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A novel method of preparing small-sized microcapsules using a Tur-
botak air-atomizer is reported. Alginate-polylysine microcapsules
containing Bacillus Calmette Guérin vaccine have been prepared by
an adaptation of the method of Lim (1) which allows the manufac-
ture of small-sized microcapsules. A Turbotak is used to spray so-
dium alginate solution into calcium chloride solution to form tem-
porary calcium alginate microgel capsules. These temporary micro-
gel droplets are subsequently cross-linked with polylysine to form
permanent membranes. Microcapules in the size range of 5-15 pm
have been produced which can be compared to an average diameter
of =300 p.m obtained by the method reported by Lim. The micro-
capsule size is dependent on the conditions of operation of the Tur-
botak and the concentration of the sodium alginate solution. Parti-
cles within the size range 5-15 pm can be reproducibly manufac-
tured using the conditions of operation reported here. Other size
ranges below the minimum of 300 pm reported by Lim are also
feasible using this technique.

KEY WORDS: aiginate/polylysine microcapsules; atomization tech-
nique; 5-15 pm microcapsules; Bacillus Calmette Guérin (BCG)
vaccine.

INTRODUCTION

It is our intention to deliver live Bacillus Calmette
Guérin (BCG) vaccine to the lung. Delivery to the lung either
by intravenous injection or by inhalation is dependent on the
particle size. It is well established that the size and charge of
colloidal particles will determine their biodistribution follow-
ing intravenous injection (2,3). Particles in the size range of
5-15 pm injected intravenously will be passively targeted to
the lung as a result of entrapment within the lung capillaries.
The size range for delivery by inhalation is 1-5 pm. BCG
organisms have an average length of 2.36 pm and width of
0.47 pm (4). To achieve the size range desired for delivery to
the lung, 5-15 or 1-5 pm, the organisms can be microencap-
sulated. Microencapsulation of live BCG organisms for tar-
geted delivery to the lung may also aid retention of the or-
ganisms at the target site; have an immune adjuvant effect;
and protect against possible side effects of live BCG organ-
isms, which can range from nausea and vomiting to a full-
blown Tuberculosis-type syndrome.

BCG is known as a potent immune adjuvant, effective in
the treatment of cancer patients who retain a degree of im-
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munocompetency (5-8). The effectiveness of BCG in treat-
ing neoplasia is attributed to its ability to stimulate the re-
ticuloendothelial system (RES). RES stimulation results in
hyperplasia and increased phagocytic and cytolytic activities
of the macrophage. However, this effect is localized to those
cells in the area surrounding BCG, indicating that close con-
tact between BCG and the tumor is important (9—-11). BCG is
very effective in bladder cancer (12), where it can be deliv-
ered directly to the tumor site. However, in lung cancer
where it is difficult to localize BCG at the tumor site, therapy
is less successful. We therefore propose to develop a method
for the delivery of BCG directly to the tumor site in lung
cancer, in an attempt to increase its efficacy.

In order to deliver live BCG to the lung, a method of
microencapsulation which is not harmful to live organisms is
required. Most methods of microencapsulation involve one
of two harsh conditions which would be toxic to cells: con-
tact with an organic solvent and/or heating during process-
ing. For example, microencapsulation by coacervation of
oppositely charged gelatins may involve the use of either
formaldehyde or heat to cross-link the gelatin (13). The pro-
duction of poly(d,l-lactide) and poly(glycolic acid) micro-
spheres by solvent removal techniques involves the use of
organic solvents such as methylene chloride and hexafluo-
roacetone sesquihydrate to dissolve the polymers (14,15).
Albumin microspheres used to encapsulate steroids involve
the use of glutaraldehyde solution and/or heat (which can be
as high as 130°C) to stabilize the microspheres (16).

The microencapsulation of functioning islets of Langer-
hans, in an alginate-polylysine-alginate membrane has been
reported by Lim and Sun (1). These authors have shown that
the cells remain viable after microencapsulation. The size of
the microcapsules produced by this method is larger than 300
pm. In the present paper an adaptation of the method of Lim
and Sun, which can produce microcapsules in the size range
of 5-15 pm suitable for passive delivery to the lung following
intravenous injection, is reported.

MATERIALS AND METHODS

Sodium alginate (medium viscosity), poly-I-lysine (MW
38,500), sodium citrate, calcium chloride, sodium chloride,
and bile salts were purchased from Sigma Chemicals. BCG
(Tice) were obtained from the Institute for Tuberculosis Re-
search, University of Illinois at Chicago. The Fisher Diag-
nostic AFB stain kit was purchased from Fisher Scientific.
The Millex-GS 0.22 pm filter was purchased from Millipore.
Auramine Rhodamine T TB fluorescent stain was purchased
from Difco.

