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bstract

The present study reports the optimization and validation of a dissolution test for selegiline·HCl tablets using a new high-performance liquid
hromatographic (HPLC) method. Rapid separation of the analyte from sample matrix was achieved in less than 60 s using a Cromolith® RP-18e

onolithic column using UV detection at 220 nm. Thorough validation of the assay based on pre-defined criteria included linearity, LOD/LOQ,

ccuracy, precision, selectivity and ruggedness. The dissolution test was optimized in terms of dissolution medium, basket (type I)/paddle (type
I) agitation and rotation speed. Its ruggedness was also validated. The presented analytical and dissolution procedures are currently being applied
n the quality and stability control of Cosmopril® tablets (5 mg/tablet selegiline·HCl, Cosmopharm Ltd., Korinthos, Greece).
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. Introduction

Selegiline hydrochloride, also commonly referred to in the
linical and pharmacological literature as l-deprenyl, is an
cetylenic derivative of phenethylamine. It acts as an irreversible
nhibitor of monoamine oxidase (MAO), an intracellular enzyme
ssociated with the outer membrane of mitochondria. This is
onsidered to be of primary importance in the treatment of
arkinson’s disease, although the mechanisms accounting for
elegiline’s beneficial adjunctive action are not fully understood
1]. Studies have shown that selegiline can also slow the pro-
ression of Alzheimer’s disease [2] and that it might be a useful
olution to smoking addiction, since it reduces the intensity
f nicotine cravings [3]. Since selegiline was the first MAO
nhibitor to be approved for the treatment of Parkinson’s disease,

oncerns were raised about the safety of the drug. These concerns
ere especially based on previously reported side-effects of non-

elective MAO inhibitors. The contacted studies proved that

∗ Corresponding author. Fax: +30 2310 997719.
E-mail address: ptzanava@chem.auth.gr (P.D. Tzanavaras).
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elegiline is well-tolerated when given alone, although minor
ymptoms such as nausea, headaches and dizziness have been
eported during monotherapy. More severe effects – including
ortality – have been reported when selegiline and levodopa

r pethidine were administered together. Thus, the concomitant
se of these drugs is not recommended [4].

Drug absorption after oral administration of a solid dosage
orm depends on the release of the active ingredient from the
ormulation, its dissolution under physiological conditions, and
he permeability across the gastrointestinal tract. Because of the
ritical nature of the first two of these steps, in vitro dissolution
ay be relevant to the prediction of in vivo performance [5–7].

t is therefore widely accepted that dissolution testing is a very
mportant tool in the pharmaceutical industry for providing valu-
ble information to both formulation teams that design new prod-
cts and quality control scientists for ensuring lot-to-lot quality
nd consistency within pre-defined specification criteria [8,9].

A key determinant of the reliability of results of dissolution

ests is the validity of the analytical assay used to determine
he active pharmaceutical ingredient in test samples. The ideal

ethod intended for this purpose should be adequately sen-
itive, selective against pharmaceutical excipients, robust and

mailto:ptzanava@chem.auth.gr
dx.doi.org/10.1016/j.jpba.2007.11.039
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apid in order to allow the analysis of the large number of sam-
les generated from dissolution experiments. A very attractive
pproach that fulfils the above-mentioned demands is HPLC
sing columns with monolithic stationary phases. Such columns,
hich have become commercially available recently [10,11],

llow efficient separations at higher flow rates and lower back-
ressures than conventional particulate-based columns. Such
ystems have already proven to have useful features for a number
f applications in the pharmaceutical industry [12–14].

Several analytical techniques have been applied to the anal-
sis of selegiline·HCl in various matrices. HPLC methods with
V detection for pharmaceutical applications [15,16] employ

onventional particulate-based columns such as Spherisorb
150 mm × 4.6 mm i.d., 3 �m) at a flow rate of 1.0 ml min−1 [16]
r LiChrocart (250 mm × 4 mm i.d., 5 �m) at 0.2–0.8 ml min−1

esulting in analyte retention times in the range of 20–80 min
epending on the flow rate [15]. LC–MS bioanalytical assays
f matrices such as human hair [17] and human plasma [18]
ffer highly sensitive procedures with detection limits being in
he sub-ppb area. However, such sophisticated instrumentation
s not attractive to routine pharmaceutical analysis, while the
ange of the calibration curves is narrow for most quality con-
rol applications, ranging up to 40 ng ml−1 [17] and 20 ng ml−1

