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Abstract 

Using a predictive mathematical model, several important extrinsic process variables were varied to simulate the process 
dynamics of microsphere formation. These included the composition profile in the dispersed phase, the solvent concentration 
profile in the continuous phase and the solvent removal profile in the dispersed phase. By superimposing the composition profile 
in the dispersed phase with the phase transition boundary, the progression of phase transition in microsphere formation can be 
evaluated. Low dispersed phase/continuous phase ratio, high continuous phase-addition rate, high temperature, high heating 
rate and high initial polymer concentration in the dispersed phase contributed to enhanced solvent removal. The higher solvent 
removal led to a heterogeneous composition distribution in the dispersed phase and the early cross-over of the gelation point 
(viscous boundary) of the periphery region which initiates the onset of solidification in this region. These phenomena resulted 
in an increasing pore size, lower surface area, denser periphery, higher residual solvent and slower drug release. In addition, the 
progress toward the glassy boundary may also play a major role in the ultimate solvent residual. Slow solvent removal gave rise 
to a homogenous distribution of the components in the dispersed phase due to the delay of hardening. The extrinsic manageable 
parameters could be varied during microsphere formation to obtain the desired rate of solvent removal as well as the desired 
microsphere properties. The mathematical model was used to simulate such conditions to facilitate the experimental design for 
the desired microsphere properties. 
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I .  I n t r o d u c t i o n  

Biodegradable polymeric microspheric matrices 
have high potential as peptide drug carriers, since they 
meet the specific delivery requirements of  controlled 
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release, peptide protection and specific targeting [ 1 ]. 
Although various methods and a variety of  polymers 
are available to prepare microspheres very few proc- 
esses are available for the preparation of  microspheres 
of  controlled porosity. Matrices of  variable porosity 
facilitate modulation of  drug release. Porous micros- 
pheres are also essential to deliver high molecular 
weight substances which cannot diffuse out of  a non- 
porous matrix and to deliver substances which have 



200 W.-l. Li et al . /  Journal of Controlled Release 37 (1995) 199-214 

high affinity for polymer and are not released unless 
the matrix is eroding. Matrix porosity is also of signif- 
icance in polymeric carriers which deliver drugs, at 
least in part, by erosion. Polymer degradation can be 
controlled by altering the porosity of the matrix and 
hence control the rate and extent of drug release. 

Porous polylactide/glycolide (PLGA) micros- 
pheres incorporated with polypeptide have been pre- 
pared using a solvent extraction/evaporation method. 
Preliminary studies have shown that by changing the 
process variables, microspheres of different porosity/ 
surface areas could be obtained [2]. Parameters impor- 
tant to impart porosity are not well defined and there is 
a need to understand the process of pore formation so 
that the preparation of porous microspheres can be con- 
trolled, monitored and reproduced. 

In a previous publication, a mathematical model for 
microsphere formation using a solvent extraction/ 
evaporation method was developed and tested using 
the experimental data of salmon calcitonin, (sCT),- 
loaded PLGA microspheres [ 3 ]. In this paper the mass 
transfer model coupled with phase transition boundary 
will be used to analyze the progression of microsphere 
formation. Additionally, the mechanism of micros- 
phere formation and the effects of process variables on 
solvent removal and microsphere hardening (or solid- 
ification) were investigated. The results were related 
to the microsphere properties, such as pore structure, 
surface area, drug distribution/load and release. 

2. Theory 

Microsphere formation as illustrated in Fig. 1 can be 
separated into three stages; ( 1 ) droplet formation, (2) 
solvent removal/solidification and (3) refinement/ 
drying. During droplet formation, most of cosolvent 
(CH3OH) and a portion of the solvent(CH2C12) were 
extracted by the continuous phase (CP); where, sub- 
sequently, the CH2C12 evaporated at the CP surface/ 
air interface. The diffusion of solvent in the peripheral 
layers of the droplets make the cortical part semisolid; 
and with the aid of the surface active agent, the droplets 
were stabilized. 

The residual solvent in the droplets at this stage is a 
precursor for the final properties of the microspheres, 
especially, the porosity. The subsequent solvent 
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Fig. 1. Schematic diagram of manufacturing process for micros- 
pheres loaded with peptide. 

removal stage can be carried out using volume gradient 
(VG) methods. 