Production of Microcapsules

The microencapsulation procedure, optimized to pro-
duce microcapsules in the size range 5-15 pm, is as follows.
Sodium alginate (1.2%) is infused from a syringe pump (Sage
Instrument, Model 355) at 2.2 ml/min into an air-atomizing
device, (Turbotak, Turbotak, Inc., Waterloo, Ontario) (Fig.
1) and sprayed into a pan containing 500 ml of 1.5% calcium
chloride solution. A Turbotak is a hollow stainless-steel cyl-
inder, 1 in. wide X 1.5 in. long. Liquid is fed into the Tur-
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Fig. 1. Schematic diagram of Turbotak.

botak from the top and pressurized air is fed in from the side.
The pressurized air mixes with the liquid, forcing tiny liquid
droplets out through the orifice of the nozzle. The air pres-
sure is set at 40 psi. The distance between the orifice of the
Turbotak and the pan is fixed at 18 in. The size of the orifice
is 1 mm in diameter. The divalent calcium ions cross-link the
droplets of sodium alginate on contact to form temporary
microgel droplets. The temporary capsules are crosslinked
by poly-I-lysine (0.035%, w/v) for 6 min to form a permanent
membrane (initial-stage permanent capsules) (Fig. 2). The
resultant permanent capsules are collected by centrifugation
at 3000 rpm, washed in 30 ml 0.9% (w/v) sodium chloride,
and then suspended for 4 min in 0.03% (w/v) sodium alginate
to form an alginate outer layer. The alginate-poly-/-lysine-
alginate microcapsules are washed twice with 0.9% sodium
chloride. These microcapsules are added to 30 ml of 55 mM
sodium citrate, pH 7.4, for 6 min to liquify the calcium alg-
inate gel inside (final-stage permanent capsules). The result-
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Fig. 2. Schematic diagram of the preparation of alginate-polylysine
microcapsules: (a) spraying of sodium alginate solution into calcium
chloride solution; (b) temporary gel microcapsules formed; (c) per-
manent microcapsules (initial stage) formed.
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ing capsules are washed twice in 0.9% (w/v) sodium chlo-
ride. All references to permanent capsules imply final-stage
permanent capsules in the following text.

Encapsulation of BCG

The BCG used in the following experiments were heat
killed at 80°C for 1 hr, to avoid contact with atomized live
BCG during these developmental studies. One ampoule of
BCG is reconstituted in 0.5 ml of 0.1% (w/v) bile salt and
dispersed in 15 ml of 1.2% (w/v) sodium alginate. This sus-
pension is sprayed into calcium chloride solution and pro-
cessed to form permanent capsules as described above. The
encapsulated BCG are identified using Auramine Rhodamine
T TB fluorescent stain under a fluoresence microscope and
using a Fisher AFB stain kit under an optical microscope.

Particle Size Analysis

The mean diameter and the size distribution of the cap-
sules, with and without encapsulated BCG, are determined
using a HIAC/Royco particle sizer, Model 4100. The tempo-
rary capsules are suspended in 1.5% (w/v) calcium chloride
solution, to prevent dissolution of the calcium alginate gel,
and the permanent capsules are suspended in 0.9% (w/v)
sodium chloride.

Freeze-Drying of Microcapsules

Permanent microcapsules are washed twice with dis-
tilled water and freeze-dried using a Labconco freeze-dryer.
The capsules are frozen at —70°C overnight, and then
freeze-dried (— 60°C, 10 pm Hg) for 72 hr. Scanning electron
micrographs of the freeze-dried microcapsules are taken.

RESULTS AND DISCUSSION

Selection of Method of Air-Atomization

Various methods of air-atomization to produce small
droplets were investigated. Intially an air brush (H type, No.
3, Paasche Air Brush Co.), connected to a compressed air
source and operated in short bursts of 1-2 sec, was tested
and shown capable of producing droplets in our desired size
range (5-15 pm) (17). This method was operator dependent
and therefore irreproducible. Moreover, this method was in-
efficient and time-comsuming. Plugging of the air brush noz-
zle was a major problem. A hospital jet nebulizer and a com-
mercial nasal inhaler were also investigated. The mean drop-
let size produced by these methods was either too large or
too small and the size distributions were too broad.