18]. Capillary electrophoresis (CE) has proven a valuable tool
or chiral separations of racemic mixtures of selegiline using
yclodextrin modifiers [19,20]. No quantitative analytical and
alidation data are included, while the analysis time exceeds
0 min in both cases [19,20]. An indirect enzymatic assay
ith fluorescence detection offers a very low detection limit of
.25 ng ml−1, but requires several time-consuming steps, includ-
ng a 15 min long incubation period per sample [21]. Finally, a
C–MS approach reported by Patrick et al. is highly sensitive
ut with limited linearity (0–6 ng ml−1), while synthesis of a
euterated internal standard is required [22].

To the best of our knowledge this is the first reported applica-
ion of a monolithic stationary phase for the HPLC determination
f selegiline·HCl. The present work has two main objectives.
he first is to report a reliable and validated HPLC assay for the
igh-throughput determination of selegiline·HCl intended for
harmaceutical applications. The second objective is to apply
he assay to the optimization and validation of a dissolution
est for selegiline·HCl containing tablets intended for use in
heir routine quality and stability control in the pharmaceutical
ndustry.

. Experimental

.1. Reagents and materials

All reagents were of analytical grade and were provided by
erck (Darmstadt, Germany), unless otherwise stated.
Water and acetonitrile (ACN) used in this work were

f HPLC grade. The mobile phase consisted of 50:50 (v/v)

CN/phosphate buffer (3.7 mM KH2PO4 and 4.4 mM
2HPO4·3H2O, pH 7.0). The mobile phase was filtered under
acuum through 0.45 �m nylon membrane filters (Whatman)
nd degassed ultrasonically for 30 min prior to use.

a
m
a
a
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Selegiline·HCl reference standard (lot no. 0208H194-14,
ssay: 98.9%) was provided by Siegfried (Switzerland). The
tandard stock solution of selegiline·HCl (γ = 1000 mg l−1) was
repared by dissolution of the appropriate amount of the analyte
ca. 50 mg accurately weighed) in 50 ml of a 1:1 water/ACN mix-
ure. This solution was kept refrigerated and protected from light.

orking solutions were prepared by diluting the stock solution
s appropriate in either doubly de-ionized water or phosphate
uffer depending on the dissolution medium used.

Pharmaceutical grade excipients for preparing the placebo
ixture and tablets used in accuracy and selectivity studies

lactose monohydrate, maize starch, polyvidone, talc and mag-
esium stearate) were obtained from domestic suppliers.

All dissolution media used in this study (water, phosphate
uffer and HCl solution) were degassed under vacuum prior to
se and stored at 35 ◦C to minimize re-aeration.

Selegiline·HCl tablets manufactured by Cosmopharm Ltd.
Cosmopril®, 5 mg/tablet, lot 012) were used in all cases for
alidation purposes. The nominal composition of each tablet is
mg selegiline·HCl, 84 mg lactose monohydrate, 46 mg maize

tarch, 9 mg polyvidone, 3 mg talc and 3 mg magnesium stearate.

.2. Instrumentation

The HPLC equipment used was an HP 1100 system (Agilent
echnologies, USA), comprising a quaternary pump (G1311A),
vacuum degasser (G1322A), a column thermostat (G1316A),

n autosampler (G1313A) and a DAD spectrophotometric detec-
or (G1315A). Chromatographic parameters such as peak areas,
etention times, theoretical plates, etc. were calculated using the
hem Station® software.

A Chromolith® RP-18e monolithic column
100 mm × 4.6 mm i.d., Merck) was used throughout this
tudy, while the mobile phase was filtered using a Schleicher
nd Schuell (Germany) vacuum filtration system.

Dissolution experiments were carried out using a Distek Pre-
iere 5100 system equipped with a programmable auto-sampler.

.3. HPLC analytical procedure

Twenty microliters of each sample and standard to be
nalyzed were injected into the monolithic column via the
utosampler of the HPLC system. The flow rate was set at
ml min−1, the column temperature at 25 ◦C, and detection
t 220 nm. Under these conditions each separation cycle was
ompleted in 60 s. Peak areas was used for signal evaluation,
hile each standard was injected in triplicate and each sample

n dublicate.

