
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Uses of Raman spectroscopy in pharmaceutical analysis:  
a review 
 

ABSTRACT 
Regulations for pharmaceuticals continue to 
tighten and increase the demand for more testing 
and require more information to be deemed safe 
by the United States Food and Drug Administration.
Raman spectroscopy is a widely used analytical 
technique in the field of pharmaceutical analysis, 
primarily due to its ability to provide detailed 
molecular and spatial information about a wide 
range of compounds and components of interest 
that are commonly used in pharmaceutical 
formulation with relative ease. The most prominent
applications of Raman spectroscopy in the field of 
pharmaceutical analysis are explored to highlight 
their inherent benefits and possible complications. 
Herein, a brief background and survey of 
utilization are provided for surface-enhanced 
Raman spectroscopy, Fourier-transform Raman 
spectroscopy, and Raman microscopy. Current 
technological developments in Raman spectroscopy
are also discussed to demonstrate the ongoing 
advancement in instrument operation and regulatory 
compliance. 
 
KEYWORDS: Raman spectroscopy, pharmaceutical
analysis, surface-enhanced Raman spectroscopy, 
Fourier transform Raman spectroscopy, Raman 
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INTRODUCTION 

Pharmaceutical testing background 
Before the 1962 amendments to the Federal Food, 
Drug, and Cosmetic Act, pharmaceuticals were 
not required to undergo any trials or testing to 
prove their efficacy. Since then, the pharmaceutical
industry in the United States has been one of the 
most highly regulated areas in the world [1, 2]. 
According to the director of the Food and Drug 
Administration (FDA) Center for Drug Evaluation 
and Research, Steven Carlson, M.D “Before the 
1962 amendments to the Federal Food, Drug, 
and Cosmetic Act, controlled trials were still 
developing, and many marketed drugs were 
ineffective for their labeled uses. Now, the 
standard for evidence is the well-controlled study, 
and the FDA’s implementation of the 1962 
amendments contributed greatly to that” [1].  
Today, the FDA in conjunction with the United 
States Pharmacopeia (USP) ensures the potency 
and efficacy of any pharmaceutical before 
being released to the public. Traditionally, 
potency testing has been performed using high 
performance liquid chromatography (HPLC) or 
gas chromatography (GC) in tandem with either 
mass-spectroscopy (MS) or ultraviolet-visible 
radiation (UV-Vis) instrumentation.  However, in 
recent years Raman spectroscopy has been an 
emerging technology gaining traction in the 
pharmaceutical testing industry [3]. In addition to 
potency testing, particle size analysis and release
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rate of drugs also must be studied before a drug 
product can be approved to be sold to the public. 
Particle size analysis has been performed using 
manual microscopes and counting. To determine 
release rate, dissolution testing in tandem with 
the HPLC or GC equipped with MS or UV 
detectors is performed. These techniques are often 
time-consuming and can involve dissolving the 
medication in harsh organic solvents such as 
methanol or acetonitrile, which disagrees with the 
trend of using green techniques due to their 
destructive nature. Raman on the other hand is 
fast, non-destructive, and does not require any 
solvents for testing, agreeing with the green 
technique trend. 
Even though Raman is a newer technique, New 
Drug Applications (NDAs), or pharmaceutical 
filings with the FDA have already been approved 
with Raman being used for testing and the USP 
has published general chapters for guidance on the 
testing including <858> and <1858>. USP chapter 
<1858> is a general guidance chapter, including 
Raman spectroscopy in acceptable testing 
methods for identification of active pharmaceutical
ingredients (APIs), assay of APIs, and 
determination of impurities in drug products. USP 
chapter <858> outlines the expectations placed on 
pharmaceutical testing laboratories to ensure tests 
performed by Raman spectroscopy are suitable for 
testing. This includes validation testing for 
accuracy, precision, specificity, robustness, limit 
of quantitation, linearity of the calibration model, 
and range [4, 5]. These guidance and approvals 
are a big step in transitioning analytical testing 
in the pharmaceutical industry, cutting down 
analytical testing time required for quality control 
and potentially lowering costs for consumers due 
to the decreased number of resources required 
to be able to get products to markets all while 
increasing the quality of testing.  

