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A laboratory-scale method of producing micron-sized hollow microcapsules from 
a biodegradable polymer such as 50/50 poly(D.Llactide-co-glycolide) (PLGA), for 
use as a diagnostic ultrasound contrast agent, was developed. The technique in- 
volved microencapsulation of a volatile solid core material, and subsequent subli- 
mation of the core to leave a hollow microsphere. A core material, such as ammo- 
nium carbonate, was ground to a suitable size distribution and encapsulated by a 
modified solvent evaporation or coacervation technique. This study investigated 
process parameters to produce diagnostically viable microcapsules by these two en- 
capsulation methods, such as polymer molecular weight (from 10,000 to 50,000). 
initial polymer concentration, agitation method, and stabilizer type. Polymer solu- 
tion viscosity. polydispersity, and agitation rates significantly controlled the mean 
size of the microcapsules. Stabilizers were essential in solvent evaporation, but cor- 
rupted the morphology of spheres made by coacervation. Zeta potential values of 
microsphere dispersions revealed differences in surface characteristics between 
both encapsulation methods. Incubation of microcapsules with serum improved 
their dispersion in aqueous media. Preliminary in uiuo ultrasound studies with the 
New Zealand white rabbit model, using color Doppler, showed that the microcap- 
sules gave significant contrast in the nght kidney. 

INTRODUCTION ceiver of the acoustic signal. A gas-liquid interface 

he earliest use of agents to enhance contrast of T medical images involved the use of barium sulfate 
in X-ray imaging and over the last two decades con- 
siderable effort has been made to produce inject- 
able agents for X-ray, magnetic resonance imaging 
(MRI) and more recently ultrasound imaging. In 1968, 
Gramiak and Shah serendipitously discovered the 
possibility of ultrasound contrast enhancement dur- 
ing an X-ray study of the aorta, augmented by ultra- 
sound (1). As indocyanine green was injected into the 
left side of the heart, bubbles formed that produced a 
cloud of ultrasound echoes. In the initial follow-up to 
this, contrast was produced by injecting hand agi- 
tated saline, or sugar solutions (2). However, free bub- 
bles in the bloodstream are easily filtered by the lung, 
and also collapse quickly because of the inherent high 
pressure differential across the bubble wall, and as a 
result, much research has focused on producing sta- 
bilized-gas bubbles (2). 
An ultrasound contrast agent is a substance that 

increases the backscatter of ultrasound back towards 
the transducer, which is both the generator and re- 
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acts as an ideal agent since the impedance mismatch 
between the two phases gives optimal reflection of the 
ultrasound wave. An intravenously injectable contrast 
agent must be less than 10 X lo" m in diameter in 
order to pass through the pulmonary capillary bed. 
The first contrast agent approved by the U. S. Food 
and Drug Administration (FDA) was Albund,  an air- 
filled capsule with a shell of denatured human serum 
albumin (2). More recently (January 1998), the second 
generation agent, Optison@ (originally FSO69), which 
contains perfluorocarbon gas-filled albumin capsules 
(3). was also approved. Our laboratory has reported 
on surfactant-stabilized microbubbles (4, 5). Although 
all these contrast agents give good enhancement of 
the heart and other organs, their stability in uiuo is 
fairly short-lived. For example, after passage through 
the heart, Albunex lasts for only 15-30 seconds, and 
Optison for about 2 minutes. (2, 3). The surfactant- 
stabilized microbubbles last for between 5 and 10 
minutes in uivo, but have problems with storage and 
shelf-life stability (6). The need for longer contrast en- 
hancement, especially for perfusion through small 
blood vessels and targeting to organs such as the kid- 
ney and liver, has prompted the development of poly- 
meric contrast agents. Sonovist, manufactured by 
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Schering AG, is a contrast agent with a 100 nm thick 
poly(buty1-2-cyanoacrylate) shell, produced by the 
emulsion polymerization of monomer around gas bub- 
bles which are stabilized in the system by a surfactant 
(7, 8). The Sonovist shell has been shown to rupture 
during exposure to ultrasound. Wheatley et al. (9) 
have developed polymer-coated microbubbles made 
from calcium cross-linked alginate, but the size was 
between 100 and 150 X los m, too large for intra- 
venous injection. Other agents include gas-filled lipo- 
somes in which visible contrast can last for 4 minutes 
(10). and phase change agents, such as Echogen, 
which are microemulsions of perfluorocarbon liquids 
that form small vapor cavities inside the bloodstream 
at body temperature (1 1). Excellent reviews on con- 
trast agents are available (2, 3, 12, 13). 

The objective of this work was the development of a 
novel, biodegradable polymeric contrast agent, com- 
prised of hollow, gas-filled microcapsules. Advantages 
of polymer-based agents are their stability in vivo, and 
the potential for targeting to organs, and ultrasound- 
triggered drug deliveIy. The wall thickness of poly- 
meric microspheres can be tailored to be thick enough 
to contain a drug inside the shell, or be very thin for 
resonating and rupturing upon insonation. The latter 
capsules would be used in the emerging areas of stim- 
ulated acoustic emission (SAE) and harmonic imaging 
(14, 15). 

