Pharmaceutical Research, Vol. 25, No. 12, December 2008 (© 2008)
DOI: 10.1007/s11095-008-9647-7

Research Paper

Formation of Zinc-Peptide Spherical Microparticles During Lyophilization
from zert-Butyl Alcohol/Water Co-solvent System

Feng Qian,"* Nina Ni,' Jia-Wen Chen,” Sridhar Desikan,’ Vijay Naringrekar,1 Munir A. Hussain,!

Nancy P. Barbour,' and Ronald L. Smith'

Received April 18, 2008; accepted May 30, 2008; published online June 14, 2008

Purpose. To understand the mechanism of spherical microparticle formation during lyophilizing a fert-
Butyl alcohol (TBA)/water solution of a zinc peptide adduct.

Method. A small peptide, PC-1, as well as zinc PC-1 at (3:2) and (3:1) ratios, were dissolved in 44%
(wt.%) of TBA/water, gradually frozen to =50°C over 2 h (“typical freezing step”), annealed at —20°C for
6 h (“annealing step”), and subsequently lyophilized with primary and secondary drying. Zinc peptide
(3:1) lyophile was also prepared with quench cooling instead of the typical freezing step, or without the
annealing step. Other TBA concentrations, i.e., 25%, 35%, 54% and 65%, were used to make the zinc
peptide (3:1) adduct lyophile with the typical freezing and annealing steps. The obtained lyophile was
analyzed by Scanning Electron Microscopy (SEM). The zinc peptide solutions in TBA/water were
analyzed by Differential Scanning Calorimeter (DSC). The surface tension of the TBA/water co-solvent
system was measured by a pendant drop shape method.

Results. With typical freezing and annealing steps, the free peptide lyophile showed porous network-like
structure that is commonly seen in lyophilized products. However, with increasing the zinc to peptide
ratio, uniform particles were gradually evolved. Zinc peptide (3:1) adduct lyophiles obtained from 25%,
35% and 44% TBA exhibit a distinctive morphology of uniform and spherical microparticles with
diameters of ~3—4 pum, and the spherical zinc peptide particles are more predominant when the TBA
level approaches 20%. Adopting quench cooling in the lyophilization cycle leads to irregular shape fine
powders, and eliminating the annealing step causes rough particles surface. When TBA concentration
increases above 54%, the lyophiles demonstrate primarily irregular shape particles.

Conclusions. A proposed mechanism of spherical particle formation of the 3:1 zinc peptide encompasses
the freezing of a TBA/water solution (20-70% TBA) causing the formation of a TBA hydrate phase
(“dispersed TBA hydrate”). Decreasing the temperature further causes the formation of a eutectic
mixture between TBA hydrate (“eutectic TBA hydrate”) and water. Due to its low aqueous solubility,
the zinc peptide adduct accumulates in both of the dispersed and eutectic TBA hydrate phases to form a
hydrophobic “o0il” phase. Since the eutectic TBA hydrate phase is surrounded by ice, a “solid emulsion”
forms to lower the interfacial energy, and gives rise to spherical zinc peptide particles upon solvent
sublimation. Possibility of liquid-liquid phase separation during freeze-drying was also investigated, and
no evidence was found to support this alternative mechanism.

KEY WORDS: eutectic system; lyophilization; phase diagram; spherical particles; tert-butyl alcohol
(TBA).

INTRODUCTION

Lyophilization or freeze-drying of pharmaceutical solutions
is a widely used process for the preparation of parenteral
products (1,2). Although most lyophiles are made from aqueous
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solution, lyophilization with pure organic solvent (3,4) or
organic/water co-solvents (5-13) were reported in some cases
where such solvents provided process or formulation advan-
tages, such as improved drug stability (3,4), short drying time
(6,7), and increased solubility of hydrophobic drugs (10,13).

