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ABSTRACT - Raman spectroscopy is a very promising technique increasingly used in the pharmaceutical
industry. Due to its development and improved instrumental versatility achieved over recent decades and
through the application of chemometric methods, this technique has become highly precise and sensitive for
the quantification of drug substances. Thus, it has become fundamental in identifying critical variables and
their clinical relevance in the development of new drugs. In process monitoring, it has been used to highlight
in-line real-time analysis, and it has been used more commonly since 2004 when the Food and Drug
Administration (FDA) launched Process Analytical Technology (PAT), integrated with the concepts of
Pharmaceutical Current Good Manufacturing Practices (CGMPs) for the 21 Century. The present review
presents advances in the application of this tool in the development of pharmaceutical products and processes
in the last six years.

INTRODUCTION solvents; it is easy to use, and the analyses can be
without any preparation, even penetrating primary

Raman and Krishnan discovered Raman packaging, such as polymeric materials and
spectroscopy in 1928, and this technique has gone transparent glasses. In addition, portable types of
several breakthroughs between the 1930s and equipment are available, and the analytical results
1950s. Currently, it is one of the leading analytical can be obtained in seconds (1,8).
techniques among spectroscopies (1-3). This Therefore, this review presents the advances of
technique, based on light scattering during Raman spectroscopy application in the quantitative
monochromatic radiation exposure to samples, analyses in the product development cycles and as
involves molecular vibration of the chemical a tool in process analytical technology (PAT).
structures of a substance (1,4).

The monochromatic laser beam illuminates the Main variants of Raman spectroscopy
samples resulting in scattered light, from photon- In addition to the conventional Raman dispersion
molecule interactions. Each photon occurs in a phenomenon, several studies, over recent decades,
different vibrational mode, and this frequency have made possible the discovery of other events,
difference refers to the separation of the vibrational which allowed the development of several variants
energy level of the molecules. The dispersion of this spectroscopy (1,4,6). The difference
signals origins from the inelastic movement frequency of incident radiation and the intensity of
between the incident monochromatic radiation and the dispersion signals originates Stokes and anti-
vibrational molecular motions, providing a unique Stokes lines, as shown in Figure 1. These
signature for each substance (1,4-6). phenomena define the basic principle for the

In the pharmaceutical industry, Raman variants presented in Table 1 (5,9). The
spectroscopy is an excellent tool for identifying instrumental versatility of Raman spectroscopy
counterfeit drugs (1,7). In addition, it is suitable in includes interferometric dispersive systems, single
product development and the real-time monitoring channel multichannel detection systems, and
of productive processes through Process Analytical microscope coupled systems (Table 1). Several
Technology (PAT), according to the current laser systems are available for

concepts of Pharmaceutical Current Good
Manufacturing Practices (CGMPs) for the 21%
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Figure 1. Energetic transitions involved in Raman scattering, A. More intense (blue shifted) Stokes bands, and less
intense (orange shifted) anti-Stokes bands. Rayleigh line to higher wavenumbers (green shifted), without bands of Raman

spectra, B.

excitation and filtering wunits for spectral
purification. Typically, the characteristics of the
devices vary depending on the size and relative
cost of its components and accessories (5).

The diversity of the types of device
configurations allows amplifying the sensitivity of
the technique and allows a variety of applications,
ranging from the quantification of drug substances
in tablets and mixtures of powders to multiplex
samples (3,10-17), samples in low concentrations
(18,19), molecular traces (20-22), samples inside
packs (23) and materials in nanometric scale
(Table 1) (24,25).

Conventional Raman spectroscopy requires
high sample concentration and it is affected by
fluorescence. FT-Raman can resolve such spectral
interference (11). Furthermore, fluorescence
interference also can be reduced by exciting the
near infrared laser sample as Nd-YAG at 1064 nm
(5).

For samples at low concentrations, Resonance
Raman Spectroscopy (RRS) increases the
scattering sensitivity. In such cases, the samples
must have electronic transitions close to the laser
line’s frequency. Thus, the incident radiation
frequency coincides with an electronic transition of
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the molecule, and as a result of this combination, a
more intense Raman spectrum is obtained (18,19).

In the Surface-enhanced Raman spectroscopy
(SERS), the sample is adsorbed on a colloidal
metal surface or by nanostructures such as
nanotubes typically made of gold (Au), silver (Ag)
or copper (Cu) (20-22). This approach improves
the intensity of signals and also extinguishes
fluorescence.

Another variant, the Tip-enhanced Raman
spectroscopy (TERS), provides high chemical
sensitivity for surface molecular mapping with a
nanoscale spatial resolution (24,25). This variant
may help researchers to characterize and to
develop nano-based strategies in innovative
therapy. Furthermore, Micro-Raman presents a
wide area of illumination, which allows
overcoming the challenges of quantifying
polymorphic mixtures (14).

All these variants were carefully developed
aiming to overcome the limitations of the
conventional Raman spectroscopy. By using
chemometric treatments, it is possible to improve
analytical models for the quantification of drugs
substances and excipients in multicomponent
formulas (10,16,26), as presented in Table 1.

Raman calibration model

The interpretation of a complex spectrum of
samples requires the use of chemometric
calibration models. Chemometrics is the use of
mathematical and statistical methods in chemical
data, allowing the acquisition and extraction of
essential information regarding the components of
the formulation, as shown in Figure 2 (27). For this,
it is necessary to apply a univariate or multivariate
analysis.

The univariate analysis contemplates alone
one variable at a time. Therefore, it uses a specific
band intensity of the spectra (28). The multivariate
analysis is a set of techniques that allows statistical
analysis of data collected with more than one
variable (29-32) such as the wavelengths and
spectral interactions (33).

Due to the complexity and enormous amount
of information acquired by Raman spectroscopy, it
is uncertain whether univariate treatments are
sufficient to select as the calibration model.
Consequently, it is necessary to adopt multivariate
analyses to understand and determine the relevance
of the data originating from multiple variables (34—
37).

