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Relative Importance of the Operating Conditions Involved in the Formation of
Nanoparticles of Ampicillin by Supercritical Antisolvent Precipitation

Alvaro Tenorio,* Maria D. Gordillo, Clara M. Pereyra, and Enrique J. Marti ‘nez de la Ossa

Department of Chemical Engineering, Food Technology andrBnmental Technologies, Faculty of Sciences,
University of Caliz, 11510 Puerto Real (Gi&z), Spain

A screening design of experiments has been applied to the supercritical antisolvent precipitation of ampicillin
(APC) using carbon dioxide (CfpandN-methylpyrrolidone (NMP) as antisolvent and solvent, respectively.

The proposed design of experiment (DOE) is useful for identifying the key factors involved in the SAS
process in just a few runs at an early stage of experimentation. Seven factors were studied, and two levels
were assigned to each. A fractional factorial design witl 8xperiments plus two additional runs to calculate

the accuracy of the estimates was used. The mean particle size (PS) and particle size distribution (PSD) of
the processed ampicillin were chosen as responses to evaluate the process performance. Within the range of
operating conditions investigated, concentration, temperature, and nozzle diameter proved to be the key factors
having the greatest effect on both PS and PSD and, thus, the most important factors for controlling the formation
of submicrometer particles of ampicillin by the SAS technique.

1. Introduction

Supercritical antisolvent (SAS) processes have been widely
used to precipitate active pharmaceutical ingredients (APIs) for

the past 10 years. These processes have, in most cases, yielde

products with a high level of purity and suitable dimensional
characteristics, such as particle sizes (PSs) in the micro- and

nanometer ranges, narrow particle size distributions (PSDs), and

spherical morphologies, for use in developing delivery systems
for drug targeting and controlled reledsé?

Therefore, the SAS process is a promising micronization
technique that is based on the particular properties of super-
critical fluids (SCFs). These fluids have diffusivities that are 2
orders of magnitude larger than those of typical liquids, resulting
in higher mass-transfer rates. The properties of SCFs (solvent
power and selectivity) can be also adjusted continuously by

altering the experimental conditions (temperature and pressure).

As a consequence, the SCFs can be removed from the proces
by a simple change from supercritical to ambient conditions,
which avoids difficult postprocess treatments of waste liquid
streams. Of all possible SCFs, carbon dioxide G supercrit-
ical conditions is mainly used because of its relatively low crit-
ical temperature (31.9C) and pressure (73.8 bar), low toxicity,
and low cost. Moreover, such supercritical conditions are suffi-
ciently mild to permit the micronization of thermolabile solutes.
For all of these reasons, supercritical antisolvent techniques

overcome the main drawbacks of conventional techniques, such
as the degradation of the active ingredients because of the high

profiles of temperatures and tensile stresses redglaed the
large amount of organic solvent used, resulting in the need to
remove the solvent from the final product. Moreover, conven-
tional methods usually do not allow for very accurate control
of the particle size, so that broad particle size distributions are
obtained.

The supercritical antisolvent process uses both the high power
of supercritical fluids to dissolve organic solvents and the low
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solubility of pharmaceutical compounds in supercritical flu-
ids®>44to bring about the precipitation of these compounds when
they are first dissolved in the organic phase and then brought
into contact with the supercritical fluid. Therefore, the super-
itical fluid has an antisolvent effect with respect of the solute
to be micronized.
To carry out the supercritical antisolvent precipitation process,
two operating modes are feasible. Batch processing, generally
called gas antisolvent recrystallization (GAS), involves a full
vessel of liquid solution being pressurized with carbon dioxide
until supercritical conditions are reached. At that moment, the
liquid phase is volumetrically expanded, causing the precipita-
tion of the solute, which is then dried by passing pure SCF
through the pressure vessel for an extended period (drying
stage). In this operating mode, the rate of supercritical antisol-
vent addition can be an important parameter for controlling the
gnorphology and size of the solid particles. The second mode is
Semicontinuous processing, which was developed with the aim
of increasing the efficiency of the mass transfer between the
two phases, so that the degree of control over the dimensional
characteristics of the solid particles is improved, particularly in
the micrometer and submicrometer ranges, and the drying stage
is reduced® These improvements are achieved basically by
spraying an organic solution of API via a nozzle into the flowing
stream of supercritical carbon dioxide. In this operating mode,
the flow rates and their ratio can be important for the evo-
lution of the precipitation process. Different names and acro-
nyms have been used by various authors to describe this
technique: supercritical antisolvent (SAS) process, aerosol
solvent extraction system (ASES), and compressed antisol-
vent (PCA) process. A few studies have compared the GAS
and SAS techniques, highlighting the improvements described
abovett46

