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Abstract: A reproducible and selective supercritical fluid chromatography (SFC) method was developed for the analysis
of felodipine, a drug indicated for the treatment of hypertension. Methanol-modified carbon dioxide was employed as the
SFC mobile phase with both electron capture detection (ECD) and multi-wavelength detection (MWD) being used
simultaneously for analyte determination. Chromatographic limit of detection {LOD) and limit of quantitation (LOQ),
linear dynamic range (LDR) and injection precision were obtained in order to assess chromatographic and detector
performance for both the SFC/MWD and SFC/ECD/MWD systems. The method was shown to be stability indicating
since felodipine could be separated from its potential oxidative degradation product, H152/37, in under 6 min (felodipine
k' = 2.44). Sample throughput was increased by 60% with the SFC assay vs LC. The optimized SFC method was shown
to be equivalent to an existing LC/UV procedure for the analysis of a sustained-release tablet while realizing a 92%
saving in disposable solvent waste. In order to achieve further solvent savings overall, supercritical fluid extraction (SFE)
with 8% methanol-modified carbon dioxide as the extraction fluid was used to extract felodipine from a sustained-release
tablet (as opposed to traditional solvent extraction). Comparable drug recoveries were obtained with SFE sample
preparation technique when either SFC or LC extract analysis was utilized.

Keywords: Felodipine, felodipine oxidative degradation; packed column supercritical fluid chromatography; electron

capture detection; methanol-modified carbon dioxide mobile phase.

Introduction

Traditionally, the pharmaceutical industry has
employed reversed-phase liquid chromatog-
raphy (LC) with UV absorbance detection as
the analytical method of choice. In most cases,
due to the polar nature, high molecular weight
and/or thermal lability of the analyte, this
technique is required. However, in the case of
felodipine (Fig. 1), a calcium antagonist of the
dihydropyridine class for the treatment of
hypertension, the use of LC is warranted only
by the drug’s thermal lability above S0°C. In
spite of this characteristic, felodipine has been
previously determined by gas chromatography
(GC) with ecither electron capture [1-9],
thermionic [10], mass spectrometric [8, 11-13],
or flame ionization [14] detection. The com-
patibility of GC with these sensitive selective
detectors makes its use attractive for the
identification and quantitation of low level
biological felodipine metabolites even though
the moderate polarity and thermal instability

of felodipine caused peak tailing [7] and
oxidative degradation [7]. Some authors
minimized degradation by silylating the
injection liner [10] or by employing cold on-
column injection techniques [7]. For the more
polar carboxylic acid metabolites of felodipine,
reversed-phase LC analysis was necessary {15].
Overall, more matrix interference peaks were
observed in the analysis of plasma samples with
the LC/UV [15] separation vs the analagous
GC separation [1-14] thus further demon-
strating the advantage of selective detection
available for GC. However, for the analysis of
formulated felodipine products, GC is un-
acceptable since it has the potential to degrade
the drug.

For the analysis of formulated felodipine
product (tablets), reversed-phase LC/UV is
currently used since any co-extracted high
molecular weight and/or highly polar
excipients are compatible with the chromato-
graphic system. TJV detection is ideal for this
analysis since co-extracted excipients from the
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Figure 1

Chemical structure for feledipine and its pyridine derivative, H152/37.

tablet matrix do not contain chromophores.
However, LC itself is not attractive from the
standpoint of solvent disposal. In many cases,
the main source of disposable solvent waste
generated in the pharmaceutical laboratory
results from HPLC analysis. In general, the
disposal of reversed-phase LC (organic/water
mixtures) mobile phases is much more
expensive ($175/55 gal.) than disposing of
100% organic waste ($48/55 gal.) due to low
energy output upon combustion {Solid Waste
Management, Merck Research Laboratories,
West Point, PA, USA).

Therefore, for a compound such as felo-
dipine, the ideal chromatographic technique
would be: (1) thermally mild; (2) interfaceable
with LC-type detection (UV or MWD); (3)
compatible with selective GC detection; and
(4) generate less disposable solvent waste.
Supercritical fluid chromatography (SFC) with
carbon dioxide-based mobile phase meets
these requirements. SFC has been reported in
the literature recently for the analysis of many
pharmaceutical agents including retinol
palmitate/tocopherol [16], free bile acids {17],
benzodiazepines [18, 19], non-steroidal anti-
inflammatory agents [20], sulphonamides [21,
22], opium alkaloids [23] found in the following
matrices: animal tissue [24]; natural products
[23]; and formulated drug products [16, 17, 19,
20]. In these investigations, the previously

mentioned advantages of SFC analysis were
demonstrated. Enhanced chromatographic
efficiency of SFC due to the low viscosity and
high diffusivity of the mobile phase was also
illustrated (vs HPLC analysis). The analysis of
felodipine or other dihydropyridine calcium
antagonists by SFC has not been previously
reported to date in the literature.