The polymer of choice was 50/50 poly(D,L-lactide- 
ceglycolide) (PLGA), an amorphous copolymer. Its at- 
tributes include bioconipatibility, processability, and a 
rapid degradation rate compared to more crystalline 
polylactide or polyglycolide homopolymers (16, 17). 
This study investigated laboratory-scale methods of 
microencapsulation to produce hollow capsules of less 
than 10 x lo4 m in diameter. The effects of emulsion 
stability, polymer molecular weight, mechanical agita- 
tion, and processing conditions on the size and mor- 
phology of the capsules were studied. Preliminary 
testing of the microcap,sules as suitable intravenously 
injectable contrast agents included evaluation of sur- 
face properties such as the zeta potential, and in viuo 
acoustic testing. 

MATERIALS AND METHODS 

The polymers were !50/50 random copolymers of 
lactic and glycolic acids. RG504 and RG504H polymers 
were from B.I. Chemicals, Henley Division (Montvale, 
N.J.), having weight average molecular weights/poly- 
dispersities of 51,729/:2.5 and 44,060/3.22, respec- 
tively. Other 50/50 PLGA species were from Birming- 
ham Polymers, Inc. (Bhmingham, Ala.) with inherent 
viscosities (in hexafluoroisopropanol) of 0.15, 0.42, 0.57, 
0.58, 0.59 dL/g, corresponding to molecular weights/ 
polydispersities of 10,800/1.62; 31,400/ 1.57; 44,000/ 
1.58; 42,000/ 1.7; and 46,500/1.58, respectively. All 
polymers were used as received. Silicone oil (polydi- 
methylsiloxane) with 1000 cSt viscosity was obtained 
from Dow Coming (Midland, Mich.), and ammonium 

carbonate (NF-FCC grade) from Mallinckrodt-Baker 
(Phillipsburg, N.J.). The surfactants Tween 80, Span 
20, Span 40, and Span 80 were obtained from Sigma 
Chemical Co (St. Louis, Mo.). Corn oil was purchased 
at ACME supermarkets (Philadelphia, PA).  Mineral 
oil, castor oil, lecithin and all solvents (Optima grade) 
were from Fisher Scientific (Fair Lawn, N.J.). Normal 
pooled rabbit serum was obtained from Sigma Chemi- 
cal Co. (St. Louis, M.O.) as a lyophilized powder. 

Oil Phase Viscosity Determination 

Mineral oil had a reported viscosity of 0.035 Pa-s at 
25°C. Corn and castor oil viscosities were measured 
at 25°C on a Brookfield Model LVTCP-I (Brookfield 
Engineering Laboratories, Stoughton. Mass.) cone and 
plate viscometer, with a CP42 spindle. Corn oil was 
found to be 0.240 Pa-s and castor oil was 0.900 Pa-s. 
Silicone fluid with 0.970 Pa-s (1000 cSt) viscosity was 
used as a calibration standard. 

Size Redaction of Core Material 

Ammonium carbonate, consisting of chunks and 
millimeter sized particles, was micronized by wet 
grinding in petroleum ether, using 1/4" zirconiame- 
dia, in a Model M 1 8 / 5  Vibro-energy grinding mill 
(Sweco, Inc., Florence, Ky.). Grinding times of 3, 4, 5, 
and 6 hours were investigated. The ground particles 
were dispersed in heptane and 0.01 ml Span 80 
to determine size distributions using a Makern 2600 
Droplet and Particle Sizer (Mahrem Instruments, South- 
borough, Mass.). 

Hollow Microcapsule Preparation 

Hollow microcapsules were prepared by an adapta- 
tion of either a solvent evaporation or a coacerva- 
tion method. A volatile core material such as ammo- 
nium carbonate was encapsulated and removed by 
lyophilization, producing a void in the capsules. Low 
to intermediate molecular weights of 50/50 PLGA 
were chosen. 

I .  Solvent Evaporation 

Processing variables include initial polymer concen- 
tration, solvent polarity, surfactant type, oil viscosity, 
oil-surfactant compatibility, and agitation speed. 
PLGA samples (0.15. 0.35, and 0.5 gl were dissolved 
in 20 ml of the polar solvents acetonitrile, acetone, or 
ethyl acetate, with dielectric constants of 38.8, 20.7 
and 6.02, respectively. Finely ground ammonium car- 
bonate was dispersed in the polymer solution, which 
was then added to 200 ml of oil (either corn oil, castor 
oil, or mineral oil) containing 2% w/v surfactant 
(Span 20, 40 or 80). An oil in oil (O/O) emulsion, as 
described by Moritera et al. (18), was formed under 
high shear stirring, using a Model # 103 T-line High 
Speed Laboratory Stirrer with a 1.5" diameter Light- 
nin R-100 High Shear Radial Flow impeller (Cole 
Parmer Instrument Co., Vernon Hills, Ill.). The ratio of 
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the dispersed to continuous phase was kept constant 
at 1:lO. The mixture was emulsified at 10,000 FWM 
for 15 minutes at 20°C, then agitated from 3000 to 
9000 RPM for 24 hours at 27°C to evaporate off the 
solvent. Processing temperatures were kept well below 
the glass transition temperature (Tg) of the polymers 
(Tg - 4O-5O0C), to prevent aggregation of polymer 
droplets during the evaporation stage. After 24 hrs, 
200 ml of hexane was added to the suspension, fol- 
lowed by stirring with a magnetic stirrer for 1 hour to 
harden the nascent microcapsules. Microcapsules 
were washed with hexane and recovered as a fine 
powder by filtration through a 0.5 X lo4 m PTFE 
membrane. 

ll. Coacemation/Phase Separation 

A phase separation method based on Ruiz et aL (19) 
was used. Molecular weights of polymer ranging from 
44,000 to 5 1,729 were studied in accordance with the 
reported optimal molecular weight of around 47,000 
(19). 

