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In this study, the effect of cross-linking time on the adsorption characteristics of micro-
capsules containing activated charcoal (ACMC) was investigated. The microcapsules were
prepared by the gelatin—acacia coacervation procedure. Activated charcoal powder was used as an
adsorbent, and creatinine as a model adsorbate. The following results were obtained. The
adsorption rate on ACMC could be controlled by changing the cross-linking time of the coacervate.
A stable semipermeable membrane was formed by gelatin-acacia coacervation at cross-linking
times greater than 60 min. Accordingly, the oral administration of ACMC should be available as a
supporting technique in the treatment of patients with renal failure.
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The artificial kidney, which is based on the principle of hemodialysis," is now widely used
for the treatment of patients with renal failure. Despite the success of this treatment, there are
some physical and economical disadvantages® in these hemodialysis procedures, because two
or three therapies are needed per week. Furthermore, a long time is required for each dialysis.
Thus, simpler and less costly artificial kidneys® are desirable.

In order to support hemodialysis, the use of adsorbents such as activated charcoal® or
ion-exchange resins given orally is typical. However, there are some disadvantages to this
simple dosage form of therapy since the adsorbents come into direct contact the nutriment®
or the mucous membrane in the gastrointestinal tract. However, it is considered that these
problems might be solved by placing activated charcoal (AC) inside semipermeable
microcapsules.®

In this study, the adsorption characteristics of microcapsules containing activated
charcoal (ACMC) were tested in vitro to assess the suitability of the capsules for medical use
through oral administration. Such microcapsules were prepared by the gelatin-acacia
coacervation procedure,” and the influence of cross-linking time on the adsorption rate was
theoretically evaluated. In addition, the molecular sieving effect®? of the semipermeable
membrane of ACMC was experimentally investigated.

Experimental

Materials——Activated Charcoal powder G.R. (No 2186, Merck Co., Ltd.) was used as an adsorbent, and
creatinine (Tokyo Kasei Kogyo Co., Ltd.) as a model adsorbate.

Gelatin (Japan Leather Co., Ltd.) used had the following characteristics: molecular weight (M,), 4.6 x 10%;
isoelectric point (pl), 6.3; the melting point of a 109 solution, 28 °C. Acacia (Kanto Chemical Co., Ltd.), which had
an ash content of 3.2%,, was used as a 109 solution.

To investigate the molecular sieving effect of these microcapsules, L-thyroxine sodium salt (M, =798.5 Nakarai
Chemicals Ltd.), f-cyclodextrin (M,=1135 Wako Pure Chemical Industries, Ltd.), ovalbumin (M,=45000 Tokyo

NII-Electronic Library Service



4650 Vol. 33 (1985)

Kasei Kogyo Co., Ltd.), and bovine serum albumin (M, = 68000 Sigma Chemical Co.) were also used.

Specific Surface Area of Activated Charcoal Activated charcoal powder was treated under nitrogen gas at
600 °C. After being washed with double-distilled water, the powder was dried at 110°C for 24 h. This activated
charcoal (100 mg) was placed in creatinine solution of various concentrations between 0.5 and 60 mol/m3. The
mixture was incubated at 37 °C, for 2 h, and the equilibrium concentration of creatinine was determined by the Folin—
Wu method.” The procedure was as follows: 3 ml of deproteinizing agent (Creatinine-Test Wako Kit) was added to
the supernatant of suspension at 37 °C. After 10 min, the suspension was centrifuged at 2500 rpm for 10 min, and 2ml
of solution was pipetted from the upper phase. To this solution, 1 ml of hygeric acid reagent and 1 ml of standarized
0.5 N sodium hydroxide were added, and the samples were kept at 37 °C for 20 min in a water bath. The creatinine
content of the solution was measured with the spectrophotometer at 520 nm. Finally, the equilibrium concentration
of creatinine was calculated from a standard curve.

Microencapsulation of Activated Charcol——The procedure for microcapsule preparation'® is schematically
shown in Fig. 1. The microcapsules were prepared by gelatin-acacia coacervation. In these experiments, gelatin and
acacia solutions were prepared by dissolving 1.5g of gelatin and 1.5 g of acacia each in 15ml of purified distilled
water. Activated charcoal (2g) was suspended in gelatin solution at 40 °C and the suspension was agitated with a
magnetic stirrer at 1000 rpm for 10 min. An equal amount of acacia solution at 40 °C was gradually added to the
suspension, and stirring was continued for 10 min. Then 70 m! of distilled water was added, and the suspension was
maintained at 40°C for 15min. The pH of the mixture was gradually adjusted to the desired pH (3.0—4.0) by
dropwise addition of 3.5 ml of 109 acetic acid. At this point, coacervation occurred, and a gelatin coating was formed
on the surface of the activated charcoal. This mixture was cooled to 5°C by immersion in a water bath.