The principle of the VG method is the gradual 
removal of the dispersed phase (DP) solvents by the 
addition of fresh CP thereby continuing the gradual 
extraction of the DP solvents. This process undergoes 
two subsequent phase separations; liquid-liquid and 
then, solid-liquid separation. 

The schematic diagram for the phase separation is 
shown in Fig. 2. The miscibility of a peptide such as 
sCT in a PLGA/CHaC12 solution is very limited. There- 
fore, the peptide can be near saturation or even in sus- 
pension in the dispersed phase. Peptide-polymer 
association is facilitated in the solution form, while 
peptide encapsulation is promoted in the suspension 
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;. 2. Schematic diagram of the phase separations during microsphere formation. 

form. The treatment in this research will be to effect 
the former recognizing that during the process some 
free peptide in solution will precipitate and be encap- 
sulated. With the subsequent diffusion of solvent/ 
cosolvent into the CPI the composition of the polymer 
solution reaches the binodal boundary. A ternary phase 
diagram for the solvent/cosolvent/polymer system is 
shown in Fig. 3. The binodal points are thermodynam- 
ically unstable. The composition along the binodal 
curve will be decomposed into two phases: polymer 
rich and polymer poor phases. The liquid-liquid sepa- 
ration due to binodal decomposition has been studied 
extensively in the formation of polymeric membranes 
[4-61. 

The polymer rich phase is made up of PLGA and 
CH2C12 with small amounts of CH3OH/peptide. Most 
of the CH3OH is then separated from the polymer rich 
phase to form a polymer poor phase containing most 

of the peptide. Peptide association with the polymer 
occurs in the liquid-liquid phases. 

This non-PLGA phase serves as an important 
medium for cosolvent in the DP to exchange with water 
in the CP. The other path for water entering the DP 
(droplet) is through the polymer rich phase. However, 
this path has limitations due to the low solubility of 
water in CH2C12 and PLGA. More cosolvent such as 
CH3OH helps the uptake of water into the DP through 
this path. The comparison of the water flow with other 
component fluxes is shown in Fig. 4. The more water 
entrapped inside the microsphere, the more porous the 
microspheres will be. If the microspheres remain soft 
or the distribution of solvent in the polymer is high and 
homogeneous, more water can diffuse into the non- 
PLGA phase to create more water pockets (Fig. 2). If 
the shell or cortical layer has already been solidified, 
the structure is more fixed and less water may be 
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CHpzIZ CHJOH 

Fig. 3. Ternary phase diagram for the microdroplet in the dispersed 

phase. 

allowed to diffuse into the non-PLGA phase. Actually, 
solidification and water-uptake are compromising 
processes. In some cases, solidification dominates the 
process while in others water-uptake dominates the 
process. 

The peptide plays an important role in the pore for- 
mation of the microsphere. Depending upon the type 

volume 
fraction 

of entrapment, the peptide may serve different roles. In 
the first type, the peptide can be entrapped inside the 
polymer without interconnection with other peptide 
molecules or without access to the microsphere surface 
or the CP. This type is called dead-end segment. The 
peptide entrapped as a dead-end segment inside the DP 
absorbs CH30H during binodal decomposition or may 
retain water from the polymer rich route. Both Hz0 and 
CH30H are porosity precursors. 

For the second type of entrapped peptide, the peptide 
has access to the polymer surface. The peptide can 
associate with PLGA through hydrophobic bonding. 
Therefore, the peptide can exhibit amphipathic prop- 
erties; dissolved in water and adsorbed onto PLGA. 
This type of behavior provides the major source for 
pore creation. The interaction, especially, hydrophobic 
bonding, between PLGA and sCT has been described 

171. 
At the same time, the polymer rich phase undergoes 

solution-gel separation. When the DP solvent diffuses 
into the CP, it leaves the polymer-rich phase more con- 
centrated and more viscous. The viscosity of the 
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Fig. 4. Conceptual profile and flow of mass interchange at the boundary near the interface of the dispersed and continuous phases. 4,. & and 
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Fig. 5. SEM photomicrograph of sCT microspheres prepared by volume gradient method: (a) surface morphology, (b) cross-sectional view of 
internal structure [2,10]. 