Most lyophilization products are amorphous, and exhibit
porous and network-like physical appearance under microsco-
py. Non-aqueous solvents, such as isopropanol (IPA) and water
co-solvent, or tert-Butyl alcohol (TBA) and water co-solvent,
were also reported to be able to promote the crystallization of
Cephalothin sodium (8) and Cefazolin sodium (14), respective-
ly, so as to yield physically and chemically more stable products
than the amorphous lyophiles (15).

tert-Butyl alcohol (TBA) and water combination is the
most extensively evaluated non-aqueous co-solvent system,
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and it has been used in the manufacture of marketed
injectable pharmaceutical products, such as CAVERJECT®
Sterile Powder (5). TBA freezes completely in most com-
mercial freeze-dryers, readily sublimes during primary drying
due to its high vapor pressure, and possesses low toxicity. All
of the above advantages contribute to the attractiveness of
the TBA/water as a solvent system for lyophilization (5).

PC-1, a proprietary compound (PC) of Bristol-Myer
Squibb Company is an amorphous polypeptide whereby its
apparent aqueous solubility decreases dramatically in the
presence of zinc, due to the formation of an amorphous
adduct (termed “zinc PC-17). Water is not a feasible
solvent to make zinc PC-1 lyophile due to poor aqueous
solubility of the adduct (<1 pg/mL for 3:1 zinc/PC-1 ratio).
However, TBA/water co-solvent with 20-70% of TBA
(weight percent in this report) offers satisfactory zinc PC-1
solubility (>2 mg/mL PC-1 concentration). A lyophiliza-
tion process was investigated, wherein PC-1 and zinc PC-1
at (3:2) and (3:1) ratios were dissolved in 44% TBA/H,O
co-solvent to form a clear solution, gradually frozen to —50°C
over 2 h (“typical freezing step”), annealed at —20°C for 6 h
(“annealing step”), and subsequently lyophilized with primary
and secondary drying steps.

A unique morphology of uniform and spherical particles
evolved with the increase of zinc—peptide ratio. The zinc PC-1
(3:1) lyophile exhibits a very distinctive morphology of
smooth surface particles that are spherical in shape, and have
narrow particle size distribution of ~3—4 pm. The purpose of
the current study aimed to investigate the mechanism of this
unique particle formation phenomenon.

MATERIALS AND METHODS
Materials

PC-1 was synthesized by Bristol-Myers Squibb Company.
Zinc acetate was purchased from Spectrum (Gardena, CA,
USA). TBA was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Water for injection was obtained from B/Braun
(Irvine, CA, USA).

Lyophilization of PC-1 and Zinc PC-1 Solution
in TBA/Water

Solutions of PC-1 or zinc PC-1 (zinc peptide molar ratio
3:2 or 3:1) were prepared by weighing the predetermined
amount of zinc acetate and PC-1 into TBA/water co-solvent
(20-70% of TBA), followed by vortexing and stirring. Clear
solutions were obtained and the concentration of the final
solutions was 5-10 mg/mL (with respect to PC-1). The
solution was filled into 5 mL glass tubing vials and lyophilized
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by a Virtis Genesis 25EL lyophilizer (Gardiner, NY, USA).
Most samples were prepared with the following cycle:

1. Freeze the solution to —50°C in 2 h (typical freezing).

2. Ramp the temperature to —20°C and hold for 6 h
(annealing step).

3. Ramp the temperature to —50°Cin 1 h and hold for 4 hour.

4. Turn on the vacuum, and control it at 200 microns
through the whole cycle. Ramp the temperature to —30°C
in 1 h and hold for 12 h. Then ramp the temperature
to —20°Cin 1 h and hold for 12 h (primary drying).

5. Ramp the temperature to 5°C in 1 h and hold for 6 h.
Then ramp to 35°C in 2 h and hold for 12 h
(secondary drying).

Some samples were prepared by modified lyophilization
cycles, where the freezing step was replaced by a quench
cooling with liquid N,, or the annealing step was eliminated.
The residual TBA concentration in all of the final lyophilizes
is below 2% (w/w).

