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The investigations deal with mass transfer in simulated biomedical systems. The modification of
classical diffusion chamber, sequential unit (SU) system, imitated different biomedical setups,
boundary conditions. The experiments simulated: diffusion chamber (also with two barriers),
transport through the membrane to the blood stream, transport from the stent eluting drug
simultaneously to the vessel cells and to the blood stream. The concentrations of substances and the
relative mass increases/decreases for SU systems indicate that the order of the curves follows the
order of mass transfer resistances. The strong dependence of mass transfer rates versus type of
diffusing substance was confirmed. The calculated drug fluxes, diffusion coefficients, permeation
coefficients are convergent with literature. Permeation coefficients for complex sequential systems
can be estimated as parallel connexion of constituent coefficients. Experiments approved
functionality of the SU for investigations in a simulated biomedical system. Obtained data were used
for numerical verification.
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1. INTRODUCTION

Substance transport in biomedical systems applies to many processes in living organisms e.g. drug
transport in tissues, the diffusion through biological membranes. In an ideal system, the drug would
migrate to the proper organ quickly and in the optimal concentration (within therapeutic window),
acting actively by the determined period of time, without any negative side effects and finally would be
removed from organism. However, real processes undergoing in biomedical systems are very complex
and it is difficult to obtain such a perfect scheme. Therefore experimental tests and studies on
mathematical model simulations are carried out simultaneously for determining the drug transfer in
such systems, which would help in predicting and controlling drug release.

The basic mechanism of mass transport in biomedical systems is diffusion in porous bodies or liquids,
and transport by selective membranes. Previously designed systems were applied in Franz cells (Franz,
1975) and Ussing chambers (Ussing, 1947). Nowadays there are several methods of determining drug
transfer in biomedical systems (Siepmann and Siepmann, 2008; Siepmann and Siepmann, 2012). The
classical diffusion chamber is built of two chambers (donor and acceptor ones) separated by a
membrane or another mass transfer barrier. The ideal mixing in both chambers allows to determine the
diffusion coefficient by the membrane or/and the mass transfer rate (Bartosova and Bajgar, 2012; Cu
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and Saltzman, 2009; Desai and Vadgama, 1991). The submerged chamber acts analogically, however
the donor chamber is immersed in a bigger acceptor chamber, through which the pure dissolvent flows
(Addicks et al., 1987). Another modification is the dialysis sac method (or reversed dialysis) in which
the dissolved drug fulfils the internal of the sac, while the concentration of the substance is measured in
the circulating fluid (Lovich et al., 1998). Diffusion through the medium can also be determined by the
so-called “infinite layer” method. The layer of active substance or its concentrated solution is contacted
with the “mass transfer barrier”, e.g. hydrogel of much bigger dimension. After a certain period of time
the concentration of drug can be evaluated in the thin sliced layers of “barrier”. Due to the conditions,
the process is considered as unsteady, one-dimensional transport (Cu and Saltzman, 2009). Non-
invasive methods allow determining of diffusion rate without intervention in the experimental system
(e.g. without the destruction of sample or probing). The methods consist of the radioactive or
fluorescent particle cracking. The feedback from experiments is very convenient but modification of
active substances molecules is necessary (Cu and Saltzman, 2009; Groo and Lagarce, 2014).
Substances like proteins or DNA can be traced using holographic interferometry and the phenomenon
of light dispersion, diffusion of substances in gels can be determined by NMR spectroscopy.
Spectroscopy FC or FRAP are used for visualization of transport of fluorescently tagged viruses,
proteins, peptides or polymer nanoparticles in different media (Cu and Saltzman, 2009; Groo and
Lagarce, 2014).

The aim of research was to investigate active substance migration in simulated biomedical systems with
the use of a self-designed experimental Sequential Unit system. The arrangements were to imitate mass
transfer in different natural conformations. The parameters characterizing mass transfer in examined
systems were to be obtained: diffusion coefficients, rates of diffusion, permeation coefficients.

