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ABSTRACT

The characterization of drug and drug intermediatesnecessary in the drug development
process, particularly in the pharmaceutical indystyarious analytical techniques are employed
for this purpose. The selection of the techniqueedds upon many parameters including ease in
use, reproducible and accurate results. Raman spembpy is one of those techniques which
have immense potential in the analysis of pharmiazzds. It has been widely utilized in many

other areas like food and dyestuff industry, buts Haeen very limitedly used in the

pharmaceutical industry for drug characterizatiddowever recent literature reflects ongoing

application of Raman spectroscopy in pharmaceuticalhese studies demonstrate how
transmission Raman spectroscopy can be used iqguhgtitative, non-invasive probing of the

bulk content. It can be used in characterizationdofig molecules to reveal the solid-state

properties arising from polymorphism and quantitatapplications in formulations. The range

of applications can be expanded further if Ramagcspscopy is used in conjunction with the

conventional techniques like IR. Infact, Raman gpscopy exhibits several advantages over IR
and the other physical analytical techniques. Tihagiew presents an exhaustive to Raman
spectroscopy and its several applications with gddocus on pharmaceuticals.
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INTRODUCTION

Spectroscopy was originally the study of the intBom between radiation and matter as a
function of wavelength)A). However, spectroscopy is the use of the absorpgmission, or
scattering of electromagnetic radiation by matterqualitatively or quantitatively study the
matter or to study physical processes. The ma#terbe atoms, molecules, atomic or molecular
ions, or solids. The interaction of radiation witkatter can cause redirection of the radiation
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and/or transitions between the energy levels ofatmans or molecules. All the spectroscopic
techniques have been widely explored for the pheeoial applications. For years Raman
spectroscopy (RS) is an established spectroscambnigue for quantitative analysis of
molecular materials of all types because it is a-oontact characterization method that does not
require any sample preparation. It is a versatitd in pharmaceutics and biopharmaceutics,
with a wide field of applications ranging from chaterization of drug formulations to
elucidation of kinetic processes in drug delivebata is acquired quickly and water does not
interfere significantly with the vibrational band$ the drugs. Recently, the USP has officially
included the Raman Spectroscopy as one of thersgeopic technique for drug analysis [1].
The Raman measurement essentially involves digdirfocused laser onto the sample and
recording the energy profile of the light that isatered. Every compound gives a unique
spectrum (which arises from excitation of the vilmnaal modes of the molecule) and for mixed
samples the spectra are a superposition of thalsifrom each of the constituents, which allows
relative band intensities to be used for quantiéasinalysis.

Vibrational Spectroscopy:

The vibrations of a polyatomic molecule can be @ered as a system of oscillators. If there are
N atomic nuclei in the molecule, there will be tatmf 3N degrees of freedom of motion for all
the nuclear masses in the molecule [2].It is welbwn fact that both infrared and Raman
spectroscopy falls under vibrational spectroscdpyiormal mode is called infrared-active, if
there is any change in the electric dipole momémth@ molecule. Otherwise, a vibrational mode
is said to be Raman-active, if the polarizabilifytbe molecule changes. Thus, as a rule of
thumb, strong IR bands are related to polar funefiggroups, whereas non-polar functional
groups give rise to strong Raman bands. IR and Raspactra, which are complementary to
each other, provide images of vibrations of therst@f a compound. Therefore, both techniques
are also referred as vibrational spectroscopy RBécently, a review of the analysis of
pharmaceutical substances and formulated prodyctalvational spectroscopy published by
Clark [4] and studies on polymorphs of drugs isoregd by Threlfal [5].