Differential Scanning Calorimetry (DSC)

Zinc PC-1 (3:1) solutions (10 mg/mL) in various ratios of
TBA/water were prepared. Approximately 10 mg of each
solution was transferred into an aluminum pan that was
sealed by an aluminum cap. A similarly prepared empty
sample pan was used as the reference. A TA DSC Q1000
Differential Scanning Calorimeter equipped with a Refrigerat-
ed Cooling System (New Castle, DE, USA) was used for
characterization of samples. The temperature scanning rate
was 2.5°C/min for all samples. To mimic the “typical freezing
step”, some samples were frozen at —50°C first, then annealed
at —20°C for 6 h before being finally heated to 40°C. Some
other samples were used to analyze the effect of annealing,
where frozen solutions were heated to 40°C at 2.5°C/min
directly without the annealing step.

Scanning Electron Microscopy (SEM)

A scanning electron microscope (Philips XL 30ESEM,
FEI Philips, Hillsboro, OR, USA) was used to study the
morphology of zinc PC-1 lyophiles. Before observation with
SEM, the lyophiles were mounted on the aluminum stubs by
double-sided tape and sputter coated with Pd (Pelco SC-7
Auto Sputter Coater). The SEM analysis was carried out at
an accelerating voltage of 20 kV.

Surface Tension Measurement of TBA/Water Co-solvent

Surface tension of the TBA/water co-solvent was mea-
sured at room temperature by a KRUSS DSA 10 MK2 Drop

Table 1. Solubility of PC-1 in Various Ratio of TBA/Water Mixture

Ratio of TBA/water mixture

TBA percentage in water (wt.%) 8 16 25
Solubility of PC-1 (mg/mL) <7 <7 <13

~24

35 44 54 65 76 88 100
~55 ~64 ~45 <40 <40 <7

PC-1 is less soluble in either pure water or pure TBA. The highest solubility was obtained in ~50 wt.% of TBA.
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Shape Analysis System (Matthews, NC, USA). A pendant
drop shape method was used and the measurement was
duplicated for each TBA/water ratio.

RESULTS AND DISCUSSION
Morphology of the PC-1 and Zinc PC-1 Lyophiles

As listed in Table I, the solubility of PC-1 reaches the
maximal of ~60 mg/mL in 40-50% TBA, and the value is
lower in either pure water or TBA. Zinc binds reversibly with
PC-1 to form zinc PC-1 adduct, and the apparent aqueous
solubility of zinc PC-1 decreases continuously with the
increase of zinc peptide ratio. At 3:1 ratio, the aqueous
solubility of zinc PC-1 is about two orders of magnitude lower
than the free PC-1. However, the zinc PC-1 dissociates in
TBA/water co-solvents where PC-1 solubility is high (such as
44% TBA/water), which enables the favorable lyophilization
process starting with a clear, homogenous solution.

e o i S =]

Fig. 1. Lyophilized PC-1 (A, B), 3:2 zinc PC-1 (C, D), and 3:1 zinc PC-1 (E, F). The materials were
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After lyophilization from 44% TBA/water solution with
the typical freezing, annealing and drying steps (i.e., Step 1-5
in “MATERIALS AND METHODS”), the PC-1, 3:2 zinc
PC-1 and 3:1 zinc PC-1 lyophiles were examined visually and
by SEM. The free PC-1 lyophile has the appearance of a
porous and uniform lyophilized cake, which maintains its
shape and volume after gentle shaking. Under SEM (Fig. 1A
and B), the PC-1 lyophile shows typical network-like
amorphous structure of a lyophilized material. The zinc PC-
1 lyophiles (both 3:2 and 3:1) also appear to be uniform, but
their cake volume and structure are less well preserved after
drying. The lyophilized cakes collapse into powder with
gentle shaking, which is more evident in the 3:1 zinc PC-1
product. Under SEM, uniform particles started to form at 3:2
zinc—peptide ratio (Fig. 1C and D), although they are less
spherical and smooth than those from the 3:1 ratio (Fig. 1E
and F). Although some irregular shape fine particles (mostly
<1 pm) disperse throughout the powder bed, spherical
particles with a narrow size distribution around 3—4 pm were