The method most commonly used in the
multivariate analysis is the partial least squares

(PLS) method (10,38,39), described by Wold in
1966 (40). Furthermore, for multicomponent
matrices, classical least squares (CLS), alternating
least squares (MCR), principal component
regression (CRP), and principal component
analysis (PCA) are commonly used (41).

For the development of the calibration models,
carefully selected representative samples should be
used, which generally require qualification by
independent reference analytical procedures (36).
The selection of these models depends on the type
of data and analytical objectives. In some cases, to
achieve better precision of the quantitative method,
it is necessary to compare several multivariate
models. Thus, it is possible to detect errors and
allow selecting the appropriate model (41-43).

In 2015, the FDA (48) released the Analytical
Procedures and Methods Validation for Drugs and
Biologics Guidance for Industry. This guidance
was harmonized with ICH to complement the
guidance Q2(R1) Validation of Analytical
Procedures: Text and Methodology (49). The
guidelines provide the validation criteria to achieve
a successful calibration model to support the
quantitative  analysis  in  pharmaceutical
applications.

According to these official documents, to
define a robust calibration model for quantification
it is required the evaluation of the different sources
of variability and includes them in the samples.
These variabilities must be identified to predict and
control them during method validation and routine
application (36).

The performance characteristics for the
spectroscopic methods is similar to the
conventional ones and include the evaluation of
accuracy, precision (repeatability and intermediate
precision), specificity, linearity, range, and
robustness (48,49). Besides, it is essential to use a

referential method to validate the Raman
spectroscopy  method, usually the high-
performance liquid chromatography method

(HPLC). The reference values are necessary to
determine the method accuracy (36,44).

In Table 2, the statistical parameters for the
selection and prediction of the calibration model
are presented. These are in accordance to the main
performance characteristics established by the (48)
and ICH (49). Bias refers to accuracy, Q?, Qr and
R? assessing robustness, RMSEC, RMSECV and
RMSEP refers to the quantitative performance of
the calibration models.

Bias represents the systematic error and refers
to accuracy, and this avoids the acceptance or
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Table 1. Main variants of Raman spectroscopy for quantification

Variants Brief description Equipment Configuration Advantages Application Ref

Inelastic scattering effects responsible

Conventional for generating different frequencies from Non-destructive; Little or no

API quantification and

. o L nventional equipment. ample preparation; N 10
Raman scattering  the incident monochromatic light beam Conventional equipme samp’e preparation, characterization of tablets. (10)
L Short analysis time.
used to irradiate the sample.
. . Measure all wavelength
. The spectrum is obtained from the . . easure clengths
Fourier transform- . . Multiplexing spectrometer simultaneously, improved . L
Fourier transformed signal of the . . . . API quantification in powder
Raman (FT- . L ; system, such as a Michelson sensitivity compared with the single . 3,11
interfering light in a Michelson-type . mixtures.
Raman) L interferometer. channel spectrometers and less
optical interferometer. .
fluorescence interference.
o ‘Unidirectional’ mirror permitting the Greater efficiency of laser photons C.omp lex mlxtgre contamlng.
Transmission . . . . . different constituents at varying
transfer of photons from one side and Photon diode or in the sample; improved signal-to- . o
Raman . e e . o . L concentrations and quantitative (12,16)
acting as a reflector for photons unidirectional mirror". noise ratio; improves the level of . . .
spectroscopy (TRS) . L . . . analysis of pharmaceutical bilayer
influencing it from the other side. quantification accuracy. tablots
Can investigate samples with low
Resonance Raman L . .
The incident photon energy approaches . concentrations of single . .
spectroscopy - Raman microscope. . . Samples with low concentrations. (18,19)
the electron transition energy. constituents or many different
(RRS) .
constituents.
Raman scattering by molecules  Sensitive and reliable method
Surface enhanced Amplification of electromagnetic fields adsorbed on rough metal to determine the concentration of Quantifies highly complex samples
Raman L . surfaces or by nanostructures  target molecules in unknown . (20-22)
generated by the excitation of localized . . and target molecules in unknown
spectroscopy surface plasmons such as nanotubes typically systems; Detect trace organic and svstems
(SERS) p ’ made of gold (Au) or silver inorganic analytes in different Y ’
(Ag). media in nanogram level.
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Table 1 Continued

Variants Brief description Equipment Configuration Advantages Application Ref
Spatially Dedicated Raman microscopes Isolation of chemically rich spectral data
offset Diffuse Raman scattering from a region away or conventional equipment from sub surfaces, substructures, layers .
. . . . Samples inside packs and samples
Raman from the laser excitation. Uses the energy of  with a coupled microscope, and through other types of barriers. for medical diaenostics (9,23)
spectroscopy vibrational motion from within a molecule. which use optical fibers. Quantifies chemical markers. Readings & ’
(SORS) Including handheld equipment. can penetrate container.
Coherent Inverted microscope with a . . .
. . N . . . Label-free, chemically specific signal,
anti-Stokes ~ Non-linear optical imaging techniques, by laser-scanning confocal scan- C . . .
. . e fast data-acquisition time and inherent ~ Characterizes raw materials,
Raman means of non-linear probing of molecular head and photomultiplier tube L i . (13,15)
o . non-destructive “confocal”- like tablets and powder mixtures.
spectroscopy vibrational resonances. (PMT) and GaAsP hybrid imacin
(CARS) (HyD) photodetectors. ging.
. Energy difference between thg pump and Visible stimulated Raman
Stimulated  Stokes photons matches the vibrational . . . o . . . ..
) scattering microscope with Increased sensitivity, because it is free ~ Characterizes multiple excipients
Raman energy of the target molecules; the coherently R X IR .
. . o . dual-output laser system, a of limitations from labeling and distributions in tablets. Mapping  (17)
Scattering induced vibrational transition absorbs one . . .
. . Stokes beam, and a pump applicable to spot reduction effect. of samples as cells and tissues.
(SRS) photon in the pump beam and gains one
. beam.

photon in the Stokes beam.
Tip- Imaging involves measuring the signal at each Spatial resolution required for nanoscale
enhanced . . . . Raman spectroscopy coupled L . .

pixel location of the corresponding scanning . characterization. Characterization of materials at (24,25)
Raman . . . confocal microscope, and a o .

