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Abstract O Lysozyme was encapsulated in biodegradable polymer
microspheres which were precipitated from an organic solution by
spraying the solution into carbon dioxide. The polymer, either poly-
(-lactide) (I-PLA) or poly(pL-lactide-co-glycolide) (PGLA), in dichlo-
romethane solution with suspended lysozyme was sprayed into a CO,
vapor phase through a capillary nozzle to form droplets which solidified
after falling into a CO liquid phase. By delaying precipitation in the
vapor phase, the primary particles became sufficiently large, from 5
to 70 um, such that they could encapsulate the lysozyme. At an optimal
temperature of =20 °C, the polymer solution mixed rapidly with CO,,
and the precipitated primary particles were sufficiently hard such that
agglomeration was markedly reduced compared with higher temper-
atures. More uniform particles were formed by flowing CO, at high
velocity in a coaxial nozzle to mix the droplets at the CO, vapor—
liquid interface. This process offers a means to produce encapsulated
proteins in poly(pL-lactide-co-glycolide) microspheres without earlier
limitations of massive polymer agglomeration and limited protein
solubility in organic solvents.

Introduction

Microencapsulation of pharmaceutical compounds in
biodegradable polymer particles is of great interest for
controlled-release in oral, inhalation, or injection methods
of delivery. Typical methods of microencapsulation include
emulsion—solvent-extraction, spray-drying, and phase-
separation techniques.l~7 Potential drawbacks associated
with these techniques include the use of toxic organic
solvents for solubility, residual solvent in the microspheres,
low encapsulation efficiencies due to partitioning of the
pharmaceutical compound between two immiscible phases,
and denaturation. The biodegradable homopolymers poly-
(I-lactic acid), poly(pL-lactic acid), poly(glycolic acid), and
copolymers of these have been of particular interest as
carrier substances.8~13

Several supercritical fluid processes have been utilized
to form microparticles of polymers and pharmaceutical
compounds. To manipulate particle morphology, the solvent
power of compressed CO, can be changed by adjusting the
temperature and pressure.'*15 The critical conditions of
CO, are easily attainable, i.e., T, = 31 °C and P, = 73.8
bar. This environmentally benign solvent is essentially
nontoxic, nonflammable, and inexpensive. Phase separation
techniques based upon supercritical fluids include rapid
expansion from supercritical solution (RESS),1316-27 gas
antisolvent recrystallization (GAS),2’~20 and precipitation
with a compressed fluid antisolvent (PCA),31~3 also known
as aerosol solvent extraction system (ASES)*~47 or super-
critical antisolvent technique (SAS).** RESS is useful for
materials which are soluble in CO,. Unfortunately, CO,,
with no dipole moment and a very low polarizability, is a
very weak solvent and dissolves very few polymers.48:49
RESS of a highly soluble polymer, poly(1,1,2,2-tetrahydro-
perfluorodecyl acrylate),?* from CO, produced submicron
particles and fibers.
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Recently, microparticles have been formed by precipita-
tion with compressed CO, in the liquid and supercritical
fluid states.31747 The PCA process consists of atomizing a
solution into compressed liquid or supercritical fluid CO,.
The atomization process may be accomplished by spraying
at high velocities through a small nozzle (typically 100 x«m)
or by sonication*® through a larger nozzle. The organic
solvent diffuses rapidly into the bulk CO, phase, while CO,
diffuses into the droplets, thereby precipitating the poly-
mer. The rate of diffusion in both directions and thus the
degree of supersaturation are higher than in the case of
conventional liquid antisolvents, often resulting in submi-
cron to micron-sized particles. More viscous polymer solu-
tions at higher polymer concentrations lead to fibers with
micron-sized features.3337 Several studies have shown very
low concentrations of residual solvent in the product
materials, especially after a CO, extraction step upon
completion of the spray.2%50-52

Microspheres may be formed for semicrystalline poly-
mers such as poly(l-lactic acid) (I-PLA) without flocculation
and agglomeration at 40 °C.29303841434546 Amorphous
polymers, on the other hand, such as polystyrene (PS),32:3941
poly(methyl methacrylate) (PMMA),3° and poly(pL-lactide-
co-glycolide) (PGLA)38 often flocculate and agglomerate.
The loss of individual particles is a result of plasticization
of the polymer by CO,, which can be further influenced by
residual solvent in CO,. CO; can depress the Ty of PMMA
by 100 °C below the normal value of 105 °C.395 Upon
exposure of PS to CO,, the temperature at which stationary
particles agglomerate corresponds closely with the de-
pressed T4.34 For PGLA, agglomeration was present from
0 to 23 °C.%8 Severe agglomeration can occur when poly-
(d,I-lactide) microspheres precipitate from toluene solution
by addition of 2-propanol as the phase-separating agent.>*
However, at temperatures between —40 °C and —100 °C
the microspheres become sufficiently firm to avoid ag-
glomeration.

A novel variation of the PCA process was used to form
hollow spheres (microballoons) of polystyrene from poly-
styrene in toluene solutions with concentrations above 6
wt %.%8 In this case the cell was filled only partially with
liquid CO,, with its equilibrium vapor phase above it. The
solution was atomized in the vapor phase, and the droplets
subsequently fell into the liquid phase where they solidi-
fied. By delaying precipitation in the vapor phase, hollow
microspheres were formed. The microballoons were slightly
larger than the diameter of the nozzle, and it is conceivable
that they could be used to encapsulate a pharmaceutical
compound.