2. EXPERIMENTS WITH SEQUENTIAL UNIT

The structure of the Sequential Unit (SU) is a self-designed modification of the classical diffusion
chamber described above. The unique attribute of SU is the possibility of optional mounting of several
modules made of acrylic glass, of different dimensions (cylindrical shape), which can be jointed in
“parallel” sets. The unit, depending on the conducted experiment consisted of a donor chamber (with
the examined medium), an acceptor chamber, a flow chamber etc. The units are bounded by medium or
membrane constituting a mass transfer “barrier”. Therefore many various geometrical combinations can
be constructed, which could simulate different biomedical systems. This enables to determine mass
transfer of the active substance under diverse initial and boundary conditions and process parameters
(e.g. viscosity).

2.1. Sequential Unit system SU1

In the simplest setup, similar to Diffusion Chamber, the dissolved drug is transported from the donor
chamber through the membrane (or other mass transfer barrier) to the acceptor chamber. The solutions
in both chambers are mixed. The mass transfer barrier is mechanically supported and divided from the
solutions by membranes characterized by great permeability and small mass transfer resistances. The
concentration of substance in both units can be measured in proper periods of time. Diffusion
coefficient can be determined using Diffusion Chamber in two ways. The known drug concentrations in
the acceptor and donor chamber enable to calculate the substance flux and therefore the diffusion
coefficient. The value of this coefficient can also be obtained according to lag time, i.e. when drug
appears in the acceptor chamber (Cu and Saltzman, 2009). This setup corresponds to a biomedical
system in which the active ingredient is contacted directly with the organ to which it is transported.
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This arrangement allows to determine diffusion coefficients as well as permeation coefficients through
the media constituting mass transfer barriers. Thanks to the fragmented construction of SU, the
migration of the active substance in simulated complex systems e.g. through two (or more) media being
mass transfer barriers can also be studied.
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Fig. 1. SU1: Sequential Unit system, set up as Diffusion Chamber; diffusion through mass barrier
e.g. membrane, hydrogel etc.

2.2. Sequential Unit system SU2

The next geometrical SU configuration consists of a donor chamber (with a solution of substance),
mass transfer barrier and flow unit which the pure solvent flows through. The volumetric flow of liquid
can be regulated. In the conducted experiments it was adjusted at the levels of blood flow in blood
vessels.

Such conformations deal with the system, where the drug is transported from a dosing unit (donor
chamber) through the biological membrane to the blood (flow unit = acceptor chamber).
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Fig. 2. SU2: Sequential Unit system with the flow chamber

2.3. Sequential Unit system SU3

The next system includes: a donor unit, a mass transfer barrier and a flow unit with recirculation. This
system simulates the situation, when the substance transported to blood is accumulated in this liquid
and is circulating internally in blood vessels (external reservoir).
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The above arrangement can respond also to the process of supplementation of drug circulating in blood
vessels (solution of drug in external reservoir) to body organs.
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Fig. 3. SU3: Sequential Unit system with the flow chamber and recirculation

2.4. Sequential Unit system SU4

The system of SU presented below contains a donor chamber (with the solution of drug) located
between the acceptor and flow units (with or without recirculation). The consecutive ventricles are
separated by the following mass transfer barriers.
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Fig. 4. SU4: Sequential Unit system imitating drug-eluting stent placed within the blood vessel

Stents implemented into blood vessels constitute a kind of scaffold for the sunken vessel. However, the
use of stent frequently results in hyperplasia as a side effect (excessive increase of the amount of vessel
cells), resulting in the thickening of arterial walls and decreased arterial lumen space.