dissolved in 44% TBA/water co-solvent first to form clear solution (10 mg/mL PC-1 concentration). The

solution was then lyophilized with the “typical freezing

(see “MATERIALS AND METHODS?” section).

”.

; “annealing”, primary and secondary drying steps
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Fig. 2. Zinc PC-1 (3:1) lyophile obtained by: A Quench cooling with liquid N, followed by same primary
and secondary drying steps. B Typical 2-h freezing, eliminated the annealing step, followed by same primary

and secondary drying steps.

dominant in the 3:1 zinc PC-1 lyophile. Overall, the evolution
of spherical particle is accompanied by the increase of zinc to
PC-1 ratio, or the decrease of the apparent aqueous solubility
of zinc PC-1.

Effects of Freezing History on the Morphology of Zinc PC-1
Lyophiles

In order to study the dependence of spherical micropar-
ticle formation on cooling and annealing, modified lyophili-
zation cycles were also used to generate the 3:1 zinc PC-1
lyophiles. In one modified lyophilization cycle, the zinc PC-1
solution was first frozen with liquid N, instead of the 2-h,
“typical freezing step”, and then subjected to primary drying
immediately without annealing. As shown in Fig. 2A, the
lyophile did not retain the spherical microparticles as
obtained with the more gradual, “typical freezing step”
(Fig. 1E and F); instead, much finer and irregular shape
particles were generated. In another modified lyophilization
cycle, the “annealing step” was eliminated while other steps
were preserved. The particles obtained thereafter are some-
what spherical but their surface is much rougher, with many
fines existing in the lyophile (Fig. 2B).

Apparently, the formation of zinc PC-1 spherical micro-
particles is also dependant on the thermal history of the
frozen solution prior to the primary drying. A slow, 2-
h freezing step combined with a 6-h annealing step renders
spherical zinc PC-1 (3:1) particles as shown in Fig. 1E and F,
whereas, omitting any of the two steps eliminates the
spherical particle formation (Fig. 2A) or results in fine,
irregular powders on the particle surface (Fig. 2B). It appears
that an equilibrated frozen state of zinc PC-1 in TBA/water is
a prerequisite for spherical microparticle formation. Since the
solution used for lyophilization only contains <10 mg/mL
(1 wt.%) zinc PC-1, the freezing behavior of TBA/water
binary system may explain the observed behavior, which led
to further study of the TBA/water phase diagram.

The Frozen Structure of TBA/Water Binary System

Kasraian and DeLuca reported a TBA/water binary
phase diagram (16), shown in Fig. 3A, whereby TBA forms
a hydrate that contains 70% TBA, and the TBA hydrate
forms eutectic mixture with either pure water or TBA. Shown
in the phase diagram, Eutectic A (20% TBA) is the eutectic

mixture between water and TBA hydrate, and Eutectic B
(90% TBA) is between TBA hydrate and pure TBA.

In this present study, only TBA/water solutions with 20—
70% of TBA (between Eutectic A and TBA hydrate) were
used for lyophilization, due to the otherwise low solubility of
zinc PC-1 in the TBA/water system. When freezing a TBA/
water co-solvent within this composition range, e.g., 44%, the
following events occur sequentially:

1. A TBA hydrate phase forms first in TBA/water
solution once the temperature drops below the phase
boundary between liquid and liquid/TBA hydrate
(~3°C, point “1” in Fig. 3A). Since the TBA hydrate
phase crystallizes from solution without extra size
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Fig. 3. A Phase diagram of the TBA/water system (16). B An
illustration of the frozen structure of 44% TBA/water based on the
TBA/water phase diagram.
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limitation, relatively large crystals form, which is
defined as “dispersed TBA hydrate”. The “dispersed
TBA hydrate” was observed by cold-stage microscopy
and was reported to be needle shape large crystals (16).