The coacervates were gradually hardened with 0.5 ml of form aldehyde solution. Next, the gelatin and acacia
were strongly cross-linked on the surface of the activated charcoal, when the pH of the mixture was increased above 9
by addition of 109 sodium hydroxide. Stirring continued at 50 °C for 10 min, then the hardened coacervates were
filtered off and washed with distilled water. The wet mass was added to acetone solution, and the sediment was
filtered off and dried at room temperature for 24 h to yield activated charcoal microcapsules having a semipermeable
membrane.

In these experiments, the cross-linking times used were 15, 60, 120 and 240 min.

Measurement of the Size and Shape of ACMC-———The shape and surface morphology of the microcapsules after
coaervation were examined under scanning electron microscope (model JSM T-200, JEOL Ltd.). Dry samples were
coated with gold film approximately 30 nm thick under a high vacuum. Maximum magnification was 10000X.

The size distribution and mean diameter of ACMC were determined with a CAPA-500 particle analyzer (Horiba
Co., Ltd.).

Measurement of Adsorption Characteristics of ACMC——The flow apparatus'" used to measure the amount of
adsorbate present on the ACMC is illustrated in Fig. 2.

Microcapsules containing 0.1 g of activated charcoal or the same amount of the powder were placed in the center
of a cylindrical column (1.0 cm diameter and 10 cm length). Both sides of the column were filled with glass wool and
connected to polyvinyl tubing. A 1.8 x 10759 (w/v) creatinine solution in double-distilled water was continuously
circulated through the column by means of an RV-2 type roller pump (Furue Science Co.) at a flow rate of 1.0 ml/min
at 37 °C. A half milliliter of sample solution was pipetted out at 5, 15 and 30 min, and 1, 2, 4, 8 and 24 h after the start

activated charcoal gelain solution
stirring 10 min
S/W suspension

acacia solution——| . C D
stirring 10 min

40°C water
acetic acid pH 4 F——% )
AC/coacervate ]

cool at 5°C ,___’____,__)
formaldehyde——— * 7 —
NaOH pH 9 r{ ]

filtration and washing with " O

water and acetone B la E

evaporation

sample Fig. 2. Schematic Diagram of the Circulation

Fig. 1. Schematic Diagram of the Preparation Column Methods for Adsorption Experiments

of Microcapsules (ACMC) Containing Acti- A, creatinine solution; B, water bath; C, AC or
vated Charcoal by the Coacervation Method ACMC; D, column; E, roller pump.

NII-Electronic Library Service



No. 11 4651

of recirculation, and the adsorbed amount of creatinine was calculated from the decrease of creatinine concentration
in the solution.

The adsorbed amounts of L-thyroxine sodium salt, cyclodextrin, ovalbumin, or bovine serum albumin were
similarly measured.

Measurement of the Stability of ACMC——The stability of ACMC was evaluated in terms of the disintegration
ratio of ACMC."” ACMC were incubated in the standard first buffer solution (pH =1.2) at 37°C for 2h, and the
disintegration ratio of ACMC was determined by the spectrophotometric method.

Results and Discussion

Specific Surface Area of Activated Charcoal

The relationship between the amount of liquid physically adsorbed on a solid and the
equilibrium concentration at constant temperature were established by Langmuir. The
Langmuir adsorption isotherm is given by the following equation,'®

aQ.C

= (1)
14+aC

where Q is the amount of liquid adsorbed on a solid, (mol/g), Q, is the equilibrium amount of
liquid adsorbed on a solid (mol/g), C is the equilibrium concentration of liquid (mol/cm?®), and
a is a constant. The amount of creatinine adsorbed per unit mass of activated charcoal
(adsorbent) at 37°C is plotted on the vertical axis against the equilibrium concentration of
creatinine on the horizontal axis in Fig. 3-(a).