.4. Dissolution experiments

For each dissolution experiment, 12 selegiline·HCl-
ontaining tablets were weighed and placed in the dissolution

pparatus in batches of six. The temperature of the dissolution
edium (volume 500 ml in all cases) was set at 37.0 ± 0.5 ◦C,

nd the rotation speed of the baskets or paddles was pre-set
ccording to the experimental matrix. Sample aliquots (ca. 7 ml)
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range of 10–120% of the target concentration. Aqueous cali-
bration curves were used in all cases for recoveries calculation.
Both within and day-to-day accuracy were evaluated by per-
forming the analyses on two consecutive days. The experimental

Table 1
Accuracy of the HPLC assay

Synthetic samplea Selegiline·HCl
added (mg l−1)

Recovery (±S.D.)
(%)b

Day I
S1 1.0 99.2 (±0.7)
S2 2.5 99.4 (±0.6)
S3 5.0 99.4 (±0.7)
S4 7.5 101.0 (±0.5)
S5 10.0 100.8 (±0.8)
S6 12.0 99.0 (±0.7)

Day II
S7 5.0 99.6 (±0.4)
S8 10.0 100.5 (±0.9)
S9 15.0 100.9 (±1.1)
72 P.D. Tzanavaras et al. / Journal of Pharmaceu

ere withdrawn automatically by the autosampler and filtered
n-line through 45 �m PTFE disc-filters. No additional pretreat-

ent was required prior to HPLC analysis. Dissolution profiles
ere constructed at 5, 10, 20, 30 and 60 min in all cases.

. Results and discussion

.1. Validation of the HPLC assay

The parameters to be validated for the HPLC assay were
ccording to the ICH guidelines [23] and were based on the
ollowing acceptance criteria:

. Linearity (5–150% and n = 8): percent residuals should be
within the range ±3.0%.

. Within-day precision: the R.S.D. derived from repetitive
injections of synthetic samples (100% level and n = 8) at
the beginning, middle and end of a working day should not
exceed 2.0%.

. Day-to-day precision: the R.S.D. of the slopes of aqueous
calibration curves (5–150% and n = 8) obtained within eight
consecutive days should not exceed 5.0%.

. Accuracy: the recoveries from the analysis of synthetic sam-
ples (10, 25, 50, 75, 100 and 120% level) should be within
the range 97.5–102.5% in all cases.

. Selectivity: injection of placebo mixture should reveal no
interfering peaks.

. Ruggedness: deliberate variations of HPLC parameters
(ACN fraction, flow rate and pH of mobile phase, column
temperature and injection volume) within the range ±3.0%
should cause relative errors of less than ±5.0% in analyses
of synthetic samples at the 100% level.

.1.1. Linearity, LOD and LOQ
The nominal concentration of selegiline·HCl after the dis-

olution experiments – assuming quantitative dissolution – is
a. 10 mg l−1 (5 mg selegiline·HCl per tablet in 500 ml of
issolution medium). In order to bracket effectively the above-
entioned concentration, linearity was validated in the range of

.5–15.0 mg l−1, corresponding to 5–150% of the target value,
sing eight calibration points (n = 8). A linear regression equa-
ion was obtained with a regression coefficient, r, of 0.9999:

= 9.56 (±0.07) × γ(selegiline · HCl) − 0.54 (±0.70)

he validity of the regression line was examined using the resid-
als test. In all cases, the percent residuals were in the range from
2.1 to +1.3%, meeting the ±3% acceptance criterion.
The detection (LOD) and quantitation (LOQ) limits of the

ssay were determined based on the S/N criteria and were
ound to be 0.030 mg l−1 (S/N = 3) and 0.100 mg l−1 (S/N = 10),

espectively. The estimated LOQ value corresponds to 1% of
he target concentration verifying the suitability of the devel-
ped assay for dissolution studies of the selected formulation.
recision experiments at the LOQ level using synthetic samples
ielded an acceptable R.S.D. of 2.3% (n = 12).
and Biomedical Analysis 46 (2008) 670–675