The recent improvement in two major
components of commercial SFC instrumen-
tation has also made routine SFC analysis in
the pharmaceutical laboratory more feasible.
First, the use of variable restriction has sig-
nificantly improved system stability. In older
SFC equipment, a narrow bore and/or tapered
fused silica tube was used to maintain system
pressure. With such a fixed restrictor, any
changes in system pressure resulted in a change
in mobile phase flow rate (linear velocity) since
the restrictor i.d. was fixed. With variable
restriction, the restrictor responds to changes
in system pressure so that mobile phase flow
rate and, therefore, linear velocity remain
constant. Second, the availability of on-line
organic modifier addition to the SF mobile
phase allows reproducible analysis of moder-
ately polar analytes such as pharmaceutical
agents. In addition, method development is
more flexible since SF composition (modifier
percentage) and/or modifier identity can be
easily changed. Both system improvements
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have made SFC inherently more reproducible,
accurate and precise for the determination of
polar substances such as felodipine.

The results presented herein demonstrate
several practical aspects and advantages of
SFC vs LC analysis [25] for the determination
of a moderately polar drug, felodipine. In
order to illustrate these points, a rapid and
selective SFC method was developed for the
separation of felodipine from a potential tablet
degradation product and known metabolite [8,
26], H152/37 (Fig. 1). Simultaneous detection
employing both a gas phase GC detector
(ECD) and a typical LC detector (MWD) is
demonstrated. Under optimized chromato-
graphic conditions, detector performance was
assessed for both the SFC/MWD and SFC/
ECD/MWD systems. In addition, accuracy,
precision, analysis time and solvent usage
comparisons were made for SFC/MWD vs LC/
UV analysis of a sustained-release felodipine
tablet.

Experimental

Chemicals

All solvents (methanol, acetonitrile, and
water) (Fisher Scientific, Pittsburgh, PA,
USA) were of LC purity. Pure felodipine drug
and H152/37, felodipine oxidation product,
were provided by Merck Research Labora-
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tories, West Point, PA, USA (Fig. 1). Sus-
tained-release felodipine tablets were also

" provided by Merck Research Laboratories.

Carbazole (Aldrich) was used as the internal
standard for quantitation of felodipine in
tablets.

SFC instrumentation

A prototype of the Hewlett—Packard Model
G1205 SFC system (Hewlett—Packard, Little
Falls, DE, USA) (Fig. 2) was used for all SFC
separations. With this SFC system, a Peltier-
cooled reciprocating pump was operated in the
flow control model (+0.001 ml min ™' liquid)
to deliver SFC grade carbon dioxide (Scott
Specialty Gases, Plumsteadville, PA, USA) to
the system at a flow rate of 2 ml min~'. Mobile
phase flow rate was measured as a liquid at the
pump. When organic modifier was utilized, it
was added on-line via an auxiliary reciprocat-
ing pump. The inlet pressure immediately
downstream of the CO,/modifier mixing
chamber was monitored by an electronic
pressure gauge. A Rheodyne Model 7410 air-
actuated valve equipped with an autosampler
and a 5-ul loop was used to introduce sample
to a 25 cm X 4.6 mm i.d. Hypersil silica {(Si)
column (d, =5 pm) (Keystone Scientific,
Inc., Bellefonte, PA, USA) which was located
in a gas chromatographic-type oven. In order
to perform simultaneous ECD and MWD

MWD and ECD output
to computer

©

(d)

Figure 2

Hewlett—-Packard SFC/ECD/UV system. Companents are as follows: (A} autosampler; (B) oven, (C) 4.6 mm i.d.
columan; (D) splitting tee; {E) integral restrictor; (F) injection valve; (G) ECD; (H) MWD (I) CO, reciprocating pump;
(J) organic modifier reservoir; (K) check valve; (L) modifier reciprocating pump; (M) pulse dampener; (N) mass flow
sensor; (O) variable restrictor; (P) CO, reservoir; and (Q) P-10 ECD auxiliary gas.
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detection, a column eluent split was employed.
The larger portion of the column eluent split
was directed to a standard HP Model 1050
multi-wavelength detector (MWD} with a high
pressure flow cell (13-pl volume) via a 1m
picce of tubing (0.17 mm i.d.}. The remaining
column eluent was transported to an HP Model
19233 Ni electron capture detector via an
integral restrictor (Supelco, Inc., Bellefonte,
PA, USA). The detector temperature was held
at 100°C and 5% methane in argon (P-5 gas)
{Airco, Radford, VA, USA) at a flow rate of
400 ml min~! was employed as the auxiliary
gas in the ECD. Both detector signals were
monitored by an HP ChemStation. A
maximum of three MWD wavelengths and two
GC detector signals could be monitored
simultaneously by the ChemStation. Overall
system pressure was maintained by a low dead
volume, computer-controlled electronic back
pressure regulator located at the exit of the
MWD. This device allowed for pressure and
flow rate to be controlled independently. The
pressure given for all chromatograms was the
respective outlet pressure.