Typically, 1.3 g of PLGA was dissolved in methylene 
chloride at a concentration of 0.028 g/ml. The solu- 
tion was added to a three-necked round bottom flask 
connected to a reflux condenser, and homogenizer 
(Polytron Model IT-MR3 100, B * ' Instruments, 
Westbury, N.Y.). Two homogenizer generator probes 
were investigated: a high shear sawtooth probe (Model 
No. FTDA 3020/2) and a double-ringed emulsion 
probe (Model No. PTDA 3030/4), both from Brink- 
mann Instruments. The apparatus was maintained at 
25°C inside a water bath. Finely ground ammonium 
carbonate (ranging between 0.65 g to 1.5 g) was 
added to the flask and homogenized at 10.000 FWM 
for 3 4  minutes. Silicone oil was added to the flask via 
a syringe pump inserted in the third neck at a con- 
stant flow rate of 2.5 ml/min, until the final weight 
fractions of PEA, methylene chloride, and silicone oil 
approached 0.013, 0.614. and 0.373, respectively, to 
achieve stable coacemate formation. The homogenizer 
speed was then slowly increased to 20,000 RPM, and 
maintained at this speed for 15 minutes. The nascent 
microcapsule suspension was slowly poured into 1 
liter of a hardening solution containing a 50/50 mix- 
ture of heptane/hexane and 0.1 ml Span 80. This al- 
lowed extraction of the residual methylene chloride 
and silicone oil, while preventing coagulation of the 
coacemate microcapsules. Recovery of the microcap- 
sules was similar to that for the solvent evaporation 
method, or by centrifugation and washing three times 
in hexane at 15°C. The resulting capsules dried to a 
freely-flowing powder. The laboratory stirrer was also 
used instead of the homogenizer to compare mechani- 
cal agitation effects on the production of microcap- 
sules. 

In order to determine the effects of initial polymer 
concentration on microcapsule size and morphology, 
PLGA concentrations of 0.007 g/ml and 0.014 g/ml in 
methylene chloride were used. The compositions for 

producing stable coacemate droplets, at these initial 
concentrations, were determined by adding 0.5 ml in- 
crements of silicone oil to the polymer solutions and 
observing phase separation behavior under the micro- 
scope. A hydrophilic dye, such as blue food coloring, 
was used as the core material for better visualization 
of optimal stability and encapsulation. For 0.007 
g/ml, the weight fractions of polymer, methylene chlo- 
ride, and silicone oil were 0.003, 0.581, and 0.416, re- 
spectively and for 0.014 g/ml, the stable compositions 
were 0.006, 0.580. and 0.4 14. respectively. 

To improve the dispersion and encapsulation effi- 
ciency of the solid core material, 0.005g of either Span 
20,40,80, or lecithin were added as stabilizers. 

lU. Evacuation of Core Material 

The microcapsules containing ammonium carbon- 
ate were lyophilized to remove the core. Ammonium 
carbonate decomposes to ammonia, carbon dioxide, 
and water vapor under vacuum. Before freeze-drying, 
the capsules were suspended in deionized water, con- 
taining 0.01 ml Tween 80, and sonicated to break up 
agglomerates and prevent clumping after the drying 
step. Samples were frozen at -80°C and lyophilized to 
a fine powder in a Virtis Laboratory Freeze-dryer 
(Model No. 10-010, Virtis Co., Gardiner, N.Y.). It was 
important for the ammonium carbonate to be re- 
moved from the microcapsules within 1 to 2 days after 
preparation, to prevent ammonia or water, formed by 
decomposition of the core, from reacting with the 
polymer. 

To obtain the size fraction less than 10 X 10" m, a 
suspension of encapsulated core was filtered through 
a 10 x lv m nylon mesh. The filtrate was f r m n  to 
-80°C and lyophilized. 

N. Gas Introduction Into Microcq~sules 

Before the PLGA microcapsules were removed from 
the lyophilizer, gases such as air, decafluorobutane 
(PFC), or sulfur hexafluoride (SF6) (PCR, Incorp., 
Gainesville, Fla.) were vented into the system. The 
vials containing the capsules were rapidly removed 
from the freeze- dryer, purged with the gas of choice, 
capped and sealed with parafilm. 

Serum Coating of the Polymer Micmxaapmalea 

A procedure similar to Yang et aL (20) was used to 
coat the hollow microcapsules with serum. About 
0.10 g of microcapsules were incubated in a 40 ml so- 
lution of 25% rabbit serum, while stirring for 2 hours 
at  room temperature. The capsules were then left 
overnight at 15°C on a laboratory shaker. The next 
day, the dispersion was centrifuged to separate the 
microcapsules from the serum. The recovered sam- 
ples were washed with deionized water. Rabbit serum 
was chosen because the capsules were to be used in 
vwo with diagnostic ultrasound imaging performed in 
New Zealand white rabbits. 
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Physical Characterization 