. probe microscope image during the raster . . Ability to spectroscopically map nanoscale.

scattering scanning probe microscope.

scan of the surface. surfaces.
(TERS)
Raman Acquire more representative spectra of
Micro The sample is illuminated using laser light the sample mixtures; The wide area Quantification of polymorphic

. . . T Raman spectrophotometer . . . . . .
spectroscopy and an objective lens with a disc point size of . illumination and/or reduced particle size mixtures, API content in tablets (14)
. S coupled microscopes. .

(micro- 1um in diameter or less. allows for more accurate measurements and powder mixtures.
Raman) of polymorphs.

API, Active Pharmaceutical Ingredient.
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rejection of an inaccurate or capable method,
respectively (44,45). Q? represents the predictive
capacity of the multivariate models, demonstrating
the robustness evaluation; negative values indicate
that the model is uncertain (10,46). Qr represents
variation usually from instrumental fault, and R? is
one of the most applied statistical parameters to
determine sources of variation of the models
(36,39).

In addition, RMSEC, RMSECV, and RMSEP
refer to the prediction results of the validation
method, the values of these parameters are
dependent on the characteristics of the samples.

For example, in the color tablet coating analysis,
the results depend on the model applied, but some
colors lead to larger or smaller calibration errors
(45). RMSECV is appropriate to test if the
calibration model is well fitted according to the
current data (35,36). RMSEP is the predictions of
the calibration model; to satisfactory values, it is
essential to consider matrix variations when
comparing the predictive models (35,36,47).
Therefore, these statistics e/or chemometric
parameters (Table 2) allowing to make the
assertive decision in Raman method validation.
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Figure 2. Raman spectra obtained by BRAVO Handheld Raman Spectrometer (Bruker Corporation, Billerica, MA,
EUA). The analysis shows the ability of Raman spectroscopy to characterize specific bands of substances in the multi-
component formula. The peaks arising at wavelengths 1660, 1392, 867, and 495 represents the antiretroviral zidovudine
(blue spectrum). The red line (red spectrum) refers to lamivudine, commonly associated antiretroviral with zidovudine,
for which the bands with intensity at wavelengths 1243, 798, and 780 are the most characteristic. The purple spectrum
represents the mixture of excipients (microcrystalline cellulose, croscarmellose sodium, colloidal silicon dioxide,
magnesium stearate, Opadry™ white YS-1-7003). Green spectrum represents the powder mixture of the formula
components (lamivudine + zidovudine 150mg + 300mg); even in the complex mixture, it is possible to distinguish the
main peaks of each drug and differentiate them from the excipients bands.
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Table 2. Main statistical parameters for prediction multivariate analysis

Statistical Description Formula Meaning Range Reference References
parameters value

Represents the systematic

error, is the average value of ” p— 1 ¥ is the prediction value, y is the

Bias the difference between Bias = Ef: 1 UI Ji ) /%, reference value and i is the test 0-1 IZ\erly (44,43)
predicted and measured n ) set sample. ’
values.

PRESS: prediction error sum of
Represents the fraction of 2 Z?Ffaiei’ thebs utm oisq:ellrie(: d
Q? the total variation of the Q =1.0- PRESS / S5 andeof)s::\fedeyifat;) eaee 0-1 0-1 (10,46)
response that can be S )
redicted by the model SS: residual sum of squares of
p y ' the previous components.

Predictive Relevance:

Sum of squared

reconstruction error: 9 Xiis the sample spectrum, tiis
Q determines whether a sample QJ = Sum( ; — 1 i Pi ) the latent variable scores for the 0-1 0-1 (36,39)
! spectrum is different due to sample spectrum, and P is the ’
an un-modeled source of model loading.
variance.
Coefficient of determination:
is the proportion of the 2 55 Regression SSregression: SUM of squares
R? variance in the dependent = - regression. 0-1 1 (36,39)
variable predictable from the SS Total SStota: total sum of squares.
independent variable(s).
Root mean square error of
Calibration: Is the . A .
corresponding measure for — - yi and yi as the known gnd Are determined by Depends
RMSEC the calibration model fit | Z o Q; - ) )2 calculated mass of coating the measurement  on the (45)
. Ly ] ! 07 suspension in sample i and n as error in the reference
Represents the proximity of RMSEC = 1% p p
\' n the number of samples. reference values. value.

the data of calibration model
and samples data.
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Table 2. Continuance

Statistical Description Formula Meaning Range Reference References
parameters value
Are
Root mean square error of cross- ¥ and y represent determined
validation: Prediction errors are Z”? (f — Vi ) 2 vectors of predicted and by the
— [ L
RMSECV calculated for the samples left RMSECV = i reference values, measurement 2?5:;12i2{3: (35,36)
out as the difference between n—1 respectively, and n the error in the '
prediction and reference value. number of samples. reference
values.
Are
Root mean square error of n 5 ¥ and y represent determined
prediction: deployed to quantify Z ( s ) vectors of predicted and by the
RMSEP the uncertainty in all future . Fa =Dy reference values, measurement 2?5:;156(:;;3: (3547
predictions of the calibration RMSEP =4[ = respectively, and n the error in the '
model. n number of samples. reference
values.

Spectroscopy Raman in pharmaceutical development

In pharmaceutical development, a quality by design (QbD) approach is
essential to identify the particularities of drug substances and excipients for
new formulations (50-53). This concept allows risk management in the
development of new medicines (54-58).

Raman spectroscopy allows for identifying critical variables and their
clinical relevance related to quality and safety for patients (26,50,59,60).
Table 3 presents 14 studies in the last five years, related to the use of this
technique in the product development phase. In these studies, 23 drug
substances from 10 therapeutic classes were evaluated.

Protasova and colleagues (61) demonstrated the applicability of Raman
spectroscopy for monitoring reactions in solid phases (Table 3). They

describe its current applications in the synthesis of drug candidates. In the
early developmental studies, this technique helps characterize the active
pharmaceutical ingredient (API) and understand drug-excipient interactions
in the formulation, besides allowing for evaluating the critical quality
attributes of pharmaceutical products (CQAs) (62,63).

