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INTRODUCTION

It has been well known from the middle of 18" century
that many substances could be obtained in more than one
crystalline form [1]. The subject of drug polymorphism has
received extensive academic and industrial importance since
the early pioneering reports of Aguiar et al. [2,3], in which
effect of polymorphism on dissolution and bioavailability were
highlighted for the drug chloramphenicol palmitate. At this
juncture regulatory authorities require pharmaceutical companies
to investigate and control of polymorphism of drug substances
to ensure product quality, safety and performance [4-6]. Manu-
facturers have to affirm that their API and product does not
suffer solid phase transformation within the shelf life, which
could affect bio-availability as well as to prove the non-infrin-
ging of claimed polymorph form. Gaining such information
needs suitable solid state analytical methods to be able to
differentiate polymorphic forms of the substance and often,
methods of quantifying these solid forms. Finding a new paten-
table solid form can extend the duration of originator’s patent
protection or provide a chance for generics to enter the market
without infringement [7]. Since both originator and generic
companies needs to have valid solid state analytical methods to
prove the polymorphic purity or composition of their product.

In principle, there are many different techniques such as
thermo analytical methods (DSC), X-ray powder diffractometry
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Lamivudine is known to exhibit polymorphism and the needle-shaped crystals are named as Form I and the bipyramidal crystals as Form |
1. The FT-Raman spectrum of lamivudine Form II and I shows characteristic bands at 798, 463 cm™ and 697 cm™' Raman shifts, respectively. |
FT-Raman spectroscopy method combined with chemometrics was developed for quantitative analysis of lamivudine Form II in lamivudine
Form I drug substance. Solid mixtures of Form I and Form II shows the relative intensity of the characteristic bands at 798, 463 and 697 |
cm™ were proportional to the relative amounts of Form I and Form II in mixtures. A calibration was made which is linear in the range from |
1.0 to 20.0 % (w/w) of Form II in Form I. The results indicate that levels down to 3.0 % (w/w) of Form II could be quantified using this |
non-destructive approach, with less than 1.5 % (w/w) limit of detection. |
|
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(XRPD), solid-state NMR, NIR, IR and Raman spectroscopy
can be used for identification and quantification of specific
crystal forms in drug substances [8-11]. X-ray powder diffracto-
metry (XRPD) technique is widely used for the identification
and quantification of polymorphic forms of drugs since it is
non-destructive and requires small amount of sample. Certainly,
the different polymorphic forms of the drug substance do not
exhibit a distinct X-ray powder pattern and do not having more
intense characteristic peaks of unwanted polymorphic form
of drug substance. Since, it is difficult to quantify the unwanted
form with low limit of detection by X-ray powder diffractometry.
Raman spectrometry is not very sensitive to the physical apparition
of the sample, which means that many solid samples can be
studied directly without sample preparation, but it is sensitive
to conditions at the molecular level [12-14]. Quantification is
based on the direct proportionality of the intensity of the specific
band of the component and its concentration in the mixture.
Chemometrics is equally applicable for the analysis of Raman
spectral data when univariate analysis is inappropriate [15-21].

In this study the combination of chemometrics with FT-
Raman spectroscopy method developed for the quantification
of lamivudine Form II content in lamivudine Form I drug
substance. Lamivudine, [cis-4-amino-1-(2-hydroxymethyl-
1,3-oxathiolan-5-yl)-(1H)-pyrimidin-2-one], which is a 1,3-
oxathiolane nucleoside analogue, has proven antiviral activity
and exists in at least two polymorphic modifications. This
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reverse transcriptase inhibitor is in clinical use for HIV-positive
and hepatitis B-positive patients [22]. The existence of two
polymorphic forms of lamivudine viz., needle-shaped crystals
(Form I) and bipyramidal crystals (Form II) are known [23].
It has also been established that Form I is a hydrate having
one molecule of water to every five molecules of lamivudine.
It is stated that when lamivudine is crystallized from aqueous
solution or methanol, needle-shaped crystals are obtained and
when it is crystallized from non-aqueous solvents substantially
bipyramidal crystals are obtained [24]. Further, other patent
states that Form II is a more stable polymorphic form and
used for the preparation of pharmaceutical drug products [23].
It also discloses that Form I crystals are less stable and in certain
pharmaceutical unit operations such as milling/granulation
may cause conversion of Form I to Form II, which is an unde-
sirable characteristic to manufacture a solid dosage form and
thus is not favoured for the pharmaceutical formulation. It also
suggested that Form II crystals can be obtained by grinding or
milling of Form I, also Form II has been prepared by slurring
Form I'in solvents such as methylated spirit. All these indicate
the instability of Form I known in prior art. However, we have
prepared the lamivudine Form I crystals, which do not convert
into Form II, during the preparation of solid pharmaceutical
dosage forms as well as during storage at 80°C for 72 h [25].
The comparative studies were done with FT-Raman spectro-
scopy by using different chemometric models with combina-
tion of different pathlength types. The present study demons-
trates that FT-Raman spectroscopy can be used as a fast and
efficient technique that is very suitable for the identification
and quantification of polymorphic forms of lamivudine drug
substance according to regulatory requirements.

