is an unknown parameter, which can
depend on n.

The same symbols are used for dimensionless variable (marked
with an over-bar) as for corresponding dimensional variables. The
system of Eqs. (26), (27) transforms as:

— S9\1/3 - 1/n
ﬁ:vA(l—ﬁ )T 2Ly (1-n) (28)
t (t+) " 31-2¢2 (@-n — X[H')
@ v[ _a-nm ]" 29
dt 7 ([l—n _ XZl—n)
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where
B L 1-n
to=to/t' <1, = (f) .,
2 (fm+io) " - ln
A=3 Jp V473 (o 1 =7 (30)
(1 - ém) (q—n )

where 4, is the radius of wetting region at the time instant t,,.

Egs. (28) and (29) are a system of two first order differential
equations, and, hence, two initial conditions should be imposed
for solving them. These initial conditions should be initial condi-
tions for both L(0) and £(0). The system of differential Eqs. (28)
and (29) is singular at zero values of both L(0) and ¢(0). Hence a
small but non-zero values were selected instead:

L(0) = 0.001 (31)

7(0) = 0.001 (32)

that is, very small values. The small initial time, t,, was selected as
to = 0.00001. The calculation below shows that the result almost
independent of the small initial values selected.

Solution of Egs. (28) and (29) should satisfy the following four
extra conditions:

I(1)=0 (33)
L(tm) =1 (34)
dL(tn)

=0 (35)
(1) =1 (36)

Conditions (34) and (35) were used above to select an expres-
sion for A and conditions (33) and (36) are to be satisfied. However,
the system of differential Eqs. (28) and (29) includes two unknown
dimensionless parameters, y, v, and precisely two extra conditions
(33) and (36) to determine these unknown parameters.

According to Egs. (10) and (28) the dimensionless velocities of
the expansion of the drop base, 7., and the shrinkage, 7_, are:

_ — 1/n
_ vA(1 - 2?) 2 v 1-n)
Vy=———95, V-=5 = | = T
(£ + o) ALyl
Let us rewrite Eq. (4) using the same dimensionless variables and
V=V/Vo=1-2:
4V,

=70 _ 72
0=—501-7) (38)

1/3

(37)

Let us introduce 6, = %0 (1 — £2,), which is the value of the dynamic

contact angle at the time instant when the maximum value of the
drop base is reached. Then Eq. (38) can be rewritten as:

2 2
Om 3

and the latter relationship should be a universal function of the
dimensionless time, t.

Let us consider the asymptotic behavior of system (26) and (27)
during the second stage of the spreading. According to the previous
consideration and as it will be confirmed below in Fig. 3, over the
second stage of the spreading velocity of the expansion of the drop
base, v;, become small and, hence, to understand the asymptotic
behavior the term corresponding to v, in the left hand side of Eq.
(26) is omitted. This results in:

dL _ 2Lmm4 K, {

1/n
(1-n)p,
= 40
dt 3 V- mmar? ) (40)

k([]—n _ L]—n

while Eq. (27) is left unchanged. The system of differential Egs. (27),
(40) can be solved analytically. For this purpose Eq. (40) is divided

by Eq. (27), which gives & = — _2miLL_ f — V; — tmA¢? is used

3(Vo—mmar?)®
instead of ¢, the latter equation takes the following form: 4 = £,
which can be easily integrated and the solution is

v=cl (41)

where C is an integration constant. Let us rewrite Eq. (4) using the
same dimensionless variables and V = V/Vj:

ol o

V= v, 0L (42)
Comparison of Egs. (41) and (42) shows that the dynamic contact
angle asymptotically remains constant during the second stage.
This constant value is marked below as 6. It is necessary to empha-
size that in the case under consideration the constancy of the con-
tact angle during the second stage has nothing to do with the
contact angle hysteresis: there is no hysteresis in our system here:
0ris not a receding contact angle but forms as a result of a self-reg-
ulation of the flow in the drop-porous layer system [21].

3. Experimental data
3.1. Spreading behavior

All experimental data for our theoretical calculations were
taken from the previous published paper [24], where a series of
experiments on blood spreading were reported. Pig’s blood was
collected in EDTA anti-coagulated tubes (International Scientific
Supplies Ltd. Bradford, UK) from a local butcher and prepared
blood sample of different haematocrit levels [24]: 30%, 50%, 70%.
Fig. 1 shows a cross-section of the axis-symmetric spreading drop
over the porous medium with thickness 4. The time evolution of
the spreading radius, Lexp(t), the droplet height, hexp(t), and the
wetting region radius, lex(t), were monitored [24]. According to
[24] the pores structure of DBS sampling cards (filter paper) proves
that the porous medium (DBS card) have a bi-porous structure, i.e.,
the macro size pores between the fibers and micro pores inside the
fibers. The fast penetration in large pores, between the fibers, cur-
rently is only process taken into account according to the model
above. However, there are two additional processes, which might
influence the penetration of blood inside the porous medium: (i)
the penetration inside the fibers, and (ii) adsorption of red blood
cells on/inside fibers.