A selection of APIs with particle sizes controlled by super-
critical antisolvent techniques is shown in Table 1. Most of the
research work was carried out considering the change of only
one factor at a time, the others being held constant. The
parameters whose effects have usually been investigated are the
initial concentration of the solutionC)), the temperatureT],
the pressureR), the solution flow rate @), and the carbon
dioxide flow rate Qco,). However, the effects of other
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Table 1. Effects of Operating Conditions on the Particle Size of APIs Processed by Supercritical Antisolvent Techniqdes

operating conditions of supercritical antisolvent processes (GAS, SAS, ASES, SEDS)

active pharmaceutical particle size
ingredient (API) C T P Q Qco, tw Dn range fm)

tetracycliné -~ — [’ -~ -~ - - 0.15-0.4
amoxicillin® 1 t - -~ -~ - - 0.25-1.2
acetaminophéh - i 1 - - - 1 3-20
nicotinic acid 1 ! 1 - i - - 2-30
salbutamadi® I — - - - - - 1-3
rifampicint® i - - — - - — 0.4-5
insulint3 - - - - - - - 1-6.5
para-hydroxybenzoic acitt | — | 1 - - | 3-6
sulfathiazol@® - -~ - - I — - 1-300
cefonicict? v - - - - - - 0.1-60
budesonide - - - -~ - - - 1.57-15.84
sulfarnethizolé® - ) - - I’ - - 2-170
p-caroteng? ! t 1 ! [’ - 1 1-2.3
amoxicillin?® I - 1 - - - - 0.1-1.2
salicylamidé? I t [’ 1 - - - 32-154.3
theophylling3 | - 1 -~ - - - 15-500
BECD3® I i - - I - - 1.8-43.9
atenolof® - - - 1 - - - 5-10
paracetamgP -~ t - - | - - 50—250
phenytoir® - - - - ! - - 1-250
copper indometacf I -~ - -~ - - -~ 2—-50

aSymbols: 1, increase of the APl mean particle size observed with an increase of the pardyndgerease of the APl mean particle size observed with
an increase of the parameter;, negligible effect of the parameter on the APl mean patrticle size obseryeeffect of the parameter was not examined.

parameters such as the washing tijg &énd nozzle diameter
(9n) have not been widely examined. As can be seen in Table
1, contradictory results have been obtained by different authors
with respect to the influence of the operating conditions on
particle size: These results indicate how complex it is to
establish rules of general behavior.

Therefore, in this article, we propose the design of experi-
ments (DOE) as a suitable way to estimate the effects of all of
the operating conditions involved in the SAS process (factors)
on the selected product characteristics (responses) for the early
stage of the investigation. In this way, for a certain system
(API—solvent-supercritical CQ), we will be able to identify
the key factors of the SAS process with the aim of controlling
the characteristics of the final product.

Ampicillin, one of the world’s most widely prescribed :
antibiotics, is used to treat mainly infections of the middle ear, Figure 1. SEM image of unprocessed ampicillin.
sinuses, bladder, and kidney, as well as uncomplicated gonor-
rhea. Using ampicillin microparticles of controlled size, it is (Madrid, Spain). Carbon dioxide with a minimum purity of
possible to increase its bioavailability and decrease its thera-99.8% was supplied by Carburos Mitas S.A. (Barcelona,
peutic dosage (by improving efficiency). It is also possible to Spain). The ampicillin was soluble in NMP for the fixed
use various delivery system for the drug (transdermal, tracheo-experimental concentration at room temperature. An SEM image
bronchial, and pulmonary delivery systerd®}? Therefore, the  of the as-received ampicillin is shown in Figure 1.
mean particle size (PS) and particle size distribution (PSD) were  Samples of the powder precipitated both on the wall and in
selected as the specific responses for evaluating procesghe frit were observed using a SIRION FEG scanning electron
performance. microscope. Previously, the samples had been placed on carbon

With the aim of identifying the key variables or factors that tape and then covered with a coating of gold using a sputter
control the formation of submicrometer particles of ampicillin coater. The SEM images were processed using Scion image
by the SAS technique, and taking our previous experiments asanalysis software (Scion Corporation) to obtain the particle sizes.
the starting point, we applied a screening design of experimentsAfter that, the mean particle size (PS), standard deviation (SD)
(DOE) to the ampicillin (APC)-N-methylpyrrolidone (NMP) and coefficient of variation (CV), both as measurements of the

system. We considered seven facto@s T, P, QL, Qco, tw, distribution width, were calculated using Statgraphics plus 5.1
and @) and two responses (PS and PSD) and evaluated eactsoftware. More than 800 particles were counted to perform the
factor at two different levels. analysis in each experiment. X-ray diffraction pattern analysis

(Bruker D8 Advance) was performed to determine the possible
changes in the physical characteristics of the precipitate obtained
by the SAS process.

