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In this paper, the mathematical model of distribution of the injected compound in biological
liquid °ow has been described. It is considered that biological liquid contains a few phases such as
water, peptides and cells. The injected compound (for example, photosensitizer) can interact with
peptides and cells. At the time, viscosity of the biological liquid depends on pathology present in
organism. The obtained distribution of the compound connects on changes of its °uorescence
spectra which are registered during °uorescent diagnostics of tumors. It is obtained that the
curves do not have monotonic nature. There is a sharp curves decline in the ¯rst few seconds
after injection. Intensivity of curves rises after decreasing. It is especially pronounced for wave-
length 590 nm and 580 nm (near the \transparency window" of biological tissues). Time of in-
°ection point shifts from 8.4 s to 6.9 s for longer wavelength. However, di®erence between curves
is little for di®erent viscosity means of the biological liquid. Thus, additional pathology present in
organism does not impact to the results of in vivo biomedical investigations.
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1. Introduction

For °uorescent diagnostics of cancer diseases pho-
tosensitizer would be injected in biological liquid
(blood as a rule). Photosensitizer molecules pene-
trate into biological structures di®used in °ow. The
selective accumulation of photosensitizer molecule
in cancer cells is as a result of di®usion process. It
leads to some °uorescence spectrum change in
which emission of the immobilized and free-di®used
molecules in water medium is included. However,

calculation of part of the photosensitizer connected
on biostructures and free di®used is di±cult.

In this paper, we discuss in°uence of blood vis-
cosity on the results of measurements of °uores-
cence spectra and, as a consequence, of optical
biomedical diagnostics of tumors.

2. Experimental Research

The object of the experimental research was bengal
rose (M ¼ 832:4 g/mol). It is one of xanthene dyes
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used in biomedical research. It was shown earlier1

that bengal rose penetrates into cells located in
cytoplasm and connects on peptides, at this time
bengal rose interests as a photosensitizer.2

Solutions of bengal rose dissolved in phosphate
bu®er (pH ¼ 7:4), blood serum albumin (concen-
tration 8% (weight)) and suspension of cancer
mammary cells of BYRB mice line prepared for
method3 were used as a model media. For spectral
measurements the obtained cell suspension was
centrifuged at 4000min�1 5min with supernatant
removal and next addition of phosphate bu®er. The
procedure was repeated twice. Concentration of
bengal rose in all samples was 0.5 �10�4 M for ex-
clusion of concentration e®ect.4 Fluorescence spec-
tra of photosensitizer in three media were measured
on the °uorimetric setup described in our previous
work.5 510 nm is the excitation wavelength.

In Fig. 1, °uorescence spectra of bengal rose
dissolved in phosphate bu®er, blood serum albumin
and suspension of the life cancer mammary cells
are represented. It is shown that °uorescence
spectra of bengal rose dissolved in biological objects
shifts to long wave region relatively to dye °uo-
rescence in bu®er solution. Width of the °uores-
cence spectra rises from 30 nm (Curve 1) to 38 nm
(Curves 2 and 3). This dependence was also shown
by other authors.6–8 The obtained result can be
explained by immobilization of the dye in biological
structures. Since photosensitizer can be injected
in either unmovable or movable medium, rate of

immobilization processes depend on medium rate.
The results of the theoretical researches of the
phenomenon are described in the next section of
the paper.

3. The Mathematical Model

In this paper, we will describe system in which
compound source is instantaneous. The compound
is injected in biological liquid °ow contained a few
phases such as water phase, phase of biological ac-
tive molecules (peptides, enzymes) and cell phase
(erythrocytes, somatic cells, bacteria). The investi-
gated compound can penetrate into these structures
and °uorescent inside. It is considered in the model
that no chemical reactions occur; physical interac-
tions of the compound with these structures pro-
ceed only. While these interactions are strong,
decay of the complex (photosensitizer-peptide and
photosensitizer-cells) formed at the experiment
time does not occur. Thus, these biostructures are
\traps" for the injected compound.

There is a great variety of absorbing components
in biological systems; their reactivity is mainly de-
termined by the radius and volume concentration.
Despite of the heterogeneity of the surface and
shape of the biological structures, we assume that
they have spherical form and are uniformly localized
throughout the volume. In this paper, we will con-
sider two types of absorbent components which are
greatly di®erent from each other for diameter and

(a) (b)

Fig. 1. Fluorescence spectra of bengal rose in: 1 — bu®er solution, 2 — in blood serum albumin, 3 — cancer mammary cells
suspension, (a) native spectra and (b) normalized spectra.
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concentration. Concentration of the ¯rst type of
biological structures (peptide phase) will be desig-
nated as CpðtÞ, concentration of the second type
(cell phase) will be designated as CcellðtÞ.