3.2. Blood rheology

Blood is a non-Newtonian liquid, which shows a shear-thinning
behavior [24-26]. Different rheological models have been used
based on curve fitting of experimental data for a description of
the blood rheology [27-29]. The blood rheology measurements
have been made in the previous publication [24] using the rheom-
eter with plane geometry (4 cm diameter, stainless steel) and
250 pm gap. The viscosity measurements have been made in shear
range 0.2-100 s~ ! in [24]. The power law equation known as Ots-
wald- de Waele relationship has been used as the rheological
model of blood:

0=k (43)

where k is the termed “flow consistency index”, n is the “flow
behavior index” and 7 is the shear rate. Eq. (43) showed a good
agreement with previous experimental measurement of blood vis-
cosity [24], where both k and n were determined for all haematocrit
levels under investigation.
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Fig. 2. The time evolution of 41:]",51') for different haematocrit level pig’s blood.

Knpi /n
P

3.3. Independent determination of

As mentioned above the permeability of porous layer and effec-
tive capillary pressure are considered as a single coefficient in our
theoretical model. In order to determine this coefficient, additional
experiments were carried out to obtain this coefficient based on
the modified Darcy’s law. The horizontal imbibition of blood sam-
ples with different haematocrit levels into the filter paper was used
similar to [21]. The filter paper used in the spreading experiment
were cut into rectangular sheets of 1.5 cm * 3.0 cm. The depth of
immersed part of each sheet was around 0.3-0.5 cm into the blood
container and the position of imbibition front was recorded by high
speed camera over time. According to Eq. (17) the position of the
imbibition front can be expressed in the following way:

K pl/n
1+1/ c
d + ”(t) = ],11/”

(1+1/n)t (44)

where d(t) is the position of the imbibition front inside the filter
paper. It was found that in all runs d'*'/*(t) proceeds along a

1/n
Knp.'
Kim

straight line, whose slope gives value as shown in Fig. 2.

1/n .
The measured values of Kl’;lpf" are presented in Table 1.

4. Numerical solution of Eqs. (28) and (29)

The system of differential Eqs. (28) and (29) was solved using
initial conditions (31) and (32). The two unknown parameters y,
v were determined using additional conditions (33) and (36). Note
that the system after that does not include any fitting parameters.
According to our calculations both parameters, y, v, vary insignifi-
cantly for all three n values used (Table 2).

Hence, the three dimensionless dependencies L(t), ¢(t) and 6/0,,
should fall on three almost universal curves. See solid lines in

Table 1 o
The value of %%

T for different haematocrit level of blood.

Haematocrit level (%) Kn{:;"" (mm(*1m §-1)
e

30 43.333 +£6.504
50 27.012 £ 1.407
70 N/A

Table 2

Calculated values of two unknown dimensionless parameters y, v. The values of n
were determined in [24].

Haematocrit level (%) n \Y x

30 0.394 0.281 0.376047
50 0.368 0.2439 0.3747172
70 0325 0.214 0.3454006

Figs. 4-6. This conclusion is in a good agreement with our
experimental observations (see below): experimental dependen-
cies also show a universal behavior.

5. Results and discussion

The time evolution of radius of blood droplet at constant vol-
ume, 10 = 0.5 pl, spreading on Whatman 903 filter paper and the
time evolution of the radius of wetting region have been presented
earlier in [24]. The droplet radius of all the blood samples reached
zero at the end of spreading/imbibition process. Although there
are some differences of spreading behavior between the blood sam-
ples with different haematocrit level spreading on DBS filter paper,
in general, the spreading results of all samples showed similar fea-
tures during the whole spreading process. The whole process can be
subdivided into two stages as in the case of Newtonian liquids [21]:
over duration of the first stage, the expansion of droplet radius, due
to the capillary regime of spreading, is faster than the shrinkage,
due to the imbibition into the filter paper, until they counterbalance
themselves as the maximum radius is reached. After that the sec-
ond stage begins where the droplet base starts to shrink and the
wetted region expands until the droplet disappears.