2.1. Materials and Analytical Methods.Ampicillin sodium 2.2. Design of Experiments (DOE)In times past, the “one-
salt (91.0% minimum purity) and 1-methyl-2-pyrrolidone (NMP) factor-at-a-time” method has been a common route for inves-
(99.5% purity) were purchased from Sigmaldrich Chemical tigating the effects of parameters on a process. By this method,

2. Experimental Section
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Table 2. Design Matrix, Responses, and Contrasts

responses
C T P QL Qco, tw @n mean PS  coeff of degree of
run (1) (2) 3) (4=123) 5=12) (6=23) (7=13) | (nm) variation success
20 + + - - + - - + — — 0
29 - - + + + — - + - - 0
39 — + + — - + - + 99 0.286 1
42 + - - + + - + 291 0.406 1
70 + - + - - - + + 395 0.368 1
75 - + — + — — + + - - 0
113 — - - — + + + + — — 0
128 + + + + + + + + 224 0.389 1
main effects of each variable on
mean PS 204.3 —181.5 —51.7 10.5 —-37.7 - 114.5 252.2
(nm)
coeff of 0.102 —-0.049 —0.058 0.07 0.036 - 0.032 0.362
variation
degree of 0.5
success

the effects of one variable are calculated while all others are 1. The full factorial design at two levels for concentration
kept constant. However, it must be assumed that those effecty1), temperature (2), and pressure (3) was built following the
will be the same even if the other variables are set at different Yates standard ordé?.
levels, that is, that the effects of the variables are simply 2. Because there were four pairs of allied factqus=(4),
cumulative. liquid flow rate (4), supercritical C®flow rate (5), washing
The DOE method is required not only to examine noncumu- time (6), and nozzle diameter (7) were associated, respectively,
lative effects but also to achieve higher accuracy. In particular with the following interactions: concentration/temperature/
by applying the factorial design at two levels, relevant trends pressure (123), concentration/temperature (12), temperature/
for future experiments can be identified with only a few trials. pressure (23), and concentration/pressure (13). The choice of
In general, foK factors, the one-factor-at-a-time method would allied factors was made considering that the factor that is thought
requireK times more trials to be performed than the factorial to be the most likely to affect process performance is associated

design approach (2. with the weaker interaction, in statistical terms. In general,
However, the number of trials required in a factorial design interactions between three factors are less probable than
at two levels (¥) increases with the number of factd(s. As interactions between twi§. From the four factors liquid flow