microsphere at this stage is in the low Reynolds flow 
region, Re ~ 10- ~a, according to Amundson et al. [8]. 
Consequently, the mass transfer of solvent through this 
concentrated region will decrease exponentially. The 
polymer rich region at the viscous boundary will 
undergo phase transition; converting from the sol state 
to the gel state. This can be verified from the measure- 
ment of the gelation temperature of the concentrated 
polymer solution. After hardening, the gel-like region 
is separated from the rest of the liquid state polymer- 
rich region. 

The further removal of solvent from the gelation 
region induces glass transition in the polymer rich 
phase. At this stage, the microspheres are in the glassy 
state, and the solidification is complete. The solid-gel 
separation increases the difficulty of solvent passing 
through the solidified region. 

Water uptake accelerates the formation of pores 
within microspheres; however, rapid solidification hin- 
ders the uniform formation of pores. Both factors are 
interrelated in generating the internal pore structure. 
The internal pore structure and external morphology of 
microspheres formed by the CP-dilution and replace- 
ment techniques are shown by the SEMs in Fig. 5. The 
pore formation mechanism described above for micros- 
pheres apparently gives rise to the unique pore structure 
for microspheres. 

3. Methodology 

The mathematical model for the microsphere for- 
mation developed in the previous publication [ 3 ] was 
used to simulate the process kinetics of microsphere 
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formation. In the process kinetics, the composition pro- 
file of each component in the DP, the solvent removal 
profile in the DP and the concentration of solvent in the 
CP were calculated. The composition profiles in the DP 
were further superimposed on the phase transition dia- 
gram and the resulting diagram was used to evaluate 
the progression of the phase transition in the DP. The 
analysis of composition profile and phase transition 
were related to the experimental microsphere properties 
and used to predict the microsphere properties. 

The mathematical model for microsphere formation 
was divided into three parts, the governing equation in 
the DP, the governing equation in the CP and the cou- 
pled equation for the radius and volume change of the 
DP. The governing equation in the DP expressed the 
change of the volume fraction of DP component with 
respect to time and space as follows: 

D({~///~3)--I [~T ] 
Dt - F(t) q~3 V¢" Vdx i 

["3 ¢ 
~-~) ~(t) at 3 v~(q,,/4~) i=i,2,4 (1) 

where (~i represent the volume fraction of component i 
in the DP, i = 1 solvent, i = 2 cosolvent, i = 3 polymer 
and i = 4 nonsolvent, respectively. ~= r~ ?(t) is the nor- 
malized radial position, r is any position in the microd- 
roplet/microspheres, ?(t) is the radius of 
microdroplet/microspheres at any time. v3_ is the 
velocity of polymer. De is the diffusion coefficient of 
solvent in polymer./xi is the chemical potential of com- 
ponent in the DP. Based on the results of simplified 
case section in previous publication [ 3 ], currently, a 
pseudo-binary system was adapted for the purpose of 
calculation; this is based on the cosolvent outflow and 
nonsolvent influx in the DP were almost completed at 
early stage. In such a case the i in the equation can be 
set as i = 1. Therefore, the effect of cosolvent and non- 
solvent on the solvent chemical potential is assumed 
small, and the solvent chemical potential can be rep- 
resented as: 

A/z1 

RT 
= ln(~bt)fl~b3 + (1 +X,3q53) (1 -~b,)  (2) 

where X~3 represents the interaction of polymer and 
solvent./3 is the ratio of the molar volume of solvent 
and polymer. 

The solution of Eq. 1 can provide the information of 
the volume fraction of DP composition at any time and 
position inside the microsphere. The governing equa- 
tion in the DP is subject to several system constraints 
such as initial and boundary conditions. The initial con- 
dition is 

~bi(~:,0) =~b ° i=  1,2,4 (3) 

Boundary condition 1: the center of microspheres, 
~=0, 

J1 (0,t) = 0  (4) 

Boundary condition 2: the surface of microspheres, 
~= 1.0, 

q51 (1.0,t) = qC~ (5) 

where J~(O,t) is the volume flux at ~=0.0. q is the 
partition coefficient of solvent in the CP and DP. C]~ is 
the equilibrium concentration of solvent at the DP/CP 
interface. The governing equation in the DP is also 
coupled to the governing equation in the CP and the 
change rate of the radius and volume of microspheres. 