In all spreading experiments [24] the drops shape remained a
spherical cap over the entire duration of spreading which showed
a good agreement with our theoretical assumption above. This
spherical cap shape allowed calculating the dynamic contact angle
of each spreading droplet [24]. The dynamic contact angle of all sam-
ples decreased rapidly during first stage of spreading as well as the
radius of droplet base increased. After the spreading radius reached
its maximum value, Ly, e, the dynamic contact angle levelled off and
remained a constant value over duration of the second stage.

Table 3 provides the experimental data obtained from
spreading experiment [24], which include the maximum spreading
radius, Ly exp, the time of complete imbibition, texp» CONtACt angle,
Om,exp, and é;xp.

Experimental dependences of radius of the drop spreading, Lexp,
radius of the wetted area, lep, contact angle, 0.x,, were made
dimensionless using the values presented in Table 3.

Fig. 3 shows dimensionless velocity 7, and 7_ of different
haematocrit level blood spreading over Whatman 903 filter paper
calculated according to Eq. (37). Fig. 3 confirms that:

(a) first stage is very shorter as compared with the second stage
of spreading/imbibition. The capillary spreading prevails on

10

e v+ 30% theoretical result

v+ 50% theoretical result

v+ 70% theoretical result
= == v-30% theoretical result
=== v-50% theoretical result
= = = v-70% theoretical result

Dimensionless Spreading Velocity v+/v-
w

0 0.2 0.4 0.6 0.8 1
Dimensionless Time (t/t*)

Fig. 3. The time evolution of the dimensionless velocity 7. and 7_ according to Eq.
(37) for blood samples with 30%, 50% and 70% haematocrit level.
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Table 3

The experimental values used to make experimental dependences dimensionless for comparison with predicted time dependences according to Egs. (28), (29) and (39) from [24].

texp () Time of
complete imbibition

Lm,exp (mm) Maximum spreading
radius of droplet base

Om.exp (°) Contact angle £, (mm) Maximum

“exp
at maximum spreading radius of wetting region

30% haematocrit level 0.351+0.014 2.18 £0.07
50% haematocrit level 0.508 +0.022 2.18 £0.08
70% haematocrit level 0.663 +0.027 2.09 £0.09

32.80+1.88 3.36 £0.09
30.94 +2.50 3.32£0.06
33.48 +2.37 3.20£0.04

A 30% haematocrit level pig's blood
X 50% haematocrit level pig's blood
X 70% haematocrit level pig's blood

1.2
==30% theoretical result

= 50% theoretical result

e 70% theoretical result

Dimensionless Spreading radii L/Lm (-)

0 0.2 0.4 0.6 0.8 !
Dimensionless time t/t* (-)
Fig. 4. The simulation result of the dimensionless time evolution of radius of blood
droplet. Theoretical results according to Eqs. (28) and (29). Experimental data from
[24].

1.2

0.8
= 30% theoretical result
0.6 = 50%theoretical result
«==70% theoretical result
0.444 A 30% hematocrit level pig's blood

X 50% hematocrit level pig's blood

Dimentionless wetting region I/1* (-)

0.2 X 70% hematocrit level pig's blood

0 0.2 0.4 0.6 0.8 1
Dimensionless time t/t* (-)

Fig. 5. Time evolution of radius of the wetted area inside porous substrate.
Theoretical results according to Eqs. (28) and (29). Experimental data from [24].

A 30% haemtacorit level pig's blood
X 50% haemtacorit level pig's blood
4 X 70% haemtacorit level pig's blood
35 == 30% theoretical result

3 (K ==150% theoretical result

== 70% theoretical result

Dimensionless contact angle 6/6m (-)
N
w

0 0.2 0.4 0.6 0.8 1
Dimensionless time t/t* (-)

Fig. 6. The time evolution of contact angle of blood droplet with different
haematocrit levels on porous substrate. The solid curve calculated according to
Eq. (39). Experimental data from [24].

this stage over the drop base shrinkage caused by the liquid
imbibition into the porous substrate;

(b) spreading of the drop almost stops after the first stage of
spreading and the shrinkage of the drop base is determined
by the suction of the liquid from the drop into the porous
substrate.

The main results of comparison of experimental and calculated
dependences according to Egs. (28), (29), (39) are presented in
Figs. 4-6. These figures show that all the data fall into correspond-
ing universal curves when the dimensionless values are used: L/L,,
¢/, t/t*, and 60/6,,. The measured values of the corresponding
experimental values L exp, szp and taxp for all experimental runs
are given in Table 2. It shows that the dimensionless time & exp
is about 0.14 =~ 4. Solid curves in Figs. 4-6 represent the solution
of the system of differential Eqs. (28), (29) and Eq. (39) for different
values of n. Figs. 4-6 shows that the developed theory results in a
reasonable prediction of experimental dependences. However, the
main conclusion is that both experimental dependences and the
calculated theoretical dependences show a remarkable universal
behavior independent of n.