A key challenge in the PCA process is to maintain the
biological activity of proteins, peptides, and enzymes.3> The
dissolution of insulin, lysozyme, and trypsin into a typical
solvent for PCA, like DMSO, denatures these proteins,
probably due to a change in conformation.>® Each of these
materials remained denatured after processing via PCA.
The bioactivity of certain proteins such as insulin and
lysozyme recover upon redissolution into an aqueous
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environment, suggesting the interactions causing dena-
turation can be partially reversible.*4% A recent study also
suggests that long-term storage of proteins which have
been denatured by supercritical fluid processing, such as
lysozyme, does not severely alter the stability and ability
to recover bioactivity.>”

The objective of this study was to encapsulate chicken
egg-white lysozyme into uniform 50—100 um poly(pL-
lactide-co-glycolide) (PGLA) spheres. Smaller particles
would be too small to encapsulate a significant number of
5—10 um protein particles for controlled-release purposes.
Larger particles would be undesirable for certain admin-
istration methods; for example, parenteral administration
requires particles <100 um in diameter.58 The first part of
this study examines the particle morphology for PGLA
particles formed by PCA without any protein present. To
produce larger primary particles than the 1-5 um particles
typically produced by PCA in liquid or supercritical
CO,,31:32,35,36,38-42,44,4559 \we chose to delay precipitation by
spraying into a CO; vapor phase above a CO; liquid phase.
Another goal was to achieve high enough local concentra-
tions of polymer in the droplets striking the CO; liquid
phase to allow significant particle growth, while avoiding
agglomeration. To attempt to minimize agglomeration
caused by plasticization of the polymer by CO,, the tem-
perature was varied from 23 to —40 °C. The effects of nozzle
diameter, solution flowrate, CO, flowrate, and solution
concentration were also evaluated. In the second part, we
address microencapsulation of chicken egg-white lysozyme
into the polymer particles. Lysozyme was suspended in
dichloromethane, in contrast with earlier studies where a
protein was dissolved in an organic solvent.27.30.38.4346
Suspensions may be formed for a broad range of peptides
and proteins, many of which are insoluble in organic
solvents. Suspension of a protein in an organic solvent
typically produces less denaturation than dissolution. The
knowledge gained from the study of PGLA particle forma-
tion in the first part was utilized to encapsulate lysozyme
in nonagglomerated particles with diameters in the 50—
100 um range as desired. In both parts of this study,
separate sections are presented to delineate between
experiments in static (nonflowing) and flowing CO..

Experimental Section

Materials—Semicrystalline poly(l-lactic acid) (I-PLA) (MED-
ISORBTM 100L, Stolle-Dupont Co. Cincinnati, OH) had a My, of
94100 and a My/M, of 1.85. Poly(pL-lactide-co-glycolide) (PGLA)
was purchased from Birmingham Polymers, Inc. (Birmingham,
AL) and had a M,, of 30000. Chicken egg-white lysozyme (Sigma,
St. Louis, MO) was spray-dried from aqueous solution to form
1-10 um particles. Ruthenium tetroxide (Electron Microscopy
Sciences, Fort Washington, PA), reagent grade dichloromethane,
and bone dry grade CO, were used as received.

Apparatus—The apparatus for precipitation with compressed
CO,, shown in Figure 1, is based upon earlier designs.3540 The
solutions were sprayed into a 1.27 cm. i.d. sapphire tube with a
volume of 13 mL. This tube allowed visual observation of skin
formation in falling droplets, jet dynamics, and polymer precipita-
tion. Visual observations proved invaluable in optimizing the PCA
process. A thermostated water bath was utilized for experiments
performed above 0 °C, while a dry ice—ethanol bath was used for
subzero temperatures. For all experiments, the CO; level inside
the cell was maintained 1 cm below the tip of the spray nozzle.
The COg3 inlet line (30 feet long, 0.030 in. i.d. by 1/16 in. 0.d.) was
immersed in the bath to equilibrate the CO, temperature prior to
introduction into the cell.

A cylindrical tube (1 in. o.d. by 11/16 in. i.d. by 8 in. long,
Autoclave Engineers, model CNLX 1608—316) rated up to 689 bar
equipped with a piston was used to pressurize the polymer
solution. This tube was pressurized with dichloromethane by using
a computer-controlled syringe pump (ISCO, model 260D). The
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Figure 1—Schematic of the apparatus for precipitation with a vapor-over-
liquid compressed fluid antisolvent.

polymer solution was sprayed into the cell via a 100 um i.d. fused
silica capillary tube or a 0.030 in. i.d. stainless steel tube. In all
cases, the nozzle length was 6.5 in. Nozzles smaller than 100 um
could not be used because they were plugged by the suspended
lysozyme particles. To ensure smoothness, the capillary tips were
inspected with a microscope. The lysozyme was suspended in the
polymer solution by using an ultrasonic bath.

To collect particles, two small rectangular glass plates (1 in. by
1/4 in.), slanted at an angle of 60°, were stacked in the bottom of
the cell with approximately 5 mm between them. These glass
plates were partially covered with double-sided carbon conductive
tape. Also, a 1/4 in. diameter 0.5 um filter was placed in the CO;
effluent line at the base of the precipitation cell.

The solution flow rate was controlled with the automated
syringe pump, and in most cases the solution was dripped into
the cell at 0.1—1.0 mL/min. The solution was injected into a vapor
CO; phase residing above a liquid CO; phase. In some cases, the
solution flowrate was increased to ~1.8 mL/min where the solution
no longer dripped, but instead streamed into the cell. This stream
subsequently broke up into smaller droplets upon contacting the
CO liquid surface. For most cases, the CO, was not flowing. In
experiments with flowing CO;, the CO; entered the cell either
through a port in the top of the cell or through an annular region
in a coaxial nozzle, described in detail elsewhere.** The CO; flow
rate was controlled by a needle valve (Whitey, SS-21RS4) in the
effluent line and measured by a rotameter (Omega, model FLT-
40ST). To prevent freezing due to CO, expansion, the valve was
heated in a water bath to greater than 50 °C. Upon completion of
solution injection, the cell was filled with liquid CO; to a pressure
of 103 bar. Liquid CO; was swept through the cell for 10 min to
remove the dichloromethane and further dry the particles. After
drying, the cell depressurized over a 15 min span.

Characterization—Scanning electron microscopy (SEM) (JEOL
JSM-35C) was used to analyze the morphology of the polymer
particles. The glass slides were mounted on a SEM stage and
coated to an approximate thickness of 200 A (Pelco Model 3 Sputter
Coater).