a consequence, the costs of resources needed to conduciate, CQ flow rate, washing time, and nozzle diameter, liquid
experiments of a full factorial design can quickly become flow rate was considered a priori to be the factor that has the
prohibitive. Fortunately, in most cases, whgiis too high, the major influence; hence, this factor was allied with the interaction
desired information can be obtained using only one fraction of of concentration/temperature/pressure (123). For this assumption,
the full factorial design. Nevertheless, this aspect must be takenwe took into account the fact that the inlet velocity of the
into consideration. solution was much higher than the inlet velocity of £6o the
A fractional factorial design is normally used for the early liquid flow rate would have a greater relative influence on
stages of an investigation where the study of the approximate hydrodynamics and mixing of the procé$sThus, we expect
influence of a large number of factors is more advisable than the effect of the liquid flow rate to exclude any contribution of
an accurate study of a few factors that could prove to be the concentration/temperature/pressure (123) interaction.
relatively unimportant. 3. The signs of the new columns of allied factors were
In general, a fractional factorial design is created from the obtained by multiplying the signs of the variables that interact.
full factorial design at two levels. Some of the high-order For example, the signs of the concentration/temperature/pressure
interaction terms of the full factorial design are associated with (123) column were obtained by multiplying the signs of the
additional experimental factors. Each pair of associated factorsconcentration column by the signs of the temperature column
is called an alias, so the fractional factorial design is denoted and by the signs of the pressure column.
as 2P, wherep is the number of aliases (pairs of allied factors). As a result, eight different combinations of signs for the seven
In our study, we considered all factors that could have effects factors were generated, that is, eight different trials (20, 29, 39,
on the performance of the SAS process: the initial concentration42, 70, 75, 113, and 128) out of the full factorial design at two
of the solution, the temperature, the pressure, the liquid solutionlevels Z. Thus, the design of Table 2 is a fraction of 1/16 of
flow rate, the supercritical COflow rate, the washing time,  the full 27 design.
and the nozzle diameter. The coding scheme used to describe The next step was to understand what was included in each
the factor levels is based on tHeand — signs, wheret and column. To determine the complete meaning of each column,
— denote the high and low levels, respectively, of a factor.  a simple procedure involving the alias generators and contrast
From among all possible factorial fractional designs for seven calculations was performed With the hypothesis that interac-
factors at two levels, the desigi2 was selected because it tions between at least three factors are negligible, the set of
allows the separation of the important effects from the unim- aliases for each column could be simplified as shown in Table 3.
portant effects with the smallest number of runs. The factorial  Therefore, the effect described in each column of Table 2 is
fractional design 24 has been successfully applied to several due both to the effects of the main variabl€s T, P, Q., Qco,,
previous cases for screening purpo$es. tw, and @) and to the effects of the interactions shown in Table
In Table 2, the factorial design”2* used in this work is 3. For screening purposes, the interactions between two factors
shown; it was obtained as follows: were also considered negligible, so the effect véligcaused
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Table 3. Simplified Alias Structures means. Nanoparticles have a higher dissolution rate, a higher
parameter alias generator saturation solubility, and a greater adhesion than micropatrticles.
concentration L—1+25+37+46 Another major advaptage of nanoparticles is that they are better
temperature l,=2+ 15+ 36+ 47 at reaching the desired target organs than larger parfi¢fes.
pressure l3=3+26+17+45 Consequently, both the mean particle size (PS) and the
liquid flow rate ly=4+35+16+27 particle size distribution (PSD) of the processed ampicillin were
jvigizf]gt't?ﬁq'ecmlow rate :Z - 2 j: gi iii g; chosen as responses to evaluate the process performance.
nozzle diameter l;=7+ 13+ 24+ 56 However, because washing time acts once the particles are
formed, to avoid the recondensation of the liquid inside the
Table 4. Two-Level Assessment for Each Factor chamber, it is an essential stage for obtaining successful
factor low level high level precipitation. Therefore, only the degree of success has been
C (mg/mL) 10 100 considered as the response with respect to the washing time
T (K) 308.15 328.15 factor. The degree of success is expressed numerically, as 0
P(bar) 90 180 when no powder was obtained and 1 for a successful precipita-
Stér?;;m:g)) éz 566 tion, as indicated in Table 2.
tw (Min) 120 180 2.3. Experimental Equipment and ProceduresA schematic
D (M) 100 200 diagram of the pilot plant, developed by Thar Technologies

(model SAS 200), is shown in Figure 2. This equipment was
only by the main factor, i.e., concentration for column 1, used to carry out the experiments included in Table 2 plus two
temperature for column 2, and so on. additional runs to calculate the accuracy of the estimates.

2.2.1. Level Identification. The two levels for each factor The SAS 200 system comprises the following components:
are shown in Table 4 and were chosen mainly on the basis oftwo high-pressure pumps, one for the £@1) and the other
previous studies on SAS precipitation included in Table 1. for the solution (P2), which incorporate a low-dead-volume head
However, various limiting conditions were set. and check valves to provide efficient pumping of &id many

The low level of concentration was set to obtain a sufficient solvents; a stainless steel precipitator vessel (V1) with a 2-L
quantity of ampicillin for subsequent analysis, whereas the high volume consisting of two parts, the main body and the frit, all
level was limited by the saturation of the solution at room surrounded by an electrical heating jacket (VMJ1); an
temperature. automated back-pressure regulator (ABPR1) of high precision,

The lower temperature limit was determined by the critical attached to a motor controller with a position indicator; and a
temperature of carbon dioxide, with the initial aim of staying jacketed (CS:HJ1) stainless steel cyclone separator (CS1) with
within the supercritical domain; the upper limit was based on 0.5-L volume, to separate the solvent and,©@@ce the pressure
previous experience with the process, while also aiming at was released by the manual back-pressure regulator (MBPR1).
reducing energy costs. It was further considered that a range of The following auxiliary elements were also necessary: a low-
20 K would be sufficient to estimate the effect of temperature pressure heat exchanger (HE1), cooling lines, and a cooling bath
because such an increment leads to a large variation in the binary CWB1) to keep the C@inlet pump cold and to chill the pump
vapor-liquid equilibrium diagram of the NMPCO, systeni! heads; an electric high-pressure heat exchanger (HE2) to preheat
and thus in the results of the precipitation process. the CQ in the precipitator vessel to the required temperature