Raman spectroscopy background 
Since its development in 1928 by C. V. Raman 
and K. S. Krishnan, Raman spectroscopy has 
continued to advance and grow in popularity for 
use in many areas of chemistry [6]. Raman first 
observed the effect by using a mercury lamp as 
a radiation source to excite a benzene solution, 
first inspecting and taking note of the inelastic 
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scattering [7].  Raman spectroscopy has found use 
in the analytical, synthetic, and, more recently, 
pharmaceutical chemistry fields [7, 8].  
When a sample is illuminated with photons 
emitted from a monochromatic radiation source, 
generally a laser, the energy transfer causes 
vibrational movements experienced in the 
molecular structure of an analyte, which can result 
in a change in the dipole moment or polarizability 
of the sample [9]. These transitions occur in 
a radiation wavelength range of 0.78-300 μm. 
Raman spectroscopy selectively detects the 
change in the polarizability of a sample due to the 
vibrations. Generally, molecules that possess pi 
electrons are easily polarized. Once the incident 
radiation reaches and interacts with the sample, 
the photons are scattered both elastically and 
inelastically [9]. The dominant resultant beam 
is elastically scattered and possesses physical 
properties comparable to the incident beam, which 
is commonly referred to as Rayleigh scattering 
[8]. In addition to the Rayleigh scattering, 
significantly weaker, inelastically scattered, 
beams appear distributed in discrete bands at 
higher and lower energy levels than the incident 
radiation, called Stokes Raman and anti-Stokes 
Raman scattering, respectively [8]. As seen in 
Figure 1, the Rayleigh scattered light results from 
the promotion to an excited energy state and 
subsequent relaxation back to the original 
vibrational energy state [10]. Figure 1 also 
outlines the Stokes Raman scattered light, which 
results from the molecular orbital relaxing to a 
higher vibrational energy state than the original 
from an excited state, called red shift [10]. The 
anti-Stokes Raman scattering signal appears 
weaker than the Stokes Raman scattering signal. 
This is because the molecular orbital must be 
excited to a virtual energy state, causing a 
relaxation to a lower vibrational energy state than 
the original, which is a less favorable process 
compared to relaxing from an excited state, called 
blue shift [10]. Raman scattering is an essential 
mechanism of study as each observable analyte 
has a unique Raman fingerprint that can be used 
as a selective identifier. 

Overview of Raman as a spectroscopic modality
Infrared (IR) and Raman spectroscopy measure a 
sample’s vibrational energies due to the oscillating
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intrinsic fluorescence (or errant fluorescence from 
sample impurities) overlay Raman bands. Use of 
different laser wavelengths in the near-infrared 
(NIR) spectral region can often mitigate this [13]. 
Occasionally, high laser excitation intensities will 
thermally decompose some solid-phase samples 
[13].  

Applying Raman spectroscopy to 
pharmaceutical analysis  

Raman spectrometers 
Dispersive and Fourier-transform Raman (FT-
Raman) instrumentation (Figure 2) are used to 
collect spectra [14]. The use of confocal Raman 
microscopy provides non-destructive probing and 
spatial resolution, and surface-enhanced Raman 
spectroscopy (SERS) is one of the most sensitive 
types that allows single molecule detection [8, 11, 
13]. Many types of Raman spectroscopy have 
been developed to adequately test samples 
presented in various forms and applications [11]. 
Hand-held Raman spectrometers are commercially
available, too (vide infra). Some major 
manufacturers of Raman instrumentation include 
Agilent, Agiltron, Anton Paar, B&W Tek, Bruker, 
Enhanced Spectrometry, Endress+Hauser, Horiba, 
Metrohm, Ocean Insight, StellarNet, and Thermo 
Fisher. 
The principal components of modern Raman 
spectrometers include a laser radiation source, 
a sample holder, wavelength selectors, and 
a detector. Common laser sources for Raman 
spectroscopy include argon ion (488.0 or 514.5 
nm), krypton ion (530.9 or 647.1 nm), helium-
neon (632.8 nm), diode (630 or 780 nm), and 

 
 
 
 
 
 
 
 
 
 
