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Three kinds of poly(methylene-co-guanidine) (PMCG)—sodium alginate/cellulose sulfate capsules were
prepared by using PMCG concentrations of mass percent volume of 0.2%, 0.5%, and 1.5%, respectively.
The diffusivities of nine solutes with low molecular weight in the above capsules were measured. The
diffusion coefficients of the solutes through the capsular membrane (D;) and the combined diffusion
coefficients between the capsular membrane and the intracapsular solution (Dy,) were determined by
established mathematical models. The calculated results were in good agreement with the experimental
data, indicating that the mathematical model could well describe the diffusion characteristics in this
capsule. D; is related to the PMCG concentration in encapsulation, and Dy, has little relationship with
the PMCG concentation. D; increased with the increase in PMCG concentration from mass percent volume
of 0.2% to 1.5%, whereas Dy, varied over a small range with the increase in PMCG concentration. The
results of D; < Dy, indicated that the resistance in mass transfer focused on the capsular membrane and

the diffusion through the capsular membrane is the controlling step in mass transfer.

1. Introduction

Encapsulation is designed to entrap bioactive materials
such as enzymes or cells within a semipermeable mem-
brane which should allow the free exchange of molecules
important for cell survival and function such as nutrients
and oxygen while retaining the larger molecular weight
encapsulant. As one of the most important immobilizing
techniques, it has been applied in the pharmaceutical,
medical, food, and other industries.l=4

Obviously, the permeability of a capsule is one of its most
important properties and will determine whether it can be
applied in organ transplantation, cell culture, and other
fields. The property of molecular weight cutoff (MWCO) is
often used to evaluate the permeability of capsules. How-
ever, MWCO can only show the exclusion abilities of
capsules for solutes with various molecular weights (MWs)
and fails to describe the diffusion characteristics of solutes
with MWs smaller than MWCO. Moreover, for hollow
capsules the diffusion of solutes with small molecular
weight (MW < MWCO) in membranes differs markedly
from that in the solution inside of the capsule due to their
different structures. So it is interesting to establish a
suitable mathematical model to quantitatively describe the
diffusion of small solutes in the capsule membrane and in
the solution inside of the capsule. Though there have been
some studies concerning diffusion models in gel beads,>”
it is still difficult to select a proper one because of few
mathematical models available. Yao et al.® proposed an
improved mathematical model for calculating the diffusion
coefficient of solutes in NaCS—PDMDAAC capsules (so-
dium cellulose sulfate—poly(dimethyl-diallyl-ammonium
chloride)).

Recently, a new multicomponent capsular system which
is formed by a polyelectrolyte complex of sodium alginate
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(SA) and cellulose sulfate (CS) with poly(methylene-co-
guanidine) (PMCG) in the presence of Ca?" has been
developed by Wang et al.®~13 It allows the independent
modification of parameters critical for immunoisolation and
cell survival such as mechanical strength and membrane
permeability in contrast to binary polyelectrolyte capsular
systems including poly-L-lysine-alginate capsules. It has
been successfully used to encapsulate islets to treat diabetic
mice and shows a prosperous future in biotechnology fields.
Wang et al.® studied the permeability of the capsule by
determining its molecular weight cutoff. However, MWCO
can only describe the capsular permeability roughly, so it
is necessary to understand the capsular permeability
comprehensively and accurately.

The aim in the present work is to evaluate the diffusion
characteristics of different PMCG-coated SA/CS capsules
prepared with different PMCG concentrations. A math-
ematical model developed by Yao et al.® will be used to
calculate the combined diffusion coefficient in different
PMCG—SA/CS capsules and the diffusion coefficient in the
corresponding capsular membrane of small solutes (MW
< MWCO).

2. Materials and Methods

2.1. Material. SA was purchased from Sigma Chemical
Co. (St. Louis, MO). PMCG was purchased from Scientific
Polymer Products Co. (Ontario, NY), and CS was prepared
by the Institute of Bioengineering, Zhejiang University
(China). All other chemicals were of reagent grade.

2.2. Preparation of Capsules. A mixture solution of
mass percent volume of 2% SA in water and 2.5% CS in
water was extruded dropwise through a syringe 7-gauge
needle connected to an air pressure droplet generator at a
pressure of 172 kPa. The drops were collected in a solution
of mass percent volume of 1% CacCl, in water and reacted
for 30 min to form the gel beads. After being washed with
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deionized water, the gel beads were coated with mass
percent volume of 0.2% to 5% PMCG (pH 6.0) by stirring
for 5 to 20 min in PMCG solution, and the residual PMCG
was removed by washing three times with deionized water.
The microcapsules were subsequently treated with 50 mM
sodium citrate for 6 min to liquefy the SA—CA gel inside
the capsule. Finally the beads became capsules—hollow
spheres. Then these capsules were washed with deionized
water again and stored.