The pressure condition limits were set with the aims of quickly; safety devices (rupture discs and safety valve MV2);
ensuring a high solubility of supercritical carbon dioxide in pressure gauges for measuring the pump outlet pressure (P1,
N-methylpyrrolidone (NMP) at two levels of temperature PGL1), the precipitator vessel pressure (V1, PG1), and the cyclone
according to experimental data reported by RajasingnanPét al. separator pressure (CS1, PG1); thermocouples placed inside
and of keeping the compression costs reasonable. (V1-TS2) and outside (VA TS1) the precipitator vessel, inside

Flow rate limits were chosen to obtain both a wide range of the cyclone separator (CSTS1), and on the electric high-
NMP mass fraction within the precipitator vessel and a wide pressure heat exchanger to obtain continuous temperature
range of CQ/NMP flow ratios, on the basis of previously —measurements; and a FlexCOR coriolis mass flowmeter (FM1)
performed studie$? to measure the C{mass flow rate and another parameters such

Regarding the washing times, the low level was selected as total mass, density, temperature, volumetric flow rate, and
considering that a minimum washing time is needed to avoid total volume.
the recondensation of the liquid inside the chamber, which was  All factors that have an influence on the precipitation process
estimated at 90 mif>10whereas the high level was limited by ~ (temperature, flow rate, pressure, etc.) could be controlled either
energy costs. Finally, both the lower and upper nozzle diametersmanually or automatically (using ICM software).
were limited by the design of our SAS apparatus. A particularly important component of the SAS 200 system

2.2.2. Response IdentificationAmong the most important  is the nozzle that sprays the liquid solution inside the precipitator
solid-state properties defined by the crystallization process arevessel. Two commercial stainless steel nozzles from Thar
the dimensional properties of the final product (PS, PSD, and Technologies with inner diameters of 100 and 200 were
particle morphology) because these properties define some ofused in this work. Supercritical G@vas delivered from another
the key characteristics of the product, such as processinginlet point located on the top of the vessel.
behavior, particle permeability (APl adsorption), and bioavail-  All experiments were performed following the same proce-
ability (API absorption)# dure. First, C@was pumped into the vessel at the same time

Extensive research has shown that the critical aerodynamicas the electrical heater, heat exchanger, and automatic back-
diameter size of particles for aerosol delivery formulations is pressure regulator were switched on. When,G@percritical
in the range of +5 um. 4141644 addition to being administered  conditions (pressure and temperature) had been achieved and
orally, nanoparticles (51000 nm) can also be delivered the solution pump had been primed, the liquid solution was
parenterally by intravenous, subcutaneous, and intraperitonealpumped to the precipitator vessel and sprayed inside the vessel
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Figure 2. Schematic diagram of the pilot plant.

itself by means of the nozzle. The small drops of solvent were the mean particle size (PS) and standard deviation (SD) are also
dissolved by the supercritical GOcausing supersaturation of shown. As can be seen in Figure 4, the smallest particle sizes
the liquid solution and consequent precipitation of the ampicillin  with the narrowest particle size distribution were obtained from
in the form of a powder that accumulated on the frit located at experiment 39, followed by those of the experiments 128, 42,
the bottom of the vessel; ampicillin powder also deposited on and 70, respectively.
the internal wall of the vessel. The precipitation process ended As discussed in Section 2.2, the effects reported in the
when the desired amount of liquid solution had been fed into columns of Table 2 are really composite values due to the effects
the system; then the liquid pump was turned off, and the of the main variablesQ, T, P, Q., Qco, tw, and @) plus the
supercritical CQwas allowed to continue flowing through the effects of various interactions. However, for screening purposes,
precipitator vessel to remove the residual content of the liquid the interactions between two factors were considered negligible,
solvent solubilized into the supercritical antisolvent (washing so the effect valug can be taken as due only to the main factor.
stage). After that, the supercritical G@ow was stopped, and  The terml; can be calculated by means of eq 1, which represents
the system was depressurized to atmospheric pressure. the average response value for trials performed at the high level
Finally, all of the precipitate was recovered from both the of the factor, minus the average response value for runs at the
inner wall and the frit of the precipitator vessel; the analyses low level of the factor, i.e.
required, such as scanning electron microscope (SEM) and X-ray 1 .
diffraction (XRD), were then carried out. effectl, = N_+Z Y, — N__z y_ (1)

3. Results and Discussion
) ) ) ) The trials without numerical values, such as 20, 29, 75, and
All experiments of the design matrix shown in Table 2 were 113 were discarded in the calculations of the main effect. As
carried out following the same experimental procedure, at the 5 example, the main effect of the concentration on particle
operating conditions indicated by the coding scheme (high and gj,e \was calculated as

low levels of each factor).