I. Size Distributions/A4icroscopy 

Size distributions of the microcapsules were mea- 
sured by static light scattering using a Horiba LA-910 
Particle Size Analyzer (Horiba Instruments, Irvine, 
Calif.). The mean sizes of microsphere samples were 
calculated as an average of three runs, and error bars 
shown on plots corre:spond to the standard deviation 
for n = 3. Particle counts in numbers per milliliter 
were obtained from a Coulter Multisizer XI (Coulter 
Scientific Instruments, Miami, Fla.) using a 50 X 10-6 
m aperture, 50 X l@ L manometer setting and aper- 
ture current of 1600 X lo4 A. An inverted optical 
microscope was used to view microcapsules in aque- 
ous media. The surface morphology and cross sec- 
tions were viewed by an Amray Model 1830 (Amray, 
Bedford, Mass.) scanrdng electron microscope (SEM). 
For cross sectioning, capsules were aggregated in 
1.5 Yo w/v agar gel at !30°C and frozen in Cryo-gel em- 
bedding medium (Instrumedics, Inc., Hackensack, 
N.J.) at -80°C. The solid block was microtomed in 20 
X lo4 m thick sections. 

II. Zeta Potential Studies 
A ZetaPlus (Brookhaven Instruments, Holtsville, 

N.Y.) was used to measure the zeta potential of micro- 
capsule dispersions before and after coating with rab- 
bit serum. The results were used to determine the ef- 
fects of polymer molecular weight, encapsulation 
methods, and serum protein adsorption on microcap- 
sule surface properties. Samples were prepared in 
deionized water at pH 7 and 25°C with a microcapsule 
concentration of 0.0 1% by volume. 

In viuo Characterization of the Polymeric 
Contrast Agents 

The agents were testcd for their echogenicity in v i m ,  
using a New Zealand white rabbit model (1 3). Gray 
scale B-mode and color Doppler examinations were 
conducted on the right kidney. Briefly, the rabbit (ap- 
prox. 3 kgl was sedated with 0.65 mg/kg of a mixture 
of ketamine hydrochloride (Ketaset? Aveco, Fort 
Dodge, Iowa) and xylazine hydrochloride (Gemini? 
Rugby Laboratories, Rockville Centre, N.Y.), given 
intramuscularly. Anesthesia was maintained by intra- 
venous injections of ketamine. An 18 gauge angio- 
catheter was placed in the left jugular vein for periph- 
eral venous injections of microcapsule contrast agent. 
The catheter was flushed with isotonic saline solution 
after each injection. Prior to administration of the con- 
trast material, the microcapsule powder (lyophilized 
capsules containing air or PFC) was suspended in 
sterile saline to give a final concentration of 2 x 10' 
bubbles/ml. Color Doppler images were acquired by a 
Gateway Scanner (Diasonics, Santa Clara, Calif.) 
using a 5 MHz linear array transducer (Doppler fre- 
quency: 4MHz) scanning over the shaved abdomen, 
and recorded on videotape. Baseline signals were 
recorded before injection of the agent. 

RESULTS AND DISCUSSION 

Optimal Grinding Conditions for 
Ammonium Carbonate 

To obtain a high yield of microcapsules less than 10 
X lo4 m in diameter, it was desirable to use a core 
material with an  average diameter of 3-6 x 10-6 m. 
Ammonium carbonate was ground for a total of 6 
hours, taking samples hourly from 3 hours. The mean 
size for each grinding time was 6.33, 5.78, 5.37, and 
5.70 X 10-6 m, respectively. Figure 1 shows the size 
distributions at each interval. The distributions were 
bimodal up to 4 hours where the dominant peak was 
around 10 X lo4 m. The best grinding time was de- 
termined to be between 4-5 hours where sues were 
favored below the 6 X lo4 m range. After 5 hours, the 
bimodal tendency reoccurred towards the larger size 
ranges, possibly owing to reaggregation. This could be 
caused by excessive vaporization of petroleum ether. 
A lower liquid to solids ratio would increase the con- 
tact distance between particles, promoting adhesion. 

Solvent Evaporation 

I. Determination of a Suitable MicroemuLsion 
System for PU;A 

In order to determine the most stable emulsion sys- 
tem for microcapsule formation, the effects of solvent, 
nonsolvent, and stabilizer type were studied. Three 
polar solvents were used with a constant nonpolar 
phase. In forming the 0/0 emulsion, ethyl acetate, 
acetone, and acetonitrile were used as the polymer 
solvents, and corn oil with 2% w/v Span 80 was used 
as the nonpolar continuous phase. The polymer and 
ammonium carbonate concentrations in each solvent 
were kept constant at 1.75% w/v and 5% w/v, respec- 
tively. PLGA with a mid-range molecular weight of 
46,500 was investigated. Acetonitrile produced the 
most spherical microcapsules, with minimal aggregate 
formation. The microcapsules produced with acetone 
were irregularly shaped and adhered to the filter dur- 
ing separation. Ethyl acetate polymer solution failed 
to produce a stable emulsion with corn oil. Emulsion 
stability was expected to be best when the dispersed 
and continuous phases had the largest differences in 
polarity. This was confirmed because acetonitrile, 
having the highest dielectric constant at 38.8, was 
shown to be the most suitable polar solvent for emul- 
sification in the oil phase. 