We will consider di®usion in the moved biological
liquid °ow. Therefore, the kinetic equations were
based on the transport equation

@Cðr; tÞ
@t

þ �wgradC ¼ Dr2Cðr; tÞ:

Since the described biological medium is mov-
able, the concentration distribution of the injected
substances in any section will depend on the time.
But each particular section can be separated in the
spherical form. Therefore, the task can be regarded
as spherical symmetry due to the assumption of
uniform distribution of \traps" in space. Then we
can write the Laplacian in spherical coordinates
without dependence ’ and �.

Taking into account this assumption, the kinetic
equations for each phases are given as

@Cwðr; tÞ
@t

þ ww

@Cwðr; tÞ
@r

¼ Dw

@ 2Cwðr; tÞ
@r2

þ 1

r

@Cwðr; tÞ
@r

� �

� k1Cwðr; tÞCpðr; tÞ � k2Cwðr; tÞCcellðr; tÞ;
@Cpðr; tÞ

@t
þ wp

@Cpðr; tÞ
@r

¼ Dp

@ 2Cpðr; tÞ
@r2

þ 1

r

@Cpðr; tÞ
@r

� �

� k1Cwðr; tÞCpðr; tÞ;
@Ccellðr; tÞ

@t
þ wcell

@Ccellðr; tÞ
@r

¼ Dcell

@ 2Ccellðr; tÞ
@r2

þ 1

r

@Ccellðr; tÞ
@r

� �

� k2Cwðr; tÞCcellðr; tÞ:

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

Rates of all phases have their own pro¯le. In present
calculations, we will use average rate mean. It is
shown9 that rates of cells and plasma are di®erent.
For decision of the system we assume that all phases
rate are equal, that is, ww ¼ wp ¼ wcell. Next,
change of variables x ¼ rþ wt can be carried
out. In the case the equation system is reduced to

decision of di®usion equation system

@Cwðx; tÞ
@t

¼Dw

@ 2Cwðx; tÞ
@x2

� �
� k1Cwðx; tÞCpðx; tÞ

�k2Cwðx; tÞCcellðx; tÞ;
@Cpðx; tÞ

@t
¼Dp

@ 2Cpðx; tÞ
@x2

� �
� k1Cwðx; tÞCpðx; tÞ;

@Ccellðx; tÞ
@t

¼Dcell

@ 2Ccellðx; tÞ
@x2

� �

�k2Cwðx; tÞCcellðx; tÞ:

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

ð1Þ

For decision of the system (1) the di®usion co-
e±cient for each of the phases needs to calculate in
according to the Einstein–Smolukhovsky law

D ¼ kT

6��R
;

where k — Boltzman constant, T — temperature,
K; � — medium viscosity, Pz; R — radius, m.

We are taking into account that temperature for
biological media is 310K, average of peptide size is
40 nm, average cell size is 25mkm. In this paper, we
assume that blood viscosity mean is from 0.2 cPz to
1 cPz.10 Di®usion coe±cients for each phase are
di®erent for each viscosity mean.

Equation for rate constant ki can be written11

assuming that limiting process of interaction of the
investigated compound with biological liquid is
di®usion

ki ¼
2kT

3�
� Ri þR

Ri �R
; ð2Þ

where Ri — peptides/cells size, nm; R — size of the
injected compound molecule, nm.

4. Initial Conditions

For decision of the system (1) the initial conditions
need to know. For that we assume that vessel di-
ameter is 0.5 cm and the injected compound is a
water solution. Thus, distribution of its concentra-
tion can be described by Gauss function with half-
width 0.5mm.

Molecule size of peptides and cells for space
are di®erent. For calculations we will use volume
concentration value (volume of each phase), that
is, multiplication of molecule quantity N to one

Change of photosensitizer °uorescence at its di®usion in viscous liquid °ow
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molecule volume V1 the same as we used it in our
previous work.12 It allows to rid the variations of
sizes and real number of particles in biological liquid
at the evaluation of their concentrations.

It is known13 that plasma is 60% from blood
volume; di®erent cell types are the rest 40% while
peptide molecules are 8% in plasma. Finally, we can
calculate that 0.6 cm3 plasma is contained in 1 cm3

blood and peptide phase volume is given as

Vp ¼ 0:6 � 0:08 ¼ 0:048 cm3:

Consequently, water phase volume is

Vw ¼ 0:6� 0:048 ¼ 0:552 cm3

and cell phase volume

Vcell ¼ 1� 0:048� 0:552 ¼ 0:4 cm3:

Finally, the initial conditions for each phase can
be written taking account of their volume ratio

Cwðx; 0Þ ¼ 0:552 �Gauss function;
Cpðx; 0Þ ¼ 0:048;
Ccellðx; 0Þ ¼ 0:4:

5. The Results and Discussion

Compound is redistributed in all volume in the re-
sult of di®usion. Integration of Ciðx; tÞ functions
lets us to obtain mean of the reduced compound
concentration at each time moment in each phase as

CiðtÞ ¼
Z þ1

0

Ciðx; tÞdx: ð3Þ

Quantity of the immobilized molecules of pho-
tosensitizer located in peptide and cell phase can be
found as

C 0
pðtÞ ¼ Cpð0Þ � CpðtÞ;

C 0
cellðtÞ ¼ Ccellð0Þ � CcellðtÞ:

Changes of the reduced concentration of the in-
vestigated compound in free and connected state
are depicted in Fig. 2.