LC equipment

LC analysis [25] was performed with an HP
Model 1050 isocratic HPLC pump connected
to a Valco valve equipped with an external
20 ul injection loop. All injections were made
manually. A 25 em X 4,6 mmi.d. Hypersil Cyy
column (d, = 5 pm) (Keystone Scientific,
Bellefonte, PA, USA) and an acetonitrile—
methanol-50 mM potassium phosphate buffer
(adjusted to pH 3 with phosphoric acid)
(40:20:40, v/v/v) maobile phase at a flow rate of
1.5 ml min~' were used to achieve analyte
separation. Injection solvent wused for
chromatographic performance assessment was
mobile phase. Felodipine and H152/37 were
detected at 254 nm with a Kratos Model 757
variable wavelength dtector (Ramsey, NI,
USA). Detector output was collected with an
HP Model 3394A integrator. For tablet
analysis, all quantitation was based on peak
area ratios of felodipine standard/internal
standard (carbazole). Any future references to
the LC analysis of felodipine are based upon
the method described here {25].

SFE equipment

An HP Model 7680T SFE unit was used to
remove the drug from the crushed 5 mg
potency Ielodipine tablet. Its operation was as
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follows. SFC grade pre-mixed 8% (wiw)
methanol-modified CO, (Scott Specialty
Gases, Plumsteadville, PA, USA) entered the
extractor from any of three tank reservoirs.
From the tank, the fluid proceeded to a
cryogenically cooled (5°C) dual head recipro-
cating pump which was capable of pressures up
to 5100 psi, flow rates up to 4 ml min™! and
densities up to 0.9 g ml~'. When the extraction
program began, the fluid entered the
extraction vessel located in a thermally con-
trolled extraction chamber where it became
supercritical. From the extraction chamber,
the fluid passed through a variable restrictor
which maintained the desired pressure and
flow rate. After decompression (post-
restrictor), the gaseous CO, was vented to
waste while the extractables were deposited in
a cryogenically-cooled trap containing 100-pm
stainless steel beads. The restrictor and trap
were independently thermally controlled.
After the extraction, the analyte was recovered
from the trap by rinsing it with methanol. The
analyte, once dissolved in the rinse solvent,
was transferred to a 2-ml glass vial containing
the internal standard, carbazole. The collec-
tion vials were housed on a fraction collector.
Due to the low capacity of the trap (between 2
and 4 mg of trapped material), all extractions
were performed in a series of steps where the
trap is rinsed after every step, thereby minimiz-
ing sample loss. A combination static (10 min)
and dynamic (10 min) extraction for a total of
80 min (4 steps) at 45°C and 315 bar was used
for tablet extraction. Static extraction was
performed by pressurizing the extraction vessel
with a fixed amount of CO, for a given time
period while dynamic SFE employed a con-
tinuous stream of fresh SF flowing through the
sample. Two 1.4-ml aliquots of methanol were
used to rinse the trap after each extraction
step. Each aliquot of rinse solvent was
collected and assayed separately. Carbazole,
the internal standard, was added to each
collection vial prior to trap rinsing. All quan-
titations were performed on the basis of
internal standard ratios.

Results and Discussion

The goal of this work was to develop a rapid,
efficient SFC separation of felodipine and
H152/37 with similar precision and accuracy as
the currently used LC assay while reducing
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disposable solvent waste. For most LC
analyses, maximal accuracy and precision are
achieved under isocratic, isothermal chromato-
graphic conditions. Gradient elution is
employed only if a suitable isocratic method
cannot be developed. Analogously, for SFC,
isothermal, isobaric and isocratic conditions
were likewise chosen as goals for the felodipine
separation. Since felodipine and its possible
degradation product are moderately polar, the
use of high density SF is warranted in order to
maximize the mobile phase solvating power. In
order to achieve this density, high pressure
(300 bar) and low temperature (45°C) were
initially thought to be the most applicable. In
addition, the lower operating temperature was
selected to prolong packed column lifetime and
to minimize degradation of felodipine.