Although a large population of discrete spherical 
capsules was formed with the acetonitrile/corn oil 
system, methods to reduce aggregate formation, in- 
crease microcapsule yield. and improve the encap- 
sulation efficiency of ammonium carbonate were nec- 
essary. Aggregation problems occurred during the 
emulsification/evaporation stages because poly- 
mer droplets coalesced, despite rapid agitation. This 
phenomena was a result of low compatibility between 
the emulsifier and oil phase, or insufficient oil vis- 
cosity, hence different stabilizer and oil types were 
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studied. Castor oil (0.900 Pa-s), mineral oil (0.035 Pa-s), 
and corn oil (0.240 Pa-s) were studied with combina- 
tions of the oil soluble surfactants Span 20, Span 40, 
and Span 80, with HLB values 8.6, 6.7, and 4.3, 
respectively. Acetonitrile with polymer was maintained 
as the polar phase. 
AU surfactants were soluble in castor oil, but de- 

spite the absence of aggregation, the microcapsule 
morphology did not improve. The viscosity of castor oil 
made processing diff?cult, requiring larger amounts of 
hexane for hardening and filtering. In corn oil, Span 
20 and Span 40 appeared to dissolve uniformly, but 
after 24 hours of solvent evaporation, fragments of 
precipitated surfactant were present, along with ag- 
gregated species of polymer, showing emulsion insta- 
bility. Both Span 20 and Span 40 were fairly insoluble 
in mineral oil. Although it would have been favorable 
to use a surfactant with a higher hydrophilic to lipo- 
philic balance (HLB) (such as Span 20 or 40). to make 
the nascent polymer droplets more hydrophilic, the 
combination of m i n d  oil and Span 80 gave the best 
overall results in forming discrete, spherical micro- 
capsules due to the high solubility of the surfactant 
with the continuous phase. 

15 

10 

5 

0 

From this study, the most important factors for es- 
tablishing stable PLGA emulsion droplets were the 
solubility of the emulsifier in the continuous phase 
and the large difference in polarity between the or- 
ganic solvent and oil used. 

II. Eflect ofInitial Polymer Concentration and 
P E A  Molecular Weight 

The variables that were studied included the effect 
of molecular weight and initial polymer concentration 
(core material to polymer ratio) on the size and mor- 
phology of the microcapsules. Six different molecular 
weights of 50-50 PLGA were studied. Figure 2 shows 
the relationship of initial polymer concentration in 
acetonitrile to microcapsule size, while keeping the 
core material weight constant at 5Yo w/v and the stir- 
ring speed at 9000 RPM. The 5% w/v loading of am- 
monium carbonate was the highest limit before undue 
settling or flocculation of core material particles oc- 
curred in the polymer solution. PLGA with molecular 
weight 10,800 formed aggregated fkagments because 
the emulsion droplets had insufficient viscosity for 
stabilization during the evaporation stage. As the con- 
centration of polymer increased, the mean size of the 

Y 3hrs. - 4hrs. - 5hrs. 
p-4 

10 1 

particle diameter, micrometers 

I 

10 

Fig. 1. Eff& of grinding time on the size distribution of ammonium carbonate core materiaL Size distributions are shown at bur4 
intervalsfrom 3 to 6 hours. 
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31,400 

_O__ 42,000 

0.5 1 1.5 2 2.5 3 

PLGA concentration %w/v 
Fg. 2. Initial PLGA concentration effects on the mean size of microcapsules prepared by solvent evaporation: comparison ofjbe dii- 
ferent PLGA molecular weu?hts. 

microcapsules decreased, showing that microdroplet 
viscosity was important for controlling coalescence. 
At low initial concentrations, the effects of molecular 
weight and polydispersity were dominant. PLGA 
samples 44,060 and 51,729 had lower mean sizes, 
possibly due to their higher polydispersities compared 
to the others. The favorable balance between very 
high and low molecular weight species in these sam- 
ples stabilized the microdroplets. High molecular 
weight chains increased droplet viscosity, while the 
hydrophilic hydroxyl and carboxyl terminal end 
groups of very low molecular weight chains aided 
droplet emulsification in the nonpolar oil phase. At 
higher initial concentrations, the mean sizes for all 

(31,400; 42,000; and 51,729) were studied. Polymer 
and core material concentrations were kept constant 
at 1.75% and 5% w/v, respectively. As the stirring 
speed during the evaporation stage was increased 
from 3000 to 9000 FWM, all microcapsule samples ex- 
hibited up to a five-fold decrease in mean diameter. 
Table I shows the reduction in mean diameter with 
stirring speed for the polymer samples, from 3000 to 
9000 RPM. Intuitively, size was found to vary in- 
versely with the mechanical speed. A typical size dis- 
tribution for M W  44,060 capsules at 9000 RPM and 
5vo w/v concentration is shown in Q. 3. Over 90% of 
the microcapsules were below the maximum allow- 

samples tended to approach a closer value (within 7-9 
X lo4 m), as viscosity effects were clearly dominant 
over the differences in polymer molecular weight. 

Table 1. The Variation of Mean Diameter With Agitation 
Speed for Solvent Evaporation Microcapsules 

at Three Different Molecular Weights. 
- .  - 

PLGA MW 3000 RPM 9000 RPM 

31.400 31.2 X loam 7.6 X loam Lll. Mechanical Eflects on Microcapsule Formation 

The mechanical effects of shear on mean size for 
three molecular weights spanning the desired range 

42,000 27.5 X loam 12.8 X 104m 
51,729 25.4 X 1Odm 9.4 X l odm 
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15 

0 
1 10 100 

particle diameter, micrometers 
m. 3. Vohme sizedistribution of rnkrcaqsuks nmde by SdwntevapOmfLo 'nforPU;AmdecularweigN44,060.Meansize:7.65X l v m  

able size (10 X lo4 m) for intravenous injection. The 
capsule surface morphology is shown in Fig. 4. 
Microcapsules were spherical and had a smooth, 

uniform surface. Ammonium carbonate particles 
were not found to be adhered to the surface, imply- 
ing efficient encapsulation of core material. 