2. When the temperature further decreases towards the
eutectic melting temperature (—5°C, point “2” in
Fig. 3A), more dispersed TBA hydrate crystallizes
while the composition of the remaining TBA/water
solution approaches Eutectic A.

3. Eutectic A, a eutectic mixture between ice and TBA
hydrate (eutectic TBA hydrate), forms after the
temperature drops below the eutectic melting temper-
ature. Eutectic A was reported to be very fine
crystalline mixture that can not be resolved under
optical microscopy (16). This is expected since eutectic
mixtures usually consist of very fine (~micrometer
range) crystalline phases of each individual compo-
nent, due to size reduction caused by the simultaneous
crystallization process (17).

Finally, a phase separated frozen structure is obtained as
illustrated in Fig. 3B, where the large blocks represent the
dispersed TBA hydrate in Eutectic A (TBA hydrate/water
eutectic mixture). Based on the phase diagram, one can
conclude that within Eutectic A, the eutectic TBA hydrate is
the dispersed phase (~30%) while water is the continuous
phase (~70%). Therefore, the eutectic TBA hydrate phase in
Eutectic A is represented by the isolated, small blocks that
are surrounded by water. It’s worth noting that there are only
two chemically different phases in the frozen TBA/water:
TBA hydrates (both dispersed and eutectic TBA hydrates)
and water, and they were represented by the dark (TBA
hydrate) and light (water) regions in Fig. 2B.

Validation of TBA/Water Phase Diagram in the Current
Multi-phase System

The zinc PC-1 solution in TBA/water is a multi-
component system that contains zinc acetate and PC-1. In
order to validate the applicability of the TBA/water binary
phase diagram in this system, zinc PC-1 (3:1) solutions
(10 mg/mL) in 20% (Eutectic A composition), 44% and
70% (TBA hydrate composition) TBA were analyzed by
DSC. In one set of experiments (Fig. 4A), all three solutions
were frozen at —50°C, annealed at —20°C for 6 h, then heated
to 40°C. The 20% TBA solution of zinc PC-1 showed a single
melting endothermic peak at —7.9°C; the 44% solution
showed two melting endothermic peaks at —6.8°C and —0.6°C,
respectively; and the 70% solution showed a single melting peak
at —0.7°C. These DSC results are in close agreement with the
TBA/water binary phase diagram (Fig. 3A) even with the
existence of zinc PC-1, which indicates that a small amount of
zinc PC-1 (i.e., <1 wt.%) does not change the freezing
behavior of TBA/water significantly.

Figure 4B showed DSC results of 10 mg/mL zinc PC-1
solution in 44% TBA/water. One sample was frozen to —50°C
first, and then annealed for 6 h at —20°C before being heated
to 30°C. The other sample was heated to 30°C immediately
after freezing without the annealing step. Consistent with the
literature (16), a sample without annealing showed two
metastable phases that melt before the eutectic melting. This
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observation again supports that the small amount of zinc PC-
1 does not alter the frozen habit of TBA/water significantly.

Origin of the Zinc PC-1 Spherical Microparticles

As mentioned earlier, the aqueous solubility of zinc PC-1
decreases dramatically with the increase of zinc ratio, and the
apparent aqueous solubility of 3:1 zinc PC-1 is two orders of
magnitude lower than the free PC-1. However, due to the
much higher solubility of PC-1 in some TBA/water co-
solvents, zinc PC-1 dissociates readily and is effectively much
more soluble in these co-solvents. We hypothesize that during
the freezing and phase separation of TBA/water, zinc PC-1
has a preferred accumulation in the TBA containing phases
rather than in the water phase, and this tendency is more
evident with the increase of the zinc ratio, or the decrease of
zinc PC-1 aqueous solubility.