Theor etical Aspects of Raman Spectr oscopy

The Raman effect occurs when light impinges upomokecule and interacts with the electron
cloud and the bonds of that molecule. For the spwdus Raman effect, a photon excites the
molecule from the ground state to a virtual enesig@e. When the molecule emits a photon and
returns to the ground state, it returns to a diffiérotational or vibrational state. The difference
in energy between the original state and this netedeads to a shift in the emitted photon's
frequency away from the excitation frequency. Ard®&in the molecular polarization potential
or amount of deformation of the electron cloud wid#ispect to the vibrational coordinate is
required for a molecule to exhibit a Raman eff@tte amount of the polarizability change will
determine the Raman scattering intensity. A stahd®aman spectrum comprises the spectral
range of 0-3500 cth The position and intensity of a vibrational bamds characteristic of the
underlying molecular motion and consequently ofdtems participating in the chemical bond,
their conformation, and their immediate environmenhus, a certain submolecular group
produces bands in a characteristic spectral regibase characteristic bands form the empirical
basis for the interpretation of vibrational specWarious conventional applications of Raman
spectroscopy are available [6].
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Raman scattering phenomenon:

Fig. 1 schematically depicts the Raman scatterifige phenomenon of inelastic light scattering
is known as Raman radiation and was first docuntebie Raman and Krishnan in 1928[7].
Raman scattering (also known as Raman effect)nmeedaafter Indian physicist Dr. C. V. Raman.
Firstly, in Rayleighscattering (elastic scattering)photon interacts with a molecule, polarizing
the electron cloud and raising it to a “virtual’ezgy state. This is extremely short lived (on the
order of 10“ seconds) and the molecule soon drops back doits tpound state, releasing a
photon. This can be released in any direction,ltiegun scattering. However since the molecule
is dropping back to the same state it startedhi@,energy released in the photon must be the
same as the energy from the initial photon. Theeefthe scattered light has the same
wavelength. Rayleigh scattering, therefore, bearsmformation regarding the vibrational energy
levels of the sampleRamanscattering is different in that it is inelastic.€ltight photons lose or
gain energy during the scattering process, ancefiier increase or decrease in wavelength
respectively. If the molecule is promoted from auwyd to a virtual state and then drops back
down to a (higher energy) vibrational state them sbattered photon has less energy than the
incident photon, and therefore a longer wavelengthis is called Stokes scattering. If the
molecule is in a vibrational state to begin witld aiter scattering is in its ground state then the
scattered photon has more energy, and therefdnertes wavelength. This is called anti-Stokes
scatteringffig 1).

t Virtual states
A A
Energy
v Vibrational states
- L Ground state
Rayleigh Stokes Anti-Stokes
scattering  Raman Raman

scattering  scattering

Fig 1. Different forms of scattering
I nstrumentation:
Raman instruments are occupying more common placepharmaceutical laboratories.
Technological advances over the past decade hdve ke production of much smaller Raman
spectrometers that require only a single tablefdplmratory space. Some of the manufacturers
of Raman spectrometer includes Avalon InstrumergshnoS Instruments, Bruker Optics Inc ,
Jasco Inc, Raman Systems Inc, Chemlmage Corp. $tizsnof Raman spectrometer is shown
in Fig 2.
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MIRROR 2

ANALYZER

Fig 2. Instrumentation of Raman spectrometer

a) Laser excitation:

The sample is illuminated with a laser of a suggtbwer, wavelength and stability. Examples of
some commonly employed are diode pumped solid ktages (most often 1064 nm and 532 nm,
but many other wavelengths are also available)séaoilized NIR diode lasers (typically ~780—
820 nm) operating at powers of a few tens of mW1dN. These lasers are generally compact,
reasonably robust and reliable.

b) Delivery of excitation to sample:

The exciting laser light may be delivered to themgke either via a conventional optical system

of mirrors and lenses, or via fibre optic cablebjol may extend many tens of meters (note that
this is not possible with mid-IR absorption spestapy because of absorption in the optical

fibre). A lens system focuses the exciting lightooar into the sample and collects the resulting
Raman scattered light.

c) Collecting and filtering the scattered light:

Efficient collection of the scattered light is essal in Raman spectroscopy because of the
weakness of the effect. The collection optics fibptics) must, therefore, be positioned as close
to the sample as possible and should have as &rgeperture as possible to give a large
collection angle (i.e., large numerical aperturédection optics should be used). The collected
scattered light must then be spectrally filteredrémmove the Rayleigh scattered component
otherwise this would swamp the Raman signal. Vartgpes of optical narrow band rejection or
edge filters are available to perform this function

d) Detectors:

A sensitive, low noise detector is required to detbe Raman scattered light. For UV-NIR
excitation slow scan, cooled charged couple de(@eD) cameras are the detector of choice.
Such a detector will, however, typically represtr@ single most costly component of a Raman
system. For some applications it may be possiblemploy a point detector or a simple array
detector which, while providing only very limitecpextral information, will be much less
expensive. Array detectors suitable for Raman speobpy with IR excitation wavelengths have
until recently been prohibitively expensive andasagingle element detector coupled to an FT

4

Pelagia Research Library



Rakesh R. Somani et al Der Chemica Sinica, 2010, 1 (1): 1-12

spectrometer is generally usé@these, however, are less sensitive than a systemprcing a
good dispersive spectrometer and a cooled CCD teteRecent developments in indium
phosphide/indium gallium arsenide phosphide arratectors show promise for IR excited
Raman spectroscopy [8].

€) Spectral analysis:

The collected Raman light must then be spectraihysed. This may be done using a low stray
light, dispersive spectrometer, with a bandpaderfiirrangement or a Fourier transform (FT)
type spectrometer. A dispersive spectrometer iemgdlly preferred for excitation wavelengths
from the UV to ~820 nm while an FT system is geltgraquired for excitation wavelengths at
longer than ~820 nm .e.g., 1064 nm Nd:YAG ( Neodymidoped yttrium—aluminium—garnet)

9.

Various advanced Raman techniques such as Fouwsesform, stimulated Raman scattering,
Surface enhanced Raman spectroscopy (SERS), Ratieal @activity, the hyper-Raman effect,
Stimulated Raman gain, inverse Raman scatterirgpnence Raman spectroscopy, coherent
anti-Stokes Raman spectroscopy, coherent StokesiRapectroscopy are available. From these
the SERS, resonance Raman spectroscopy are wisksdly u

Advantages of Raman spectroscopy:

1. Sample preparations, such as grinding can absw o changes in solid states (e.g. hydration
state, polymorphism, hydrogen bonding), which somet have an impact on the final detection
method. Raman requires virtually no sample premaraand thus provides significant cost
savings.

2. Raman spectra can be obtained non-invasivelighwineans that bulk and final products can
be tested directly in their packaging, such assghamdtles, plastics and blister packs. Methods can
be applied to the on-line monitoring of productloes.

3. Raman analysis can be used to study small [esrtizithin inhomogeneous sample matrices.
This is important because, in the early stageseskldpment, only a few mg of material are
available.

4. Raman analysis time is short, thus enabling kydeedback from the quality-control
department to the production-development team.

5. Raman experiments can be carried out easilyhabthe work can be done by minimally
trained personnel.

6. The good reproducibility of FT-Raman spectroimetxperiments has been attributed to the
large entrance aperture, which permits the lasdoetdocused into a relatively large sample
volume.

7. Since water is a weak Raman scatterer, it plessibanalyze aqueous solutions by Raman
spectrometer.

8. Sampling for RS has further been eased througlusge of fibre optics.

Limitations of Raman spectroscopy:

1. The cost of the equipment has been the mairadesto the widespread adoption of RS for
routine analysis.
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2. A major problem for Raman measurements lietienhigh levels of fluorescence (intrinsic or
caused by impurities) overlaying the Raman bandsvd¥er, in most cases, this can be avoided
by shifting the laser wavelength to the NIR spdctgion.

