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Abstract

Methodologies based on FT-Raman spectroscopy and HPLC were developed for monitoring the stability of lovastatin in the
solid state in the presence of gallic acid, a natural antioxidant. A Raman calibration curve was constructed using the area of the
strong but overlapping vibration mode of lovastatin at 1645 cm−1 and of the gallic acid at 1595 cm−1. Mixtures of the active
ingredient with the antioxidant were heated in the presence of atmospheric air up to 120◦C. The molar ratios of lovastatin and
gallic acid in the artificially oxidized mixtures were determined from their Raman spectra using the calibration curve. The results
were compared to those obtained from the application of the HPLC methodology and found to match satisfactorily. The HPLC
analysis was based on a reserved-phase Zorbax Cg, 10�m (4.6 mm× 25 cm i.d.) column, using a gradient elution program by
varying the proportion of solvent A acetonitrile 100% to solvent B 0.1% v/v phosphoric acid, and a programmable diode array
detection at 225 nm. The Raman methodology was simpler and non-destructive for the sample but yielded only molar ratios as
opposed to the HPLC technique where the moles of the both ingredients were determined.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Lovastatin, a cholesterol-lowering agent, is among
the drugs that are susceptible to oxidative degradation
[1,2], and storage under nitrogen in a cold place is
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recommended[3]. The stabilization of such drugs in
tableted powder mixes is accomplished by the addi-
tion of antioxidants such as butylated hydroxyanisole.
In a recent publication[4], the efficiency of numerous
natural antioxidants in stabilizing lovastatin was in-
vestigated and the respected oxidation kinetic curves
for the solid state were reported. The determina-
tion of lovastatin in the binary mixtures of the drug
with the antioxidants, before and after the artificial
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oxidation, was done using quantitative HPLC analy-
sis as proposed by both the European Pharmacopoeia
and USP[5,3]. The identification of lovastatin, ac-
cording to USP 23, can be accomplished by matching
the infrared absorption and/or ultraviolet absorption
spectrum with that of “USP lovastatin RS”[3].

Usage of HPLC for quantitative purposes is not only
destructive for the sample but also time consuming
and cumbersome since extensive sample preparation is
needed[6–10]. An effort to devise a rapid methodol-
ogy for verification of both identity and content of drug
formulations containing lovastatin was reported sev-
eral years ago by using the mid-infrared spectroscopy
[11]. Although the methodology described in that pub-
lication was easier than the usage of HPLC, sample
preparation was also required since the particle-size
uniformity had to be controlled carefully as scattering
is greater at shorter wavelengths. Therefore, an ana-
lytical technique capable of non-destructive and rapid
quantitative analysis of lovastatin in the presence of
antioxidants is needed.

In the present study, the feasibility of using FT-
Raman spectroscopy for non-destructive monitoring of
the lovastatin/gallic acid ratio, before and after oxida-
tion experiments, was evaluated. The ratios obtained
were compared to moles of lovastatin and the an-
tioxidant, obtained from the application of an HPLC
methodology that was also developed for this specific
binary mixture. To the authors’ knowledge, it is the
first time that the Raman spectrum of lovastatin is re-
ported.

2. Experimental

2.1. Chemicals and reagents

All chemicals and reagents were of analytical
USP-NF grade and were used without further pu-
rification. Lovastatin reference standard was kindly
donated from Merck chemical company and gal-
lic acid was supplied from Fluka. Gallic acid and
lovastatin were characterized prior to their use by
FT-IR Spectroscopy (EQUINOX 55, Bruker, Karl-
sruhe, Germany), while gallic acid was further char-
acterized by FT-Raman spectroscopy (FRA-106/S
FT-Raman, Bruker, Karlsruhe, Germany), and their
spectra were found to match those reported in the

literature [12–14]. Lovastatin and gallic acid were
sized at 25◦C by dynamic light scattering (Master-
sizer S, Malvern Instruments, U.K.) and found to be
14.9 and 23.8�m respectively. Phosphoric acid and
acetonitrile of HPLC ultra gradient grade, used for
the mobile phase, were supplied from Merck. All so-
lution preparations were made using deionized water,
filtered by a “Millipore-Q plus 185” equipment.

2.2. Raman spectroscopy

A calibration curve was constructed by preparing
carefully weighted mixtures of lovastatin and gallic
acid. The mol percentage of lovastatin varied from
10% to 90%. The homogeneity of the powders was
verified by obtaining five Raman spectra for each mix-
ture, focusing the laser beam at randomly selected
spots of the surface.