Four of the eight experiments (39, 42, 70, and 128) included
in the design matrix led to the successful precipitation of
ampicillin. A considerable quantity of ampicillin precipitate both
on the wall and in the frit of the precipitator vessel was obtained, = Therefore, a change in the concentration from the low level
particularly from experiments 39 and 128. to the high level means an increase of 204.3 nm in the particle

SEM images at the same magnification of ampicillin samples size response.
micronized in these experiments show the formation of spherical  The effects on the selected responses were calculated for each
nanoparticles with a uniformly distributed mean particle size column and are reported at the bottom of Table 2. Moreover,
in the range of 99395 nm and coefficients of variation within  with the aim of identifying the factors of major importance, an
the range 0.2860.406, as reported in Figure 3. effect graph was plotted for both the particle size and particle

The ampicillin nanoparticle distribution can be fitted toteg  size distribution (coefficient of variation) responses, as shown
normal distributions, which are compared in Figure 4, where in Figure 5a and b, respectively.

effectl. = %(291+ 395+ 224)— %(99) =204.3nm
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(d)

Figure 3. SEM image at the same enlargement of ampicillin nanoparticles precipitated from runs (a) 39, (b) 42, (c) 70, and (d) 128.
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Figure 4. Probability density function of particle sizes for the experiments of the design matrix.

For the particle size response, the lowest slopes of the linesruns of 70 show that the variance of the elemental trials is
that connect the two average response values are for the liquidequal to 1584 and, using eq 2, the variance of the effect is equal
flow rate, the CQflow rate, and the pressure. To assess whether to 792.

such effects are significant, the variances of the effects were

calculated according to the following equati®n
_4
V(effect)= NOZ 2

To estimate the variance of elemental trials?){ two

Therefore, the standard deviation of one effect/ig92 ~
28, a value of approximately the same order of magnitude as
the effects of the liquid flow rate, CQlow rate, and pressure,
which means that, within the range investigated, these factors
have a negligible influence on the particle size.

On the other hand, three key factors with major effects on

additional runs of 70 were performed. An SEM image of the particle size were identified. In order of decreasing
ampicillin nanoparticles from one of the replicated runs of importance, these are concentration, temperature, and nozzle
70 is shown in Figure 6. Statistical calculations from the three diameter.
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(a) 400 The order of importance of the factors for the particle size
350 4 distribution can be summarized as follows:
7 300 - o C>QLPT>Qc, 9,
< 250 + —a—T
% 200 - IZH As shown in Figure 5a and b, an increase of the temperature
% 150 _)K_chz leads to a decrease of b_oth the PS and_PSD. This_, finding can
g —o—n be explained on the basis of the numerical modeling of mass
100 A transfer proposed by Werling and Debened@tficcording to
50 - experimental data reported by Rajasingnam ettahe CQ—
NMP system reaches miscible conditions (two phases are fully
0 ow value high value miscible) at the high level of pressure (180 bar) and at both
levels of temperature studied (308 and 328 K). At miscible
Factor level - . . L
conditions, a higher mass-transfer rate is produced with increas-
(b) 043 4 ing temperature at high pressifeThus, a higher degree of
041 supersaturation is reached, resulting in a higher nucleation rate;
£ 030 - a smaller PS and narrower PSD are thus obtained.
b | ec The tendency of particle size to vary with nozzle diameter is
£ 037 : . .
& =T different: Nozzles of larger diameter produce larger particle
% 0.35 1 —A—P sizes with broader distributions. At miscible conditions, distinct
E 033 —%—Qliq droplets are never formed, and the jet spreads, forming a gaseous
) i —*— Qeo2 plume, so that the system changes from an atomization process
£ 031 —o—0on s : : : : :
g to a mixing process. Visual observations of the jet confirm this
© 0297 be true?3°4Thus, smaller nozzle diameters result in higher jet
0.27 1 velocities, thus producing an increase in turbulence. The
025 , ‘ improvement of the mixing leads to higher supersaturations,
low value high value and smaller particles are obtain®dLikewise, the degree of
Factor level mixing can be modified with the liquid flow rate. In fact, this
Figure 5. Main effect plots of the factors on (a) particles size and (b) was taken to be an important factor in the design of experiments.
particle size distribution. However, within the range studied, the influence of the liquid
flow rate on the degree of mixing, and thus on the particle size,
b . = was not noticeable. Similar experimental results were observed
N —— by other authors, as shown in Table 1.
Mag 50000 x | | As described above, the concentration is the factor that has
- z the greatest influence on both the PS and the PSD. Therefore,
both the PS and the PSD required for the final formulation of
ampicillin could well be adjusted by a change in the initial
concentration of the solution.