3. If excitation intensities are too high, they nthgrmally decompose the sample.

4. Both the liquid and solid samples must be freenfdust particles.

Though Raman and IR spectroscopic technique arglooentary to each other, due to some
aspects (as shown ireble no. 1) RS seems to be advantageous than IR.

The table no.1 shows the comparison between thespeotroscopy methods [10]. RS shows
advantages over the IR.

Table No.1: Comparison of Raman with | nfrared Spectroscopy

Sr. Raman Spectr oscopy I nfrared Spectroscopy
No.
1 |It is due to the scattering of light I It is due to absorption of light by vibratii
vibrating molecules. molecules.

2 | Polarizability of molecule decides whett| Permanentdipole moment of molecule is tl
Raman spectra will be observed or not. | criteria for infrared spectra to be observed or not
3 | Water can be used as a solv Water cannot be used as a solvent as it is of
to infrared radiation.

4 | Optical systems are made of glass or gL | Optical systers are made of special crystals s
as Cak,NaBr,etc.

5 | Homonuclear diatomic molecules are of| Homonuclear diatomic molecules are often fo
found to be active. to be inactive.

6 | It can be recorded in one expos At least two separate runs with erent prism:
are required to cover whole region of infrared.

Applications of Raman Spectr oscopy

Raman spectroscopy is gaining popularity in différ@reas of the pharmaceutical industry. Like
IR spectroscopy, it also provides information ore tundamental vibrational bands (the
fingerprint region), offering a high degree of gfietty in analysis. It also forms an ideal
complement for existing methods of analysis suchEik, MS and elemental analysis. Raman
spectroscopy has immense potential in the fielgh@frmaceuticals. The rapid identification of
compounds in the analysis of drug mixtures, adtiggedients and excipients, the identification
of contaminants, the characterization of formulatedterials and the understanding of the
blending processes involved in pharmaceutical féatians are now accessible using Raman
techniguesFollowing is the elaborative account of applicat@rRaman in pharmaceuticals and
other fields.

Applicationsin pharmaceuticals:

1) Several pharmaceutical forms have already bewediesl by RS like Acebutolol [11],
Alprenolol [11], Acetaminophen [12,13], Amiloridel4], Amoxycillin [15], Amphetamine
and/orrelated compounds [16-19], Amphotericin A/B[20], térenol [21], Aspirin [22,23],
Bucindolol [24,25], Calcium carbonate and glyci@§][ Cimetidine [27], Ciprofloxacin [28],
Cocaine [19,29-30], Diclofenac[31], Fluconazole[3Hluocortolone [33,34], Ibuprofen[35],
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Isosorbide [36], Nicotinamide [37], Spironolactof88], Strychnine [39], Sulfamerazine[40],
Sulfadiazine [40], Triamterene [41], Trifluoperagja2].

2) Reliable control of pharmaceutical manufacturipgerations requires knowledge concerning
physical as well as chemical characteristics ofuggdormulation over the course of all its unit
operations. For this reason, pharmaceutical reseeschave recognized the utility of non-
destructive Raman methodologies as a potentiafto@pplication in advanced process analysis
schemes aimed at determining tablet, drug cont&jtgnd monitoring polymorphism transitions
[44, 45]. Eliasson et al. showed that it can bedusethe quantitative, non-invasive probing of
the bulk content of production line relevant phacedical products contained within capsules
[46]. Niemczyk et al. showed that Raman spectrogasging NIR excitation has significant
potential as a rapid quality control method for qphaceutical samples. They obtained useful
spectral data directly from drug formulations in gapsules and from gel capsules inside blister
packs. The Raman scattering pass through the cwwadldof the blister packSaly Romero-
Torres et al. reported a novel approach to the areagent of colored tablet coating thickness,
where they employed RS with univariate and multatar data analysis. The results suggested
that Raman sensing can serve as a viable non-ievagans to quantify tablet coating thickness
in the presence of a fluorescent ingredient incthesting formulation.