.1.2. Precision (repeatability and reproducibility)
The repeatability (within-day precision) of the pro-

osed HPLC assay was validated by consecutively injecting
nd analyzing eight synthetic samples containing 10 mg l−1

elegiline·HCl (100% level) at the beginning, middle and end of a
orking day. In order to prepare the synthetic samples, a placebo
ixture (all excipients excluding the active ingredient) was pre-

ared according to the manufacturing protocol of the tablets,
s mentioned in Section 2.1. Accurately weighed amounts of
he placebo were dispersed via ultrasonication in standard solu-
ions of the analyte at the concentration levels mentioned above.
he placebo concentration was fixed at 0.6 mg ml−1 (at least
-fold higher than the theoretically expected in real dissolution
amples). The synthetic samples were ultrasonicated for 15 min,
ltered through 0.45 �m disposable syringe filters (Whatman)
nd injected in the HPLC system via the autosampler. The cal-
ulated mean relative standard deviation (R.S.D.) was 0.75%
n = 8 × 3).

Reproducibility (day-to-day precision) was validated by con-
tructing eight calibration curves – within a period of eight
onsecutive days – for the concentration ranges mentioned in
he previous section (5–150% selegiline·HCl, eight calibration
urves × eight concentration levels). The experimental results
onfirmed the reproducibility of the HPLC assay since the rel-
tive standard deviation of the slopes over the test period was
.11% (n = 8).

.1.3. Accuracy studies
The accuracy of the developed HPLC method was validated

y analyzing synthetic samples – prepared as described in the
revious section – at six selegiline·HCl concentration levels,
amely 1.0, 2.5, 5.0, 7.5, 10.0 and 12.0 mg l−1, covering the
S10 400.0 101.6 (±0.8)
S11 500.0 101.1 (±0.4)
S12 600.0 99.0 (±0.5)

a Containing 0.6 mg ml−1 placebo mixture.
b Mean of three analyses.
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Table 2
Ruggedness study of the HPLC assay

Chromatographic parameters Percent recoveryb,c (±S.D.)

Optimal conditionsa 99.3 (±0.5)

Variation of the mobile phase flow rate
Q = 3.09 ml min−1 97.9 (±0.6)
Q = 2.91 ml min−1 102.8 (±0.8)

Variation of the ACN:water ratio
51.5:48.5 (v/v) 98.1 (±0.5)
48.5:51.5 (v/v) 101.2 (±0.7)

Variation of the mobile phase pH
pH 6.8 99.6 (±0.6)
pH 7.2 99.0 (±0.4)

Variation of column temperature
T = 24 ◦C 98.8 (±0.9)
T = 26 ◦C 99.2 (±0.7)

Variation of the injection volume
V = 19.4 �l 97.1 (±0.6)
V = 20.6 �l 103.4 (±1.1)

a For experimental details see Section 2.3.
P.D. Tzanavaras et al. / Journal of Pharmaceu

esults are presented in Table 1. The percent recoveries met
he acceptance criteria in all cases ranging between 99.0 and
01.6%.

.1.4. Selectivity studies
The selectivity of the HPLC assay against the pharmaceutical

xcipients used in the manufacturing process of the formula-
ions was initially validated as follows: An amount of 30 mg
f the placebo mixture prepared as described previously was
ispersed in 10 ml of 1:1 water/ACN. The resulting suspensions
ere ultrasonically agitated for 15 min and filtered prior to injec-

ion into the HPLC system (note that the placebo concentration
sed was 10-fold higher than the theoretically expected concen-
ration in real dissolution samples). No interfering peaks were
bserved at the expected retention time of the active ingredient
Fig. 1).

The selectivity of the assay was further validated at the
ptimal dissolution conditions using “placebo tablets” manu-
actured in an identical manner to selegiline-containing ones
y replacing the active ingredient with lactose. The “placebo

ablets” were subjected to dissolution test and sampling was
arried out at 5, 10, 20, 30, 60 and 180 min. No interfer-
ng peaks were observed after HPLC analysis of 12 “placebo
ablets”.

ig. 1. (a) Representative chromatogram of selegiline·HCl at the 100% level
nder the experimental conditions described in Section 2.3 and (b) chro-
atogram of placebo for selectivity studies.

b Each synthetic sample contains 10 mg l−1 selegiline·HCl and 0.6 mg ml−1
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c Percent recovery according to the calibration curve obtained under optimal

onditions (mean of three injections ± standard deviation).