An increase in the initial concentration of the solution has
two opposite effects: On one hand, with a higher concentration,
it is possible to achieve higher supersaturations, which tend to
diminish the particle size. On the other hand, condensation is

i _ directly proportional to the concentration of solute, and the
: i increase of the condensation rate at higher concentrations tends
! : _ to increase the particle size.
_ 5% ol | In our case, an increase in the initial concentration of the
Figure 6. SEM image of ampicillin nanoparticles obtained from the solution led to larger particles sizes with a wider distribution.
replicated run 70. Thus, the second effect (condensation rate) prevailed under the

operating conditions used in this work; that is, the higher the
The order of importance of the factors for particle size can initial concentration of the solution, the higher the condensation

be summarized as follows: rate, and thus, the greater the particle sizes produced. This result
is consistent with those obtained by Reverchon et alhich
C>T,8,> P, Q. Qc, were also explained in terms of competition between nucleation

and growth processes.
Both pressure and CGOlow rate have substantial effects on

A similar analysis was performed for the particle size the particle size distribution, but they exert their effects in
distribution. From the relative slopes, it can be seen that the different ways. If the flow rate of C®is increased, a broad
concentration factor has the major influence. The standard particle size distribution is obtained. On the other hand, an
deviation of the effect estimated by the previous method is increase of pressure leads to a narrow particle size distribution.
0.006. Thus, none of the factors are hidden by experimental This fact can also be explained on the basis of the numerical
uncertainty so, within the investigated range, five key factors modeling of mass transfer proposed by Werling and Debene-
with a considerable influence were also identified. In order of detti52 A pressure of 180 bar at both levels of temperatures
decreasing importance, these are liquid flow rate, pressure,studied brings the C&-NMP system to miscible conditiorts.
temperature, C®flow rate, and nozzle diameter. These conditions result in faster mass transfer, causing a higher
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Figure 7. Images of ampicillin powders precipitated in the frit and on the wall of the precipitator vessel from runs (a,b) 39 and (c,d) 128.

degree of supersaturation that results in higher nucleation rates,

thus producing a narrow particle size distribution. T Run 128
As can be seen in Figure 7, the yield of the precipitation was RO A ﬁu:Zg

particularly high in experiments 39 and 128, in which both 273 fw. Run39
temperature and pressure were set at their high levels. Thisg
finding confirms the importance of operating in the region of =
complete miscibility between NMP and GO
Finally, the longer the washing time, the higher the degree

of success (see Table 2). In other words, when the washing time
was increased from 2 to 3 h, the probability of obtaining
successful precipitation increased from 25% to 75%. Therefore, 10 15 20 25 30
operation with the longer washing time is recommended. 20

. Nevertheless, certain .Care mUSt.be taken \.Nhen deep Cor]CIU'Figure 8. Comparison of ampicillin XRD patterns before and after SAS
sions are drawn from this study. First, four trials of the design processing.
matrix (20, 29, 75, and 113) were not successful and generate(f
no powder. Thus, the calculations of the main effects are more
questionable from a statistical point of view. Moreover, to verify above approximately 60%. This high dissolution rate can be
that the effect valuek are due only to the main factor and not  ysed to improve its therapeutic activity. However, formulations

to the aliased interactions, a complementary set of experimentscontaining amorphous forms are less stable than their crystalline
should be designed using the same design generators but witieounterpartg455

opposite signs. By this means, once the results of the two DOE
sets are combined, all of the main factors would be free of 4. Conclusion
interactions.

The possible structural changes of ampicillin suffered during ~ The supercritical antisolvent (SAS) process provides a feasible
the SAS process were evaluated by X-ray diffraction pattern approach to the formation of ampicillin nanoparticles. Spherical
analysis. XRD patterns of ampicillin nanoparticles and unproc- ampicillin nanoparticles with a uniformly distributed mean
essed ampicillin are shown in Figure 8. The ampicillin nano- particle size in the range of 9895 nm were obtained from
particles were found to have an amorphous structure. Such aN-methylpyrrolidone (NMP).
change from crystalline to amorphous structure has been The fractional factorial design’2* was successfully applied
observed in a few other cases of precipitation of APIs by the to the APC-NMP system for screening purposes, allowing for
SAS process and has been attributed to the very rapid precipitathe separation of the important effects from the unimportant
tion that characterizes the SAS process, which does not alloweffects in just a few runs. Three key factors with major effects
time for the organization of the solute into a crystalline fdrm? on the particle size were identified. In order of decreasing
Amorphous solids have a great ability to absorb water vapor importance, these are concentration, temperature, and nozzle
into the bulk structure, forming an amorphous solufibn. diameter. A similar analysis was performed for the particle size
Therefore, the amorphous structure of ampicillin nanoparticles distribution, identifying six key factors with a considerable
was also indicated by its rapid absorption of water vapor at a influence. In order of decreasing importance, these are concen-
high level of relative humidity. The formation of an amorphous tration, liquid flow rate, pressure, temperature, GOw rate,
solution of ampicillin occurred suddenly at a relative humidity and nozzle diameter.