The governing equation in the CP represents the 
concentration profile of solvent in the CP with respect 
to time. The solvent concentration profile in the CP is 
expressed as: 

dCl 3'0(RDc) . . . .  /~(t)2 (Kyl q- V)CI 
dt - ( l + ~ ' t / V o ) K x l ( C ' i - C l ) ~  ~ Vr 

(6) 

where C~ is the solvent concentration in the CP. RDc is 
the volume ratio of the D/C which is an abbreviated 
form of DP/CP, Kxl is the mass transfer coefficient of 
solvent in the interface between DP and CP, Vo is the 
initial volume of the DP. Kyl is the solvent evaporation 
constant and VT is the total volume of the CP, The initial 
condition of solvent concentration in the CP was 
assumed to be zero. This equation also exhibits the 
extraction capability and evaporation extent of the CP. 

The coupled equations used to calculate the rate of 
change of the radius and volume of the microdroplet in 
the DP were developed previously [ 3 ]. 

dF(t) 
=J l (1 , t )  +J2(1,t)  +J4(1,t) (7) 

dt 

and 
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dY F(t) 2 
~-t = 3.0Kx, (C~ - C, ) ~(0)------ 5 (8) 

where J~, J2 and J4 represent the volume flux of solvent, 
cosolvent/nonsolvent flux. Y is the fraction change of 
the DP volume. The influx of nonsolvent and outflux 
of cosolvent can be assumed almost complete in the 
very early stage. Therefore, the volume flux of cosol- 
vent and nonsolvent were considered as zero when the 
solvent removal process began. According to this con- 
cept, Eq. 7 was used to derive the solvent removal 
profile [ 31. 

( Y+ 4, ° -  1.0) 
X -  × 100% (9) 

4,0 

where X represents the remaining percentage of solvent 
in the DP (X = present amount/initial 
amount× 100%). 1.0 represents the initial volume 
fraction of solvent in the DP. 

As described in the preceding paper [ 3 ], the DP can 
be presented in three physical states; solution, gel and 
glassy. There are two important phase transitions. Vis- 
cous boundary, which is designated as the transition 
from the solution to gel state, and glassy boundary, 
which expresses the transition from gel to glassy state. 
At 25°C, the viscous boundary for the CH2C12-PLGA 
mixture was calculated as 0.41 volume fraction of 
CHzC12 and the glassy boundary was calculated at 0.1 
volume fraction of CH2C12. 

To simulate the microsphere formation process, it 
was necessary to input two process variables, intrinsic 
and extrinsic variables. The intrinsic process variables 
are the physico-chemical properties of the microsphere 
manufacturing system. These parameters are fixed 
when microsphere formation system is selected. On the 
other hand, the extrinsic process variables are adjusta- 
ble during the formation process. The intrinsic varia- 
bles for the PLGA microsphere process are shown in 
Table 1. 

Table 1 
Summary of physico-chemical properties for mass transfer system 

Parameter Components Value Unit 

DI4 diffusion CH2CI2-H20 1.07× 10 -9 m2/s 
coefficient 

Kv~ evaporation CP-CHzCIz-air 3 .4× 10-4 l / s  
constant 

DI3 frictional CH2CI2-PLGA 2.0).( l0 -18"0+4"9~) m2/s 
coefficient 

X~3 interaction CH2C12-PLGA 0.26 dimen- 
parameter sionless 

adjusting the extrinsic variables. These variables 
included D/C ratio, CP-dilution rate, temperature, tem- 
perature gradient, and DP composition. The adjusted 
ranges for each of the extrinsic variables are as follows: 

1. For D/C ratio effect, 1/10, 1/20, 1/25, 1/50, 1/ 
100 or 1/200 ratios were used. Operational condi- 
tions were initial 500 ml CP volume and tempera- 
ture of 15°C for 10 min followed by the addition of 
3.8 ml CP/min at 25°C for the remainder of the 
process. 