.1.5. Ruggedness of the proposed HPLC method
The experimental results of the ruggedness study are

ummarized in Table 2. Critical chemical and instrumental chro-
atographic parameters such as the composition and flow rate of

he mobile phase, pH, column temperature and sample injection
olume were deliberately varied in the range of ±3.0% com-
ared to their optimal values. Recovery values obtained using
ynthetic samples at the 100% level confirmed the ruggedness
f the HPLC assay, since the obtained values were within the
cceptance limits (95.0–105.0%) in all cases.

.2. Evaluation and optimization of the dissolution test

The dissolution test was optimized in terms of dissolution
edium, paddle (type II)/basket (type I) agitation and rotation

peed.
Initial dissolution experiments were carried out under the fol-

owing experimental conditions: 500 ml H2O as the dissolution
edium, medium temperature of 37.0 ± 0.5 ◦C, rotation speed

f baskets 50 rpm. To construct the dissolution profile, sampling
as performed at 5, 10, 20, 30 and 60 min, while 12 tablets, in
atches of six, were used in all cases. A typical dissolution pro-
le obtained under these experimental conditions is depicted in
ig. 2a.

.2.1. Study of the dissolution medium
Although selegiline·HCl is a water-soluble compound,

ure water is not consider as an “ideal” dissolution medium,

ainly due to its extremely low capacity against potential pH

ariations during the dissolution tests, especially in the case of
alts. Additionally, water is not considered a physiologically
elevant medium as it is not representative of the gastrointestinal
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Fig. 2. Optimization of the dissolution test: (a) effect of dissolution medium:
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1) = phosphate buffer (0.1 mol l−1, pH 6.8), (2) = water (b) basket vs. paddle:
1) = basket at 50 rpm, (2) = paddle at 50 rpm, (c) effect of baskets’ rotation
peed: (1) = 100 rpm, (2) = 75 rpm and (3) = 50 rpm.

nvironment. For this reason, the FDA has undertaken a study
n order to evaluate alternative solutions for QC purposes of
harmaceutical products currently having water as the media
24]. Two alternative media that are frequently employed in such
tudies are 0.1 mol l−1 HCl, to simulate gastric fluid conditions
nd 0.1 mol l−1 phosphate buffer (pH 6.8) to simulate intestinal
onditions in terms of pH.

Under the experimental conditions described above, no
etectable amounts of the analyte dissolved when HCl was used.
n the other hand, as can be seen in Fig. 2a, the dissolution rate
as significantly improved when phosphate buffer (pH 6.8) was
sed rather than water.
Additional experiments were carried out in order to evalu-
te the stability of selegiline·HCl in the selected medium [25].
ccurately weighed amounts of the API were dissolved in

he phosphate buffer at final mass concentrations of 2, 5 and

v
f
t
u

and Biomedical Analysis 46 (2008) 670–675

0 mg l−1. The resulting solutions were incubated in a water-
ath at 37 ◦C under continuous stirring at 50 rpm. Sampling and
PLC analysis was carried out at t = 0, 15, 30, 60 and 120 min.
o instability of the analyte was observed, since the R.S.D.s of

he obtained peak areas were <1.7% in all cases (n = 3 × 5 at
ach concentration level).

.2.2. Basket (type I) versus paddle (type II) agitation
Using phosphate buffer as the dissolution medium, experi-

ents were carried out to compare the performance of basket
ersus paddle agitation, rotating at 50 rpm in both cases. The
xperimental results presented in Fig. 2b show that the dissolu-
ion rate was faster when baskets were used, and the dissolution
rofiles tended to coincide only at 60 min. Basket (type I) agita-
ion was therefore selected for further studies.

.2.3. Effect of the baskets’ rotation speed
The effect of the rotation speed of the baskets on the dissolu-

ion profile of selegiline·HCl containing tablets was examined
t 50, 75 and 100 rpm. Increasing the rotation speed resulted
n faster dissolution kinetics in the timeframe of 5–20 min,
lthough the profiles coincided thereafter (Fig. 2c). Therefore the
otation speed of 100 rpm was selected for further experiments.