The described geometry corresponds to the stent (with drug immobilized on it), inserted inside the
blood vessel. While such situation occurs, the active substance deposited on the stent is simultaneously
transported to the pellicle of the blood vessel (acceptor chamber) and swept away by the flowing blood
(flow unit with circulation). Therefore the drug-eluting stents show promise with marked reduction in
intimal hyperplasia compared to bare, metal stents. The above theme was the subject of investigations
(Hirata et al., 2013; Kleinedler, 2012; Zietek et al., 2013).
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3. EXPERIMENTS

Experiments were carried out in sequential systems described above. These different geometric
configurations of SU, in a simplified way, simulated processes of drug transport in various biomedical
systems (Bugalska, 2015; Kister, 2015; Skassa, 2015).

The experiments differed from each other in several parameters. Substances used to simulate the active
ingredient of drugs were: Cochineal Red A (Ponceau 4 R, Acid Red 18), Dopamine hydrochloride and
Rhodamine B (Sigma Aldrich). Various concentrations of these substances were employed: from
0.01% mass. to 1% mass. Several media were examined as mass barrier in respective cases: gelatine as
the simplest example of hydrogel, synthetic saliva and solutions of Sodium Carboxymethyl Cellulose
(CMCNa).

Fig. 5. The photograph of SU4 system

As ,,base”, mechanical coasters of hydrophilic PES membranes (Polyethersulphone Membranes) were
used due to big permeability and small mass transport resistance (Pall Corporation).

Different volumetric flows of liquid in a flow unit were applied. Always, however, being within the
scope of wvelocity of blood flow in blood wvessels, volumetric flow range:
Q = 83.5 cm®min — 300 cm®/min. The influence of liquid viscosity on mass transfer was also studied
using different CMC solutions.

Samples were analysed by spectrophotometry (Hitachi U-2900), studies were conducted in the range of
a linear function of absorbance limited by ABS < 2.5, thus fulfilling the Lambert-Beer law. The
calibration curves were used for examined active substances allowing to calculate percentage and molar
concentration as a function of absorbance (Bugalska, 2015; Kister, 2015; Pawlak, 2013).

4. ANALYSIS OF THE RESULTS

The initial (total) mass of substance (donor chamber) was calculated as below:

p
my =Vpco Toom )

In acceptor chambers without the flow, mass of substance which migrated to this unit was calculated
from the following equation:

_Vap,ca
macc_ 100% (2)
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Mass of substance in the donor chamber in the given moment was computed from the measured values
of absorbance (and therefore concentration) or as a difference between the total mass of substance and
the mass which migrated to acceptor/flow chamber:

_ Vpp,cy

Myon = My = Myee or Mgy, = mg - mﬂow or Mgy, = mgy=-mMgee - mﬂow (4)

Relative mass of drug respectively in acceptor/donor chambers was also evaluated:

Am = ’%’-100% (5)
Amp = ’%"-100% (6)

The mass of substance flowing out of SU system was calculated based on the current concentration of
the drug in the flowing flux:

JyCpow®p, O dt
Mo = =0 (")

The total mass of substance in the SU systems with the external reservoir must fulfil the equation (for
SU3 system):

Moy + Mpesery = mo - My (8)
or the formulation below for SU4 system:
Mgon + Myesery = mgy - (maccl + mach) ©)]

The results of the investigations are presented in the form of graphs illustrating relative mass gain/loss
of an active ingredient in the acceptor/donor compartment for exemplary systems. Strong dependence
of mass transfer rates versus type of diffusing substance was shown in Fig. 6.
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Fig. 6. The relative mass increase of substance in SU4 system (imitating stent) in acceptor chamber;
diffusion through gelatin as mass transfer barrier