2.3. Capsule Diameter and Membrane Thickness.
The volume of a group of capsules was measured to obtain
the average capsular diameter (£0.02 mm). The membrane
thickness (+1 um) was determined under a microscope
(XSP—18B optical microscope, Optical Instruments Corp.
in Nanjing, China) by slicing the capsules after they were
frozen.

2.4. Analysis. The concentration of glucose or lactose
was measured with the dinitrosalicylic (DNS) colorimetric
method.!* The test tubes were immersed in a 95 °C water
bath for 10 min to develop the characteristic red-brown
color. The absorbance was measured at 550 nm after
cooling with a precision of £0.001. Ethanol or lactic acid
content was measured by gas chromatography (CC-102,
Analysis Device Corp. in Shanghai, China). The reproduc-
ibility of measurement was better than +0.001.

The concentrations of amino acids were determined by
spectrophotometer (722; Third Analysis Devices Corp. of
Shanghai, China) at different wavelengths with a precision
of £0.001. The concentrations of L-tryptophan, L-phenyla-
lanine, and L-tyrosine were analyzed at 280 nm, L-glutamic
acid at 190 nm, and L-lysine at 364 nm.

2.5. Measurement of the Diffusion Coefficient in
PMCG-Coated SA/CS Capsules. The measurement of the
diffusion coefficient'®> was made in a jacketed vessel while
stirring well with the temperature at (25 + 0.1) °C. V
milliliters of solution with the initial concentration of Cy
was in the vessel. A definite amount of solute-free capsules
were rapidly added to the solution. The solute concentra-
tion in bulk solution would be decreased with time because
the solute diffused from bulk solution into the capsules.
By measurement of the concentration variation with time,
the diffusivity can be determined. In the initial 5 min, a
sample from bulk solution should be taken every 30 s. After
that, the time intervals could be lengthened. After enough
time, the concentration in bulk solution and the concentra-
tion inside the capsules would be close to the equilibrium.

2.6. Diffusion Coefficient Calculation. The relation-
ship of concentration in bulk solution and time for solid
spheres is described as follows by Crank:16

aC, » 6(1 + o) exp(—Dq,*t/R?)
1+ (1)
1+a n= 9 + 9a + g,°0

C.=

where C_ is the concentration of solute in bulk solution,
Cy is the initial concentration in bulk solution, R is the
radius of a capsule, t is time, and D is the diffusion in a
solid sphere. a is defined as follows:

v
"N (%ﬂRe‘) @

where V is the volume of bulk solution and N is the number
of spheres. g, is the nonzero positive roots of the following
equation:
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Figure 1. Diffusion of solutes in the PMCG—SA/CS capsule.
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Obviously, the diffusion coefficient D can be obtained by
eq 1 according to the data of variation of concentration in
bulk solution with time. However, eq 1 can only be suitable
to the homogeneous solid beads and not to hollow capsules
(spheres) where the diffusion coefficient of solute in the
membrane is different from that in the intracapsule
solution. In the mathematical model proposed by Yao et
al..® it was assumed that a hollow capsule is a quasi-solid
bead. D can be replaced by D, which is defined as the
combined diffusion coefficient in the capsular membrane
and intracapsular solution. Then eq 1 becomes

aC, = 6(1 + a) exp(—D,,q,°t/R?)
C.= 1+ (4)
1ta = 9 + 9 + g, %0’

Just as for the NaCS—PDMDAAC capsule,? the diffusion
process of solute in the PMCG-coated SA/CS capsules can
also be shown in Figure 1, where r, is the internal radius
of the capsule, ry, is the external radius, D¢ is diffusion
coefficient in the outer liquid film around the capsule, D;
is the diffusion coefficient in the capsule membrane, D is
the diffusion coefficient in the intracapsule solution, ¢ is
the outer liquid film thickness, C, is the concentration of
solute in the internal surface of the capsule, and Cy is the
concentration of solute in the external surface of the
capsule.

At the condition of stirring well, the diffusion resistance
in the liquid film can be neglected. Dy, should satisfy the
following conditions: If the beads are homogeneous solid
spheres, ry = 0, and thus Dy, = Dy. If ry, — r; — 0, then D,
= D,. If D; = Dy, then D; = D, = D,. If D; > D,, the
controlling step is the diffusion in the intracapsule solution
and Dy, mainly depends on D,. If D; < D,, the controlling
step is the diffusion in the membrane and D,, mainly
depends on D;.