To detect lysozyme within the particles, two techniques were
used. In the first method, the lysozyme was stained by ruthenium
tetroxide prior to suspension in the polymer solution, and the
product was observed with an optical microscope (Olympus
VANOX-T or Olympus C-35AD-2)) and compared with SEM
images of the same particles. Energy dispersive spectroscopy (EDS)
was used as the second method (Kevex Analyst 8000 Microana-
lyzer). Two of the amino acids present in lysozyme, cysteine and
methionine, contain sulfur, which is not present in the polymer,
and can be detected by this technique.

Results and Discussion

Effect of CO,—Dichloromethane Mixtures on Mor-
phology of Polymers—For the CO, antisolvent process
to be successful, the polymer must be highly insoluble in

Journal of Pharmaceutical Sciences / 641
Vol. 88, No. 6, June 1999



Table 1—Morphology of Particles Produced by Dripping Homogeneous Solutions of Amorphous Poly(pL-lactide-co-glycolide) and Semicrystalline

Poly(l-lactide) in Dichloromethane into Vapor-over-liquid Carbon Dioxide

Csoin temp Qsoln Qco, spray time particle
polymer (wt %) (°C) (mL/min) (mL/min) (min) size (um) comments
PGLA 1.0 -20 0.22 0.0 0.35 0.5-5 particles
5.0 -20 0.22 0.0 0.17 5-70 particles
5.0 1 0.10 0.0 1.37 10-50 some 500 #m agglomerates
5.0 5 0.10 0.0 0.35 5-15 some 500 #m agglomerates
10.0 -20 4.0 0.0 0.33 — 1000 xm agglomerates
1.0 =30 0.21 0.0 0.36 — 1000 um agglomerates
5.0 -20 0.13 0.0 4.66 — 1000 xm agglomerates
5.0 -18 0.5 175 1.68 3-25 particles
5.0b¢ 0 0.5 35 0.35 10-50 some 500 «m agglomerates
I-PLA 1.0 20 0.5 0.0 0.45 1-4 particles
5.0¢ 24 0.5 0.0 0.58 250-500 particles

a750 um i.d. nozzle. ® CO, flow through coaxial nozzle. ¢ 0.5 wt % lysozyme also present.

the CO,—organic solvent mixture, and this mixture must
not cause too much agglomeration of the polymer. Previ-
ously, it was shown that lower molecular weight I-PLA is
only slightly soluble in CO,—cosolvent mixtures.'® CO, does
not cause I-PLA particles to agglomerate, since they are
semicrystalline.®® I-PLA has a melting temperature (T,
of 173—178 °C and a glass transition temperature (T,) of
60—65 °C (manufacturer’'s data). The amorphous biode-
gradable polymer poly(pL-lactide-co-glycolide) (PGLA), how-
ever, is highly plasticized by CO,. PGLA has a Ty of 45—
50 °C.

Experiments were performed to determine if CO, causes
PGLA particles to agglomerate. PGLA, as a powder, and
in some cases dichloromethane, as a liquid, were fed into
a high-pressure cell equipped with a sapphire window
which has been described previously.®° The cell was sealed,
and then liquid CO, was injected slowly into the cell. From
ambient temperature down to 0 °C, PGLA powder quickly
gels into a viscous mass when in the presence of liquid CO,
for concentrations from 0.01 to 1.0 wt %. At these concen-
trations, very little polymer dissolved, even with up to 5
wt % CH.Cl, as a potential cosolvent. The cosolvent
concentrations were chosen to mimic conditions used in the
PCA process. Upon depressurization, the polymer foamed.
At —20 °C, the polymer powder occasionally stuck to the
wall of the cell, but was also partially suspended through-
out the cell. At temperatures below —40 °C the polymer
remained as a free-flowing, nonsticky powder. Since CO,
acts as a plasticizer, it can lower the Ty of the polymer.
The T4 of PGLA containing dissolved CO, could easily be
as low as —40 °C, or even lower, based upon other systems
mentioned previously.34.3953.54

Organic Solvent—CO, Miscibility and Mixing—
Dichloromethane is highly miscible with CO, at ambient
temperature and pressures above 61 bar. In our investiga-
tions, concentrations as high as 73 wt % CH,Cl, were
miscible with liquid CO, at temperatures from 23 °C down
to —46 °C. The mixing behavior of CH,Cl, and CO, was
observed inside the sapphire cell. The cell was filled
partially with liquid CO, and equilibrated at the desired
temperature and pressure. Pure dichloromethane was then
injected into the cell through the 100 um i.d. capillary
nozzle. For conditions where the cell was only partially
filled with liquid CO,, i.e., vapor and liquid CO, phases
were both present, the solvent was injected at flow rates
of 0.5 mL/min or slower. This flow rate range prevented
the solvent stream from atomizing and allowed the solvent
to drip into the liquid phase. At temperatures ranging from
ambient to —20 °C, the drops quickly dispersed into the
liqguid CO, phase upon contact. At colder temperatures
(—30 °C and below) however, the drops were seen to fall
about 1 cm through the liquid CO, phase before breaking
up. Operating at temperatures at or below —30 °C therefore
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may be expected to delay precipitation of the polymer and/
or lead to agglomeration due to insufficient mixing between
the drop and liquid phases. While the solvent is still
miscible with CO, at low temperatures, the rate of mixing
decreases significantly.

Polymer Particles Formed in Static Vapor-over-
Liquid CO,—As shown in Table 1, the concentration of
the polymer solution, temperature, solution flow rate, and
CO, flow rate were manipulated to observe the effect on
particle formation. In this section, the CO, was static
(nonflowing). Since both a vapor and a liquid phase are
present in each experiment, the initial pressure was simply
the vapor pressure of CO, at a given temperature. At 0 °C
the pressure was 35 bar, and at —20 °C it was 20 bar. As
the solution was injected, the pressure decreased slightly,
corresponding to the pressure of the CO,/CH,Cl, mixture.
The liquid CO;, level was maintained at 1 cm below the tip
of the nozzle to allow droplet formation and release from
the tip before contact with the liquid phase. With the low
flow rate and low shear through the vapor phase, ~200
um drops were formed at a frequency of approximately one
per second.