3) Various experimental FT-Raman imaging procedwed their ability to both obtain and
spatially resolve chemical information in the asayof formulated tablets of pharmaceutical
interest are available. The activity, stability atectture of emulsions are strongly affected by
their microstructure, so an effective method foeroically imaging these microstructures is
needed. Andrew et al. [47] exploited Raman imagingdistinguishing complex multi-
component, multi-phase emulsion systems of inhBrdatv contrast. They described how a
confocal Raman microscope with an automated stagebe used to produce high-resolution,
three-dimensional maps of the chemical composit@n heterogeneous and multi-phase
materials. They have characterized several comalerproduct systems ranging from
pharmaceutical and skin creams to toothpaste. lid dispersions, the drug is suspended in the
polymer carrier in an amorphous state.

Under stress conditions recrystallisation can grilce the therapeutic performance of the carrier.
Breitenbach et al. [48] used confocal Raman spsctqmy to examine solid dispersions of the
anti-inflammatory agent ibuprofen. The group inigeted the physicochemical stability of the
formulation under stress conditions (from -9D to 90°C), together with the content and the
homogeneity of the drug distribution in the forntida matrix. The authors state that confocal
Raman spectroscopy can investigate different lafgegs coatings on a tablet), areas (e.g. phase
separation) or simply the quality of mixing in a ma&acturing process, which is of great
industrial importance. Generalized 2D correlatigpectroscopy was utilized for the Raman
image analysis of pharmaceutical tablets to rewealecular interactions between chemical
components. By using a spatial distance as a pation variable in 2D correlation scheme,
synchronous and asynchronous correlation analyssspossible.

Two kinds of pharmaceutical tablets, pentoxifylli(lTX) as an active substance and palmitic
acid (PA) as an insoluble excipient, were prepavi¢gd different grinding times, 0.5 and 45 min.
The 2D correlation analysis of Raman images oftéidets clearly revealed both physical and
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chemical effects of grinding process on the properof the tablets [49]. It is impossible to
identify and visualize every ingredient within thermulation using a single spectroscopic
technique. Clarke et al. [50] combined Raman anid Bpectroscopies in thoroughly describing
heterogeneous mixtures of solid dosage forms.

Raman directly probes the molecular structure @& tompound, while NIR displays only
overtones and combinations of fundamental molecuilarations. In their new approach of
chemical image fusion (CIF), Clarke’s group acqdiidata from exactly the same area of the
sample using both Raman and FT-NIR mapping. Theibeges for the components were then
overlaid to produce a combined chemical image\isaially describes the entire formulation.

4) RS can be utilized as an on-line method to noonitug hydration state during drying [51-52],
hydrate formation during high shear wet granulafi®], blending APl with wax beads [54],
polymorph turnover kinetics [55]. McCreery et &6] have reported on the use of NIR Raman
spectroscopy in identifying pharmaceuticals insideber USP vials. Identification was
performed using a library of spectra and accuraay \ the range 88-96%.

5) Polymorphism describes different packing arramgyets of the same molecular species. The
sensitivity of RS to polymorphic form has been destmted for a number of pharmaceutical
compounds. FT-Raman spectroscopy in particularwed-suited for the identification and
guantitative analysis of crystal polymorphs [57hce it requires very little sample preparation,
thus minimizing the risk of solid-state transforrnat of metastable polymorphs, while the
particle size and shape of the sample have litteee The potential of Raman techniques in the
guantitative analysis of polymorphs has been detratesl in the case of powder mixtures as
well as drug products [58-60].Some of the data &rpig the analysis of polymorhs using
Raman is presented here. A quantitative method @nmg FT-Raman spectroscopy has been
utilised to successfully analyse mixtures of vagyproportions of the beta and delta mannitol
polymorphs.