These attributes play a fundamental function in the quality, safety, and
efficacy of pharmaceuticals, directly influencing the bioavailability of drugs
(63-65). In this sense, 57% of the studies presented in Table 3 evaluated the
crystalline and polymorphic forms of the compounds in mixtures of powders
and commercial products.
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Three different devices were compared:
benchtop confocal  microscope coupled
spectrophotometer  (micro-Ramanl), portable
spectrophotometer (macro-Ramanl) and benchtop
spectrophotometer (macro-Raman2) for the
quantification of three polymorphs of mebendazole
in mixtures (Table 3). Partial least squares
regression models (PLS) were developed obtaining
RMSEP values of 1.68%, 1.24% and 2.03% (w/w)
for polymorphs A, B, and C, respectively, using the
macro Raman analysis. This macro presented
better performance, due to the configurations of
this equipment, which provides more widely
illuminated area laser, allowing getting more
reproductive and representative spectra (14).

Similarly, for the quantification of crystalline
and amorphous forms of warfarin sodium (Table 3)
using PCL and PCR, the obtained values were: R?
=0.993, RMSEC = 2.60 and Bias = 0.007; and R?
=0.993, RMSEC = 2.61 and Bias = 0.019 for PLS
and PCR, respectively (66). The predictive results
for the quantification of the fraction of crystalline
(theoretical 10%) and fraction amorphous
(theoretical 90%) were 15.32 +2.63% and 84.68 £
2.63%, respectively, for PLS and 15.32 + 2.61%
and 84.68 + 2.61, respectively, for PCR. These
analyses are critical; especially in the case of
formulation development with low therapeutic
index drugs, in which any change in these forms
over the life cycle of a product, can affect the
performance of the drug adding risk to the patient
(66).

The understanding of the crystalline forms of
the drug substance and the interactions with the
excipients are of fundamental importance for
formulations in different presentations, mainly
those exposed to humidity (53,64,65). Three of the
13 studies presented in Table 3 monitored the
transition of the crystalline form (cocrystallization)
allowing their in-line quantification. These
demonstrated that the Raman technique is a
reliable tool to solve challenges for the
quantification of highly hygroscopic drugs
(53,67,68).

Table 3 shows the particle size monitoring in 2
of 13 studies. The mean particle size of micronized
components in the development of ebastine tablets
(6.25 wt. %) was calculated using polystyrene
microspheres as standard size (4.9+0.4, 9.8+0.5
and 15.8+0.6pm). The particle size and the forms
of the components of the formulation remained
unchanged throughout the tablet development
process (28). Similarly, a Raman probe was used
to evaluate changes in the size and shape of drug
substance particles, generated from the friction in
the powder mixing process (69).

Furthermore, Walker and colleagues (70) used
the FT-Raman variant and Low-Frequency Raman
Spectroscopy to identify disorders during the
milling of the L-tryptophan and indomethacin
drugs individually and in the binary mixture (1: 1
molar ratio). Analysis revealed that the blend
changed more rapidly and more thoroughly
compared to the separate components. Such
phenomena  indicated  possible  favorable
intermolecular interactions between the two
substances. These evaluations are critical for
forecasting and planning large-scale production
processes.

Interactions among the components and
degradation products can be detect by Raman
under adverse conditions such as temperature
(71,72). SERS was employed (Table 1) for the
quantification of ofloxacin and for monitoring its
stability after several forced degradation processes.
The studies revealed method capacity for
quantifying this drug in the presence of its
degradation product, simultaneously (73).

In addition, in the development stage, nine
different software applications supported Raman
analysis (Table 3). This software considers the
main variables and statistical parameters
applicable to multivariate analyses. Thus, they
have a fundamental role in modeling, prediction,
and optimization of the chemometric models.
Therefore, they allow minimizing the exhaustive
work for application and understanding of these
calculations and formulas, in the development and
routine analysis.

In pharmaceutical development, a quality by
design (QbD) approach is essential to identify the
particularities of drug substances and excipients in
complex mixtures and in multi-component
formulas and their clinical relevance. Raman
spectroscopy, combined with multivariate models
allows identifying the main critical variables, such
as interactions between the drug substances and the
other components and changes in the crystalline
form of the drug. Thus, Raman spectroscopy plays
a keys role in risk management in the development
of new medicines.

Raman spectroscopy in process analytical
technology

The CGMPs for the 21 Century (59), harmonized
with the concept of QbD addressed by ICH (50),
allows for understanding, continuous improvement
and allows for reducing the variabilities in the
critical stages of the process, ensuring higher
quality to the final product (74).
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Table 3. Raman spectroscopy in pharmaceutical development

Drug Therapeutic . Critical Quality . . Calibration .
Substance Classification Excipients Attributes Variants Equipment Manufacturer Model Data Analysis Software  References
T64000 (micro-
. Ramanl); .
B{[ré?fl}{:lrand Polvmoroh TacTicID-GP Joi)lfglgi;n- The Unscrambler X 10.3
Mebendazo Anthelmintic mixturZs uanti}f/icatlign in Raman (macro B&W , PLS, MSC, (CAMO) and (14)
le . quant! microscopy Ramanl); ) SNV, WLS MATLAB R2010a (Math
containing mixtures. RamanStation Tek.; Works)
polymorphs. 400F (macro Perkin-Elmer ’
Raman?2)
Forced Surface- Confocal Horiba Jobin Regression
Commercial degradation enhanced Raman Yvon analysis and
Ofloxacin Antibiotic & . Raman spectrometer J validation Not mentioned (73)
dosage forms.  procedures in eye b Bensheim, .
drop and tablets spectroscopy LabRam Germany using I.CH
' (SERS) HR800 ' guidelines
Anhydrous
lactose,
pregsiellizllllnzed Quantification of Unscrambler
macnesium  Crystalline/Amor RamanRXN2™  Kaiser Optical X software (version10.1:
Warfarin ~ Anticoagulant & phous API in Raman Multi-Channel System Inc., o
. stearate, . PLS, PCR Camo Software Inc., (66)
sodium S mixtures (placebo spectroscopy Raman Ann Arbor, .
hydroxypropyl S Woodbridge,
and sample Analyzer Michigan.
cellulose, . New Jersey).
matrices).
methanol
and deuterated
water (99.9%).
In-line monitoring PLStoolbox 6.2
Anticonvulsan  Solvent (ethyl of (Eigenvector Research
C.arban}azej t, Psychotropic acetate) for cocrystallization Raman i-Raman BWS B&W Tek, PCA, PLS, Inc., Wenatchee, WA,
ine/Nicoti Inc., Newark (68)
p namide and crystallization process and spectroscopy 415-785H D‘]’E USA ’ MCR-ALS USA); Matlab®2011a
Neurotropic reaction. quantification in ’ ) (Mathworks Inc., Natick,