I-PLA is a semicrystalline polymer which has been used
many times in PCA to form microparticles without ag-
glomeration.13:29.38,41.43.45.46 Therefore, we first present re-
sults for I-PLA to serve as a basis for understanding the
more challenging experiments with amorphous PGLA.
When a 1.0% solution of I-PLA in dichloromethane was
dripped into vapor-over-liquid CO, at 0.5 mL/min and 20
°C, the result was microspheres 1—4 um in diameter, as
shown in Figure 2 (top) and Table 2. On the basis of visual
observation, it appeared that little precipitation occurred
before each droplet contacted the liquid phase. After the
droplet fell into the liquid CO, phase, rapid mass transfer
led to intense nucleation resulting in the small micro-
spheres. This result indicates atomization does not play
as important a role in achieving small particles as sug-
gested previously.*t The particles formed a free-flowing
powder and could be sprayed for several minutes with no
agglomeration even as solvent accumulated inside the cell.

Figure 3 is a schematic of a ternary phase diagram
consisting of a polymer, organic solvent, and compressed
C0,.%2 The mass transfer pathways are shown only for the
lower liquid CO, phase. Two of the binary systems are
completely miscible at most conditions in this study, but
the polymer—CO; binary system is only slightly miscible.
The binodal (coexistence) curve separates the one-phase
and two-phase regions in the ternary system. Between the
binodal and spinodal curves is the metastable region. The
system is stable to small concentration fluctuations in this
region, and phase separation will be by nucleation and
growth. Upon crossing the binodal curve for dilute polymer



Figure 2—SEM micrographs of I-PLA microspheres (top) formed by spraying
a 1.0 wt % I-PLA in dichloromethane (CH,Cl,) solution at 0.5 mL/min at 20
°C and PGLA microspheres (bottom) formed by spraying a 5.0 wt % PGLA
in CH.Cl, solution at 0.22 mL/min (T= -20 °C), both through a 100 um
capillary nozzle into static CO,.

solutions, a polymer-rich phase will nucleate and grow
within a solvent-rich continuous phase.

For a 5.0% solution of I-PLA sprayed at similar condi-
tions, we observed skin formation on the backlit droplet
while it was in the vapor-phase, and the resulting particles
were 250—500 um in diameter. It was easy to observe that
the liquid droplet became opaque as it fell through the CO,
vapor. A viscous skin appeared to form on the surface of
the drop, and the drop did not break up upon contact with
the liquid CO,. This observation of skin formation is
entirely consistent with SEM micrographs, which indicated
that the particles were the same size as the droplets. In
other experiments, at lower concentrations, where a skin
did not form, a clear transparent droplet fell through the
vapor. With the higher polymer concentration, the dissolu-
tion of CO; into the droplet forms a skin on the droplet
while it is still in the vapor phase. At this concentration
for I-PLA, the mass transfer pathway on the phase diagram
in Figure 3 passes above the critical point on the binodal
curve (curve B), thus a solvent-rich phase nucleates and
grows within a polymer-rich phase causing skin formation.
The polymer entanglement and viscosity in the skin are
sufficient to maintain the integrity of the droplet as it
solidifies in the liquid CO,, as was observed in a similar
system, as shown in Figures 4—10 of ref 34.34 Here, the
final particle size produced in each droplet is larger than

the nozzle diameter, 100 um, which was also the case for
PS in toluene solutions sprayed into vapor-over-liquid
CO,.3

In vapor-over-liquid PCA when drops fall through vapor
and atomization is not present, mass transfer is still fast
enough in dilute solutions and is fast enough to produce
1—4 um I-PLA particles, apparently following mass transfer
pathway A in Figure 3. However, in a previous study with
intense atomization into liquid CO, at a high density of 0.96
g/mL, the primary particle sizes were even smaller, from
0.1 to 1 um.** Not only was atomization more intense
producing smaller droplets, but the phase boundary was
reached more quickly from the faster mass transfer. In
addition, the polymer solidified more rapidly leading to
smaller particles. Dilute solutions were not studied in the
past for V/L CO,, as, for example, the concentration was 6
wt % or higher for PS solutions and particles were larger
than 100 um.3*

For PGLA, the solution concentration was varied from
1.0 to 10.0 wt %. To prevent agglomeration, most experi-
ments were performed at —20 °C to raise the polymer
solution viscosity sufficiently, while maintaining high
enough rates of CO,—organic solvent mixing (on the basis
of the above visual observations of mixing). Also, spray
times were generally kept short, <30 s, to avoid ac-
cumulating large concentrations of dichloromethane in the
static CO,, which causes agglomeration. As the polymer
concentration and thus the solution viscosity increased, it
became necessary to raise the solution flow rate to main-
tain a constant droplet size. The size was chosen to be
slightly larger than the nozzle’s inner diameter. At 1.0 wt
% and —20 °C, small 0.5—5 um particles were formed by
dripping the solution at a flow rate of 0.22 mL/min into
CO,. These nonagglomerated particles were similar to the
I-PLA microspheres shown in Figure 2 (top). The same
experiment conducted at 0 °C and above produced some
small (0.5—5 um) primary particles but mostly large (>500
um) solid agglomerates. Therefore, the polymer particles
are significantly more viscous and less susceptible to
agglomeration at —20 °C.

As shown in Figure 2 (bottom), a 5.0 wt % solution
resulted in 5—70 um microspheres. At this higher concen-
tration, larger particles may be expected because of the
higher solution viscosity. When the large droplet strikes
the liquid surface, the more viscous solution mixes more
slowly with the surrounding liquid CO, and mass transfer
rates are slower. With slower mixing and mass transfer,
the degree of supersaturation is lower than with less
viscous solutions (lower concentrations), resulting in fewer
nuclei per weight of polymer. Because most of the nuclei
tend to be formed in a small volume where the droplet falls,
coalescence of primary particles is more prevalent than for
the experiments with lower polymer concentrations, where
faster mixing occurs. With the reduction in nucleation rate
and higher polymer concentrations (which produces faster
agglomeration), especially in a local volume where the drop
falls, larger particles are formed.