EXPERIMENTAL

Pure polymorphic forms: Lamivudine polymorphic Form
I'and Form II drug substances were prepared in APL Research
Centre (A unit of Aurobindo Pharma Limited, Hyderabad,
India). Identification of the forms was carried out by polarized
light microscopy, FT-IR spectroscopy, FT-Raman spectroscopy
and differential scanning calorimeter, as well as X-ray powder
diffraction. According to our own experiments, which agree
with the published results [24].

Preparation of standard polymorphic mixtures:
Polymorphic mixtures containing 1, 2, 5, 9, 13, 15 and 20 %
(w/w) of Form II in Form I, were prepared by mixing of the
previously ground pure forms in porcelain mortar with a pestle.
These standards were used as calibration standards for cons-
tructing calibration curve. Validation standards containing 3,
7 and 11 % (w/w) of Form II were prepared in the same way
for assessing the validity of calibration models. These mixtures
were not incorporated into the calibration models. For
evaluating the level of limit of detection and limit of quantifi-
cation, the mixtures of 1.5 and 3.0 % (w/w) of Form Il in Form
I were prepared. To check the seeding effects during grinding,
mixture containing 6 % (w/w) of Form II was prepared in the
same way as calibration standards. It was verified that grinding
does not induce polymorph transition of lamivudine polymorphs
by FT-Raman spectroscopy.

X-ray powder diffraction: Diffractograms of pure
lamivudine crystal forms were measured on a Seifert 3003 TT
Diffractometer using CuK, radiation (A = 1.5418 A) with 40
Kv accelerating voltage and 30 mA anode current at a step
width of 0.03° 20 and step time 1 s. Diffractogram collected
over the range of 3-40° 20 and these were processed by Rayflex
Analyze, Version 2.352 software.

FT-Raman spectroscopy: Raman spectra were collected
using Thermo Nicolet 5700 NXR-FT Raman spectrometer
equipped with Nd-YAG laser source at 1064 nm wavelength,
InGaAs detector and data handling TQ Analyst 7.2.0.161
software; 150 scans were collected at 0.7 watt exciting power
and 4 cm™ spectral resolution. Samples of about 50 mg were
placed in a gold coated disk and were then mounted on the
sample holder such a way that the flat surface of sample to be
exposed for the laser radiation and scans were collected over
the range of between 4000 and 200 cm™.

FT-IR spectroscopy: Fourier transform infrared spectra
(FT-IR) were obtained using a Perkin Elmer FT-IR spectrometer
(Spectrum One-model) at a resolution of 4 cm™. Samples were
prepared by slightly grinding about 2 mg of sample with 200
mg of KBr and pressed to pellet using hydraulic pressure. IR
spectra were recorded over the range between 3600 and 400
cm™,
Differential scanning calorimeter (DSC): Differential
scanning calorimeter (DSC) thermograms were obtained using
a Mettler DSC 821°¢ with data handling STARe Software.
Sample weighed about 2 to 3 mg in an aluminium crucible
(40 mL) having perforated closure were scanned at 10 °C/min
from 30 to 200 °C under nitrogen atmosphere.

Polarized light microscope: Microscope images were
collected from Leica DMLP polarized microscope equipped
with C PLAN 10x/0.22 pol objective lens, soft imaging system
CCD colour camera, the light source of projection lamp (12v,
100w) and data handling system (Soft imaging systems
analySIS® FIVE Image analysis software and Microsoft. Excel
or equivalent).