The Raman spectra were recorded using a
FRA-106/S FT-Raman (Bruker) with the following
characteristics: the laser excitation line used was
the 1064 nm of a Nd:YAG laser, a secondary filter
was used to remove the Rayleigh line, the scattered
light was collected at an angle of 180◦, the system
was equipped with a liquid N2-cooled Ge detector
(D 418), the power of the incident laser beam was
about 450 mW on the sample’s surface, while the spot
size at the focused beam was about 100�m. Typical
spectral line width was 0.5 cm−1, while the recorded
spectra were the average of 300 scans.

The artificial oxidation of the mixture was per-
formed by placing the powders in aluminum cylin-
drical cups with 10 mm diameter and 4 mm height,
having a cavity in the center of 2 mm diameter and
1 mm depth. The Raman spectra were recorded before
and after the aluminum sample holders placing in a
thermostated (±1◦C) oven with fresh air circulation.

2.3. HPLC measurements

2.3.1. High performance liquid chromatography:
instrument and conditions

HPLC analysis was performed on a HP Series
1090 (Hewlett Packard) equipped with a binary pump
delivery system, a degasser, an autosampler, and a
HP diode-array UV-vis detector. Integration and data
elaboration were performed by Chemstation software
(Hewlett Packard). A reversed-phase column Zorbax
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C8 with particle size 10�m (4.6 mm× 25 cm i.d.)
was used. The mobile phase was degassed by filtering
through a membrane filter Millipore HV 0.45�m.
The following gradient elution was carried out: mo-
bile phase A, 0.1% v/v solution of phosphoric acid;
mobile phase B, acetonitrile. The linear gradient elu-
tion system was: 100% A for the first 3 min with a
flow rate of 1 ml/min, and then reached the 65% B in
7 min with a flow rate of 1.5 ml/min, standing at 65%
B for 7 min. The gradient returned to 100% A, and
a flow rate of 1 ml/min in 4 min, standing at a 100%
for another 5 min as post-time. The quantification of
lovastatin and gallic acid by diode array detector was
performed at 225 nm. Comparing their retention time
and UV spectrum with those of the reference stan-
dards the chromatographic peaks of the samples were
identified. Of each sample, 50�l was injected, with
draw speed of 90�l/min.

2.3.2. High performance liquid chromatography:
sample and standard preparation

Stock solutions were prepared by dissolving lo-
vastatin and gallic acid in a diluent 70:30 v/v
CH3CN/H2O to obtain a concentration of about
35.2�g/ml for gallic acid and 80.8�g/ml for lovas-
tatin. The standard solutions were prepared by dilution
of the stock solutions in diluent to reach concentration
ranges of 6.48–32.32�g/ml and 2.28–14.08�g/ml
for lovastatin and gallic acid, respectively.

For sample preparation, about 10 mg (containing
8.47 mg lovastatin and 1.59 mg gallic acid, 70 mol%
lovastatin—30 mol% gallic acid) of each sample were
accurately weighed and transferred to 100-ml volu-
metric flask. After appropriate dilutions, the final con-
centrations in each sample were 20.3�g/ml lovastatin
and 3.82�g/ml gallic acid.

3. Results and discussion

3.1. Development of the Raman analytical
methodology

The intensity of a Raman line depends on a num-
ber of factors including the incident laser power, the
frequency of the scattered radiation, the absorptivity
of the materials involved in the scattering, and the re-
sponse of the detection system. Thus, the area under
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Fig. 1. Raman spectra of lovastatin (A), gallic acid (B), and their
70–30 binary mixture (C).

the Raman peak, A(ν), can be represented as: [15]

A(ν) = I0K(ν)C (1)

where I0 is the intensity of the excitation laser line, ν

is the Raman shift, and K(ν) is a factor which includes
the frequency dependent terms: the overall spectropho-
tometer response, the self-absorption of the medium,
and the molecular scattering properties. C is the con-
centration of the Raman active species.

The Raman spectra of lovastatin and gallic acid
powder can be seen in Fig. 1A and B, respectively.
The more intense vibrations of the aromatic ring at
1595 cm−1 for gallic acid and 1645 cm−1 for lovas-
tatin were used for the quantitative analysis. The spec-
trum of the 70–30 mol% of lovastatin/gallic acid bi-
nary mixture can be seen in Fig. 1C.