Unlike previous studies for polystyrene with the same
vapor-over-liquid technique, these particles are much
smaller than the initial droplet size, which was ~200 um.
For 6 wt % polystyrene (200000 MW) in toluene solutions,
300 um diameter microballoons are formed with a 151 um
nozzle.®* A skin, about 20 um thick, forms on the droplet
while still in the vapor phase which then hardens upon
contact with the liquid phase. The polymer entanglement
and viscosity in the skin are sufficient to maintain the
integrity of the droplet as it solidifies in the liquid CO..
The PGLA in this study has a much lower molecular weight
(~30000), and the solutions are much less viscous. Also,
the miscible region in the phase diagram in Figure 3 is
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Table 2—Morphology of Particles Produced by Dripping Homogeneous Solutions of Amorphous Poly(pL-lactide-co-glycolide) and Semicrystalline
Poly(l-lactide) in Dichloromethane Containing Suspended Lysozyme into Vapor-over-Liquid Carbon Dioxide

Csoin temp Qson Qco, spray time particle
polymer (wt %) (°C) (mL/min) (mL/min) (min) size (um) encapsulation

PGLA/lysozyme 1.0/0.12 -23 0.1 0.0 0.48 0.5-5 no
5.0/0.5 -20 0.1 0.0 1.28 10-60 yes
5.0/0.5 -20 0.5 0.0 0.63 10-50 yes
5.0/0.5 -20 15 0.0 0.28 5-50 yes
5.0 /0.5° -20 18 0.0 0.18 5-60 yes
5.0/0.5¢ -20 0.5 25 0.42 5-30 yes
5.0 /0.5¢ -21 0.5 35 0.82 >1000° no

|-PLA/lysozyme 1.0/0.1 20 0.1 0.0 3.23 0.5-2.5 no
5.0/0.5 24 0.5 0.0 0.58 250-500 yes

21,0 wt % PGLA, 0.1 wt % lysozyme. ® Onset of streaming due to high Qson. ¢ CO, flow through coaxial nozzle. ¢ CO, flow enters from top of cell. ¢ Agglomerates.

Polymer

Organic Compressed
Solvent CO,

Figure 3—Schematic ternary phase diagram comparing mass transfer
pathways for precipitation with a compressed fluid antisolvent: (—) binodal
curve, (---) spinodal curve.

larger for PGLA—dichloromethane—CO, than for PS—
toluene—CO; because of the lower molecular weight for
PGLA versus PS and the lower solubility parameter of
dichloromethane versus toluene. Consequently, it will take
longer for PGLA to precipitate on the mass transfer
pathway on the phase diagram (Figure 3), delaying skin
formation.3* Without any visual indication of skin forma-
tion in the vapor phase, smaller particles are produced, as
the droplet breaks up on contact with the liquid phase.

At dilute concentrations, PGLA does not appear to form
a skin when contacting CO, vapor, and the particles do not
form until the large droplet has begun to disperse in the
liguid CO, phase. When the solution concentration is
increased to 10 wt %, the solution becomes extremely
viscous and individual particles are not formed, only large
agglomerates, >1000 um. Here, a thin skin is visible on
the droplets while they are being formed in the vapor
phase, although the microscopic structure of the skin could
not observed with the naked eye. The formation of a skin
was confirmed by examination of the samples with SEM
(not shown). Skin formation is favored by the higher
solution viscosity and high concentration, which may shift
the mass transfer pathway above the critical point (see
Figure 3). This shift would cause solvent-rich domains to
nucleate and grow within a polymer-rich domain.3437 The
thin skin is weak, since it contains a high concentration of
dissolved CO,, and it was easy to observe visually that the
skin immediately ruptures upon hitting the CO, liquid
surface. The ruptured skin appeared as large agglomerates
or films when examined by SEM (not shown). The mixing
and diffusion of solvent away from the droplet are very slow
due to the high polymer concentration and viscosity,
resulting in severe agglomeration.

When a polymer solution is sprayed at 1.0 mL/min into
flowing liquid CO, (without a CO, vapor phase), we found
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that fibers are produced for PGLA concentrations above
1.0 wt %. Fibers are formed from the jet due to the rapid
nucleation, high solution concentration, high solution
viscosity (to prevent atomization) and skin formation.33 In
experiments with vapor-over-liquid CO,, the large droplets
are formed instead of a jet (at the same flow rate) due to
much higher interfacial tension because of the low CO,
density. The precipitation in the droplets is slower than in
the case of a jet due to the larger dimensions of the solution
phase and lower miscibility between the phases for CO,
vapor compared with CO; liquid. As a result, fibers are not
formed.

The opposing effects of temperature on particle growth,
coalescence, and mixing between the phases must be
properly balanced to produce large nonagglomerated par-
ticles. As temperature is decreased the polymer solution
becomes more viscous, which will cause coalescence to be
less prevalent. Some coalescence, however, will aid the
formation of the desired 50—100 um particles rather than
the typical 1-5 um particles. As mentioned earlier, de-
creasing the temperature below —20 °C slows the mixing
between the solvent and CO, phases. When a 1.0% solution
of PGLA in dichloromethane was dripped into liquid CO,
at —30 °C, no distinct particles were formed, only large
agglomerates, due to the slow mixing. When the solution
droplets fell, they initially formed a pool at the liquid
surface and then penetrated the surface. The polymer
began to precipitate at the interface, forming a film, and
occasionally droplets fell through the film and agglomer-
ated. Previously, we showed that PGLA particles exposed
to CO; do not tend to agglomerate at —40 °C, indicating
hard particles or even a glassy state. Unfortunately, the
rate of mixing between the organic solvent and the liquid
CO; is too slow at —30 °C and —40 °C to disperse the
polymer.