By inverting Eq. 1 and multiplying through by C, it may be written for plotting as

Cc 1 1

—=C4—

Q Q. aQ,
Fig. 3-(b) shows the Langmuir adsorption isotherm plot of creatinine on the activated
charcoal. A plot of C/Q against C should yield a straight line, and Q, can be obtained from the
reciprocal slope. The equilibrium amount of creatinine adsorbed on the activated charcoal,
Q,, was 1.73 x 1073 (mol/g) in this experiment. If Q, is known, the specific surface area, S,
(cm?/g) of the activated charcoal can be calculated from the next Eq.,'#

@

Ss=S.NQ, €)

where S, is the adsorption area occupied by a creatinine molecular, and N is Avogadro’s
number. Substituting S,=34.7x 107!® (cm?) into the Eq. 3, it can be calculated that the
specific surface area, S, is approximately 360 (m?/g) for the activated charcoal used in this
experiment.
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Fig. 3. Adsorption Isotherms of Creatinine on Activated Charcoal (AC) at 37°C

(a) Amount of creatinine adsorbed per unit mass of activated charcoal plotted against the
concentration of creatinine. )
(b) Langmuir adsorption isotherm plot of creatinine on the activated charcoal.
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Fig. 4. Scanning Electron Micrographs of Microencapsulated and Uncoated
Activated Charcoal

(a) Microencapsulated activated charcoal (ACMC).
(b) Uncoated activated charcoal (AC).
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Shape and Size of ACMC Prepared by Gelatin—Acacia Coacervation

Scanning electron micrographs of microencapsulated and uncoated activated charcoal
are presented in Fig. 4. The ACMC prepared in this procedure were mostly spherical and the
surface was smooth. It is apparent from Fig. 4 that the activated charcoal was densely covered
with gelatin—acacia coacervates, and a semipermeable membrane having many small holes
was formed on the surface of the charcoal.

Cumulative curves of particle size distribution measured with a particle analyzer are
shown in Fig. 5. Significant differences in the size distribution curves were found between the
two samples. The mean diameter of microcapsules (dp=3.54 um) is larger than that of
uncoated activated charcoal powder (dp=2.95 um). The thickness of the microcapsule wall
can be calculated from the difference in mean diameter between ACMC and AC, and was
about 245 nm.

Influence of Cross Linking Time on the Adsorption Profile of Creatinine on ACMC

Figure 6 shows the influence of cross-linking time on the adsorption profile of creatinine
on ACMC. The adsorption rate of creatinine on AC is larger than that on ACMC. As the
cross-linking time increases, the adsorption rate of creatinine decreases because the microcap-
sules prepared at coacervation longer times have smaller size pores at their surfaces for
diffusion into the surrounding activated charcoal. In the preliminary experiment, we
confirmed that there was no adsorption of creatinine on the membrane of gelatin-acacia
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coacervates.

The mechanism of adsorption has been studied in detail by many authors,*® but it is not
easy to describe quantitatively the adsorption profiles of microcapsules. As the adsorption
profile for semipermeable membranes gives apparent first-order kinetics, first-order adsor-
ption plots were tried. The microcapsules tended to show apparent first-order adsorption at
the initial stage for a short period, but the kinetics became more complex thereafter. Since
polymeric matrixes sometimes show a dependence of adsorption on the square root of time,
plots of this type were also examined. However, the plots were not linear, but sigmoidal.
Accordingly, the mean adsorption rate of ACMC from zero till 2h was adopted in this study.
For a sample of ACMC, the mean adsorption rate is defined as,

<dQ> $,4C
al R “
where (dQ/dr),, is the mean adsorption rate (mol/g-s) from zero till 2h, 4C, the difference in
creatinine concentration (mol/cm?) between the outside and inside of the microcapsules at the
initial stage, S; the specific surface area (cm?/g) of activated charcoal occupied by creatinine
molecules, and Ry the total adsorption resistance (s/cm) of ACMC. Under the experimental
conditions used, S; =1.66 x 10> (cm*/g). When an adsorbate diffuses from the surrounding
medium to the core of a microcapsule, the total adsorption resistance, Ry, is equal to the sum
of the adsorption resistance encountered in the semipermeable membrane of the microcap-
sule, R,,,., and in the aqueous diffusion layer at the surface of activated charcoal, R,..

RT = Rac + Rmc (5)

The characteristics of the microcapsules fraction used in the adsorption investigation are
summarized in Table I. Furthermore, Fig. 7 shows the relationship between the adsorption
resistance of ACMC and the cross-linking time. The total adsorption resistance of ACMC
increases with increasing cross-linking time (Fig. 7). It is interesting to note that the ratio
R,../Ry (Table I) also depends on the cross linking time; the resistance of the microcapsule is
equal to 53.039 of the total resistance at a cross-linking time of 240 min. It would appear that
the absolute molecular diffusion rate depends on the surface state of the semipermeable
membrane of the microcapsule, which therefore influences the adsorption characteristics of
ACMC.