According to the theory of mass transfer, the relationship
among Dy, D1, and D, could be described as follows:

_ r,+0
Dm - (5)
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Table 1. Diameter, D, and Membrane Thickness, MT, of
Capsules Prepared at Different Concentrations of PMCG

mass percent volume of PMCG/% D/mm MT/um
0.2 3.02 27 to 40
0.5 251 43 to 55
15 221 86 to 100

When the liquid film resistance is neglected, eq 5 is
simplified as

r,—r

D=1 (6)

b _a

Dm D2
where r, — ra is the membrane thickness. In our experi-
ments, the bulk solution is so dilute that the diffusion
process in the intracapsule solution can be considered as
that in pure water, that is, D, = Dy, where Dy, is the
diffusion coefficient of solute in pure water. Thus, D, and
D; can be calculated by eq 4 and eq 6, respectively.

This mathematical model has been applied to calculate
the diffusion coefficients of some solutes in the NaCS/
PDMDAAC capsule system, and satisfying results were
obtained.

3. Results and Discussion

3.1. Effect of the PMCG Concentration on the Prop-
erties of PMCG-Coated SA/CS Capsules. To study the
influence of the capsule properties on diffusivity, three
kinds of capsules were prepared with mass percent volume
of 0.2%, 0.5%, and 1.5% PMCG solution in water, respec-
tively. As shown in Table 1, the diameter of the capsules
decreased markedly whereas the membrane thickness
increased distinctly with the increase in PMCG concentra-
tion from mass percent volume of 0.2% to 1.5%. Mechanical
strength is closely dependent on membrane thickness. So
mechanical strength was also enhanced with the increase
in PMCG concentration. The electrostatic interaction of
PMCG with SA/CS gel beads belongs to diffusion control.
The reaction velocity is increased with the increase in
PMCG concentration so that the membrane thickness will
be larger in the same reaction time. Meanwhile, the
capsules with thinner membranes are inclined to swell
during storage so as to slightly increase the diameter.

3.2. Determination of the Diffusion Coefficient in
PMCG-Coated SA/CS Capsules. The diffusion processes
of different solutes in the capsules prepared at three
different PMCG concentrations of mass percent volume of
0.2%, 0.5%, and 1.5% are shown. These solutes with low
molecular weight are either substrates of microorganisms
or metabolites including glucose (Figure 2), lactose (Figure
3), lactic acid (Figure 4), ethanol (Figure 5), L-glutamic acid
(Figure 6), L-lysine (Figure 7), L-tryptophan (Figure 8),
L-phenylalanine (Figure 9), and L-tyrosine (Figure 10). All
data were measured repeatedly at least three times, and
the average values are shown in the figures. The mean
relative deviation of the experimental data from the model
is 3.41%.

As shown in the figures, the solute concentrations in the
bulk solutions decreased remarkably with addition of
solute-free capsules. Then this decreasing trend gradually
slowed with time and was close to equilibrium after 30 min.
Moreover, the calculated results of variations of concentra-
tion in bulk solution by the developed model were in good
agreement with the experimental data. This showed that
the developed model could well describe the diffusivities
in hollow capsules with homogeneous membranes.
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Figure 2. Diffusion of glucose in PMCG—SA/CS microcapsules

with different properties at 25 °C: W, 1.5% PMCG; @, 0.5% PMCG;
A, 0.2% PMCG,; solid lines are calculated by eq 4.
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Figure 3. Diffusion of lactose in PMCG—SA/CS microcapsules
with different properties at 25 °C: W, 1.5% PMCG; @, 0.5% PMCG,;
A, 0.2% PMCG,; solid lines are calculated by eq 4.
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Figure 4. Diffusion of lactic acid in PMCG—SA/CS microcapsules
with different properties at 25 °C: W, 1.5% PMCG; @, 0.5% PMCG;
A, 0.2% PMCG,; solid lines are calculated by eq 4.

The diffusion coefficients of nine solutes in pure water'’
are shown in Table 2. The values of a obtained from the
experiments are listed in Table 3. The combined diffusion
coefficients D, and diffusion coefficients in the capsular
membrane D; of nine solutes in three kinds of capsules are
also listed in Table 2; D, and D; were calculated by eq 4
and eq 6, respectively. D; increased distinctly with raising
of the PMCG concentration from mass percent volume of
0.2% to 1.5%. These results indicated that the increasing
membrane thickness with the raising of PMCG concentra-
tion resulted in a looser membrane structure and decreased
the mass transfer (or diffusion) resistance. But the con-
centration of PMCG showed an uncertain influence on Dy,.
D in the capsule prepared with 0.5% PMCG is the largest,
and the ranking of D, at different PMCG concentrations
is Dny (0.5%) > Dp, (1.5%) > Dpy, (0.2%). This may indicate
that above a certain PMCG concentration, the membrane
thickness becomes thick enough to counteract the increase
in diffusion rate.
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Table 2. Diffusion Coefficients of Solutes in PMCG—SA/CS Capsules Obtained with Different Concentrations of PMCG