 
electric field introduced by the radiation source 
[9]. Also, like IR spectroscopy, the radiation 
source used to excite the sample in Raman 
spectroscopy is benign, making analysis a non-
destructive process [7, 11]. Unlike IR spectroscopy,
which measures a change in the dipole moment 
of the analyte, Raman spectroscopy measures 
a change in the apparent polarizability of the 
analyte [9]. This difference provides Raman 
spectroscopy the benefit of allowing for the 
analysis of monoatomic analytes [9]. Further, 
water acts as a poor Raman scatterer primarily due 
to the high symmetry of the molecule restricting 
its polarizability, allowing for the analysis of 
aqueous samples [12]. Raman spectroscopy 
also has the unique ability to analyze a sample 
contained within transparent or amber transparent 
plastic or glass packaging [9]. When comparing 
the spectra obtained from directly analyzing a 
sample to those obtained from analyzing the 
same material through amber glass, a minimal 
loss in quality is observed. The ability to analyze 
a sample through a lens or plastic provides 
Raman spectroscopy an advantage when applied 
in pharmaceutical analysis, allowing for easy 
implementation for on-line and in-situ
measurements, which can improve the efficiency 
of pharmaceutical manufacturing quality control 
by allowing for in-process product monitoring 
[13]. 
Instrumentation costs have decreased 
considerably and minimal training and working 
competency are necessary to perform adequate 
sample preparation, analysis, and other related 
fundamental functions [7, 11]. High levels of 
 
 

Figure 1. Different types of scattering. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

rates of chemical processes taking place during a 
reaction [16]. The scope could be expanded to 
include observing the solubility effects of a 
species of interest, the kinetics of the subsequent 
interactions with biological species, and stability 
studies for pharmaceutical excipients. 
The development process for a pharmaceutical 
product commonly begins with identifying a 
compound that will be tasked with manipulating a 
desired biological process once introduced into 
the body. The active molecule will not only have 
to be synthesized but also coupled with a matrix 
to aid with the stability and kinetics upon release 
of the ingredient after administration. This first 
step would require compatibility studies and 
assays of the synthesized ingredient, the matrix, 
and any other added components of the product 
[17]. Once a product is finalized for further 
testing, biological investigations must be 
performed to assess the rate of dissolution, the 
efficiency of absorption with target biological 
tissues, and the presence of byproducts after 
dissolution. The conclusion of the analytical 
testing in the pharmaceutical development process 
occurs with stability and longevity studies 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nd-YAG (532 nm or 1064 nm). In an ordinary 
spectrometer, the scattered light is directed to 
either a photomultiplier tube (PMT) or a charged-
coupled device (CCD) detector in dispersive 
systems, while FT-Raman systems use NIR 
indium gallium arsenide (InGaAs) or liquid 
nitrogen-cooled germanium photodiode detectors. 
Fiber optics are used to transmit the laser 
radiation and scattered photons.   

Pharmaceutical analysis 
Much of the pharmaceutical area of study focuses 
on developing molecules to interact with and 
manipulate biological functions. Pharmaceutical 
research bears profound importance in improving 
and progressing human well-being but also must 
be carefully controlled for the safety of the 
intended user [15]. Chemical analysis is a 
requirement in almost all phases necessary to 
develop a pharmaceutical product. Several 
methods of analysis must be conducted to ensure 
the quality of a synthesized product. Quality 
in pharmaceuticals may involve identifying a 
specific analyte, quantifying the concentration of 
an analyte in a mixture, or even determining the 
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Figure 2. Raman instrumentation (Reproduced with permission from [14]). 
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pharmaceutical products being granted expedited 
approval, most pharmaceutical products being 
developed and marketed can undergo FDA 
regulatory testing for up to ten years before the 
application process can be fully resolved [21]. 
The process begins with the discovery and 
identification of a biologically active molecule. 
The molecule is then heavily studied using 
various analytical techniques, including Raman 
techniques, to further elucidate the physical 
properties, active reaction mechanisms, and 
pathways responsible for the identified therapeutic 
characteristic [22]. 
Once the necessary testing has concluded 
successfully, the molecule is adjusted to a form 
that is conducive to administration and biological 
absorption for use in animal trials [22]. The 
animal trials provide information on the safety of 
introducing the pharmaceutical molecule and 
the target biological system. The data collected 
in the chemical testing and animal trials are 
compiled and used as supporting evidence in an 
Investigational New Drug (IND) application, 
which must be submitted to the FDA for review 
and proposed plans for future human trials [22]. 
If the IND application is approved, the 
pharmaceutical product is formulated to the 
specifications of the intended final form, and 
human testing will begin. Human trials proceed in 
discrete phases, starting with a relatively small 
selection of healthy recipients to observe the 
effects and address any safety concerns. If the 
small-scale trial proves successful, the next phase 
introduces a slightly more extensive selection of 
recipients who are explicitly suffering from the 
targeted condition to be treated with the product 
to assess the efficacy of the product. The final 
phase of human testing includes the most diverse 
recipients, as they are randomized and represent 
both positive and negative control groups to 
further assess the safety and effectiveness of 
the active ingredient [22]. Once all testing is 
complete, an NDA must be submitted to the FDA 
using the data collected throughout the chemical 
testing, animal trials, and human trials [22]. 
The review period provides the FDA with the 
opportunity to thoroughly evaluate all the data 
presented in the NDA and request any 
clarifications or additional information that may be