arbitrary scale

Unprocessed AMC
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Among these important factors, the initial concentration of
the solution is the factor that has the greatest influence on both
the PS and the PSD. Therefore, it is the factor that allows better
control in the formation of submicrometer particles of ampicillin
by the SAS technique.

The yield of ampicillin precipitation was particularly high

(3) Steckel, H.; Muller, B. W. Metered-dose inhaler formulation of
fluticasone-17-propionate micronized with supercritical carbon dioxide using
the alternative propellant HFA-22Tht. J. Pharm 1998 173 25-33.

(4) Reverchon, E.; Della Porta, G. Production of antibiotic micro- and
nano-particles by supercritical antisolvent precipitatiBowder Technol
1999 106, 23—29.

(5) Reverchon, E.; Della Porta, G.; Falivene, M. G. Process parameters

when the temperature and pressure were set at their high levelsand morphology in amoxicillin micro and submicro particle generation by

supercritical antisolvent precipitatiod. Supercrit. Fluid200Q 17, 239—

Therefore, to obtain the smallest particle sizes with the 5,5

narrowest particle size distribution, an optimized selection of
factor levels is proposed. From the results of the calculations
of the main effects, the use of a low initial solution concentration
and low liquid and CQ flow rates is advised. The diameter
nozzle was found to be the factor that has the major influence
on the hydrodynamics of the SAS process; therefore, it is
convenient to use a smaller nozzle diameter to improve the
degree of mixing and thus to obtain a higher degree of
supersaturation. The optimized pressure and temperature ar
relatively high, with the object of staying in the region of
complete miscibility between organic solvent and Cnally,
operation with the long washing time is recommended.

(6) Chattopadhyay, P.; Gupta, R. B. Production of antibiotic nanopar-
ticles using supercritical CQas antisolvent with enhanced mass transfer.
Ind. Eng. Chem. Re2001, 40, 3530-3539.

(7) Moshashaee, S.; Bisrat, M.; Forbes, R. T.; Nyqvist, H.; York, P.
Supercritical fluid processing of proteins I: Lysozyme precipitation from
organic solutionJ. Pharm. Sci200Q 11, 239-245.

(8) Bristow, S.; Shekunov, T.; Shekunov, B. Y.; York, P. Analysis of
the supersaturation and precipitation process with supercritical CO
Supercrit. Fluids2001, 21, 257-271.

e (9) Rehman, M.; Shekunov, B. Y.; York, P.; Colthorpe, P. Solubility

and precipitation of nicotinic acid in supercritical carbon dioxiflePharm.
Sci 2001, 90, 1570-1582.

(10) Reverchon, E.; Della Porta, G.; Pallado, P. Supercritical antisolvent
precipitation of salbutamol microparticlé2owder TechnoR001, 114, 17—

Nevertheless, certain care must be taken when drawing deep?2-

conclusions from this study, because some trials were not
successful, with no powder being obtained. Thus, the calcula-
tions of the main effects on the particle size and particle size
distribution are less accurate from a statistical point of view.

The fractional factorial design used in this work is a helpful
tool for establishing the effects of all operating conditions
involved in the SAS process on the selected product charac-
teristics. Thus, for a particular system (AFdolvent-super-
critical CQy), we were able to identify the key factors of the
SAS process for the control of the characteristics of the final
product at an early stage of experimentation.
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Nomenclature

C = initial concentration of the solution, mg/mL

T = temperature of the precipitator vessel, K

P = pressure of the precipitator vessel, bar

QL = liquid flow rate, mL/min

Qco, = supercritical CQ flow rate, g/min

tw = washing time, min

@, = nozzle inner diameteym

li = main effects of each factor on the responses

y+ = response value for trials performed at the high level of
the factor

y- = response value for trials performed at the low level of the
factor

N+ = total number of trials at the high level of the factor

N- = total number of trials at the low level of the factor

N = number of elemental trials in the factorial design

0? = variance estimated for the elemental trials
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