At temperatures higher than 0 °C, agglomeration also
occurred readily. As seen in Figure 4 (top), a 5.0 wt %
solution dripped into liquid CO, at 1 °C yielded some
distinct particles in the 10—50 um range, but the polymer
was partially agglomerated. This occurred for every experi-
ment at 0 °C or above since the polymer is excessively
swollen by CO, and the viscosity is too low at these
temperatures.

A 0.030 in. i.d. (~750 um) stainless steel nozzle was used
to form larger initial droplets in order to attempt to produce
the desired particle size. For PGLA concentrations of 1.0
and 5.0 wt %, and temperatures from —20 °C to 4 °C, the
particles were always severely agglomerated with few, if
any, distinct particles. The large drops formed more slowly,
providing more time for precipitation to occur which
allowed a thin skin to form on the large droplets while in
the vapor phase. On the basis of visual observation, this
skin was weak and ruptured upon impact with the liquid



Figure 4—SEM micrographs of PGLA microspheres formed by spraying a
5.0 wt % PGLA in CH,CI, solution at 0.1 mL/min (T = 1 °C) into static CO,
(top) and at 0.5 mL/min into CO; flowing at 17.5 mL/min at =20 °C (middle
and bottom) through a 100 um capillary.

CO, surface. The larger droplet size produced a larger local
concentration of polymer and solvent which caused severe
agglomeration of the polymer.

Polymer Particles Formed in Flowing Vapor-over-
Liquid CO,—Experiments were performed with flowing
CO, to minimize CH,Cl, accumulation. CO, was passed
through the annular region of a coaxial nozzle, described
previously,*! at high velocity (69—138 cm/s) to agitate the
surface of the liquid phase to enhance mixing. Figure 4
(middle and bottom) shows PGLA particles formed by
spraying a 5.0 wt % solution at 0.5 mL/min into the cell
through a 100 um capillary nozzle with CO, flowing at 17.5
mL/min and at —20 °C. Vigorous mixing was observed at

Figure 5—SEM micrograph of spray-dried lysozyme particles.

the interface, such that particles nucleated and grew
throughout the liquid-phase rather than in a local region
where the droplets fell. The resulting spherical particles
ranged in size from 3 to 25 um in diameter with no
agglomeration even after almost 2 min of spraying. The
difference in results was dramatic compared to the case
for static CO,. The particles were suspended throughout
the cell, but plugging of the frit in the effluent line at the
bottom of the cell limited spray times. This problem could
be reduced in the future with a larger filter. The increased
mixing causes a higher degree of supersaturation, more
nucleation, faster solvent removal and quenching, and less
time for growth. The result was far less coalescence and
agglomeration when compared to the case with static CO,.
Experiments were also run at higher temperatures to
determine if the increased mixing was enough to prevent
agglomeration. For all cases where the temperature was 0
°C or higher, some 10—50 um particles were formed, but
mostly large (>500 um) agglomerates were formed. The
particles were not sufficiently hard at the higher temper-
atures to prevent coalescence.

Encapsulation of Lysozyme into PGLA with Static
CO,—In control experiments, lysozyme suspensions in CH-
Cl, were sprayed into CO, through a 100 um capillary
nozzle at temperatures from 23 to 0 °C. The lysozyme
suspensions were formed with an ultrasonic bath and were
stable for hours. The suspension flowed smoothly through
the capillary, and the particle size (110 xm) and morphol-
ogy of the product were identical to those of the original
lysozyme, which is shown in Figure 5. The original spray-
dried lysozyme particles and those removed after spraying
into CO, were “bowl-shaped” when examined by SEM.
Since the polymer particles discussed previously were
spheres, it is easy to distinguish between polymer and
protein particles.

Table 2 summarizes results of encapsulating lysozyme
into PGLA. Again, the temperature was chosen as —20 °C
to strike a balance between mixing favored at high tem-
peratures and formation of hard, nonsticky particles in CO,
which is favored at low temperatures. An initial loading
of 10:1 by weight of polymer to protein was maintained in
each case. Figure 6 (top) shows the result of spraying a
1.0 wt % solution of PGLA with lysozyme into static CO..
The primary particle size was 0.5—5 um in diameter with
very little encapsulation of the similarly sized protein
particles. The solution was too dilute for polymer particles
to encapsulate a significant fraction of the protein particles.
This result was anticipated, since it was shown above that
small 0.5—5 um PGLA particles are formed by precipitation
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Figure 6—SEM micrographs of PGLA microspheres formed by spraying a
1.0/0.1 wt % (top) and a 5.0/0.5 wt % (bottom) PGLA/lysozyme suspension
at 0.1 mL/min in CH,Cl, through a 100 «m capillary nozzle into static CO, at
-20 °C.

from a 1.0 wt % solution, which are too small to coat the
lysozyme particles.

For a PGLA concentration of 5.0 wt %, the particles are
in the 5—60 um diameter range, and the encapsulation
efficiency is substantial, as demonstrated in Figure 6
(bottom). Here, the magnification is high enough to exam-
ine a single particle. The craters or holes in the polymer
particle represent protein particles for the following rea-
sons. In identical experiments without protein, the craters
were never present. Also, the size of the craters match
those of the pure protein particles. Further evidence that
the craters represent protein particles is given below in
the subsection on experiments with flowing COs.

At lower magnifications, the particles looked similar to
those shown in Figure 2 (bottom). Apparently, the presence
of the small encapsulated protein particles does not have
a significant influence on the polymer particle size. The
polymer particles are much larger than in the case of a
1.0 wt % solution and are large enough to encapsulate
multiple protein particles. Also, since the solution is more
concentrated, the probability of a polymer particle nucleat-
ing and growing next to a lysozyme particle is enhanced.
Also, the protein has the potential to act as a nucleating
agent for the polymer. The large droplets formed in the
CO, vapor phase lead to relatively slow mixing when the
droplets strike the liquid CO, phase. The high local
concentrations of the sticky COj-swollen polymer and
protein lead to a large amount of growth.
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A desirable feature of this spray geometry is that a
polymer-rich phase nucleates in the presence of the protein
in the confined space of the droplets, which occupy a small
volume fraction compared to the total volume. Such
nucleation may be expected to produce higher encapsula-
tion efficiencies than if the polymer nucleated throughout
the total cell volume. This advantage of compartmentaliza-
tion of polymer and protein is not present in the GAS
process cited above where CO; is added to a liquid solution.
A disadvantage of the V/L PCA process is that the primary
mass transfer takes place at the vapor—liquid surface
rather than throughout the entire volume, which can lower
the production rate.