ternary mixture.

MA, USA).
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Table 3. Continuance

Drug Therapeutic . . Critical Quality . . Calibration Data Analysis
Substance Classification Excipients Attributes Variants Equipment Manufacturer Model Software References
N-
acetylbenzyl I.ntermo.lecul‘ar WITec confocal WiTec Instruments  Analysis of WiTec
amine and L . interactions in Confocal CRM alpha 300 . software
Antiepileptic Not mentioned . . Corp., Knoxville, crystallogra . (71)
N-benzyl- Polycrystalline  Raman Imaging Raman TN. USA hic data (Project
ethanethioa samples. microscope ’ ' p ’ FOUR 4.1).
mide
Lactose, carmellose
calcium, crystalline o
cellulose, Raman alrf;;/silztrf d ISys 4.0 CI
Ebastine  Antihistamine hydroxypropyl Particle sizing. .Raman microscope: ARAMIS, Horiba, Raman software (28)
cellulose, microscopy Kyoto, Japan. . (Malvern
. LabRAM chemical
magnesium stearate images Instruments).
and light anhydrous £es.
silicic acid.
Monitoring of Low-{iel?)u ency
. . Ethanol, . cocrysFals: the Raman THz-Raman® Ondax, Inc., CA, HoloGRAMS
Furosemide . . microcrystalline crystalline-form Probe System, . o .
L . Antihypertensi . spectroscopy USA and Kaiser  Calibration 4.1 (Kaiser
/Nicotinami cellulose and conversion in TRPROBE and . . . (53)
ve . and Optical Systems, using sulfur. Optical
de hydroxypropyl suspension or . Raman RXN1
e Conventional Inc., MI, USA. Systems, Inc.).
cellulose. fluidized bed System
. Raman
granulation.
spectroscopy
L FT- Un;(crlaén;ler
. Identifying Raman/Low-  Multi-RAM FT- Bruker Optics, .
tryptophan Anti- . . ; . (CAMO
. Not mentioned disorder during Frequency Raman Ettlingen, PCA, SNV (70)
Indomethaci inflammatory o Software AS,
N Milling. Raman spectrometer Germany. Oslo
Spectroscopy Norway).
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Table 3. Continuance
Drug Therapeutic . . Critical Quality . . Calibration Data Analysis
Substance Classification Excipients Attributes Variants Equipment Manufacturer Model Software References
MatLab
Kollidon® 25 (Vathworks.
(PVP), Quantification of .. . Kaiser Optical i ’
. ‘ . Transmission Kaiser USA) and PLS
. Anti- magnesium the solid-state Systems (Ann
Celecoxib . . Raman RXN1 PLS Toolbox 8.1.1 (72)
inflammatory  stearate and  properties of drugs . Arbor, MI, .
. . spectroscopy Microprobe (Eigenvector
sodium in tablets. USA)
chloride Research Inc.
’ Manson, WA,
USA).
Normalized
relative peak
H>O/ethanol Polymorphism and areas and
Lamivudin . solution for ymorphism Fourier Transform FT-Raman Thermo Nicolet heating .
Anti-viral L polymorphic . - Not mentioned (64)
e recrystallizati . Raman spectrometer 960, USA. times with
transformation. .
on. single
exponential
functions.
PLS tool box
Croscarmello 6.2
se, Lactose Monitoring (Eigenvector
monohydrate,  crystalline phase i-Raman B & W Tek Research Inc.,
Ezetimibe lipid-lowering  Magnesium transition of API Raman BWS415-785H. Inc Newarlé PCA, PLS, Wenatchee, (67)
compounds stearate, and quantification in spectroscopy (Portable D.]’E USA > MCR-ALS WA, USA) and
Cellulose, Powder of the equipment) ’ : Matlab®2011a
and mixture and tablets. (Mathworks
Povidone. Inc., Natick,
MA, USA).
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Table 3. Continuance

Drug Therapeutic . Critical Quality . Calibration Data Analysis
Substance Classification Excipients Attributes Variants Instrument  Manufacturer Model Software References
Choice of
Sulfonyl o functional
Reaction . chloride resin Momtormg . Raman . . groups and the .
Not mentioned . reactions on solid Not mentioned Not mentioned . . Not mentioned (61)
molecular and Merrifield spectroscopy implementation
. phases. .
resin. of a suitable
model system.
Comparison of MiniTab 15
Lactose the measured (Minitab,
aphydrous, . . ‘ Kaiser Optical pafucle spectra State College,
microcrystalli Particle size . with reference PA, USA), and
BMS- . R . Raman Kaiser Raman  Systems Inc., . .
Not mentioned ne cellulose distributions in . library spectra SigmaPlot (69)
823778-03 . microscopy system Ann .
and powder mixtures. and version 12.5
. Arbor, USA . .
magnesium classification of  (Systat software
stearate. individual Inc., Chicago,
components. USA).

API: Active Pharmaceutical Ingredient. MCR: Multivariate Curve Resolution. MCR-ALS Multivariate Curve Resolution with Alternating Least Squares. MSC: Multiplicative
Scatter Correction. PCA: Principal Component Analysis. PLS: Partial Least Squares. SNV: Standard Normal Variate. WLS: Weighted Least Squares.