The curves for the water phase decrease sharply
during the ¯rst 8–9 s, and then there is a smooth
and slow decline after sharp decreasing. Curves for
the immobilized photosensitizer in cells have similar
type. However, the curves of peptide phase have
more smooth type without in°exions. Thus, the
most probable process immediately after injection is
its penetration into cells located near injection
source. Next, interaction of the photosensitizer is

with di®used peptide and cells. However, di®use
equilibrium state does not achieve even after 8min.
We note that curves are signi¯cantly di®erent for
viscosities 0.2 cPz and 0.4 cPz. Further increasing
viscosity does not lead to signi¯cant di®erence of
curves.

The calculated concentrations CiðtÞ for Eq. (3)
let to connect quantity of the immobilized com-
pound with changes of °uorescence spectra
during time. For that the experimental °uorescence
spectra of photosensitizer depicted in Fig. 1 were
used. Calculation of spectra dynamics was carried
out by formulae

Sð�Þ ¼ S1ð�ÞCwðtÞ þ S2ð�ÞC 0
pðtÞ

þ S3ð�ÞC 0
cellðtÞ; ð4Þ

where � — wavelength, nm; Sð�Þ — ¯nal °uores-
cence spectrum of photosensitizer in the investi-
gated system; S1ð�Þ, S2ð�Þ, S3ð�Þ — °uorescence
spectra of the injected compound concentrations in
water, peptide and cells phases, respectively.

The change of ¯nal °uorescence spectrum of
bengal rose is represented in Fig. 3. As you can see
from ¯gure, most change of ¯nal spectrum is during
the ¯rst few seconds. Over time, the spectra are
broadened and shifted to longer wavelengths. For
detail analysis of °uorescence spectra the graphs of
°uorescence intensity change were ¯tted (Fig. 4).
These curves are interesting because °uorescence
intensity at one wavelength is measured during

Fig. 2. The kinetic curves of the injected compound con-
centrations in water, cells and peptide phases for di®erent
viscosity means � (from 0.2 cPz to 1 cPz).
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experimental research. Emission registration are
often carried out in the area of 600–650 nm
(\transparency window" of tissues). After this we
can conclude about accumulation of photosensitizer

in cancer cells or other biological structures (see
Ref. 14).

As you can see from Fig. 4, the curves do not
have monotonic nature. There is a sharp curves
decline in the ¯rst few seconds. Curves intensivity
rises after their decreasing. It is especially pro-
nounced for 590 nm and 580 nm (near the
\transparency window" of biological tissues). Time
of in°ection point shifts from 8.4 s to 6.9 s for longer
waves. It can be described by photosensitizer im-
mobilization into cells in the ¯rst time because
of cells large size. It leads to °uorescence extin-
guishing in according to spectrum 2 in Fig. 1. Next,
free-di®used photosensitizer molecules are immobi-
lized into peptides. This process leads to raise °uo-
rescence intensity (in according to spectrum 3 in
Fig. 1). However, di®erence between curves is small
for di®erent viscosity means of the biological liquid.
Thus, additional pathology present in organism
does not impact to the results of in vivo biomedical
investigations. Increase of luminescence in the ¯rst
few minutes had been described by researchers of
various groups.15,16 It is concluded that the calcu-
lated curves are well agreed with experimental data
and, moreover, help to describe gradual immobili-
zation of the used photosensitizer to peptide and
cell structures of biological liquid.

6. Conclusion

In this paper, we have described change of °uores-
cence spectra of the injected compound in biological
liquid °ow. Really, this model cannot consider
processes occurring in all vessel networks. However,
it is obtained by the model that the most signi¯cant
changes of the immobilization process and °uores-
cence spectra are during the ¯rst 6–8 s. After that
processes are happening much slower. The time of
di®use equilibrium achievement depends on bio-
logical functions of compound and its type. It is
considered that blood °ow rate in vessel with di-
ameter 0.5 cm is 10 cm/s (Ref. 17) then the injected
compound will traverse the path 60–80 cm during
6–8 s. It is an average length of hand. Measurement
of °uorescence intensity at longer time region need
to consider all vessel networks with its diameter
change but the obtained result is important for
pharmacokinetics and preparations delivery. Ab-
sence of curves dependency on viscosity lets to ig-
nore other pathologies at tumor °uorescence
diagnostics. It can be also used for investigation of

Fig. 3. Dynamics of °uorescence spectra change of bengal
rose. Wavelength of excitation is 515 nm. Spectrum was cal-
culate for condition Ccellðx; 0Þ ¼ 0:4.

Fig. 4. Changes of bengal rose °uorescence spectrum intensity
at 560, 590 and 580 nm to time.
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photosensitizer interaction with blood °ow. Tech-
nical scheme of modern experimental devices is
often included biological liquid °ow where the
model can also be used.
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