RESULTS AND DISCUSSION

Solid-state characterization of pure polymorphs: Before
the preparation of polymorphic mixtures, the reference standards
of lamivudine polymorph Form I and Form II were well charac-
terized by using above mentioned analytical instruments and
from the results both polymorphs of lamivudine were consi-
dered to be 100 % pure. As can be observed from the powder
X-ray diffraction patterns, Form I and Form II of lamivudine
are highly crystalline since no broad halo pattern synonymous
with amorphous material can be observed. The diffraction
patterns are unique to each form and are comparable with those
found in the literature [23,24]. X-ray powder diffraction pattern
of lamivudine Form I shows characteristic peaks at 26 values
of 15.5°, 18.9° and shows no peak at 26 values of 14.4°, 17.6°,
20.7°, 21.6° and 26.6°, which are characteristic of Form II of
lamivudine. From the microscopy images, it can be seen that
Form I and Form II of lamivudine appeared in needle-shaped
crystals and bipyramidal crystals, respectively and compared
with those found in literature [23,24]. IR spectra of both forms
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of lamivudine are matching with that of previously published
spectra [23,24] and it was observed that polymorphic Form I
exhibits a strong absorption band at about 1109 cm™ and no
bands were observed at about 920 and 850 cm’', which are
characteristic of polymorphic Form II. From DSC thermograms
it was observed that the Form II melted at 177 °C, whilst Form
I'melts at 126 °C and then immediately converts exothermically
to Form II, which then melts at 177 °C. The melting and crysta-
llization temperature values of polymorphic forms of lamivudine
are comparable with those found in the literature [23,24]. As
shown in Fig. 1, Raman spectrum of lamivudine Form I shows
characteristic peak at 697 cm™ and shows no peak at 463 and
798 cm!, which are characteristic of lamivudine Form II.
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Lamivudine Form |
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Fig. 1. Comparison of lamivudine Form I and II with FT-Raman spectra

Quantitative analysis

Preliminary observations: As reported by earlier authors
[26,27] that the major source of error in solid state quantitative
measurements is usually lack of homogeneity of the sample.
In order to get homogeneity of the sample, it is required that
the particle size difference between two polymorphic forms
should be reduced. To avoid this problem, the pure polymorphic
forms were ground in a porcelain mortar using pestle for 5
min and the ground polymorphs were once again characterized
by DSC, FT-IR spectroscopy, FT-Raman spectroscopy and X-
ray powder diffractometry to identify the affect of grinding
for polymorphic changes of pure polymorphs. To study the
seeding affect upon grinding, mixture containing 6 % (W/w)
of Form II in Form I was studied by grinding it at different
time intervals of 5, 10, 15 and 30 min and were characterized
by FT-Raman spectroscopy. As shown in Fig. 2, all the above
ground samples of different time intervals shows the same
peak intensity at 798 cm™ Raman shift, which is characteristic
of polymorph Form II. From our study, it is confirmed that
upon grinding no polymorphic conversion was observed for
both polymorphic forms as well as for the mixture containing
6 % (w/w) of Form II in Form I. So it is concluded that there
is no affect of grinding for the ground samples of polymorph
standard mixtures, which were prepared in a porcelain mortar.

For the quantification of lamivudine Form II content in
Form I drug substance, different methods were verified to
check the sensitivity with low detection limits with mixture
containing 4 % (w/w) of Form II in Form I drug substance.
This mixture was analyzed by FT-IR spectroscopy and FT-
Raman spectroscopy. Both lamivudine polymorphic forms viz.,

20 Lamivudine Form Il

Lamivudine Form |

181 6% Lamivudine Form Ilin Form |_5 min ground
6% Lamivudine Form Il in Form |_10 min ground
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Fig. 2. Comparison of lamivudine Form I, and Form II and ground samples
at different time intervals containing 6 % Form II with FT-Raman spectra