2. CP-addition rate: 0, 5 or 10 ml/min, starting with 
500 ml CP. Operational conditions were D/C ratio 
1/25, initial temperature of 15°C for 10 min fol- 
lowed by 25°C for the remainder of the process. 

3. Temperature: 5°C, 15°C, 25°C or 35°C (kept con- 
stant throughout the process time). Operational 
conditions were initial 500 ml CP volume with 3.8 
ml/min CP-addition rate and D/C ratio 1/25. 

4. Heating rate: 0, 0.4 or 1.0°C/min. Operational con- 
ditions were D/C ratio 1/25, initial 500 ml CP vol- 
ume with 3.8 ml/min CP-addition rate and initial 
temperature 15°C. 

5. Volume fraction of solvent in the DP, 0.75, 0.90 or 
0.95. Operational conditions were D/C ratio 1/25, 
initial 500 ml CP volume with 3.8 ml/min CP- 
addition rate and initial temperature 15°C for 10 min 
followed by 25°C for the rest of process. 

3.1. The extrinsic process variables 

The extrinsic variables were usually used as adjust- 
ing parameters in the simulation. The tested model was 
employed in the simulation. In the simulation, the sol- 
vent removal profile, DP composition profile and sol- 
vent concentration profile in the CP were calculated by 

The preparation process of sCT loaded PLGA 
microspheres has been described [ 2 ]. The microsphere 
properties at some of the above simulated conditions 
were obtained from the results of the sCT project. These 
included surface area, pore size, particle size, cross- 
section views of the microspheres, residual solvent and 
release profile. 
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4. Results and discussion 
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4.1. Effects of D/C ratio 

The effects of D / C  ratio, CP-addition rate, temper- 
ature and initial DP composition on the solvent removal 
profile in the DP and solvent concentration in the CP 
were presented as follows. 
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Fig. 6. Effects of D /C  ratio on the removal of CH2Clz in the DP. y- 
axis is the percentage remaining of initial CH2Clz amount in the DP. 
The process temperature was initially 15°C for 10 rain, then 25°C. 
The initial CP volume 500 ml with a CP-addition rate of 3.8 ml/min. 

Solvent removal 
By solving Eqs. 1-9 simultaneously, the solvent 

removal profile can be predicted. Fig. 6 and Fig. 7 show 
the solvent removal profiles in the DP, and solvent 
concentration in the CP, respectively, at D / C  ratios 
ranging from 1/10 to 1/200. From Fig. 6, the higher 
D / C  ratio 1 / 10 showed very slow solvent removal, and 
within 100 min, there was still about 30% of initial 
CH2C12 amount left in the DP, while D / C  ratios of  1/ 
20 and 1/25 exhibited higher solvent removal rates. 
Almost 92% of initial CH2C12 was removed from the 
DP at near 80 and 60 min, respectively. From the con- 
centration profile of  CH2C12 in the CP, (Fig. 7) at a D /  
C ratio 1 /10  the CH2C12 concentrations remained 
almost constant, while at D / C  ratios of 1 /20 and 1/25, 
the solvent concentration in the CP decreased with 
time. The low solvent concentration in the CP offers a 
better sink condition for solvent to be transferred into 
the CP. Within 40 seconds, 90% of the initial solvent 
amount in the DP was removed at D / C  ratios of  1 / 100 
and 1/200 (Fig. 6).  An extremely low concentration 
of  solvent in the CP provides a good concentration 
driving force for solvent removal (Fig. 7).  The treat- 
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Fig. 7. Effect of D / C  ratio on the concentration profiles of CH2CI 2 in the CP. The process temperature was I5°C for l0  min, then 25°C. The 
initial CP volume was 500 ml with a CP-addition rate of 3.8 ml/min.  
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ments illustrated by these two figures can be used to 
assess the kinetics of microsphere formation within a 
short time frame. 