SFC optimization

Since analyte elution did not occur with pure
CO, (300 bar, 45°C), the use of modifier was
required for the analysis. The addition of small
amounts of organic solvent to the CO, gener-
ally has the effect of (1) increasing mobile
phase polarity and (2) covering active silanol
sites on the column. With the addition of 1%
methanol (v/v) CO,, the drug eluted but with a
retention time of 15 min and a poor peak
shape, therefore indicating that higher
modifier concentrations were necessary,

In order to further understand the effects of
modifier on the SFC analysis of felodipine,
peak parameters [capacity factor (k'), peak
width at half height (w,,), plates/column (N),
plate height (h) and peak tailing factor (t)]
were calculated (Table 1). LC peak parameters

Table 1
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were also calculated for the LC felodipine
analysis and are given for comparison in Table
1. All values are based on five replicate
felodipine injections. It is important to note
here that the linear velocity was constant for
each SFC experiment due to the electronically
controlled back pressure regulator. From
Table 1, it appears that the plate height was not
significantly influenced by varying the modifier
concentration from 4 to 8%. Conversely, the
SFC capacity factor was significantly decreased
as the modifier concentration was increased
from 4 to 8%. This result was expected since
the mobile phase polarity increased, thereby
decreasing felodipine retention on the column.
However, at similar k&’ values and column
lengths (4% methanol-modified CQ, SFC vs
LC), plate height (k) was found to decrease by
45% while the number of plates/column (N)
was found to increase by 37% for the analysis
of felodipine. Peak width at half weight (w..)
also decreased by 43% with the SFC analysis.
The decrease in plate height and peak width at
half height and the increase in N demonstrates
the gain in chromatographic efficiency
afforded by the high mass transfer properties
of the SF mobile phase as compared to the
liquid mobile phases employed with LC. Peak
shape (f;) was excellent (1.0) with all SFC
modifier concentrations of 4-8% v/v. It should
be noted here that the lack of temperature
control for the LC analysis can adversely affect
the retention time reproducibility. The use of
6% (v/v) methanol-modified CO, was chosen
for all further separations since it represented
the best compromise between analysis time
and column efficiency.

Effect of modifier concentration on SFC analysis of felodipine

Modifier concentration (volume %)

4% 6% 8% LC*
Retention time (min) 7.03 (2.2%) 4.34 (0.3%) 3.29 (0.2%) 9.23 (0.5%)
fp (min) 1.35 1.26 1.28 1.52
k' 4.21 2.44 1.57 5.07
w,, (min) 0.14 0.089 0.071 0.25
N 13535 13115 11722 8519
h (mm per plate) 0.016 0.017 0.019 0.029
[ 1.0 1.0 1.0 1.2
Peak area RSD 1.3% 1.1% 1.8% 1.2%

SFC analysis conditions were as follows: 25 cm x 4.6 mm i.d. Hypersil Si column; temperature, 45°C; pressure, 300

bar; flow rate, 2 ml min™'

; injection volume, 5 pl. Felodipine concentration was 1 mg ml™".

T All peak parameters were calculated based upon five replicate injections of a felodipine standard. Where applicable,

RSD values are given in parentheses.
* Conditions as described in the Experimental section.
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Effect of pressure on SFC analysis of felodipine

SFC analysis pressure (bar)

80* 180 230 280
Retention time (min) 9.41 4,84 4.25 3.95
ty {min) 1.28 1.30 1.29 1.33
' 6.35 2,72 2.29 1.97
w,, {min) 0.43 0.15 0.12 0.11
2670 5767 6949 7001
I 1.03 0.92 0.87 0.95
A (mm per plate) 0.082 0.038 0.032 0.031

SFC conditions were as follows: Mobile phase, 6% (v/v) methanol-modified CO,;

temperature, 45°C; 25 em X 4.6 mm i.d. Hypersil Si column; flow rate, 2 ml min~

I injection

volume, 5 pl. Felodipine concentration was 1 mg ml™".

*Peak splitting occurred.

The effect of pressure on the chromato-
graphic peak parameters of felodipine was also
examined (Table 2). It is important to note
again that the linear velocity remained con-
stant for each experiment as is evidenced by
the constant t, value. Generally, both plate
height () and capacity factor (k") decreased
with increasing pressure. Since density as well
as mobile phase solvating power are propor-
tional to pressure, lower felodipine retention
time was expected with an increase in pressure.
A minimum in /2 occurred between 250 and 280
bar. A pressure of 28¢ bar was chosen as the
optimal operating pressure.