Form I and Form I are not having the distinct X-ray powder pattern
and are not having the interference free regions of Form II at
distinct region, so it is difficult to quantify the Form II with
low limit of detection by XRPD. As shown in Fig. 3, FT-IR
spectra of both Form I and mixture containing 4 % (w/w) of
Form II shows same peaks pattern and no peaks characteristic
of Form II were observed in the IR spectrum pattern of
polymorphic mixture containing 4 % (w/w) of Form II. In
contrast to above, FT-Raman spectra of both Form I, Form II
and mixture containing 4 % (w/w) of Form II shows different
pattern and Raman band particularly at 798 cm™ characteristic
of Form II was observed in polymorphic mixture containing 4
% (w/w) of Form II in Form I as shown in Fig. 4. After studying
above patterns, FT-Raman spectroscopy was finalized for the
quantification of lamivudine Form II in Form I drug substance
and the method was developed by the preparation of poly-
morphic mixtures. Raman spectroscopy has several advantages
in comparison to other analytical techniques, which are applied
to solid state characterization studies. One of the advantages
is that very little sample is required. Another important feature,
is the simplicity of the sample preparation, which includes the
fact that both glass and water show very little Raman scattering.
One of the major advantage is that Raman spectra show
invariably sharp, well resolved bands compare to IR spectra.
This is due to the minor contribution of overtone vibrations in
Raman spectra, resulting in much less broadening and a better
resolution of bands compared to IR spectra [28]. Raman
spectroscopy does not suffer from the sampling problems that
are common in X-ray powder diffraction, where preferred
orientation and specimen displacements are serious restrictions
for the application of quantitative method [29].

As mentioned earlier the pure polymorphic forms were
individually ground in a porcelain mortar for 5 min. Then
accurately weighted amounts of the two polymorphs were co-
ground in a porcelain mortar for 15 min to give 900 mg of
polymorph mixtures with desired composition. A range of laser
powers and scan accumulations were studied before finalizing
that a laser power of 0.7 watt and 150 scans provided optimum
sampling conditions. Fourier transform Raman spectra of
standard polymorphic mixtures were collected by packing
about 50 mg of sample in gold coated disk and was then
mounted on the sample holder such a way that the flat surface
of sample to be exposed for the laser radiation. These mixtures
were sub-sampled three times and collected Raman spectra.
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Changes in the Raman band shape were observed for
Raman spectra as the concentration of Form II increases in
polymorphic mixtures as shown in Figs. 5 and 6. At low concen-
trations of lamivudine Form II in Form I polymorphic mixtures,
characteristic Raman bands of Form II viz., 463 and 798 cm!
appeared as shoulders, while increasing the concentration well
resolved peak shapes were formed. 1st derivative spectra of
polymorphic mixtures showing good resolution compared to
as such spectra.

Multivariate data analysis was carried out by Thermo
Nicolet TQ Analyst 7.2.0.161 software. Classical least squares
and partial least squares models were tested with different path
length correction parameters and over the different spectral
ranges. The results were compared using linear correlation
coefficients, root mean squared errors of calibration (RMSEC)
and prediction (RMSEP) values, as well as the relative diffe-
rence (Rel.Diff.) between the nominal concentration and the
predicted one for the indication of model accuracy and relative
standard deviation (RSD) of multiple measurements assessing
calibration model precision. The equations are as follows:

RMSE =

where y;, Y; and n are the calculated value, the nominal value
and number of measurements, respectively for calibration
(RMSEC) and prediction (RMSEP).
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Fig. 5. Comparison of as such (a) and 1* derivative (b) FT-Raman spectra of lamivudine Form I and Form II and standard polymorphic

mixtures in the range between 920-665 cm!
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Rel. Diff =1001%i %t

where y; and Yi are the mean calculated and nominal value for
each concentration, respectively.

Calibration curves using chemometric models: After
investigation of polymorphic mixtures, characteristic Raman
bands for the quantification of lamivudine Form II were marked.
The polymorphic mixtures of two polymorphs of lamivudine
were used to perform quantitative analysis. For this purpose,
partial least squares (PLS) and classical least squares (CLS)
methods were applied. Partial least squares model is frequently
utilized in the contemporary chemometric practice for quanti-
tative measurements. Chemometric calibration curves were
constructed using raw data as well as Ist derivatives, either using
whole spectrum or selecting characteristic regions, among
which 1st derivative spectra gave better results. Multiplicative
signal correction (MSC) or normalizing spectra are account
for pathlength differences. MSC has proven to be advantageous
for quantitative FT-Raman spectroscopy [30] and has therefore
been used with both PLS and CLS models. However, norma-
lizing for the net intensity of about 781 ¢cm” Raman band,
common for both polymorphic forms also used for path length
correction in constructing calibration curves with PLS and CLS
models. All the 4 calibration curves of PLS and CLS models
using pathlength correction parameters MSC and normalizing
spectra were well studied.