Molecular Sieving Effect of the Semipermeable Membrane of ACMC

Figure 8 shows the molecular sieving effect of the semipermeable membrane of ACMC at
the cross linking time of 1 h. Five substances, which vary in molecular weight from 10 to 10°,
were used. The adsorption efficiency, n,, was calculated according to the following equation,
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TaBLE I. Calculated Values Relating to the Adsorption Resistance of ACMC and AC

Cross-linking fs0, (dQ/de),, R; R, R, R,./Rt
time (min) (h) (mol/g-s) (s/cm) (s/cm) (s/cm) (VA)
Uncoated 2.2 7.10x 107° 3.72x 108 3.72x 108 — 0

15 3.0 6.49x107° 4.06 x 108 3.72x 108 0.35x 108 9.27
60 4.5 5.20%x107° 5.08 x 108 3.72x 108 1.36 x 108 26.77
120 6.5 436x107° 6.07 x 108 3.72 x 108 2.35x 108 38.71
240 12.0 3.33x107° 7.93 x 108 3.72x 108 421 %108 53.09
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Fig. 7. Relationship between Adsorption Re- Fig. 8. Relationship between Adsorption Ratio
sistance of ACMC and the Cross-Linking Time of ACMC/AC and Molecular Weight of Ad-
O, total adsorption resistance, R;; @, adsorption sorbate
resistance of microcapsules, R,,.. Cross-linking time =120 min.
Qacmc
Na= x 100 (6)

AC

where Q, is the amount adsorbed on the activated charcoal, and Qcuc is the amount
adsorbed on the activated charcoal microcapsule. In the case of creatinine and L-thyroxine
sodium, a little difference was found between AC and ACMC. However, the adsorption
efficiency decreased markedly with increase of molecular weight of the adsorbate from 103 to
10%. The values of adsorption efficiency were 51.7% and 14.7); for p-cyclodextrin and
ovalbumin, respectively. Furthermore, no adsorption of bovine serum albumin on ACMC
could be detected in this experiment.

Thus, higher molecular weight substances such as nutriment and enzymes in the gastro—
intestinal tract should not be able to pass through the semipermeable membrane of ACMC,
and ACMC should have an excellent molecular sieving effect in vivo.

The Effect of Cross-Linking Time on the Distintegration of ACMC

Figure 9 shows the relationship of disintegration of the semipermeable membrane of
ACMC with cross linking time. The cross-linking time greatly influenced the disintegration of
ACMOC in the standard first buffer solution (pH = 1.2). The disintegration of ACMC prepared
with a Smin cross-linking time was approximately 14%. The distintegration decreased
markedly with increasing cross-linking time, and then leveled off at about 1.57 after 1 h. This
result indicates that the semipermeable membrane of microcapsules will be stable for a long
time after oral administration when the cross-linking time of coacervation is increased above
1 h.
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Fig. 10. Scanning Electron Micrographs of ACMC Surfaces after Various Times of
Cross-Linking

Scanning electron micrographs of samples prepared at various cross-linking times are
shown in Fig. 10. Rough and irregular surfaces were observed on the microcapsules prepared
with a 15 min cross-linking time. The microcapsules prepared with a 60 min cross-linking time
were covered with gelatin-acacia all over the activated charcoal, but the surface had some
large holes. When the cross-linking time was increased beyond 120 min, a smooth-walled
membrane was formed on the surface of the activated charcoal, and uniform and thick-walled
microcapsules were obtained. From these results, it is clear that the disintegration of
microcapsules is dependent on the nature of the surface produced upon coacervation.

Conclusions

The results on the adsorption characteristics of ACMC can be summarized as follows.

. A stable semipermeable membrane could be formed on the surface of activated
charcoal by gelatin—acacia coacervation.

2. The adsorption rate on the ACMC could be controlled by changing the cross-linking
time of coacervates.

3. High-molecular-weight substances such as nutriments or enzymes should not pass
through the semipermeable membrane of ACMC in vivo, because the adsorption efficiency of
model substances was very low in vitro.

4. It can be presumed from the in vitro data that a long cross-linking time (more than
60 min) yields ACMC which are stable in the gastro-intestinal tract.

Finally, the above mentioned properties suggest that the oral administration of
microencapsulated activated charcoals (ACMC) is available as a supporting technique in the
treatment of patients with renal failure.
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