The peak analysis software “PeakFit”v.4.0 (Jandel,
Scientific Software), using a statistical fit of both
Gaussian and Lorentzian type of peaks, was em-
ployed for the deconvolution of the overlapping bands
(Fig. 2). The peak areas of the deconvoluted bands
were used for the construction of the calibration curve.

For a lovastatin–gallic acid mixture, Eq. (1) can be
rewritten for the 1645 cm−1 peak of lovastatin and the
1595cm−1 peak of gallic acid as follows:

AL

AG
= kL

kG
× xL

xG
(2)

where AL and AG are the deconvoluted peak areas for
lovastatin and gallic acid, respectively, KL and KG the
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Fig. 2. Deconvolution of the 1595 cm−1, 1615 cm−1 peaks of gal-
lic acid and 1645 cm−1 peak of lovastatin. Solid line (—): decon-
voluted peaks; dash line (---): recorded spectrum of the mixture;
dot line (···): spectrum line corresponding to the cumulative area
of the deconvoluted peaks.

frequency factors for the 1645 cm−1 peak of lovastatin
and the 1595 cm−1 peak of gallic acid, respectively,
and xL and xG the molar fractions of lovastatin and
gallic acid in the mixture, respectively.

A plot of the ratios AL/AG versus xL/xG, as ex-
pected, yielded a straight line, Eq. (3).

AL

AG
= 0.61 · xL

xG
(3)

The correlation coefficient, r, was 0.997, while the
standard deviation for the slope was found to be 0.02.
The detection limits (DL), at 99.9% confidence level,
were calculated to be 1.86 mol % for lovastatin and
2.2 mol % for gallic. DL is defined as [16]:

DL = t × sb ×
√

N + 1

N
(4)

where t is the statistical parameter t, which is often
called Student’s t, defined as: t = (x–µ)/s, where s is
the standard deviation of the measurements and (x−µ)
represents the absolute deviation from the mean value;
sb is the standard deviation of the blank measurements;
N is the number of blank measurements. The standard
deviation of the blank measurements for lovastatin was
calculated as the sb of ten AL/AG values that were
extracted from 10 gallic acid spectra, i.e. from spectra
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Fig. 3. Gradient high performance liquid chromatogram of gallic
acid tR 7.91 min, 3.66 �g/ml and lovastatin tR 11.12, 20.33 �g/ml.

with no lovastatin. Similarly, the sb for the gallic acid
was determined from 10 lovastatin spectra.

3.2. HPLC results

3.2.1. Chromatographic separation
In the present investigation a binary gradient elution

system was developed because the advantage of such
systems is that the bandwidths can be approximately
constant both for early- and late-elution analysis. Two
mobile phases, one containing methanol and the other
acetonitrile, were tested. Methanol has been found to
have a similar effect on the elution of the analytes, but
it was not as effective as acetonitrile. Phosphoric acid
and acetonitrile or methanol (>50% v/v) in the mo-
bile phase were necessary for the elution of lovastatin
in a reasonable retention time with no peak broaden-
ing or tailing. At the same time, the presence of these
solvents even in small quantities caused the elution
of gallic acid together with the solvent front. There-
fore, a system consisting of gradient time/elution pro-
gram with mobile phases: (A) acetonitrile, (B) 0.1%
v/v phosphoric acid, was applied. Also the usage of
a Zorbax column C8 10 �m, (25 cm × 4.6 mm i.d.),
which has less lipophilic properties than the suggested
C18 5 �m (250 × 4.6 mm i.d.) [4] was also considered
important for the resolution of this problem (Fig. 3).

The peak asymmetry for lovastatin was very close
to an ideal value of 1.0, whereas gallic acid yields a
value of 1.2. The resolution factor Rs, between the two
chromatographic peaks, was 13.2 and was calculated
from the equation Rs = 2(t2 − t1)/W1 +W2, where t2
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Table 1
HPLC parameters using the gradient elution system and detection, quantitation limits of the compounds determined

Active ingredients tR (min) k′a Detection limit (LOD) (�g ml−1) Quantitation limit (LOQ) (mg ml−1)

Lovastatin 11.12 1.8 0.59 1.97
Gallic acid 7.91 1.0 0.82 2.72

a to = 3.91 min.

and t1 are the retention times of the two components
and W1 and W2, which are the peak widths at the base
of the two respective peaks, were obtained by extrap-
olation of the relatively straight sides to the baseline.
Other characteristic numerical values of the chromato-
graphic parameters tR and k′ are shown in Table 1.