In frozen and equilibrated TBA/water (i.e., after anneal-
ing), zinc PC-1 should be rich in the TBA hydrate phases.
Since both the dispersed TBA hydrate and the eutectic TBA
hydrate have the same chemical composition (70% TBA), zinc
PC-1 should have the same concentration in these two TBA
hydrate phases. The remaining question would be which TBA
hydrate phase is the origin of the spherical zinc PC-1 particles.

To address this question, TBA/water with different
ratios, 25%, 35%, 54% and 65% were used to make zinc
PC-1 (3:1) lyophilized cakes and their morphology is shown in
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H -7.9°C
Gl
2 o]
= 44% TBA
o 0 o,
T -6.8°C -0.6°C
g 1
(4]
T
2 70% TBA
-0.7°C
-3 T
-20 0 Universal V4.0C TA
Exo Up Temperature (°C) Instruments
B 1

With annealing

&)

=

2

k=]

i

g , :

2 4 Without annealing

-8.8°C
-0.3°C
-6.4°C
2 T
-20 0 Universal V4.0C TA
Exo Up Temperature (°C) Instruments

Fig. 4. A DSC of zinc PC-1 (3:1) in 20%, 44%, 70% TBA/H,O
solution (w/w). The samples were annealed at —20°C for 6 h (B), DSC
of zinc PC-1 in 44% (w/w) TBA/H,O solution, with or without
annealing step.



2804

Figure 5. Along with the 44% TBA/water that was also used
(Fig. 1E and F), the investigated solvent ratio covers the
entire range between Eutectic A composition (20% TBA)
and the TBA hydrate composition (70% TBA) (Fig. 3A).
Increasing TBA in the solution obviously increases the
amount of dispersed TBA hydrate and decreases the amount
of the eutectic TBA hydrate.

As the most striking observation (Figs. 1E, F and 5),
increasing TBA apparently led to the diminishing of the 3-
4 pm spherical particles: when TBA was increased to more
than 54%, the lyophile became mostly irregular shape fine
powder. The other observation is that the irregular fines
appear to increase with the increase of TBA (see Figs. 5A, B
and 1E where TBA was 25%, 35% and 44 %, respectively).
When 25% of TBA was used (Fig. 5A), almost the entire
lyophile was 3—4 um spherical microparticles with only a small
amount of fines, whereas, the amount of fines increased
proportionally with TBA, as shown in Figs. 5B and 1E where
35% and 44% of TBA were used, respectively.

These collective observations lead us to conclude that
the zinc PC-1 (3:1) spherical microparticles stem from the
eutectic TBA hydrate. Also, the size of the eutectic TBA
hydrate, rather than the dispersed TBA hydrate, is more
consistent with the size of the zinc PC-1 spherical particles.
The exact domain size of the eutectic TBA hydrate crystals
was not reported, but it could be in the micron range due to
the physics of eutectic crystallization (17), while the dispersed
TBA hydrate is much bigger (16).

The irregular shape fine powder in the lyophile could
originate from the dissolved zinc PC-1 in the dispersed TBA
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hydrate phase, due to the observation that the amount of the
fines increase with the TBA percentage. While in a non-
equilibrium frozen TBA/water (i.e., without annealing),
metastable phases exist that could also dissolve the zinc PC-
1, and further give rise to fine powders upon solvent removal
by vacuum. This could explain the presence of more fines and
the rough particle surface in the lyophiles made without
annealing (Fig. 2B).