Varying the size of the droplets leaving the nozzle could
potentially lead to a change in size of the polymer particles.
As the flow rate of the polymer solution increased, it was
observed that the droplet size decreased. However, no
significant change in particle morphology occurred when
the solution flow rate was increased from 0.1 to 1.5 mL/
min for a 5.0 wt % solution at —20 °C. In each case, the
particles appeared as those shown in Figure 6 (bottom). A
complication of extremely slow flow rates is plugging of the
nozzle, which occurred very often at 0.1 mL/min, but
infrequently at 0.5 mL/min or higher. This plugging is
likely a result of precipitation inside the nozzle, caused by
CO, diffusing upward into the nozzle and/or entrapment
of the solid protein particles.

The degree of agglomeration of the polymer product is
dependent upon the solution flow rate and spray time.
When conducting the spray, at a certain time large
particles could easily be seen with the naked eye. When
analyzed by SEM, these large particles were agglomerates
and not simply large flocculates of small primary particles.
At a solution flow rate of only 0.1 mL/min, the experiment
could be run for 1 min before agglomeration began to occur.
For higher flow rates, the observed time where large
particles appeared decreased accordingly to 40 and 20 s at
flow rates of 0.5 and 1.5 mL/min, respectively. This
agglomeration could potentially be avoided by either flow-
ing CO; continuously through the cell as described in the
next section or by spraying into a larger volume cell. At
1.8 mL/min, streaming of the solution begins to occur
rather than dripping. Here, the range of particle sizes did
not change, but there was a higher percentage of large
particles compared to the previous cases at lower flow rates.
Due to the large amount of solution flowing into the cell,
agglomeration began to occur after only 10 s.

Encapsulation of Lysozyme into PGLA with Flow-
ing CO,—Figure 7 compares an optical micrograph and a
SEM micrograph of polymer particles with protein particles
visible on the surface. These particles were formed by
spraying a 5.0 wt % PGLA solution with suspended
lysozyme at 0.5 mL/min along with CO, flowing in the
annulus at a velocity of 138 cm/s. The SEM image (top)
shows particles with craters or holes in their surfaces,
which may be identified as the “bowl”-shaped spray-dried
lysozyme particles. The micrograph taken with the optical
microscope (bottom) shows the same polymer particle with
encapsulated stained protein particles. The stained protein
directly corresponds to the craters observed in the SEM
micrograph. This correspondence between optical and SEM
photomicrographs was always observed where we com-
pared images of particles formed by the vapor/liquid PCA
process. Figure 8 (top) shows 40—70 um particles with
encapsulated lysozyme formed at the same conditions as
Figure 7, except at a higher CO, flow rate. By varying the
focal plane throughout the depth of the particle (not
shown), we observed in the optical microscope that the
protein particles were encapsulated throughout the PGLA
particles and were not just on the surface. While there did



Figure 7—SEM micrograph (top) and optical micrograph (bottom) of PGLA
microspheres formed by spraying a 5.0/0.5 wt % suspension of PGLA/lysozyme
in CH,Cl, at 0.5 mL/min through a 100 «m capillary nozzle into CO; flowing
at 15 mL/min at =20 °C.

not appear to be any protein particles which were not
encapsulated, polymer particles without encapsulated pro-
tein were present.

Flowing CO, at high velocity during the spray delayed
the time at which large particles were observed visually
in the tube. This time corresponded to the time where
agglomeration was observed in the SEM micrographs.
Flowing CO, through the annular region surrounding the
nozzle at high velocity caused a large amount of mixing at
the vapor/liquid interface and suspended the precipitated
particles throughout the cell, yielding spherical, nonag-
glomerated particles. Spraying a 5.0%/0.5% PGLA/lysozyme
solution at 0.5 mL/min into the cell at —20 °C with CO,
flowing at 25 mL/min yielded spherical particles 5—30 um
in diameter, with encapsulation of the protein as seen in
Figure 8 (bottom). These particles are more uniform in size
and shape than those formed in static CO, and appear like
those in Figure 4 (middle). The particle sizes are more
uniform in this case due to better mixing at the vapor—
liquid interface.

In another type of experiment, CO, was introduced into
the cell through a large opening located in the top of the
cell 1 cm above the tip of the nozzle. Here, the CO; velocity
was relatively low and turbulence from the CO, did not
have much effect on the solution stream nor on the CO,
vapor/liquid interface. The purpose of flowing CO, was to
reduce the accumulation of solvent in the cell. Spraying a
5.0%/0.5% PGLA/lysozyme solution at 0.5 mL/min into CO,
flowing at 35 mL/min at —21 °C yielded little change in
particles size and failed to delay the onset of agglomeration,
compared to the case with static CO,. The same was true

Figure 8—SEM micrograph (bottom) and optical micrograph (top) of PGLA
microspheres formed by spraying at 0.5 mL/min a 5.0/0.5 wt %PGLA/lysozyme
suspension in CH,Cl, through a 100 um capillary nozzle into CO; flowing at
25 mL/min at =20 °C.

for higher CO; flow rates up to 52 mL/min. With this cell
configuration, the CO, stream does not cause significant
turbulence or mixing inside the cell. Since agglomeration
occurred at the same time as in static CO, experiments,
most of the agglomeration occurs immediately after pre-
cipitation and not after solvent buildup in the cell. In this
case the particles were concentrated at the liquid—vapor
interface and were not suspended throughout the liquid
phase.