Thus, in 2004 the FDA published the Guide to Process Analytical
Technology (PAT), defined as a risk-based scientific approach, aimed at
supporting innovation and efficiency in pharmaceutical development,
manufacturing, and quality (75).

Real-time PAT analysis can be in-line/online, and it is carried out
directly on the production line, in critical stages as in the process of mixing,
granulation, and drying. At-line, rapid analyses are carried out, after the
critical steps of the process, for example, spectroscopy and disintegration
assay (50,76).

Raman spectroscopy allows for identifying changes in physicochemical
properties during the relevant unitary operations from the pharmaceutical
point of view. Such an approach enables real-time understanding of these

processes. Therefore, it has essential advantages as PAT tools, meeting
regulatory requirements (33,46,53,77).

Riolo and colleagues (78) highlighted the importance of Raman
spectroscopy monitoring in the early part of a production process. The
acquisition of initial data is fundamental for statistical treatment and
identification of variabilities, aiming to determine the outcome of powder
mixtures and ensure the manufacture of safe and effective medicines.
Additionally, other two studies of 13 (Table 3) presented real time
monitoring of the powder mixing process. The drug substance quantification
occurred during the process, which allowed for evaluating the mixing
profiles, as well as identifying the outcome of these, ensuring their
uniformity (78—-80).
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Two of three of these studies used the same
model of the phantom (PhAT: Pharmaceutical
Area Testing) with the same condition of excitation
and diameter of point for quantification of the
drugs, although with different types of equipment
(79,80). These examples show that some
accessories and devices can be applicable for
different equipment configurations, including
different manufacturers, as in a study performed by
Netchacovitch and colleagues (33). In this study, a
Kaiser Optical Systems probe coupled to a Perkin
Elmer device was used. Table 3 revealed that 85%
of the studies (11 of 13) used the equipment of the
manufacturer Kaiser Optical Systems.

A single-channel device model, used for
measurements through the glass wall of the mixer,
allowed acetyl salicylic acid detection (1.1% w/w)
in the evaluation of an aspirin mixture with Avicel
PH-101, at a 50-rpm profile. The monitored
variable was the drug substance particle size. The
results did not identify profile variation in the
mixture during the process. However, an increase
in the time to obtain a homogeneous mixture was
observed, through the evaluation of peak-to-peak
noise of the spectra. This behavior was dependent
on the drug substance concentration as they added
the drug (79).

Unlike the previous study, a multichannel
device was used to quantify drug substances in
samples of powders and tablets employing
simultaneous monitoring (PhAT probes) of the
blend. The performance characteristics of the
method revealed, coefficients of determination
(R2% = 0.9695, R2, - 0.9605), errors (RMSEC [%
w/w] = 0.8295, RMSECV [% w/w] = 0.9446,
RMSEP [% w/w]) = 0.8246 and Biasy [% w/w] =
0.0091, respectively. The real-time monitoring of
the powder mixture allowed for indicating possible
problems such as an insufficient amount of powder
in the mixer and changes in the concentration of the
API (80).

In addition, the Raman technique can be
suitable in online monitoring of the gel mixing
process. Predictive results for method performance
(R? = 0.973; Q* = 0.973; RMSECV = 0.0418%
w/w) were obtained even in a low concentration.
On three different days, RMSEP values of 0.0255,
0.0235 and 0.0381% (w/w) for three validation sets
were obtained (81). These results evidence the
capability of the technique to evaluate the mixtures
of different pharmaceutical forms (solid, semi-
solid, and liquid). In addition, the Raman technique
allows for quantifying samples with high water
content, demonstrating its viability in the
monitoring granulation unit operation (67,82,83).

The granulation process was monitored in 5 of
13 studies (Table 3) using the partial least squares
(PLS) calibration model, which was applied in
100% of the cases, although two studies also used
other methods such as MCR, PCA, and MLR.

With reference to these models, the MCR
model was the only predictive model not to exceed
the established acceptance limits of 10% (relative
Bias) for the monitored mixtures containing 17.5,
22.5,25.0, 27.5 and 32.5% (w/w) of metoprolol.
The calibration model for the quantification of
drug substances during the hot melt extrusion
process presented results of accuracy, precision (95
of the 100 measurements below the predefined
acceptance limits of 10%) and robustness (46).

The calibration models should consider the
concentration of the drugs in the powder mixture,
the time of exposure of the sample to radiation, and
the volume of the sample. This volume shall not
overstep three times the unit dose range
(33,36,46,84).

Following the development of the appropriate
PLS calibration model, Harting and Kleinebudde
(84) demonstrated RMSEP of 0.59% and 1.5%,
respectively, for the quantification of ibuprofen
and diclofenac sodium. A difference of 6% in the
concentration of diclofenac was observed due to
not cleaning the granulator between the tests. This
demonstrates the ability of the technique to identify
variability and possible challenges in the
processes, such as equipment setup failure.

Like the previous study, a univariate and a
multivariate model (including all wavelengths and
their  interactions) were developed for
quantification of itraconazole in line, for
monitoring the hot-melt extrusion process. The
validation for the two calibration models occurred;
however, the multivariate approach was more
accurate due to including a more significant
number of variables in the model (33). Such an
approach may justify the use of multivariate
models in 100% of the studies presented in Table
3.

Five of 13 studies (Table 3) were developed for
monitoring of the coating nuclei stages. Recently,
Korasa and Vrecer (85) monitored the pellet
coating process using an in-line probe. The results
were R? = 0.9970, RMSEP = 0.5998 and slope of
the regression line of 0.9463, which showed high
consistency between observed and predicted
values. The technique not only contains a tool to
determine the amount of spray coating, but it is also
able to assess the thickness of the coating (85).

Similarly, an MCR calibration model for the
quantification of multilayer film coating was
developed. The model allowed to predict the
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thickness of films during the process and showed
better performance compared to the PLS
regression model, more frequently applied, as
revealed in Table 3 (86).