With an increase of the initial concentration of the active ingredients the mass transfer rate increased,
due to the greater driving force of the process. The strong dependence of mass transfer rates versus
concentration of diffusing substance was confirmed in the previous investigations (Bugalska, 2015;
Kister, 2015; Skassa, 2015).
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One of the main factors that determines the rate of substance transport is the type of the barrier medium
(Fig. 7). The rate of diffusion through the PES membrane was a few times greater than that of hydrogel.
The diffusion rate significantly decreased when a solution of higher viscosity was used as a solvent
(viscosity of 1% solution of CMC was u = 25 [mPa-s] while the viscosity of 2% solution of CMC was
about 1 = 300 [mPa-s]).
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Fig. 7. The relative mass increase of substance in SU2 system (with flow) in acceptor chamber; diffusion through

different mass transfer barriers, solution of Cochineal Red A (1%)

The impact of the volume flow on propulsive force and speed of the process is noticeable in Fig. 8.
With increasing volumetric flow the mass transfer rate was growing.
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Fig. 8. The relative mass increase of substance in acceptor chamber in SU3 system (flow with recirculation);
diffusion of Cochineal Red A (0,03%) through gelatin as mass transfer barrier

The relative amounts of active substance used during experiments conducted in SU4 system (imitating
stent) is illustrated in Fig. 9.
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Fig. 9. The relative mass amounts of substance in chambers in adequate SU4 system (flow with recirculation);

diffusion of Cochineal Red A (1%) through gelatin as mass transfer barrier

The flux of an active substance A (per unit area) could be calculated from the equations:

_ o
Ja = oA (10)
__pla
Jy=-D ™ (11)
The effective diffusion coefficients can be obtained as:
D=-# (12)
ox
The permeability coefficients k were evaluated:
=4 (13)
C4D
The exemplary values of the calculated coefficients are listed below in Table 1.
Table 1. Exemplary values of diffusion and permeability coefficients for different mass barrier media
Subst. molecular Type of mass | Diffusion coeff. | Permeability
Substance . )
mass [g/mol] barrier D [m?/s] coeff. x[m/s]
Dopamine . 1
hydrochloride 189.64 Gelatin 3.46x10 0.42
Rhodamine B 479.01 Gelatin 4.10x10?? 0.29
Cochineal Red A 604.47 Gelatin 7.62x101! 0.49
Cochineal Red A 604.47 Synthetic saliva 7.19x101° 1.81
Cochineal Red A 604.47 CMC 0,5% 6.85x101° 1.63
Cochineal Red A 604.47 CMC 1% 6.25x101° 1.29
Cochineal Red A 604.47 CMC 2% 2.51x1010 0.61
Cochineal Red A 604.47 CMC 3% 4.05x101! 0.097
Cochineal Red A 604.47 CMC 4% 2.00x101 0.051
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The obtained results were consistent with the literature data (Giannola et al., 2007; Ansari et al., 2006;
Serra et al., 2006).

The calculations indicated that the permeation coefficients for complex sequential systems (e.g. two
media being the mass transfer barriers) can be estimated as a sum of two constituent permeation
coefficients connected in parallel:

SLEE (14)

K1+2 K1 K2
For example, the effective permeation coefficient for the complex SU1 system gelatine/synthetic saliva
calculated from Eq. (14) resulted in  &gelavsaiva= 0.3859 m/s while the experimental permeation
coefficient for the system where both gelatine and synthetic saliva constituted mass transfer barrier was
Kgelavsaliva = 0.3488 m/s. Franke et al. (2000) also assumed that the total resistance of the system is
additively composed of two parallel resistances: that of the cell monolayer and that of the filter. It
should be underlined that Eq. (14) is valid when both mass transfer resistances are linear versus
concentration.

The exemplary fluxes (per unit area) of an active substance given below were calculated at the steady
state.

Table 2. Exemplary values of fluxes (per unit area) of active substance for different mass barrier media
(molecular mass of Cochineal Red A is 604.47 [g/mol]).