Driving Force for the Zinc PC-1 Spherical Microparticles
Formation

The formation of a curved interface (i.e., spherical
particles) is caused by the interfacial tension between the
two neighboring regions to lower the interfacial energy (18).
In a frozen zinc PC-1 solution in TBA/water, zinc PC-1
accumulates in the dispersed and the eutectic TBA hydrate
phases, the two interfacial tensions between each TBA
hydrate phase and its environment are of interest for further
investigation. For the eutectic TBA hydrate, the interface is
the TBA hydrate vs. water; while for the dispersed TBA
hydrate, the interface is the TBA hydrate vs. Eutectic A.
The interfacial tension between two solid phases is difficult
to determine, only the interfacial tension between two
immiscible liquids can be estimated by the surface tension
measurement.

Figure 6 shows the surface tension of TBA/water at
room temperature. With the increase of TBA, the surface
tension of TBA/water decreases from 74 mN/m (pure water)

lyophilization process includes the “typical freezing”; “
“MATERIALS AND METHODS?” section). The scale bars represent 20 pm in A and B, and 10 pm in C and D.

annealing”, primary and secondary drying steps (see
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to a plateau of 24 mN/m after TBA is at more than 30%. The
following surface tension values are of particular interest:
74 mN/m (water), 29 mN/m (20% TBA, Eutectic A composi-
tion), and 24 mN/m (70% TBA, TBA hydrate composition).
Thus, one conclusion is that the surface tension difference
between 70% TBA (TBA hydrate composition) and water is
much larger than that between 70% TBA and 20% TBA
(Eutectic A composition). Assuming a similar relationship
exists in frozen state, one could hypothesize that the interfacial
tension between the eutectic TBA hydrate and water could be
much larger than that between the dispersed TBA hydrate and
eutectic A. Therefore, the eutectic TBA hydrate could form a
“solid emulsion” in water, and the strong interfacial tension
causes the formation of the spherical particles. It should be
noted that TBA/water is miscible at all ratios and there is no
interfacial tension between two TBA/water solutions. The
above discussion is a theoretical hypothesis to explain the
mechanism of spherical zinc PC-1 particle formation under
the conditions of this study. A more definitive understanding
may be realized through additional experiments.

Other Potential Mechanism: Liquid-Liquid Phase Separation

In a multi-component solution, when enthalpical expul-
sion between the incompatible components overcomes the
entropy gained by complete mixing, liquid-liquid phase
separation occurs. A single phase solution is thermodynami-
cally favorable when the concentration of the incompatible
components is low, while liquid-liquid phase separation occurs
once a critical concentration of these components is reached
(12,19-22). 1t was reported that during the freezing of a
solution, the solutes can reach concentrations as high as 20-50
times of their initial concentration (23-25). Therefore, during
the freezing of a relatively dilute and single phase solution with
liquid-liquid phase separation potential, critical concentration
for phase separation could be reached sometimes.

Heller, Carpenter and Randolph demonstrated that a
solution containing poly (ethylene glycol) (PEG) and dex-
tran, which is initially below critical concentration for phase

80
70 A
60 -
50 4

40 -

Surface tension (mMN/m)

80 o *{’ Eutectic mixture

—O TBA hydrate
T 1

20

40 50 60 70 80
wt% of TBA in water

Fig. 6. Surface tension of TBA/water cosolvent system. The longer
double-arrow represents the surface tension difference between water
and 70% TBA/water (TBA hydrate composition), the shorter double-
arrow represents the surface tension difference between 20% TBA/
water (eutectic mixture composition) and 70% TBA/water (TBA
hydrate composition).

2805

separation, did experience a liquid-liquid phase separation
induced by freeze concentration (19-22). In one of their
studies, a single phase phosphate buffer solution containing
4% PEG, 4% dextran and 10 mg/mL hemoglobin was
lyophilized and the lyophile morphology showed somewhat
spherical features that was attributed to the liquid-liquid
phase separation during freezing (20).