.3. Ruggedness of the dissolution test

The ruggedness of the dissolution test was validated by
eliberately introducing small variations, in the range of ±3%
ompared to the optimal values, to critical parameters includ-
ng the pH of the dissolution medium (6.6–7.0), temperature
36.0–38.0 ◦C) and basket rotation speed (97.0–103.0 rpm). The
btained dissolution profiles (12 tablets in all cases) were
ompared to those obtained under the optimal conditions by cal-
ulated similarity factors (f2) derived by the following equation
8]:

2 = 50 × log

{[
1 +

(
1

n

)
Σn

t=1(Rt − Tt)
2
]−0.5

× 100

}

here n is the number of time points, Rt the dissolution value of
he reference (pre-change) batch at time t and Tt is the dissolution
alue of the test (post-change) batch at time t. Generally, f2 values
reater than 50 (50–100) indicate similarity or equivalence of the
ompared dissolution profiles.

The experimental results are presented in Table 3. The values
f the similarity factor ranged between 79 and 88 in all cases,
onfirming the ruggedness of the dissolution test.

.4. Study of the effect of batch-to-batch variations

The effect of batch-to-batch variations on the dissolution
ehavior of the formulation can be related to the discriminating
bility of the dissolution test. This was evaluated by deliberately

arying some parameters of the manufacturing process and the
ormulation characteristics on pilot scale batches of ca. 1000
ablets each. These parameters were the mesh size of the gran-
le prior to tableting, the equipment used for tableting and the
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Table 3
Ruggedness study of the dissolution test

Dissolution parameters Similarity factor (f2)

Optimal conditionsa 100

Variation of the dissolution medium pH
pH 6.6 82
pH 7.0 88

Variation of the baskets’ rotation speed
97 rpm 84
103 rpm 88

Variation of column temperature
◦

r
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R

[

[
[

[

[

[

[

[

[

[

[
[

[

[

[

(1999) 6.
T = 36.0 C 79
T = 38.0 ◦C 85

a For experimental details see Section 3.2.

esistance to crushing (hardness) of the final product. The nom-
nal composition and mass of the tablets were kept constant in
ll cases.

(i) Two lots of granules were prepared in terms of mesh size
(Gr1 and Gr2). In Gr1 more than 85% of the material ranged
between 125 and 500 �m, while in Gr2 more than 85% of
the granule ranged between 500 and 1000 �m. No statisti-
cally different dissolution profiles were observed, since the
values of the similarity factor were >70 in all cases.

(ii) The effect of the manufacturing equipment was evaluated
by using two different tableting machines, namely KILIAN
E150 (KILIAN+ CO. GmbH, Germany) and Fette Exacta
21 (Wilhelm Fette GmbH, Germany). The experimental
values of the f2 factor suggested similarity of the dissolution
behavior of the formulations tested (f2 = 76–93 in all cases).

iii) The effect of the hardness of the tablets, expressed as resis-
tance to crushing, was examined in the range of 20–150 N.
It should be noted that the product specifications on this
parameter for market release are 50–100 N. The experi-
ments showed statistically similar dissolution profiles of
the formulation in the range 20–120 N. Higher hardness
values resulted in slower dissolution kinetics in the range
of 5–20 min. However, in all cases the tablets met the dis-
solution specification for market release (>80% in 20 min).

. Conclusions

A dissolution test for selegiline·HCl containing tablets has
een optimized and validated. All necessary analyses were car-
ied out by an ultra-fast HPLC method that has been developed
nd validated for this purpose. To the best of our knowledge this
s the first HPLC assay using a monolithic stationary phase for
his active pharmaceutical compound. The ability of the mono-
ithic column, used throughout this study, to operate effectively
t elevated flow rates enabled separation/detection cycles to be

ompleted within 60 s. Thorough validation demonstrated the
ccuracy, precision, selectivity and ruggedness of the analyti-
al method. The developed, validated HPLC assay/dissolution
cheme has been successfully applied for over 12 months,

[

and Biomedical Analysis 46 (2008) 670–675 675

o date, in the on-going stability and manufacturing control
f selegiline·HCl-containing formulations, i.e. lots 0 1 0, 0 1 1
nd 0 1 2 of Cosmopril® Tabs (5 mg selegiline·HCl/tab, Cos-
opharm Ltd., Korinthos, Greece).
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