SFCIMDW detector performance

The implementation of UV (or MWD)
detection in packed column SFC (4.6 mm i.d.)
is identical to that in analytical scale LC.
Chromophoric species are detected in the SF
mobile phase prior to SF decompression (pre-
restrictor). For the traditional HPLC methad,
felodipine was monitored at a different wave-
length (362 nm) than that of H152/37 (254 nm)
due to sensitivity differences. Using the con-
ditions given in Fig. 3, MWD detector per-
formance was assessed for the analysis of pure
felodipine at both 254 and 362 nm in order to
determine if dual wavelength analysis was
necessary. The linear dynamic range for the
SFC/MWD system was determined to be two
orders of magnitude (18-5000 ppm) at both
254 (r = (,9998) and 362 nm (r = 0.99997).
Injection reproducibility based upon peak
areas for SFC/MWD was found to be 1-3%
RSD for replicate injections (r = 5) of indi-
vidual samples at varying felodipine concen-
trations. The day-to-day injection precision

was estimated to be 2.2% measured over 3
days.

Chromatographic limit of detection (LOD)
and limit of quantitation (LOQ) were calcu-
lated using the propagation of error method
[27]. All pertinent calibration curve data are
listed in Table 3. The terms in Table 3 (and 4)
are defined as follows: m, calibration curve
slope; i, intercept; r, correlation coefficient;
Sm, standard deviation of slope; s;, standard
deviation of intercept; sy, point error. Curves
were constructed for SFC/MWD analysis alone
as well as for the SFC/MWD/ECD system. At
254 nm for the SFC/MWD system, the LOD
was found to be 12 ppm and the LOQ was
determined to be 42 ppm. For the LOD and
LOQ, respectively, this represents the intro-
duction of 62 ng felodipine in the former and
208 ng felodipine in the latter onto the column
via a 5-pl injection volume. At 362 nm, the
LOD was calculated to be 5 ppm and the LOQ
18 ppm. For these LOD and LOQ values,
25 ng and 91 ng felodipine, respectively, were
introduced to the colurmnn. For LC analysis with
the previously described LC system (assuming
the same UV detector geometry and felodipine
molar absorptivity), the concentration LOD
would be 3 ppm at 254 nm and 1 ppm at
362 nm as a result of the larger injection
volume (20 pl).

From the comparison of the LOT) and LOQ
values for LC vs SFC, it appears that the small
injection volume (1-5 pl) used in SFC is a
disadvantage when compared to that typically
used for LC (i.e. 5-250 wl). The difference in
polarity between the injection solvent and the
carbon dioxide-based mobile phases is the
reason that smaller injection volumes are
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Figure 3

(A) SFC/UV and (B) LC/UV felodipine separation. SFC
conditions: mobile phase, 6% (v/v) methanol-modified
CO,; pressure, 280 bar; temperature, 45°C; column, 25 ¢m
x 4.6 mm i.d. Hypersil Si; flow rate (liquid), 2 ml min™!;
injection volume, 5 pl; injection solvent, methanol. LC/
UV conditions: mobile phase, acetonitrile—methanol-
0.05 M potassium phosphate buffer (adjusted. to pH 3 with
phosphoric acid) (40:20:40, v/v/v); injection volume,
20 pl; injection solvent, mobile phase; solution concen-
tration, 0.1 mg ml™'; temperature, ambient; column,
25 cm % 4.6 mm i.d. Hypersil Cq; flow rate, 1.5 ml min™?;
UV detection, 254 nm. Peak identity is as follows: (1)
H152/37 and (2} felodipine.

typically employed in SFC. This conclusion
may not be valid when the injection solutions
required for each technique are examined,
however. First, it is important to note that the
best solution medium for felodipine would be
an organic one (i.c. methanol), due to the
drug’s hydrophobic nature. For reversed-phase
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LC analysis, however, the injection of 100%
organic solvent solutions is not recommended
when aqueous/organic mobile phases are
employed since peak splitting can occur.
Therefore, organic sample solutions are
usually diluted with water in order to match the
solvent strength of the reversed phase LC
mobile phase. On the other hand, SFC
requires the injection of organic solvent sol-
utions only. Therefore, no dilution would be
necessary and higher drug solution concen-
trations are possible. Conversely, the need for
organic solvent solutions can be a limitation
with liquid tablet extraction since tablet dis-
integration can be problematic in a non-
aqueous medium.

A typical packed column SFC/MWD sep-
aration of felodipine’s oxidative degradate,
H152/37 (Peak 1) and felodipine (Peak 2) is
shown in Fig. 3(a). The degradation product
(Peak 1} was penerated in situ by heating a
solution of felodipine at 80°C overnight. Its
identity was confirmed to be H152/37 by
injecting a solution of H152/37 prepared from
reference material. A resolution (R,) factor of
2.6 was obtained for the SFC separation vs 2.5
for the optimized HPLC analysis (Fig. 3 b). In
general, the resolution of these two com-
ponents with SFC was less sensitive to sep-
aration conditions than that seen in reversed-
phase LC separation. In reversed-phase LC,
the separation of these components was found
to be highly dependent on the mobile phase
composition and the age of the column. No
such dependence was found in the case of SFC.