Solvent volume fraction in the DP 
The solvent volume fractions throughout the DP in 

the course of microsphere formation are shown in 
Fig. 8a-f  for all the D/C ratios. For the high ratios ( 1 / 
10--1/25), the volume fraction of solvent in the 
microsphere will be uniformly distributed; there are no 
concentration gradients at the interior of the micros- 
pheres at any given time. For the low ratios from 1/50 
to 1/200, the volume fraction of solvent inside the 
microsphere was unevenly distributed. The volume 
fraction near the interface between the CP and DP (cor- 
tical layer) was lower than that in the interior portion. 
The fast mass transfer induced by better sink conditions 
was the cause of such a phenomena. For D/C 1/100, 
the volume fraction of the cortical portion of the 
microsphere has already decreased to the level in the 
viscous boundary within 10 seconds of process time. 
In this sense, the outer layer of the microsphere 
becomes viscous first. 

An early crossing of the viscous boundary caused 
several effects for microspheres prepared at lower D/  
C ratio ( 1 / 100). A viscous microsphere not only inhib- 
its the movement of the active agent but also slows 
down the diffusion of low molecular weight molecules 
such as the solvent and nonsolvent. The porosity cre- 
ator, water, has less of a chance to enter the micros- 
phere. As mentioned in the mechanism section, the 
water solubility in CH2C12 is low; therefore, entering 
the polymer rich phase by inter-exchanging diffusion 
between CH3OH and water is difficult. Preferably, 
water moves into the microsphere through the peptide 
or polymer poor phase. This phase is a more favorable 
environment for water, since CH3OH is miscible with 
water and peptide (sCT) dissolves in water. The early 
hardening of the cortical layer and the interior hinders 
the movement of the peptide toward the periphery. 
Also, for the loading of 5% (w/w)  peptide in polymer, 
the early distribution of peptide at the surface is not so 
extensive, and peptide at the surface can be extracted 
by the CP due to the high CP volume at lower D/C 
ratio such as 1/100. Therefore, in the periphery, the 
microspheres exhibit a denser polymer structure with 
few voids. The dense layer deters the mass transfer of 
water. Meanwhile, the early rapid interchange of H20 

and CH2C12/CH3OH by extraction causes the drastic 
phase separation in the metastable state, which results 
in a coarser pore structure. The further mass transfer 
mainly consists of the diffusion of residual CH2C12 and 
CH3OH out of the DP. 

The structure of the microspheres prepared at lower 
D/C ratio (1/100) has been evaluated by TEM and 
surface area measurement (Fig. 9a). In the TEM, the 
cross-section view of microspheres exhibited substan- 
tial pores in the microsphere interior. The pore size was 
large with the average being ~ 12.5/xm. In addition, 
the outer layer of the microsphere was thick and dense, 
and the pores showed less interconnection. The surface 
area of microspheres was 2.94 m2/g as measured by 
the krypton gas adsorption method. 

For high D/C ratios, the solvent composition inside 
the microsphere is high and evenly distributed as shown 
in Fig. 8a-c. The peptide (sCT) has more of a chance 
to move around to pick out water and the CH3OH 
pocket created by liquid-liquid separation can be 
replaced by water. Also, the less viscous microdroplets 
allows peptide to absorb water and swell. As evident 
from the SEM photomicrograph shown in Fig. 9b this 
space becomes void after drying. For the D/C ratio, 1/ 
25, a smaller pore size with average diameter near 3.5 
~m, more interconnection between pores and a very 
thin-layer resulted. 

The structural differences of microspheres prepared 
at different D/C ratios caused variations in other 
microsphere properties such as final residual solvent 
and drug release profile. Therefore, at high D/C ratio, 
the peptide loading did not significantly decrease com- 
pared with that at low D/C ratio. For low D/C ratio, 
under the viscous layer condition, the peptide or active 
agent will be easily entrapped inside the microspheres, 
and the viscous layer hinders the movement of peptide 
or active agent into the CP. Therefore, the peptide will 
be more evenly distributed inside the microsphere. 

The residual solvent of microspheres prepared at var- 
ious D/C ratios are shown in Table 2. The high D/C 
ratio gave rise to lower residual solvent, < 10 ppm, 
while the low D/C ratio ended up with higher residual 
solvent, 762 ppm. The residual solvent in the polymeric 
matrix must be below a toxic level for parenteral use. 
In the case of CH2C12, < 0.1% or 1000 ppm should be 
the limit considering microspheres are administered in 
mg quantities. 
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Fig. 9. Photomicrograph showing pore structure of sCT/PLGA microspheres prepared at D/C  ratio: (a) 1 / 100, (b) 1/25 [ 2,11 ]. 