3.2.2. Linearity and quantitative analysis
Six working solutions for each analyte in the

range of 6.48–32.32 �g/ml for lovastatin and
2.28–14.08 �g/ml for gallic acid were prepared. Anal-
ysis was performed in duplicate to determine the
linearity of the assay. The regression lines were cal-
culated by the method of least squares of peak areas
versus analyte concentrations. The equations corre-
sponding to the regression lines of the analytes were:

Lovastatin, y = 76.59x + 70.90 r = 0.9998 (5)

Gallic acid, y = 44.56x + 25.67 r = 0.9991 (6)

They were consistently linear in the already men-
tioned range for both compounds. The minimum de-
tectable level, LOD, and minimum quantitation level,
LOQ, defined as: LOD = 3Sy/x/m, LOQ = 10Sy/x/m,
respectively, where Sy/x is the residual standard devi-
ation and m is the calculated slope of the correspond-
ing calibration [17], can be found in Table 1. From
a mixed standard solution of the analytes, five repli-
cates were injected onto the column and the relative
standard deviation (%RSD) was calculated. This for

Table 2
Raman and HPLC analytical results obtained from a 70 mol % lovastatin—30 mol % gallic acid mixture (xL/xG = 2.333) after artificial
oxidation

Oxidation
conditions

Raman results:
L/G mol %
ratio n = 5

HPLC results:
L∗ moles/ml
n = 3

HPLC results:
G∗ moles/ml
n = 3

HPLC results:
L/G mol%
ratio n = 3

Difference
HPLC and
Raman (%)

80 ◦C, 45 min 2.33 ± 0.15 50.27 × 10−9 21.86 × 10−9 2.30 ± 0.06 1.3
120 ◦C, 15 min 2.48 ± 0.15 50.38 × 10−9 21.31 × 10−9 2.48 ± 0.06 0

G = gallic acid, L = Lovastatin, n = number of measurements.

lovastatin (20.33 �g/ml) was 0.89%, and for gallic
acid (3.66 �g/ml) 1.58%.

4. Comparison of HPLC and Raman results

Based on the calibration curve, Eq. (3), the Raman
spectra of two solid mixtures of lovastatin and gal-
lic acid in a ratio of 70–30 mol %, the first heated at
80 ◦C for 45 min and the second at 120 ◦C for 15 min,
yielded the results shown in Table 2 along with the
respective results obtained from the application of the
HPLC analytical methodology.

From Table 2, it is apparent that FT-Raman spec-
troscopy is equally reliable in determining the mo-
lar ratio of lovastatin/gallic acid as the commonly
used HPLC. The relative advantages of FT-Raman
spectroscopy is the minimal sample preparation and
the rapid determination since for the recording of
an FT-Raman spectrum, approximately 5 min are
sufficient. On the other hand, the recording of an
HPLC chromatogram, including the preparation of
the apparatus and the solvent, is more time consum-
ing. Furthermore, the application of the FT-Raman
technique is non-destructive for the specimen. The
disadvantage of the described Raman methodology
is that it yields relative molar ratios and not the ab-
solute number of moles as opposed to the HPLC
technique.

Although the focus of this work was to investigate
the suitability of Raman spectroscopy as an alternative
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technique to HPLC and not an extensive investigation
of the suitability of gallic acid as antioxidant together
with lovastatin, it is worth noting that comparing the
resulted xL/xG value for the sample that was heated at
80 ◦C for 45 min (Table 2) with the initial xL/xG ra-
tio of the mixture, 2.33, no difference was observed.
On the other hand, heating the sample at 120 ◦C for
15 min yielded a xL/xG ratio larger than 2.33, sug-
gesting that the molar fraction of the gallic acid in
the mixture was reduced. This implies that gallic acid
behaved as antioxidant and was “sacrificed” while
the concentration of the active ingredient remained
stable.

5. Conclusions

The FT-Raman spectroscopy proved to be a use-
ful tool for the determination of the molar ratio of
lovastatin and gallic acid in their binary mixture in
solid state. The analytical results were found to be
in accordance with the respective results obtained
from the developed HPLC methodology. The Raman
methodology was faster as well as non-destructive for
the sample, but yielded only molar ratios and not the
absolute number of moles as opposed to the HPLC
technique. Based on these findings, the application
of FT-Raman spectroscopy for monitoring the stabil-
ity of drugs in the presence of antioxidants can be
envisaged.
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