at 25 °C
0.2% 0.5% 1.5%
Dim (x1010) D; (x1010) D (x1019) Dy (x1010) D (x1010) D; (x1010)
solutes Dw m2-s~1 m2.s~1 m2.s~1 m2-s~1 m2-s~1 m2.s~1
glucose 6.73 4.51 0.280 4.69 0.540 4.22 0.796
lactose 5.87 4.20 0.342 4.23 0.522 4.15 0.950
lactic acid 16.7 9.89 0.504 10.4 1.05 10.3 1.88
ethanol 12.8 6.43 0.271 6.72 0.514 6.59 1.00
L-glutamic acid 7.62 3.86 0.164 3.95 0.298 3.90 0.590
L-lysine 6.88 3.65 0.163 3.87 0.320 3.75 0.602
L-tryptophan 6.60 3.25 0.134 3.87 0.336 3.51 0.550
L-phenylalanine 7.05 3.86 0.178 4.08 0.349 3.78 0.597
L-tyrosine 6.95 3.05 0.126 3.22 0.200 3.11 0.399
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Figure 5. Diffusion of ethanol in PMCG—SA/CS microcapsules
with different properties at 25 °C: W, 1.5% PMCG; @, 0.5% PMCG;
A, 0.2% PMCG,; solid lines are calculated by eq 4.
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Figure 6. Diffusion of L-glutamic acid in PMCG—SA/CS micro-
capsules with different properties at 25 °C: &, 1.5% PMCG; @, 0.5%
PMCG; a, 0.2% PMCG; solid lines are calculated by eq 4.

Table 3. Values of a

o at the following mass
percent volume of PMCG

solutes 0.2% 0.5% 1.5%
glucose 2.47 2.70 3.60
lactose 2.21 2.43 3.08
lactic acid 1.48 1.69 1.71
ethanol 291 3.18 3.58
L-glutamic acid 2.62 3.01 3.22
L-lysine 1.32 1.49 1.57
L-tryptophan 1.89 2.03 2.28
L-phenylalanine 1.32 1.34 1.37
L-tyrosine 1.48 1.41 151

According to the reports of Yadav,'® for interfacial
polyreaction, the membrane of polymer will become thicker
with an increase in monomer concentration, thus enhanc-
ing the diffusion rate in the membrane; the reasons may
be as follows: The speed of polymerization can affect the
molecular weight distribution and crystallinity of the
polymer. The polyreaction with high speed is inclined to
form an amorphous membrane which shows better diffu-

t/min
Figure 7. Diffusion of L-lysine in PMCG—SA/CS microcapsules
with different properties at 25 °C: W, 1.5% PMCG; @, 0.5% PMCG;
A, 0.2% PMCG,; solid lines are calculated by eq 4.
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Figure 8. Diffusion of L-tryptophan in PMCG—SA/CS microcap-
sules with different properties at 25 °C: W, 1.5% PMCG; @, 0.5%
PMCG; a, 0.2% PMCG,; solid lines are calculated by eq 4.
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Figure 9. Diffusion of L-phenylalanine in PMCG—SA/CS micro-

capsules with different properties at 25 °C: W, 1.5% PMCG; @,
0.5% PMCG; a, 0.2% PMCG,; solid lines are calculated by eq 4.

sion characteristics than the crystalline polymer. The
reason for this is that as the polymer molecules are
precipitated on the interface at a high rate, they do not
have enough time to form an ordinal crystal lattice and
consequently tend to produce an amorphous membrane.
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Figure 10. Diffusion of L-tyrosine in PMCG—SA/CS microcap-

sules with different properties at 25 °C: W, 1.5% PMCG; @, 0.5%
PMCG; a, 0.2% PMCG; solid lines are calculated by eq 4.

Also, as seen in Table 2, the diffusion coefficients in the
capsule membrane D; of the solutes were 2% to 16% of
those in pure water and the combined diffusion coefficients
Dm were 43% to 76% as large as those in pure water. This
showed that the resistance in mass transfer focused on the
capsular membrane and it might be the controlling step.

4, Conclusion

In summary, PMCG—SAJ/CS capsules with different
properties were prepared with different PMCG concentra-
tions at mass percent volume of 0.2%, 0.5%, and 1.5%. The
combined diffusion coefficients D,, and the diffusion coef-
ficients in the capsular membrane D; of small solutes were
both calculated by the developed mathematical model. The
results indicated the solutes with low molecular weight
could freely diffuse into the capsules, but only the diffusion
rate was smaller than that in pure water. Thus, the
PMCG—SA/CS capsule has good diffusion characteristics
and is suited to immobilize biomaterials such as cells and
enzymes.
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