It is interesting to note that the elution order
of the degradate and felodipine from the
Hypersil Si column under SFC conditions (Fig.
3a) is identical to that seen when a C;5 column
was used under reversed-phase LC conditions
(Fig. 3b). According to chromatographic
theory, normal phase stationary phases should
produce separations with opposite elution
order vs their reversed-phase counterpart. It
appears almost as if the retention of these two
compounds is not influenced by stationary
phase polarity when, in actuality, the mech-
anisms of retention may be influenced by
different aspects of cach molecule. For
example, the more hydrophilic compound
(H152/37) elutes first in reversed-phase LC
since it partitions more favourably into the
mobile phase vs felodipine. For SFC, the
explanation of retention behaviour is based on
differences in CO; solubility between felo-
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Table 3
SFC/MWD calibration curve results
SFC/MWD SFC/MWD
SFC/MWD only split level At split level B3|

362 nm 254 nm 362 nm 254 nm 362 nm 254 nm
m* 0.39 0.47 0.48 0.57 0.56 0.67
i* 5.28 11.97 1.78 33.63 2.48 3.33
r 0.9997 0.9998 0.997 0.996 0.996 0.996
Sm 0.0013 0.0034 0.023 0.027 0.022 0.026
5 3.58 9.70 1.78 212 8.97 10.54
Sy 5.51 14.95 29.02 34.54 8.74 10.27
LOD (ppm) 5 12 14 14 40 56
LCQ (ppm) 18 42 47 47 133 187

SFC analysis conditions were as follows: mobile phase, 6% (v/v) methanol-modified CO,; 25 cm X 4.6 mm i.d.
Hypersil Si column; temperature, 45°C; pressure, 300 bar; flow rate, 2 ml min™’; injection volume, 5 pl. Felodipine

concentration was 1 mg mi™ .

* Calibration curves constructed by plotting peak area vs pg felodipine injected.
+8plit A = 99.6% of post-column effluent directed to the MWD,

+1 wl injection used.
||Split B = 99.3% of post-column effluent to the MWD.

Table 4

SFC/ECD statistical [26] calibration curve* analysis
SFC/ECD SFC/ECD
split level At split level Bf

m* 28.6 12.9

i* 209.2 731.8

r 0.99%2 0.996

Sm 583.6 537.9

5 327.7 1635.7

Syix 442.9 1652.1

LOD (pe) 34.4 381

LOQ (pg) 113 1271

SFC analysis conditions were as follows: mobile phase,
6% (v/v) methanol-modified CO,; 25cm x 4.6 mm i.d.
Hypersil Si column; temperature, 45°C; pressure, 300 bar,
flow rate, 2 ml min~'; injection volume, $ pl. Felodipine
concentration was 1 mg mi™",

* Calibration curves constructed by piotting peak area vs
pe felodipine injected.

+Split A = 0.4% of post-column effiuent directed to the
ECD.

+Split B = 0.7% of post-column effluent to the ECD.

dipine and H152137. It has been shown [28]
that molecules that are planar have less solu-
bility in CO, than do those that are non-planar,
In the case of the felodipine separation, this
would mean that H152/37 would elute sooner
than felodipine since the pyridine ring in the
former is more planar than the pyrrole ring in
the latter.

Simultaneous SFCIMWD/ECD

With growing concerns over degradate
identification and quantitation, the use of
clement selective detectors such as the ECD
could be helpful in achieving accurate identifi-

cation of degradates in formulated drug
products as well as metabolites in biological
matrices. Unfortunately, due to the flow con-
straints of the ECD and the presence of
methanol in the SF mobile phase, the entire
packed column SFC eluent could not be
introduced to the ECD. As stated previously,
simultaneous MWD and electron capture
detection (ECD) was accomplished by splitting
the flow post-column to each detector (Fig. 2).
Split ratios were determined by measuring the
resultant gas flows exiting each detector. An
ECD temperature of 100°C was used as pér
manufacturer’s specifications. Higher tempera-
tures (375°C) were investigated in order to
attain maximal sensitivity [29] but were found
to cause severe band broadening and increased
analyte retention time.

Under the conditions given in Fig. 3, the
LOD of the SFC/ECD system was found to be
34.4 pg felodipine by the propagation of error
method [28] (Table 4). The linear dynamic
range (LDR) of the ECD under those con-
ditions was found to be approximately one
order of magnitude (r = 0.9992). Since the
response of the ECD is governed by an
exponential function [30], a small LDR is
expected. Injection precision (n = 5) based on
peak area was found to be 2.0%.