It is necessary to take into account that we used a simple model
of blood rheology and its penetration into the porous substrate: we
did not take into account absorption of red blood cells (RBC) inside
the porous substrate, bi-porous structure of the substrate, and
evaporation.

Calculated dependences presented in Figs. 4-6 (solid curves)
show that the shape of these dependences is independent of small
values selected as initial conditions according to (31) and (32).

In order to predict completely the blood spot behavior, the four
experimental data, time of complete imbibition t*, maximum
radius of droplet base, L;,;,, maximum radius of wetting region, ¢*
and contact angle at maximum spreading, 0,,, have to be deter-
mined from our simulated result and physical parameters which
are obtained independently from different experiments. These
physical parameters are the viscosity of blood, # = kj"~1, namely,
n and k; the interfacial tension, ¢ and the physical parameters of

porous substrate: the permeability coefficient, K,pl/", the thick-
ness, 4, and the porosity, m. The universal dimensionless con-
stants, namely, v, ¥, tm, £m, could be determined from the result of
our dimensionless model.

The value ¢* can be determined directly according to Eq. (3),
where the values of Vo, m and 4 are equal to 10+0.5pl,
0.57+0.03 and 500 + 50 pm, respectively [24]. The imbibition
time, t*, can be obtained by t* = vt;, where t, is determined by

Eq. (25) and the measured values of’(;:ﬁ’# in Table 1.

Due to the fast expansion of blood drop spreading, the imbibi-
tion of blood could be neglected during the first stage of spreading;
hence, the maximum spreading radius can be approximately
approached by Eq. (11) and accordingly, the contact angle, 0,, can
be indicated by Eq. (38) as the following equations:

n o oon\ln Yyt L B
wTak) g o) (45)

m
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Table 4

The predicted values of blood spot spreading behavior calculated from simulated result and physical properties of blood and porous substrate.

tsim (s) Time of
complete imbibition

Lmsim (Mm) Maximum spreading
radius of droplet base

Omsim (°) Contact angle
at maximum spreading

lm (Mm) Maximum
radius of wetting region

30% haematocrit level 0.464 +0.220 2.050 + 0.096 4430 837 3.344 +0.255
50% haematocrit level 0.803 £ 0.297 1.957 +0.082 49.61+8.65 3.344 £ 0.255
70% haematocrit level N/A N/A N/A 3.344 £ 0.255
0 — 4V, 1-2) (46) Marie Curie ITN Project, EU and COST MP1106 project. Tzu Chieh
" ann m Chao’s research was supported by Department of Chemical Engi-

where ¢ = 50 + 5 dyne/cm and the values of the k and n for differ-
ent haematocrit levels are presented in [24].

All the calculated data for the maximum spreading radius,
Lmsim, the time of complete imbibition, t;,, contact angle, 0, sim,
and ¢, based on the simulation result and independent measure-
ments of physical parameters are shown in Table 4. The compari-
son of simulated and experiment result demonstrates that the
simulated prediction is in a good agreement with our experimental
observation.

6. Conclusions

The process of dried blood spot sampling involves simultaneous
spreading and penetration of blood into a porous filter paper with
subsequent evaporation and drying. Spreading of small drops of
blood, which is a non-Newtonian liquid, over a dry porous layer
is investigated from both theoretical and experimental points of
view. A system of two differential equations is derived from the
combination of the model of spherical cap spreading over porous
layer [21] and a modified Darcy’s law for power law fluids. It
describes the time evolution of radii of both the drop base and
the wetted region inside the porous layer in the course of blood
spreading over a dry porous substrate. The deduced system of dif-
ferential equation does not include any fitting parameters and pre-
dict a universal behavior of the dimensionless dependences of the
radii of the droplet base and wetted area inside the porous sub-
strate, and contact angle, which are almost completely indepen-
dent of the rheological properties of blood. The time evolution of
the radii of the drop base and the wetted region inside the porous
layer, and dynamic contact angle were monitored in [24] for power
law dependency of the viscosity of blood. All experimental data fell
on three universal curves if appropriate scales are used with a plot
of the dimensionless radii of the drop base and the wetted region
inside the porous layer, and the dynamic contact angle of the drop
on dimensionless time. The predicted theoretical relationships are
three universal curves accounting quite satisfactory for the exper-
imental data. The simulated results show a good agreement with
experiment data although the bi-porous structure of the filter
paper and adsorption of red blood cells inside the porous substrate
were not taken into account according to the suggested model.
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