Table 2 
Microsphere properties prepared at various D/C ratios (data from 
[2,101) 

D/C ratio 

1/10 1/20 1/25 1/100 

sCT loading ( % ) 3.4 3.08 3.4 3.4 
Bulk density (g /ml)  0.05 0.09 0.09 - 
Release fast fast fast slow 
Solvent residual (ppm) < 10 < 10 < 10 762 

Table 3 
Drug release of sCT/PLGA microspheres prepared at high and low 
D/C ratios (data from [ 10,11 ] ) 

D/C ratio 

1/25 1/100 

In vitro release(%) ( 1 h) 28 0 
In vivo release days 0, 1, 3, 4 day 7 

Note: whether the peptide released in vivo is determined by the 
detected serum level of peptide during daily analysis. 

The rationale for the different residual solvent 
amounts in microspheres can be explained. At low D/C 
ratio, the early onset of solidification of the periphery 
of the microspheres and occurrence of a thick/dense 
skin layer, not only make the microspheres harder, but 
also promote liquid-solid separation. The mass transfer 
in this region is extremely slow, since the polymer 
chains are close together in the glassy state; thus the 
diffusion of solvent is more difficult, thereby entrap- 
ping it in the interior. For the high D/C case, the even 
solvent distribution, thin skin-layer and more intercon- 
nection between the pores facilitated the removal of the 
residual solvent during microsphere solidification. 

The release of peptide (sCT) from PLGA micros- 
pheres prepared at D/C ratios of 1/25 and 1/100 are 
shown in Table 3 for in-vitro and in-vivo study. The 
release of peptide (sCT) was faster in the high D/C 
ratios from 1/10 to 1/25. This phenomenon can be 
rationalized by the high distribution of peptide in the 
periphery, more interconnection between pores and a 
very thin skin layer in the microspheres. Collectively, 
these factors facilitate the peptide release. For low D/  
C ratio, 1/100, the less peptide near periphery, a thick 
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Fig. 11. Effect of temperature on CH2CI2 removal in the DP. D/C 
ratio was 1/25. Starting CP volume was 500 ml with a CP-addition 
rate of 3.8 ml/min. 

and dense skin layer, and less interconnection between 
pores hinders the diffusional release and retards the 
erosion of the matrix. This further slows down release 
by the erosion mechanism. 

4.2. Effects o f  CP-addit ion rate 

The effect of CP-addition rate on the solvent removal 
is shown in Fig. 10. The solvent removal without add- 
ing CP was slower; the time to reach the gelation point 

(viscous region) was around 80 min. With the CP- 
addition, the time to reach the viscous boundary with 
92% of solvent in the DP having been removed was 
about of 60 min. Altering the CP-addition rate resulted 
in different pore structures; the higher CP-addition, the 
larger the pore size [2]. 

4.3. Solvent removal  at different temperature 

The solvent removal profiles for the different tem- 
peratures are shown in Fig. 11. The temperature was 

kept constant throughout the process. The initial extrac- 

tion of solvent was highest at 5°C due to the higher 
solubility of CHzC12 at this temperature. The lower 

temperature offers a better sink condition for solvent 
removal, but also causes a lower evaporation rate due 
to lower mass transfer. Following the initial removal, 
solvent removal was higher at 15°C, 25°C and 35°C 

due to higher evaporation. At 35°C the viscous bound- 
ary will be reached first. The lower solubility of CH2C12 
in the CP at the higher temperature is compensated for 

by the high evaporation rate. 
The effect of heating rate on solvent removal is 

shown in Fig. 12. The heating rate in going from 15°C 
to 35°C at heating rates of 0.5 and 1.0°C per min did 
not have a substantial effect on the solvent removal. 
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Fig. 12. Effect of heating rate in going from 15 ° to 35°C on the 
removal profile of CH2C12 in the DP. 0°C/min indicates maintaining 
the initial temperature at 15°C. 
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4.4. The effects of  initial DP composition on solvent 
removal 

To evaluate the effects of solvent/polymer concen- 
tration on the solvent removal, three solvent volume 
fractions, 0.75, 0.70 and 0.95 were used and the results 
are shown in Fig. 13. Using a D/C ratio of 1/25, the 
higher solvent concentration showed faster solvent 
removal due to the higher solvent concentration in the 
CP. On the other hand, with the low solvent concentra- 
tion case, the solvent removal was slower due to the 
lower evaporation and lower solvent concentration in 
the CP. 