The use of 1st derivative spectral data as input, PLS and
CLS models provided better results than as such spectra or
2nd derivative spectra. Multiplicative signal correction and
normalized spectra are proved to be the best pathlength correc-
tion procedure, but standard normal variate (SNV) gives higher
variable results. The number of factors selected for PLS model
was based on the minimum RMSEP value. Results show that
similarly high correlation coefficient values can be obtained
either on the informative spectral ranges (3130-2792 and 1710-
337 cm™) or full spectral ranges more indicative of concen-
tration variation. Using the informative spectral ranges or full

spectral ranges, the PLS model gave better results than CLS.
In addition to correlation coefficient values, residuals i.e. the
difference between actual concentration and calculated one
are unevenly distributed around zero. This can be a sign of
over fitting. On the contrary, as shown in Figs. 7 and 9, using
only spectral data form carefully selected ranges, PLS models
gave high correlation coefficient, low RMSEP and RMSEC
than CLS models and residuals are evenly distributed for PLS
models. This indicates that spectral variation used for
constructing the chemometric model originates only from concen-
tration changes. The first step to be taken was identification of
spectral regions showing the most substantial differences
between Form I and Form II. Then the derivative spectra of
calibration mixtures were inspected to find the limits for
regions where the variation of band shape with concentration
was most pronounced. Finally the performance characteristics
of chemometric models on different combination of ranges
were compared to find the best.

Table-1 shows the comparison of chemometric models
built on different ranges of Raman spectra and pathlength
correction parameters viz., MSC and normalization of spectra.
From the table it is confirmed that both PLS models with
combination of pathlength correction parameters and charac-
teristic peak range were found to best compare to CLS models
with combination of MSC and normalization of spectra as
indication of low RMSEC, RMSEP and high correlation coeffi-
cient values which are typed bold in Table-1.

Figs. 8 and 10 shows the relative standard deviation (RSD)
and relative error of estimation (Rel.Diff.) as the function of
actual concentration from the best models viz., PLS model
with MSC and PLS model with normalized spectra using 1*
derivative spectra of characteristic spectral ranges, respectively.
Relative standard deviation is less than 15 % above for 2 %
(w/w) level of Form II and drops reciprocally as increasing
the concentration and become smaller than 10 % for above
3 % (w/w) level of Form II. Relative difference is smaller than
10 % above the 2 % (w/w) of Form II and drops to less than
5 % above the 5 % (w/w) of Form II.

Evaluation of limit of detection and limit of quantifica-
tion: The estimation of limit of detection (LOD) and limit of
quantification (LOQ) were carried out based on the relative
standard deviation (RSD) and recovery studies. For LOD and
LOQ the RSD should not be more than 33 % and 10 %, respec-
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Fig. 7. Calculated vs. actual concentration (a) and the distribution of residuals (b) from PLS model with MSC path length correction parameter

using FT-Raman spectra of calibration and validation standards
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TABLE-1
CHARACTERISTICS OF VARIOUS CHEMOMETRIC CALIBRATION MODELS
Correlation
Spectrum type Model Pathlength type No of factors RMSEP RMSEC coefficient
Informative peak range