Elemental analysis via energy dispersive spectroscopy
(EDS) was also used to confirm the presence of lysozyme
in the polymer particles. Lysozyme has 2 amino acid
constituents containing sulfur, cysteine, and methionine,
which can be detected via EDS. Chicken egg white lysozyme
is reported to contain eight cysteine molecules and two
methionine molecules per protein chain.61.62 Both of these
amino acids have one sulfur atom per molecule, resulting
in 10 per lysozyme molecule. EDS scans of the pure protein
(top) and particles with encapsulated protein (bottom) are
shown in Figure 9. The analysis of the pure lysozyme shows
peaks corresponding to the presence of phosphorus, chlo-
rine, and potassium impurities as well as the sulfur.
Analysis of the peaks is only qualitative, unfortunately, due
to multiple scattering of the X-rays. Particles formed by
spraying a 5.0% PGLA solution with suspended lysozyme
were analyzed as shown in Figure 9 (bottom). The lower
curve represents a polymer particle with no protein present,
while the upper curve corresponds to a single polymer
particle with entrapped lysozyme. The particles were
collected on a section of a glass slide, thus explaining the
presence of the silicon impurity peak. The presence of the
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Figure 9—EDS scans of spray-dried lysozyme (top) and PGLA microspheres
(bottom) formed by spraying a 5.0/0.5 wt % suspension of PGLA/lysozyme at
0.5 mL/min in CH.CI , through a 100 «m capillary nozzle into CO, flowing at
15 mL/min at =20 °C.

K Polymer Particle

+ Lysozyme

other peaks, excluding silicon, indicates that lysozyme was
encapsulated within the polymer particle examined.

Encapsulation of Lysozyme into I-PLA—When poly-
mer particles are similar in size to the protein particles,
little or no encapsulation is expected to occur. Figure 10
(top) shows particles formed by spraying a 1.0% I-PLA
solution with suspended lysozyme at 0.1 mL/min and 20
°C. As shown, the 1—4 um polymer particles do not tend
to encapsulate the lysozyme particles. Therefore, the
polymer precipitation occurs without requiring the protein
as a nucleation site. Solutions with higher polymer con-
centrations will tend to form larger particles as evidenced
earlier for PGLA. Spraying a 5.0% I-PLA solution at 0.5
mL/min and 24 °C resulted in particles 250—500 um in
diameter, Figure 10 (bottom). This polymer precipitates
very rapidly, and a polymer skin quickly forms on the
droplet while still in the CO, vapor phase. The high
solution viscosity caused the drop size to be larger than
the nozzle inner diameter, and the resultant particle
diameter was the same as the initial drop size. In this case
the large polymer particles appeared to encapsulate all of
the protein particles, as no individual protein particles were
found on the sample slides.

Conclusions

Several major challenges for the PCA process were
overcome in order to encapsulate a protein into PGLA. The
PGLA particles were large enough to encapsulate the
protein and did not agglomerate. In contrast, the primary
particles (0.5 to 5 um) were too small for encapsulation
when the solution was sprayed into liquid or supercritical
CO,; furthermore, the particles were highly agglomerated.
By delaying precipitation in a vapor CO, phase over a
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Figure 10—SEM micrographs of I-PLA microspheres formed by spraying a
1.0/0.1 wt % |-PLA/lysozyme suspension at 0.1 mL/min at 20 °C (top) and a
5.0/0.5 wt % I-PLA/lysozyme suspension at 0.5 mL/min at 24 °C (bottom)
through a 100 «m capillary nozzle into static CO-.

liquid CO;, phase, much larger primary particles were
formed, from 5 to 70 um. At an optimal temperature of —20
°C, the polymer solution mixed rapidly with CO,, and
agglomeration of primary particles was minimal due to
harder particles than at higher temperatures.

The amorphous polymer PGLA is highly plasticized by
CO,. Dissolution of CO; into PGLA depresses the Ty from
the normal value of 45 °C to approximately —40 °C at 276
bar, based upon observation of particle agglomeration.
Below —40 °C, the polymer remains as a nonsticky, free-
flowing powder in the presence of CO, at 276 bar. Below
—30 °C, the rate of mixing between CH,Cl, and liquid CO,
decreases appreciably. At an optimal temperature of —20
°C, the highly viscous PGLA microspheres do not ag-
glomerate, yet the temperature is high enough to achieve
adequate mixing between liquid CO, and the organic
solution. An additional benefit of operating at colder
temperatures is the relatively low pressure. At —20 °C, the
saturation pressure of CO; is 19.7 bar, compared to 61.4
bar at 23 °C.

The vapor-over-liquid PCA process forms microspheres
in the 5—70 um range when a 5.0% solution of PGLA in
dichloromethane is sprayed at 0.22 mL/min through a 100
um diameter nozzle into static CO, at —20 °C. Experimen-
tal temperatures of 0 °C or above or below —30 °C yielded
only large (>1000 um) agglomerates. At high temperatures
the particles are too sticky due to dissolved CO,, and at
low temperatures, the organic solution and CO, mix too
slowly. Lower concentrations yielded smaller primary



particles whereas highly viscous concentrated solutions
above 10.0 wt % led to skin formation in the vapor phase
and subsequent agglomeration in the liquid CO, phase. The
thin skin is weak due to low molecular weight and dissolved
CO,, and hence rupturing occurs upon impact at the liquid
interface leading to agglomeration. Particle sizes did not
change appreciably with solution flow rate in the “dripping”
regime. At the onset of streaming flow, there was a higher
percentage of large particles, while the particle size range
remained the same. The most spherical and uniform
particles ranging in size from 3 to 25 um in diameter were
produced by flowing CO, at high velocity through an
annular region in a coaxial nozzle to provide mixing at the
interface.

Encapsulation of 1-10 um lysozyme particles proved
successful for the 5—70 um PGLA microspheres for a 1:10
ratio by weight of protein to polymer and a 5 wt % polymer
solution. The presence of lysozyme in the particles was
demonstrated by SEM analysis, optical microscopy, and
EDS. A high encapsulation efficiency for this process is
favored by the fact that the protein and polymer precipitate
together in small droplets. The use of protein suspensions
extends the applicability of the PCA process substantially,
since many proteins are insoluble in organic solvents and
are less likely to be denatured when suspended.
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