Kim and Woo (87) evaluated coat weight gain
in-line by quantitative analysis of the film layer.
They accurately monitored the endpoints of the
process with an aim weight gain of 3% (W/w).
Image analysis was also performed on the coating
layer, using a Raman microscope showing an
increase of thickness.

Fluorescence from pigments or certain
excipients may interfere with spectral analyses
(87), although, two studies reported the sensitivity
of the technique for monitoring the processes of
colored coatings (Table 3). In the first study, in-
line monitoring using multivariate models (PLS
and SBC) and a univariate analysis model were
developed for endpoint determination of the
coating process of colorless suspension. The
method evidenced to have high predictive power
(R?=0.9996 Q* RMSEC/% = 0.85 and RMSEP/%
=0.96) and all spectral variation were linear over
time (88).

In the second study, the authors monitored six
colored coatings, which after 30 min of the
process, there was no change, which revealed its
endpoint. Such an approach allowed for reducing
this step by 20 minutes (from 50 to 30 minutes)
(45).

The ability of the continuous verification
presented in these studies allows a greater
understanding of the variabilities of the primary
pharmaceutical unit operations. The potential to
overcome the challenges of quantifying, in-line,
samples in the presence of classical interferents
from the pharmaceutical industry, such as
fluorescent and highly hygroscopic components, is
presented. Also, the ability to determine the
endpoints of blending processes increases patient
safety, reduces process time and open the way for
continuous production and reduction of lead time
release, one of the significant challenges of the
pharmaceutical industries.

Raman spectroscopy in
nanomaterials

Improvements in the technology used to obtain
nanocrystals have presented opportunities never
achieved before to facilitate the administration of
medicines. This approach efficiently increases the
surface area of the drug with the biological media
and increases the saturation solubility. This

pharmaceutical

promoted an increase in dissolution rate and may
increase bioavailability. In addition, it presents
greater bioadhesiveness to the Dbiological
membranes compared to the drug in the
micrometric scale. Such advantages potentially
improve the safety and efficacy of the drugs,
allowing dose reduction (89-92).

In recent decades, there has been a significant
rise in the development of drug nanocrystals. As of
2017, more than 80 drug nanocrystal applications
were submitted to the FDA (90). The critical
attribute characteristics of drug nanocrystals such
as size, particle-size distribution and mean particle
diameter, along with morphological analyses are
fundamental to evaluate crystalline forms and to
optimize size-dependent properties (90,93,94).

Due to the versatility of Raman technology and
the interface advantage of different analytical tools
with this technique, they can lead to an expansion
into the field of pharmaceutical nanotechnology
(1). Surface Raman Enhanced Scattering (SERS)
and Tip-enhanced Raman spectroscopy (TERS)
(Table 1) enhance the sensitivity of the technique
and enable the evaluation of nanoscale substances
(21,24,25,95,96).

Low-frequency Raman spectroscopy was
applied to evaluate the crystalline state of
nanocrystals; the technique was able to assess the
polymorphic form of furosemide after nano
pulverization (89). In addition, this technique
allowed chemical and spatial quantification in the
process of mixing cellulose nanocrystals in
thermoplastics (97).

A method for quantitative analysis of alginate
nanocarriers loaded with curcumin in hydrogels
presented standard deviation results of SD equal to
0.34, 0.50 and 0.96% (w/w) and relative error of
3.21, 0.42 and 0.85% for concentrations of 2.11,
5.43 and 10.48% (w/w), respectively, using the
PLS predictive model. Due to low interference
from samples with high water content, the

precision of the method demonstrated the
effectiveness of the technique for the
quantification at low  concentrations of
nanocrystals (98).

Besides, Raman spectroscopy Raman
spectroscopy was employed to characterize
graphite oxide nanoparticles to aid the

administration of photothermally-controlled drugs
(99). It allowed evaluating the penetration capacity
of caffeine and propylene glycol nanocrystals in
gel form applied topically to swine (100).
Furthermore, it enabled the broader verification of
cellular interactions in cytotoxicity assays (101).
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Table 4. Raman spectroscopy in pharmaceutical process measurements

Sample Drug Unit Operating Instrument Manufacturer Accessories and Calibration Application/Critical References
characteristic ~ Substance Operations  Principles apparatus Model Quality Attributes
espatanne KaiserOpieal (e MO
Powqer Avicel PH-101  Blending Conyeptlon RamaITlMR XN1 Systems Inc., 785 nm and a spot PLS In situ momtorlpg of (79)
blending Mixing Ann Arbor, MI, . . powder blending
and size diameter of 6
. . USA.
sodium nitrate. mm.
Jobin Yvon Nd:YAG blue .
Diffusion Horiba laser at 473.1 nm Raman signal
Powder . Blending . LabRam Horiba, Kyoto, : ’ of the . .
. Confidential .. Blending and attached to an Mixing monitoring (78)
blending and Mixing confocal Japan. component of
(Tumble) Olympus BX40 .
Raman . interest
microscope.
spectrometer
PhAT probe,
: excitation laser
Powder Blendmg, Wet . v Kaiser Optical 785 nm spot size API content in
. Anhydrous granulation  granulation RamanRxn2 .
blending and caffeine and and melt Hvbrid Systems, Ann diameter of 6 mm PLS blended powder and (80)
tablet . . y Arbor, USA. and a Kaiser tablets in real-time
tableting extrusion o
transmission
accessory.
Gel (2% w/w) Kaiser Optical ;gggbiiidgz In-line quantitative
and confidential .. Convection RamanRxn2™  Systems, Ann P determination (API)
. . . Mixing . PhAT probe. PLS . (81)
Suspension information Mixing Spectrometer Arbor, MI, . in a gel and
o Excitation laser .
(0.09% w/w) USA. suspension
785 nm.
PhAT probe,
. Raman . . L
Ibuprofen 50 Twin-screw Kaiser Optical excitation laser . .
. . RXN2™ In-line continuous
Granules and diclofenac  Granulation wet . Systems, Ann 785 nm and a spot PLS . . (84)
. . Hybrid . . API quantification
sodium granulation Arbor, USA. size diameter of 6
Analyzer
mm.
Raman probe
(Kaiser Optical API content in real-
. Hot-melt RamanStation Perkin Elmer, Systems Inc., MI, time
Extrudates Itraconazole  Granulation extrusion 400F MA, USA. USA). Two- PLS during a Hot-Melt (33)
dimensional CCD Extrusion process
detector.
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Table 4. Continuance