Wittaya-Areekul and coworkers also reported liquid—
liquid phase separation during the freeze drying of a
tobramycin sulfate solution in TBA/water (12). By visual
examination, the authors determined that TBA concentration
above 20% and tobramycin sulfate concentration above 12%
showed liquid-liquid phase separation at room temperature,
where the solution separated into tobramycin sulfate-rich and
TBA-rich phases. In frozen solutions, concentration of TBA
below 8% and concentration of tobramycin sulfate below 8%
result in a single-phase system, and higher concentration gives
rise to two-layer frozen system, which subsequently leads to
two-layered lyophilized cake after drying.

Considering the above, we have investigated if liquid—
liquid phase separation occurred in our system; and if so;
could this be a potential mechanism for the spherical zinc PC-
1 microparticle formation.

First, acknowledging the freeze concentration potential,
the difference between systems and processes, it is still
worthwhile to note that the initial concentration of our
solution is much lower than those where liquid-liquid phase
separation occurred. In the TBA/water solution for lyophili-
zation, the PC-1 concentration is 5-10 mg/mL (0.5-1 wt.%),
and the zinc acetate concentration is <0.3% wt.%. While in
the tobramycin sulfate TB A/water solution, at least 8% initial
tobramycin sulfate concentration was needed to cause liquid—
liquid phase separation (12). It was also reported that more
than 5% of both PEG 3350 and dextran T500 are needed for
phase separation to occur at 0°C (20).

Second, with visual examination of the frozen solution
and the lyophilized cake, we did not see any macroscopic
phase separation, such as two-layered system. All frozen
solutions and lyophilized cakes appeared to be uniform,
single phase system. Under SEM, the morphology of the
spherical zinc PC-1 microparticles is dramatically different
from what was reported earlier by others. Although it was
reported that liquid-liquid phase separation during freeze
drying did cause some degree of spherical feature in some
lyophiles (20), such uniform and smooth microparticles of
almost perfect spherical shape (Figs. 1E, F and 5A,B) in our
system has not been reported before, and we consider the
similarity between them and the prior observation as low.

Third, we investigated the possibility of liquid-liquid
phase separation experimentally with similar procedure as
Wittaya-Areekul et al. used (12). As discussed earlier, critical
concentration of incompatible components have to be
reached to obtain liquid-liquid phase separation. Therefore,
PC-1 and zinc acetate were added into TBA/water of
different ratio at room temperature both individually and in
combination with each other until saturation, and the
resultant solution was examined visually for liquid-liquid
phase separation. We observed no sign of phase separation
with either PC-1, or zinc acetate, or zinc PC-1 in combination.

Based on the above consideration and observation, we
found no evidence of liquid-liquid phase separation in our
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system. The collective facts, including the spherical particle
formation only with 3:1 zinc PC-1, which has extremely low
aqueous solubility (Fig. 1); and the correlation between the
amount of spherical microparticles in the final lyophilized
cake and the TBA/water ratio (Figs. 1 and 5), support our
hypothesis that the spherical microparticle formation is due to
the eutectic formation in the TBA/water system, and the
preferred accumulation of the zinc PC-1.

CONCLUSION

In this work, a unique phenomenon was observed where
uniform spherical microparticles of a zinc peptide adduct
were obtained after lyophilization of a TBA/water solution.
The mechanism of spherical particle formation was investi-
gated. A hypothesis is proposed where phase separation
occurs during the freezing of TBA/water solution; zinc
peptide, whose aqueous solubility decreases with the increase
of zinc peptide ratio, accumulates in the dispersed and the
eutectic TBA hydrates to form a hydrophobic, oil phase. The
eutectic TBA hydrate is surrounded by water and a “solid
emulsion”, similar to an oil-in-water emulsion, is formed.
Spherical interface formed to lower the interfacial energy and
spherical zinc peptide particles were obtained after solvent
removal. No evidence was observed in this system to support
a liquid-liquid phase separation, which could be a potential
alternative mechanism. Understanding the mechanism of
spherical particle formation during lyophilization of zinc PC-
1 may offer new insights into future formulation applications.
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