The Turbotak air-atomizer can produce droplets within
the desired size range, with a narrow size distribution, both
reproducibly and efficiently (18). The data presented here,
obtained using a HIAC/Royco particle sizer, indicate that all
the microcapsule preparations—empty temporary, empty
permanent, temporary with encapsulated BCG, and perma-
nent with encapsulated BCG-—approximate to a log normal
(Poisson) size distribution (Fig. 3). The HIAC/Royco instru-
ment is a light blockage device detecting a cross-sectional
area of the profile of the microcapules. It detects the size of
the particles as the diameter of a circle of equivalent area and
determines the surface/number diameter, dsn (19). This di-
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Fig. 3. Cumulative size distribution of microcapsules obtained using
HIAC/Royco instrument and plotted as a log-probit graph. (a) Tem-
porary microcapsules; (b) permanent microcapsules; (c) temporary
microcapsules with BCG encapsulated; (d) permanent microcap-
sules with BCG encapsulated.

ameter can be converted to a specific surface area per unit
volume (S,), by using the Kapteyn transformation to derive
a surface-weighted mean diameter, dvs (20):

In dvs = In dsn + 1.5 In%dg

where In is the natural logarithm and 8¢ is the geometric
standard deviation of the number distribution. The size char-
acteristics of different microcapsules are summarized in Ta-
ble I. There are more permanent microcapsules within the
desired size range than the temporary ones, from the data
obtained from both dsn and dvs. For example, from the dvs
data, there are 86.5%, as compared to 65%, for the empty
microcapsules and 67.5%, as compared to 63%, for the mi-
crocapsules with BCG encapsulated. This is due to the loss
of smaller-sized microcapsules during the production pro-
cess of permanent microcapsules. The smaller percentage of
BCG microcapsules within the desired size range, compared
to the empty microcapsules, is probably due to aggregation
of the BCG organisms. This method of microencapsulation is
quite efficient, as in all cases the percentage of microcap-
sules over 15 pm is no greater than 26% by surface-weighted
mean.

The specific surface area per unit volume can also be
calculated using the following equation:
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Fig. 4. Photomicrograph of BCG-encapsulated microcapsules under
a fluorescence microscope. X 400; reduced 35% for reproduction.
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The specific surface area per unit volume is equivalent to the
total surface area in one cm® of microcapsules. The total
surface area of the microcapsules is a critical factor in terms
of the viability of the BCG organisms, as it determines the
diffusion of nutrients into the microcapsule matrix and the
excretion products out of the microcapsules.

The size of the temporary capsules is determined by the
processing variables: size of the nozzle, infusion rate and
concentration of sodium alginate solution, and applied air
pressure. These variables have been manipulated success-
fully to obtain microcapsules in the desired size range. Mi-
crocapsules can be produced in other size ranges by chang-
ing one or more of these variables. Decreasing the air pres-
sure and the viscosity of the sodium alginate solution and
increasing the infusion rate and the nozzle size all increase
the average particle size.

Figure 4 is a photomicrograph of encapsulated BCG ob-
tained by fluorescence microscopy. Due to the limitations of
the microscope and the camera a larger size microcapsule
(approximately 30 pm in diameter) was photographed. The
microcapsules with encapsulated BCG are processed by Au-
ramine Rhodamine T TB fluorescent stain. The BCG organ-
isms fluoresce under a Zeiss fluorescent microscope. It is
evident that the organisms are encapsulated and that the
microcapsules are spherical. The encapsulated BCG organ-
isms were also identified using a Fisher Diagnostic AFB
stain kit. The BCG organisms stain red.

The microcapsules were freeze-dried to test whether

Table I. The Size Characteristics of Different Microcapsules as Measured by HIAC/Royco Particle Sizer

dsn % within % >15 dvs % within % >15 S, (cm%/cm3)
Microcapsules (pm) b range pm (pm) range m x 1073
Temporary 6.7 1.74 62.5 6.5 10.61 65.0 26 5.66
Permanent 7.2 1.44 81.5 2.5 8.79 86.5 7 6.83
Temporary with BCG 5.8 1.81 55 6.0 9.83 63.0 24 6.10
Permanent with BCG 6.7 1.72 65 5.3 10.42 67.5 24 5.76
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Fig. 5. Scanning electron micrograph of a permanent microcapsule
after freeze drying. X 6000; reduced 30% for reproduction.

they could withstand this process, as a freeze-dried product
would be ideal for maximum stability during storage. A scan-
ning electron photomicrograph of the permanent microcap-
sules after freeze-drying is shown in Fig. 5. Different batches
of freeze-dried microcapsules were examined by SEM. Ap-
parently the freeze-drying process reported does not destroy
these microcapsules, as all the microcapsules were intact.
The surface of the microcapsules appears wrinkled when
viewed under SEM. This is probably due to the loss of water
content during the freeze-drying process.

CONCLUSIONS

The Turbotak air-atomizing method reported here can
produce small-sized alginate-polylysine-alginate microcap-
sules in the size range of 5-15 pm, with about 70% of the
microcapsules in this size range. The microcapsules are
roughly spherical in shape and are able to withstand freeze-
drying. BCG organisms have been successfully encapsulated
within these microcapsules.
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