Sample Unit Operating Accessories  Calibration Application/Critical
characteristic Drug Substance Operations  Principles Instrument Manufacturer and apparatus Model Quality Attributes References
. . Fiber-optic
Kaiser Optical . .
. Raman Dynisco API content during
- ™
Ex.tr uston Metoprolol tartrate ~ Granulation Hot melt Raman Rxnl Systems, Ann probe. PLS, MCR  pharmaceutical hot- (46)
mixtures extrusion spectrometer Arbor, MI, o .
Excitation laser melt extrusion
USA.
785 nm.
785 nm
Wet High- excitation laser,
Theophylline Granulation/ Shear . RamanRxn2 Kaiser Optical  a CCD detector PLS, PCA., Asgeslsment and
Tablet . . Granulatio Systems, MI, and PhAT prediction of tablet a7
anhydrate Unit Dosing Analyzer MLR .
n/ USA. probe properties
Tableting (backscattering
geometry).
PhAT probe
vy RXN2™ . . using a PLS, MCR,
Pellets Acetylsalicylic acid Coating Filéladtiﬁed Ran;?lzl zer2 Iéa;f:;SpS;aAl) diode laser MCR-ALS, Coating thickness (86)
& Y y ’ " operating at 785 SNV, SVD
nm
. . PhAT probe
RamanRXN™  Kaiser Optical with 785 nm Prediction of sprayed
Coated pellets  Diclofenac Sodium Coatin Film Spectrometer / lSJySSzf I/n;;ilrll:do excitation laser PLS quantity, coating (85)
p & Coating  HyperFlux™ PRO Spectral of 6 mm thickness, and Loss
Plus Raman System, USA diameter / 785 on drying.
nm laser.
a) 785nm diode
Coating excipients: a) Kaiser liifeaESV}ZAaIl a) in-line monitoring
detackifier, TiO2, a) Raman Optical Inc., ps of size o fgé for coating weight
Kolliphor® SLS, . Pan spectrometer MI, USA. P gain
Tablet Coating . mm PLS . - . (87)
talc and aqueous Coating b) Raman b) Nanophoton b) objective b) imaging analysis
film former that is microscope Corporation, ) for coating layers and
. lens TU Plan .
polyvinyl alcohol Osaka, Japan. Fluor thickness
20x/NA0.45.
Drug-free cores - . . . .
Coating suspensions . Gas RamanRXN2™ Kaiser Optical Ph.A T probe, PLS, MCR, Endpoints of coating
Tablet comprisin Coating Suspension Analyzer Systems, Ann  excitation laser SBC. Uy Processes for colored (45)
prising p y Arbor, USA. 785 nm spot ’ tablets

polymers and
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pigments and/or
dyes

Placebo and
caffeine
cores

Gas

Tablet .
Suspension

Coating Analyzer

RamanRXN2™

size diameter of

6 mm.
PhAT probe,
Kaiser Optical excitation laser PLS. SBC Endpoint
Systems, Ann 785 nm spot I}V ’ determination of a (88)
Arbor, USA.  size diameter of tablet coating process
6 mm.

API: Active Pharmaceutical Ingredient. MCR: Multivariate Curve Resolution. MCR-ALS Multivariate Curve Resolution with Alternating Least Squares. MLR: Multiple Linear
Regression. NIPALS: Non-Linear Iterative Partial Least Squares. PCA: Principal Component Analysis. PCS: Principal Component Analysis. PLS: Partial Least Squares. PhAT:
Pharmaceutical Area Testing. SBC: Science-Based Calibration. SNV: Standard Normal Variate. SVD: Singular Value Decomposition. WAI: Wide Area Illumination. UV:

Univariate analysis.

Collectively, these studies highlight the prospects of routine analysis of
materials at the nanometer scale, mainly, considering the possibility of
auxiliary Raman spectroscopy and even replacing destructive techniques
such as transmission electron microscopy, X-ray diffraction, and
photoluminescence spectroscopy, commonly used for size analysis and
nanocrystal characteristics.

FINAL CONSIDERATIONS

The application of Raman spectroscopy has evolved due to its increasing
instrumental versatility. This evolution allowed different configurations of
the instrument, significantly improving its sensitivity. In combination with
chemometric models, this technique makes it possible to investigate a wide
variety of samples, quickly and non-destructively.

In the development of pharmaceutical products, this technique has been
consolidated as a reliable quantitative analytical method in the evaluation of
the main critical quality attributes. Raman spectroscopy has been able to
overcome classic challenges of the pharmaceutical industry, such as the
quantification of substances at low concentrations in complex mixtures,
including the presence of their degradation products and in multicomponent

formulas of various therapeutic classes. Thus, it has become essential to
identify critical variables and their clinical relevance in the development of
new drugs in the QbD environment.

In process monitoring, this technique has been established for off-line
measurements, but it is in real-time (in-line) control based on PAT, where it
has advanced exponentially. In this sense, it allows quantification in powder
mixtures under adverse conditions, as in the case of blends with high water
content, semi-solid and liquid mixtures. It also enables the collection of an
enormous amount of data, compared to the conventional technique by high-
performance liquid chromatography. These data allow a greater
understanding of variability in the pharmaceutical process, as well as the
continuous verification of its critical stages and unit operations.
Furthermore, it will enable researchers to overcome the challenges of
quantifying, in-line, fluorescent interfering samples such as colored tablets.

Therefore, Raman spectroscopy has become a potent tool for
pharmaceutical applications, integrated into the concept of Good
Manufacturing Practices of the 21%" Century. Recently, the use of Raman
spectroscopy has advanced in pharmaceutical nanotechnology, standing out
for quantifying materials on the nanoscale scale.
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