Q. 4. scanning electron micrcgraph of the su$kce of PLGA soluent euaporation mimocapsules. Size bar is 10 X 10% (1 0 pm). 
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I- 

1 
I 

10 100 

particle diameter, micrometers 
FUJ. 5. Volume size distril~utions of coQCeruate microcapsules made with the laboratory stirrer and homogenizer for PLGA molecular 
weight 46,500 and intial concentration 0.028 g/mL Laboratory stirrer-man sue: 30.22 X 1Vm Homogenizer-mean sue: 16.83 
x i@m 

Coacervation 

Phase separation of PLGA, and encapsulation of the 
coacervate around ammonium carbonate particles 
was successful, proving the compatibility of interfacial 

energies and surface properties of the polymer 
droplets and hydrophilic core material in accordance 
with Arshady (1990) (21). 

FUJ. 6. Optical micrograph of c o a c a  ~ o c a p s u l e s  with cormpted morphobgiesfrom the addition of a stabilizer such as Span 
40. Note: distance between grid is 10 X 1 @rn 
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I. Evaluation of Mechanical Agitation imum speed. The capsules made with the laboratory 

Experiments were conducted using either a labora- 
tory stirrer or a homogenizer. Initial studies were 
performed with P E A  M W  46,500. The final composi- 
tions by weght of polymer, silicone oil, and methylene 
chloride were maintained at 1.3%, 37.3% and 61.4940, 
in the middle of the coacervation stability window. In 
order to produce hollow capsules with the thinnest 
possible walls, the maximum weight ratio of core ma- 
terial to polymer was desirable. The maximum loadmg 
ratio with the stirrer was 0.5 because excess core ma- 
terial caused poor dispersion, promoting aggregation 
of polymer coacervate droplets. For the homogenizer, 
the loading ratio could be increased to 1.2, and in- 
creased yields of small microcapsules (less than 
10 X 10-6 m), were achieved due to greater shear and 
agitation speed. 

The maximum speed attainable with the laboratory 
stlrrer was about 10,000 RPM compared to 25.000 for 
the homogenizer. Figure 5 compares examples of mi- 
crocapsule volume size distributions for PLGA M W  
46,500 made by both agitator types at 80% their max- 

stirrer had poor yields (lower than 5%) in the desired 
size range from 1-10 X 10-6 m. When the homoge- 
nizer was used, the yield of small capsules increased 
to over 30% of the population. Dead zones and un- 
equal mixing experienced with the laboratory stirrer 
were eliminated by homogenizer use. 

II. Effect of Surjimtant Addition 

The effects of adding surfactants were studied to in- 
crease ammonium carbonate dispersion for improving 
encapsulation efficiency, and for reducing the micro- 
capsule diameters below 10 X lP m. Span 20, Span 
40, Span 80 or lecithin, at 0.005 g, was dissolved in 
the coacervation system with the laboratory stirrer. 
Previous studies by McGee et d (22) indicated effi- 
cient production of coacervate microspheres encap- 
sulating aqueous protein solutions using similar 
surfactants. However, contrary to the experience of 
McGee, all surfactants corrupted the morphology 
of the capsules in our system, even though improve- 
ment of core material dispersion was observed. The 

34 

I 

__(I_ emulsion probe 

__O__ sawtooth probe 

T 

18 f I I I I 

42000 44000 46000 48000 50000 52 

PLGA MW 

100 

Fig. 7. Effect of PLGA molecular weight on mean size of coaceruate microcapsules using two diierent homogenizer probes. AU molec- 
ular weights fd within the stability window at initial concentration of 0.028 g/mL 

2250 POLYMER ENGINEERING AND SCIENCE, NOVEMBER 1999, Vol. 39, No. 11 



Preparation and Characterization of Hollow Microcapsules 

capsules became irre@arly shaped and the effects on 
mean size were not significant. Figure 6 shows this ef- 
fect in an optical micrograph. All stabilizers produced 
the same effect on the microcapsule surface morphol- 
ogy. For coacervate microcapsules, use of the homog- 
enizer without stabilizer was found most favorable. 

111. In-uence of PLGA Molecular Weight 

The effect of polymer molecular weight on the mean 
diameter of unsieved microcapsules for two homoge- 
nizer generator types is shown in Fig. 7. The mean 
size decreased as molecular weight increased. As in 
solvent evaporation, this indicated that higher viscos- 
ity PLGA prevented the coalescence of coacervate 
droplets during agitation. The sudden reduction in 
mean size from molecular weight 44,000 to 44,060 
could be attributed to their differences in polydispersi- 
ties: 3.22 for the 44,060 MW sample compared with 
1.58 for the 44.000 MW sample. High and low molec- 
ular weight polymer chains in the polydisperse 44,060 
sample would not all coacervate at the same point, 
hence uncoacervated chains are available to maintain 
the solution viscosity. In the less polydisperse sample, 
most of the polymer will phase separate at the Same 
critical composition. A sudden drop in solution viscos- 
ity may occur, contributing to the difference in final 
droplet size. Also, slight differences in polymer confor- 
mations between batches, such as random or block- 
oriented copolymer forms caused samples with similar 
molecular weights to vary in their stability window po- 
sitions, thus affecting coacervate droplet formation. 