The influence of split ratio on ECD response
was found to be significant in ECD per-
formance (Table 4). As the split ratio was
increased from 0.4% of the chromatographic
effluent (4.5 ml min™! gas to the ECD) to
0.7% (9.25 ml min~! gas), the ECD was found
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to be an order of magnitude less sensitive with
the higher split flow ratio. The increase in split
flow ratio was accomplished by using a faster
flow rate integral restrictor. Three possible
causes are proposed for this drastic decrease in
ECD sensitivity. First, the amount of methanol
entering the ECD under these conditions was
doubled with the increase in split ratio. Since
methanol is an electron capturing species, its
increased flux to the detector could signifi-
cantly increase the background signal thereby
decreasing overall ECD sensitivity. The same
is true for CO, since it has also been shown to
be an electron scavenging species [29].
Secondly, the amount of P-5 gas (auxiliary
ECD gas for generating thermal electrons) was
not increased when the split ratio was in-
creased. The increased amount of CO, and
methanol introduced into the detector under
the higher split flow ratio is likely to reduce
sensitivity, under a constant auxiliary gas flow
rate, since the number of thermal electrons
avaiiable to felodipine will be reduced. Third,
since the ECD was being operated at a
relatively low temperature (compared to GC/
ECD operation and previous SFC/ECD work
[29]), the sensitivity may be more influenced
by the pgreater Joule—Thompson cooling
experienced as higher SF mobile phase flows
decompress into the detector. Further research
is currently being conducted in order to fully
optimize ECD sensitivity under methanol-
modified mobile phase conditions.

The post-column split served to decrease the
lincarity of the MWD response as evidenced by
the lower correlation coefficient (r = 0.996)
and the increase in s, (Table 3). MWD
sensitivity was also found to decrease signifi-
cantly with the larger split ratio. These results
may suggest that discrimination is occurring as
a result of the split flow or that the split causes
more detector noise for both detectors.

SFC/ECD/MWD traces of the drug (Peak 2)
and its oxidative degradation product (Peak 1)
are given in Fig. 4. The peak obtained rep-
resented the introduction of 4 ng of felodipine
into the ECD based on the split ratio. A slight
difference in MWD and ECD retention time
was observed due to the amount of dead
volume introduced by the post-column split.

SFC vs LC: analysis of a sustained-release
felodipine tablet

In order to directly compare packed columm
SFC and analytical scale LC, 5 mg potency
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Figure 4

SFC/ECD/UV felodipine separation. SFC conditions given
in Fig. 3. ECD conditions are as follows: 0.4% split to
ECD; 100°C detector temperature; 400 ml min~! P-10 gas
flow rate. Peak identification is as follows: (1) H152/37 and
(2) felodipine. Chromatograms labelled (A) represent the
analysis of an H152/37 solution prepared from reference
material. Chromatograms labelled (B) represent the
analysis of a felodipine solution (methanol) stressed at
80°C overnight.

sustained-release felodipine tablets were
analysed by SFC/MWD and LC/UV using the
methods described previously. Instead of using
a traditional liquid solvent extraction for
sample preparation, supercritical fluid
extraction (SFE) was used to remove the drug
from the crushed 5 mg potency tablet. The full
optimization of this SFE method is discussed
clsewhere [31]. Alternatively, the tablet could
have been disintegrated in methanol (in order
to satisfy SFC injection solvent requirements).
SFE sample preparation was chosen in order to
further reduce solvent usage and disposal costs
since it, like SFC, uses carbon dioxide-based
fluid. In addition, the extracts produced are
compatible with SFC and HPLC. The tablets
(N = 2) were extracted using the conditions



1012

given in the experimental section. Each rinse
vial was assayed separately by both SFC/MWD
and LC/UV. For SFC analysis, a 5 pl injection
was employed while 20 ul were used for LC
analysis. Since 20 wl is a relatively small
injection volume for LC, the methanol extracts
were injected as is without being diluted with
water. Peak shape was found to be satisfactory
under these conditions.

SFC/MWD chromatograms of several tablet
extracts are given in Fig. 5. Each chromato-
gram represents the amount of felodipine
extracted per given extraction step. No
excipient interference was observed with either
assay. No peak corresponding to H152/37 was
also detected. Recoveries of felodipine from
two crushed sustained-release tablets were 96
and 97% claim (4.80 and 4.85 mg per tablet,
respectively).