The volume fraction of solvent with respect to the 
normalized radial position is plotted in Fig. 14. The 
lower solvent fraction (high polymer concentration) 
case showed more uneven distribution of solvent com- 
position. The low solvent volume in the periphery 
region led to a homogeneous distribution of drug. For 
cisplatin/PLA microspheres [ 9 ], for which SEM pho- 
tomicrographs are shown in Fig. 15, the preparation at 
low polymer concentration, 1 g PLA in 12.6 g CH2C12, 
produced uneven drug distribution, while at high pol- 
ymer concentration, 1 g PLA in 8.4 g CH2C12, a more 
homogeneous drug distribution occurred. 

As the polymer concentrates in the periphery, the 
active agent is hindered from moving into the CP while 
at same time solvent is entrapped inside. Therefore, a 
high residual solvent has been reported for high poly- 
mer concentration cases. Different DP composition 
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Fig. 15. Cross-sectional view of cisplatin/polylactide microspheres with: (a) 1 g of polymer in 12.6 ml CH2CI2; (b) 1 g of polymer in 8.4 ml 

CHzCI2 (from [9] ). 
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results in different solvent removal and composit ion 
profiles in the course of  microsphere formation. 
Although volume fractions of polymer  and solvent of  
0.1 and 0.9 are commonly chosen, composit ions other 
than these would also give desired microsphere prop- 
erties. 

5. Conclusion 

During the preparation of  peptide-loaded polymeric 
microspheres,  the mult icomponent mass transfer, the 
interaction between components and the thermody- 
namics (phase separation) of  the system are closely 
related. Specifically, the progression of  phase transition 
(solidification) plays a major role in the resulting 
microsphere properties. This was verified by the pre- 
dictive model and experimental  data. Using the model, 
the process kinetics, namely solvent removal profile 
and DP composit ion profile, can be predicted and by 
the incorporation of  phase transition boundary into the 
DP composit ion profile, the effects of  extrinsic varia- 
bles such as D / C  ratio and initial DP composit ion on 
the progression of  phase transition in the DP were eval- 
uated. The difference in hardening resulted in different 
microsphere properties such as pore size, surface area, 
solvent residual and drug release as evident by the 
experimental data. 

A low D / C  ratio resulted in faster solvent removal. 
This was attributed to an uneven distribution in the 
droplet with concentrated and viscous periphery, and 
the time to reach the viscous and glassy boundaries was 
shorter. This resulted in lower porosity, higher drug 
loading and higher residual solvent. High D / C  ratio 
caused lower solvent removal and longer time for the 
DP composit ion to reach the viscous (gelat ion) and 
glassy boundaries. Consequently, higher porosity, 
lower peptide loading, and lower residual solvent 
occurred in the resulting microsphere product. 

Temperature also had a significant influence on sol- 
vent removal. At 5°C, solvent was initially removed 
more rapidly, due to high solubility of  methylene chlo- 
ride in the CP. Then, the solvent removal became slug- 
gish due to the low evaporation capabili ty as compared 
with 15, 25 and 35°C. Overall,  the higher temperatures, 
reached the viscous boundary earlier than that of  5°C 
despite the higher solubility at 5°C. 

The initial DP composit ion also influenced the sol- 
vent removal and resulting microsphere properties. A 
concentrated polymer  solution in the DP resulted in 
higher solvent removal and rapid hardening of  the 
periphery of  the microspheres. Consequently, the drug 
loading was higher, porosity lower and residual solvent 
higher. 

The methodology established can be used to analyze 
the process kinetics and dynamics of  microsphere for- 
mation and by varying the extrinsic process variables, 
useful predictions of  the process and microsphere prop- 
erties can be made. 
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