In Fig. 7, the same size trend was shown for both 
homogenizer generators, but the sawtooth probe pro- 
duced smaller mean diameters (reduced by about 7-8 

X lo4 m) for the higher molecular weight samples. 
This probe had a higher shear design compared to the 
double-ringed emulsion probe, allowing better disper- 
sion of both ammonium carbonate and coacervate 
droplets. 

N. Effect of Vcuying Initial Polymer Concentration 

Microcapsule size and wall thickness are affected by 
the ratio of core material to polymer. For practical rea- 
sons, the initial polymer concentration was reduced, 
keeping core weights constant, to investigate this as- 
pect. Lnitial concentrations of the PLGA samples were 
reduced to 0.007 g/ml and 0.014 g/ml, from the origi- 
nal 0.028 g/ml using PLGA MW 46,500. This repre- 
sented a core to polymer weight ratio of 1.2, 2.4, and 
4.8, for 0.028 g/ml, 0.014 g/ml and 0.007 g/ml, re- 
spectively. 

With lower polymer concentrations, a larger amount 
of silicone oil was needed for phase separation, ren- 
dering the system too viscous for effective homogeni- 
zation. This resulted in bimodal distributions of capsules, 
containing diameters greater than 100 X m. 
Figure 8 shows the unsieved size distribution for the 
core-polymer ratio of 2.4. The average size (of three 
ms) at each core-polymer ratio was 25.2 X 10-6 m for 
the 4.8 ratio (0.007 g/ml), 28.1 X lo4 m for 2.4 
(0.014 g/ml), and 24.8 X lo4 m for 4.8 (0.02800 
g/ml), with standard deviations of 4 X lo4 m, 3 X 
lo4 m, and 6 X lo4 m, respectively. The polymer- 
core ratio of 1.2 was found to be optimal with respect 
to solution viscosity and efficient nonsolvent extrac- 
tion. This agreed with Stassen et aL (23) who prepared 
phase diagrams for various PLGA copolymers. 

0 1 I I . 
1 10 100 1( 

particle diameter, micrometers 
Fig. 8. Volume sue distribution of coaceruate microcapsules made with an initial PLGA concentration of 0.01394 g/mL M e a n  size: 
29.74 x 1@m 
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Ftg. 9. Smnning eIacbon microgmph of aMceruate micmcqpsules. 4 mkmmpuk we. b) c~oss-sectjon. Size bar is 10 x 1 P r n  (10 pm). 
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V. Cmeruate Microalpsule  Morphology 

Figure 9a shows the surface of spherical coacervate 
microcapsules made by Mw 46,500 and 0.028 g/ml 
initial PLGA concentntion. Ridges can be seen cover- 
ing the surface of most capsules. These could form 
during the coating of ammonium carbonate particles 
by coacervate droplets, showing areas of fusion of the 
capsule wall. A cross section of a microcapsule made 
with the same conditions is shown in Rg. 9b, reveal- 
ing the hollow void where ammonium carbonate was 
encapsulated, along with a porous shell with a thick- 
ness of about 3 X m. 

Zeta Potential Analysis 

Colloidal dispersions tend to aggregate in aqueous 
media to a degree wlhich depends upon the surface 
characteristics of the microparticles. Because the 
polymer microcapsules were made from a hydropho- 
bic coating polymer, we determined the aggregation 
tendencies of the mici-ocapsules in aqueous media, to 
relate to conditions inside the body. The surface char- 
acteristics of the microcapsules made by both solvent 
evaporation and coacervation were studied by mea- 
suring their zeta potentials, or the charges on the 
shear plane surrounding each sphere within its elec- 
trical double layer. The plane of shear contains the 
kinetic unit consisting of adsorbed species, counteri- 
ons and solvent molecules that are constantly in mo- 
tion around the microsphere. This plane also sepa- 
rates the region at the particle surface (where the 
velocity is zero) from the bulk liquid. The velocity of 
the particles in the fluid and the mobility of species 
around the particle surface allow calculation of the 
zeta potential (24). 

Zeta potential studies determined whether micro- 
capsules produced by different methods possessed 
differences in hydrophobicity due to the configuration 
of the polymer chain.; towards the surface. Surface 
properties help to predict the behavior of the micro- 
capsules in vim. The surface can be altered by incu- 
bation with serum, which can prevent aggregation 
and possibly modify the degradation rates in uiuo. 
Poly(D,L-lactide) microspheres (20) and iodipamide 
ethyl ester (IDE) particles (25) were previously re- 
ported to aggregate inside the body after intravenous 
injection. Incubating them with blood serum proteins 
before parenteral deliveIy was found to improve their 
dispersion within the bloodstream (20, 25). Table 2 

shows the zeta potentials for solvent evaporation 
(S.E.) and coacervation (Coac.) microcapsules with 
and without incubation in rabbit serum. Each value is 
the average of 5 runs. In these studies, the micro- 
capsules from solvent evaporation were made using 
an initial polymer concentration of 1.75% w/v, and 
coacervation samples were made with the sawtooth 
generator probe at an initial P E A  concentration of 
0.028 g/ml. 