Figure 6 graphicaily compares LC vs SFC
quantitation on a vial-for-vial basis for the
analysis of the SFE extract of the former
tablet. As described previously, there were two
methanol rinses (collected separately) for each

Extraction step 1, vial 1

——

Extraction step 2, vial 3 J
S N

Extraction step 3, vial 5 \

Extraction step 4, vial 7 L

N Y

bR LN L T L Ll 1

05 10 15 20 25 30 35 40 45
Time (min.}

Figure §

SFC/UV felodipine tablet analysis. SFC conditions are as
in Fig. 3. Conditions for SPE sample preparation given in
the text. Each chromatogram represents the analysis of the
indicated SFE trap rinse vial. Peak identification is as
follows: (I) internal standard (carbazole) and (F)
felodipine.
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Figure 6

Comparison of SFC/UV vs LC/UYV tablet analysis. SFC
conditions are as in Fig. 3, LC conditions are given in the
Experimental section. SFE used to prepare tablet prior to
chromatographic analysis.

of the four extraction steps, making a total of
eight extract solution wvials. Felodipine
recoveries of 96.0% claim (SFC extract
analysis) and 96.6% claim (L.C analysis) were
obtained. As can be seen from the plot, good
agreement was obtained regardless of the
amount of felodipine present in the individual
fractions. All differences in % claim were
within experimental error.

The equivalency in analysis became particu-
larly striking when the solvent usage and
sample throughput for SFC vs LC was com-
pared (Table 5). When the SFC/MWD system
was used for analysis, sample throughput was
increased by 60% over an analogous LC
separation. Although more total mobile phase
was used for SFC, only 6% of the SFC maobile
phase is actually disposable solvent waste. The
remaining 94% is carbon dioxide gas which was
vented to a hood.

The disposal cost of 100% organic solvent
{non-chlorinated) vs water/organic solvent
mixtures also illustrates another advantage of
the SFC assay. The most common procedure
for solvent waste disposal is combustion in
large scale manufacturing furnaces. Such
furnaces typically combust 45,000 gallons of
solvent waste per hour. Since water/organic
mixtures, generated from LC analysis, produce
less heat (<3000 B.t.u. Ib~!) upon combustion,
the resulting cost of disposal to the waste
source is higher, Conversely, 100% organic
solvent disposal (generated by SFC) has a
higher fuel value (9500 B.t.u. 1b™') and,
therefore, its cost of disposal is less.
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Table 5
Solvent usage comparison: packed column SFC vs LC
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Packed ¢olumn SFCI'UV

Analytical scale LC/UY

Mobile phase

Samples analysed h™' 10 (6 min, run time)

6% (v/v) methanol-modified CO,

Acetonitrile-methanol-50 mM phosphate buffer
(pH 3) (40:20:40, viviv)
4 (15 min run time)

ml Mobile phase used h™' 120 90
ml Disposable waste h™! 7.2 90
Mabile phase disposal $48+ $175+

cost per 55 gal.*

* See text for disposal description.

+ Disposal cost obtained from Solid Waste Management, Merck Research Laboratories, West Point, PA, USA.

Conclusions

Packed column SFC was shown to be a
viable chromatographic technique for the
analysis of pure felodipine drug as well as
felodipine in sustained-release tablets. The
SFC method was shown to be reproducible and
selective for the separation of felodipine from
its oxidative degradation product, H152/37, by
the use of 6% (v/v) methanol-modified CO; at
280 bar and 45°C. The resolution of the
degradate from the parent compound was
found to be less influenced by separation
conditions than that obtained in HPLC. With
the equipment used, simultaneous SFC/ECD/
MWD of felodipine was demonstrated. The
combination of SFC with gas phase detectors
represents a unique means of: (1) identifying
metabolite or degradation products of therm-
ally labile analytes; (2) minimizing the pro-
duction of aqueous/organic disposable waste;
and (3) decreasing overall organic solvent
usage. Since ECD with methanol-modified
CO5 mobile phase has not been used extens-
tvely, further optimization is required for it to
reach its full potential. The LOD and LOQ for
felodipine under SFC conditions were found to
be slightly higher than that for LC as a result of
the smaller injection volumes employed.

SFE was shown to be a viable alternative to
solvent extraction sample preparation, Its use
will be advantageous in cutting solvent usage
for sample preparation. However, further
optimization of extraction conditions are
necessary in order to improve felodipine
recoveries. The use of SFC/MWD for tablet
analysis (vs HPLC/UV) was shown to be more
cost effective from both the organic solvent
usage and disposal standpoints. Even the use
of 2mm columns in HPLC/UV analysis
(assuming ~50% waste reduction vs 4.6 mm

i.d. columns) do not provide the solvent
savings seen for SFC/UV analysis. In addition,
sample throughput was increased by 60% with
the SFC/MWD assay.
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