Substance Type of mass barrier Ja [mol/m2s]
0.01% solution of Cochineal Red A gelatine 1.10x10°®
0.03% solution of Cochineal Red A gelatine 1.83x10°®
0.10% solution of Cochineal Red A gelatine 6.20x108
0.25% solution of Cochineal Red A gelatine 2.85x107
1.00% solution of Cochineal Red A gelatine 1.24x10®
1.00% solution of Cochineal Red A CMC 1% 7.18x107
1.00% solution of Cochineal Red A CMC 2% 2.12x107
1.00% solution of Cochineal Red A CMC 3% 1.94x10°8
1.00% solution of Cochineal Red A membrane PES 1.15x10°

The paper belongs to a wide range of studies on migration of substances in simulated biomedical
systems. The results serve as an input values for numerical calculations (presented in another article).

5. CONCLUSIONS

The presented investigations concern mass transfer in simulated biomedical systems. An originally
designed Sequential Unit (SU) system was set up. The unique attribute of SU is a possibility of the
optional joining of different elements in sequential, “parallel” sets and therefore the migration of the
active substance in simulated complex systems could be studied, imitating different biomedical
conditions and various boundary conditions.

Apart from the diffusion investigations provided in a classical diffusion chamber, other unit sets,
simulating different biomedical systems were analysed. The conducted experiments simulated e.g. the
situation when the active substance migrates through the permeable membrane to the blood stream and
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is accumulated in the liquid (or is not, in other experiments). Another system simulated the situation
when the active substance from the drug eluting stent was transported to the blood vessel cells and
simultaneously was drifted by the blood stream. The substance migration from the donor chamber
through at least two media (e.g. selective synthetic saliva/gelatine) to the pure solvent was also
investigated. Experimental studies were performed with several biomedical media and active
substances.

The substance concentrations in the chambers as a function of time as well as the relative mass increase
for different SU systems indicate the correctness of the results. The order of the curves follows the
order of mass transfer resistances. The issues confirm a strong dependence of the mass transfer rate
versus type of diffusing substance while the influence of substance concentration was discussed in
earlier works (Bugalska, 2015; Kister, 2015; Skassa, 2015).

The drug fluxes and the effective diffusion coefficients in the examined media were calculated as well
as the permeation coefficients for different systems. The computed values of coefficients are in
agreement with literature data. The calculations indicate that the permeation coefficients for the
complex sequential systems (two media being the mass transfer resistances) can be estimated as a sum
of two constituent permeation coefficients connected in parallel.

The conducted experiments confirmed the functionality of the sequential system for studying the mass
transfer in simulated biomedical systems. The obtained data were used for the experimental verification
of the mathematical model of the process.

The bases for this work have been carried out within the financial support of the National Science
Centre Grant No. N N209 132640.

SYMBOLS

area of mass transfer, m?
c concentration of the diffusing substance, %mass
Co initial concentration of the diffusing substance, %mass
Ca concentration of the diffusing substance, mol/dm?
CAD concentration of the diffusing substance in donor chamber, mol/dm?
Criow(t) concentration of the diffusing substance in flow unit, %mass
Cwvp concentration of the diffusing substance, mol/dm?
D diffusion coefficient, m?/s
Ja flux of substance A per unit area, mol/(m?.s)
M molar mass of substance A, g/mol
Mo initial (total) mass of the diffusing substance (donor chamber), g
Amo relative increase of mass of the diffusing substance in acceptor chamber, %mass
Macc mass of the diffusing substance in acceptor chamber, g
Mdon mass of the diffusing substance in donor chamber, g
Amp relative decrease of mass of the diffusing substance in donor chamber, %mass
Mflow mass of the diffusing substance drifted from flow chamber, g
Mreserv mass of the diffusing substance in external reservoir, g
n number of moles of substance A, mol
Q volumetric flow of the solution, dm3/s
t time, s
Va volume of the acceptor chamber, dm?
Vb volume of the donor chamber, dm?®
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X coordinate parallel to the diffusion flux direction, ranging from O to the mass barrier
thickness, m

Greek symbols
K permeation coefficient, m/s
Or density of solution, g/dm?®
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