Mannitol is a polymorphic excipient which is widalged in pharmaceutical products as the beta
form, although other polymorphs (alpha and delta) @mmon contaminants. Binary mixtures
containing beta and delta mannitol were preparegLmtify the concentration of the beta form
using FT-Raman spectroscopy. Spectral regions ctaarstic of each form were selected and
peak intensity ratios of beta peaks to delta peakse calculated. Using these ratios, a
correlation curve was established which was thdidated by analysing further samples of
known composition. The differences exhibited by BEFleRaman spectra of the beta and delta
mannitol were used to successfully identify andrgifyapolymorphic mixtures [61)Fig 3)
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Fig 3: FT-Raman spectra of the beta and delta for ms of mannitol

A fast and simple method for the quantitative asiglypf monoclinic (form 1) and orthorhombic
(form 1) paracetamol was developed, based on Fidaspectroscopy and PLS regression. The
proposed multivariate calibration presented a §igant improvement over existing methods for
the quantification of paracetamol polymorpi&2]. RS, when coupled with an appropriate
mathematical/ statistical data-processing and nnoglgdroved to be an useful to identify and
also to quantify the drug polymorphic forms [63].

The crystallinity of lactose (a commonly used aarin dry powder inhaler formulations) was
measured using RS. Samplesogfactose monohydrate and amorphous lactose wepaEe
using ethanol precipitation and lyophilisation resjprely. The Raman spectra of bettactose
monohydrate and amorphous lactose were obtainedtl@ndlifferences in peak areas and
intensities were obtained. Depolarisation ratignf each form were then determined to identify
the crystallinity of the lactose carrier samples.tide prominent Raman bands 865 and 1082
cm%, significant differences ip values were observed for crystalline (0.80+0.08980.06
respectively) and amorphous samples (0.44+0.07;+0.20) [64].

5) Armstrong et al. [65] employed FT-Raman micogsc to construct a profile of estradiol
distribution of a transdermal drug-delivery patbh1994 and later, Spencer et al. [66,67] used
scattered circularly polarized Raman optical attivio quantify the chiral purity of
pharmaceuticals. S. Ciinta Pinzaru [68] reviewedddferent Raman techniques (dispersive,
Fourier transform, resonance Raman, SERS, SERRSHRS) employed in pharmaceutical
investigations mainly focusing on SERSsing Raman and SERS techniques, compounds
showing different pharmacological activity were lgmad, including the antihypertensive 1,4-
dihydrazinophtalazine sulfate [69], the antimicedbagent rivanol [70], antiretrovirals [71],
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narcotics [72-74], antitumour agents (6-mercaptm@m [75], 9-phenyl- and 9- aminoacridine
[76-77], camptothecin [78], and its water-solubkzidative topotecan) [79] and HIV inhibitors
(betulinic acid) [80]. 6) Swatantra K. et al. [81] used RS for the charadéon of ketoprofen
cyclodextrin complex.

CONCLUSION

Vibrational spectroscopy is an excellent methodid@ntifying substances because it provides
fingerprint spectra that are unique to each speabmpound. Of the various vibrational
spectroscopies available, Raman spectroscopy cahebenethod of first choice because the
spectra it produces are rich in information andalbige it needs virtually no sample preparation.
This makes it ideal for the analysis of tabletswgers and liquids, thus avoiding mechanical
changes during sample preparation, which could défte physicochemical properties of the
formulation. It has been proved that Raman speabmsis a versatile tool in pharmaceutics and
biopharmaceutics. Raman spectroscopy is also us#tkeipharmaceutical analytical laboratory
in a variety of waysAt the most basic level the technique measurescfmdensity via the
intensity of the Raman spectra. Traditional drulgssance characterization is enhanced with the
additional information provided by Raman spectr@scand quantitative polymorph assays can
be developed. Raman can also be used qualitatigaty semi-quantitatively to support
pharmaceutical development.

However, although Raman spectroscopy shows advesitayer the more traditional IR

spectroscopic techniques, it should not be constes the only analytical technique to solve
most problems, but as one more powerful, albeitergwe, technique that is part of a
multidisciplinary approach to analysis.
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