1st derivative PLS MSC 3 0.530 0.330 0.99874

1st derivative PLS Normalized spectra 3 0.544 0.347 0.99860

Ist derivative CLS MSC - 1.88 1.01 0.98834

Ist derivative CLS Normalized spectra - 1.87 1.07 0.98700

Characteristic peak range

Ist derivative PLS MSC 3 0.315 0.288 0.99904

Ist derivative PLS Normalized spectra 3 0.291 0.295 0.99899

Ist derivative CLS MSC - 0.416 0.600 0.99585

Ist derivative CLS Normalized spectra - 0.466 0.636 0.99535
iSpectral ranges of 3130-2792 and 1710-337 cm’'; *Spectral ranges of 1188-1176, 804-791, 708-687 and 467-457 cm'*
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Fig. 8. Relative standard deviation (a) and relative difference (b) as the function of concentration in PLS model with MSC path length
correction parameter.
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Fig. 9. Calculated vs. actual concentration (a) and the distribution of residuals (b) from PLS model with normalized spectra using FT-Raman
spectra of calibration and validation standards.
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Fig. 10. Relative standard deviation (a) and relative difference (b) as the function of concentration in PLS model with normalized spectra
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tively. From the curves of RSD against actual concentration
for 1 % (w/w) concentration, we found RSD more than 33 %.
But at 3 % (w/w) concentration level, the RSD was below
10 %. From the above observations we were chosen arbitrarily
the limit of detection and limit of quantification as 1.5 and
3 % (w/w), respectively for the finalized PLS models and
evaluated for confirmation. We prepared polymorphic mixtures
containing 1.5 %(w/w) and 3.0 %(w/w) of lamivudine Form
IT in lamivudine Form I. Six Raman spectra were collected
from 1.5 % (w/w) and 3.0 % (w/w) of Form II in Form I poly-
morphic mixtures with six times sample preparation to study
the limit of detection and limit of quantification, respectively.

Using PLS model calibration curves with combination of
both pathlength correction parameters viz., multiplicative signal
correction (MSC) and normalization of spectra, both 1.5 %
(w/w) and 3.0 % (w/w) of Form Il in Form I polymorphic mixtures
spectra were quantified. The statistical data of limit of detection
and limit of quantification were given in Tables 2 and 3. In
addition to RSD, for limit of quantification the recovery should
be in the range of 80-120 %.

TABLE-2
STATISTICAL DATA OF THE LIMIT OF DETECTION
Spectrum title PL.S Wifegls] Ebﬂ&ﬁoﬁlﬁ
with MSC
spectra
Sample 1 1.28 1.28
Sample 2 1.63 1.74
Sample 3 1.58 1.60
Sample 4 1.52 1.47
Sample 5 0.92 0.96
Sample 6 1.17 1.19
Mean 1.35 1.37
Standard deviation 0.28 0.29
Relative standard deviation (%) 20.49 20.81
TABLE-3
STATISTICAL DATA OF THE LIMIT OF QUANTIFICATION
Spectrum title PL.S Wil rlj(l;rfnla\:{ioziio‘;vllgi
with MSC
spectra
Sample 1 3.09 3.07
Sample 2 3.33 332
Sample 3 2.82 2.77
Sample 4 3.13 3.11
Sample 5 3.15 3.13
Sample 6 3.33 3.37
Mean 3.14 3.13
Standard deviation 0.19 0.21
Relative standard deviation (%) 5.99 6.82
Recovery (%) 104.72 104.28

For limit of detection and limit of quantification, % RSD
values for both PLS models with MSC and normalization
spectra were found to be 20.5, 20.8, 6.0 and 6.8, respectively.
These are well within the limits i.e., 33 % for LOD and 10 %
for LOQ. For limit of quantification, % recovery for both PLS
models with MSC and normalization spectra found to be 104.7
and 104.3, respectively. These are well within the limit i.e., 80
to 120 %. From the Tables 2 and 3, it is confirmed that less
than 1.5 and 3.0 % (w/w) are limit of detection and limit of
quantification, respectively for both PLS models.

Conclusion

It may be noted that the FT-Raman spectroscopy method
used in this quantification work has been optimized in such a
way that is found to be more sensitive to quantify Form II
content in lamivudine Form I leading to lower detection levels.
Different chemometric models like PLS and CLS were evaluated
to get lower limit of detection as well as to get accurate and
consistent results. These models were validated using indepen-
dent validation standards with known concentration. However
based on the performance characteristics like RMSEC, RMSEP
and correlation coefficient obtained from the calibration of
different chemometric models, the PLS chemometric model
with combination of MSC and normalization spectra using
characteristic peak regions with 1* derivative spectra are found
to be more suitable than other chemometric models. Before
starting the quantification work, we had studied and confirmed
that there was no grinding and seeding effects, as pure poly-
morphs and polymorphic mixture containing 6 % Form Il were
evaluated by grinding to different time intervals, respectively.
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