The values indicated that solvent evaporation sam- 
ples had higher negative zeta potentials than coacer- 
vation samples. A high negative or positive value im- 
plies a stronger surface charge and less hydrophobic 
nature, decreasing the tendency for aggregation in 
aqueous media. An unstable or flocculation-prone dis- 
persion has a value closer to zero. The differences in 
values here could be caused by the position of poly- 
mer chains on the droplet surfaces during processing, 
The polymer emulsion droplets in solvent evaporation 
have many polar hydroxyl and carboxyl end groups of 
the chains positioned towards the droplet surfaces to 
favorably interact with the hydrophilic part of the oil- 
soluble surfactant, Span 80. In coacervation, the poly- 
mer droplets phase separate from methylene chloride, 
and stabilize in the surrounding silicone oil rich 
phase. This hydrophobic environment could cause the 
polymer chains to position most of their hydrophilic 
end groups inward, hence favoring the process of en- 
capsulating a hydrophilic species, such as ammonium 
carbonate. 

When incubated with rabbit serum, all samples ex- 
hibited a decrease in the negative zeta potential. The 
coacervation values were consistently lower than the 
solvent evaporation values. Although the values of 
zeta potential became less negative from coating with 
serum proteins, serum improved the dispersion of mi- 
crocapsules in distilled water and saline. This would 
indicate a reduction in the tendency to aggregate in 
uwo. The reduction of the charge, while improving the 
suspension stability, could be due to the adsorption 
layer of serum proteins extending from the sphere, 
shifting the shear plane farther from the particle sur- 
face (26). Adsorbed protein species may also reduce 
the mobility within the kinetic unit causing the de- 
crease in zeta potential (24). Within the P E A  samples 
studied, no trends in molecular weight effects on zeta 
potential were noticeable. I t  was possible that the 
molecular weight ranges were too narrow for detecting 
a significant correlation. 

Table 2. Zeta Potential Values (in mv) for PLGA Microcapsules. 
~ ~ ~~~ ~~~ 

Polymer Without Rabbit Serum With Rabbit Serum 

MW S.E. std dev Coac. std dev S.E. stddev Coac. stddev 

- - 31,400 -45.59 2.75 - - -29.59 1.64 
42,000 -56.58 1.70 - - -33.87 0.95 
44,000 -39.48 2.91 -44.33 2.29 -31.14 1.82 -30.71 2.94 
44,060 -55.10 1.27 -50.23 2.05 -38.30 3.18 -29.01 1.08 
46,500 43.64 2.79 -38.62 2.40 -31.1 5 1.32 -24.69 1.58 
51,729 -51.44 3.24 49.06 3.50 -29.00 1.11 -28.34 1.86 

- - 
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A preliminary investigation of the microcapsule ul- 
trasound contrast behavior using the New Zealand 
white rabbit as an animal model was conducted. If 
the majority of capsules were hollow, the ultrasound 
signal would be significantly enhanced. Filtered lyo- 
philized microcapsules (either solvent evaporation or 
coacervate) which contained the desired gas, were 
suspended in saline to a final concentration of about 
2 X lo8 micmspheres/ml. Preliminary studies which 
were performed with air showed minimal enhance- 
ment. Other gases, such as PFCs and SF, were inves- 
tigated, as they have been shown to increase the 
longevity and level of image contrast (3, 12). Because 
these gases are hydrophobic, they are less soluble 
than air in the blood stream, preventing rapid dif€u- 
sion out of the contrast agent. Figure 10 shows the 
number size distributions of small aliquots of both 
microcapsule types. The samples had a mean size of 
3.23 X lo4 m for solvent evaporation, and 3.42 X 
10-6 m for coacervation. The microcapsules were in- 
jected through a catheterized jugular vein at a dosage 
of 0.2 ml per kg rabbit weight. Color Doppler images 
of the rabbit kidney showed that the capsules gave 
detectable contrast, verifying that hollow microcap- 
sule formation was successful, and that the resulting 
microcapsules could pass the pulmonary bed (27). 

CONCLUSION 

The production of hollow microcapsules by methods 
such as sohrent evaporation and coacervation, using a 
biodegradable polymer such as PLGA, showed prom- 
ising potential for ultrasound contrast agents. The 
technique involved encapsulation of a volatile core 
material. followed by its evacuation from the nascent 
microspheres. Solvent evaporation yielded more mi- 
crocapsules with diameters less than 10 X lo4 m 
compared to coacervation. The size was significantly 
affected by the solution viscosity, polydispersity of the 
PLGA samples, and agitation method. Although mole- 
cular weight effects were important, the polydispersity 
index of the polymer was a predominant factor. This 
was clearly evident when comparing samples with 
similar molecular weights, but different polydispersi- 
ties in both encapsulation methods. The surface char- 
acteristics of the microspheres indicated that their 
suspension in aqueous media was favorable with a 
biocompatible surfactant such as Tween 80, and also 
with the adsorption of serum proteins. Preliminary in 
uiuo acoustic characterizations proved that both the 
microcapsule types, after filtration, were suitable for 
intravenous injection, and gave significant contrast 
enhancement of color Doppler inside the rabbit kid- 
ney. Optimizing the production of polymeric contrast 
agents by changing processing variables and the coat- 
ing polymer molecular weight is essential for tailoring 
the agent for a specific diagnostic application. 

20 - solvent evaporation 

0 5 10 15 20 

diameter, micrometers 
Flg. 10. Number  size distributions of microcapsules a$er$Uration through a 10 X 1 @ m nylon mesh Solvent euqporation-m 
size: 3.23 X 1 06m Coaceruation-mean size: 3.42 X 1 @m 
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