designed for determining the concentrations of 
ingredients and assessing their respective rates of 
decomposition in the product over a set length of 
time [17]. 
The United States Pharmacopeia (USP) and 
European Pharmacopoeia provide generalized and 
applicable guidelines and regulations to ensure 
that the instrumentation and methodologies are 
adequate to produce accurate and reproducible 
results when used in various analytical 
applications, including pharmaceutical analysis 
[4, 18]. While most of the content is comparable 
in each, the USP provides further detail on the 
qualification process of Raman instrumentation. 
Similar to other commonly used analytical 
instruments, the Raman spectrometer used for 
analysis must undergo qualifications to establish 
that the instrument is operating as intended. 
Initially, an installation qualification is performed 
to confirm that the instrument was correctly 
installed in the environment in which it is 
designed to be operated [4]. An operational 
qualification follows and is intended to calibrate 
the wavelength axis and mitigate any detectable 
output variation from the radiation source. This 
will provide accurate peak positioning in the 
collected spectra and ensure photometric precision 
[4, 19]. Finally, the performance qualification is 
completed to provide evidence supporting that 
the established parameters set for the use of 
the instrument are appropriate for the specified 
test and able to produce suitable results reliably. 
Beyond the instrument qualification process, the 
USP also provides guidance on the verification
and validation of the method and software that is 
used for the Raman analysis [4, 19]. 
Because of the inherent risks that can be associated
with the development of pharmaceutical products, 
as well as other nutritional and healthcare 
products, the United States Food and Drug 
Administration (FDA) has established standards 
that laboratories and manufacturing sites must 
uphold in order to operate safely, while producing 
trustworthy analysis results and finished products 
[20, 21]. A new pharmaceutical formulation must 
undergo rigorous and exhaustive analysis to be 
applicable for FDA approval, which is legally 
required to distribute marketable pharmaceutical 
products [22]. While there are examples of certain
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technologies increased because of the PAT 
guidance publication, as Raman analysis allows 
for easy in-process testing and raw material 
identification via handheld Raman units [24]. 

Analyte identification  
As mentioned previously, Raman spectroscopy is 
highly specific in that it can differentiate between 
two polymorphic forms of the same substance. 
This level of discrimination can be versatilely 
employed in the pharmaceutical industry. The 
simplest application would be the identification of 
raw materials or unknown materials [13]. Once an 
extensive library of different, known, materials 
has been scanned and saved as references, Raman 
spectroscopy can be used as an identification tool. 
Pharmaceutical companies and laboratories can 
save time and resources while increasing the 
quality assurance by including Raman spectrometers
as an identification tool for materials. A handheld 
Raman device can be used to quickly and 
accurately identify a material, even if contained in 
transparent packaging, with no need for further 
testing [24]. 
Additionally, the identification of specific molecules
can be used to detect polymorphic structures of 
APIs. Polymorphic structures are the different 
3-dimensional, crystalline arrangements of 
molecules in a substance [25]. These structures 
can range from a rigid lattice structure to an 
amorphous form that has no structure or rigidity 
and even include solvation or hydration of the 
molecule [3]. In pharmaceutical solid dosage 
forms, the polymorphic structure of an API is 
crucial because it can change the physiochemical 
reaction, bioavailability, or efficacy in vivo [26]. 
Due to the importance of being able to determine 
the polymorphic structure, the non-destructive, 
fast, and specific nature of Raman spectroscopy 
makes it an ideal candidate for polymorphic 
discrimination. Typically, differences in 
polymorphic structures can be detected using 
spectral overlays and focusing on C-H stretching 
regions (3000-2700 cm-1 and 1500-1350 cm-1) and 
the C-C stretching regions (1200-1000 cm-1) [27]. 
After determining the differences in spectra, those 
areas can be focused on to determine polymorphic 
forms in future analysis in seconds versus 
traditional methods of determining polymorphic
 
 

required to supplement the given information 
[22]. FDA oversight extends beyond the 
development phase of the pharmaceutical life 
cycle, as laboratories and manufacturing facilities 
must uphold the FDA regulatory standards 
throughout the entirety of the manufacturing 
process, including subsequent ongoing stability 
studies. The FDA has codified these regulations in 
Title 21 of the United States Code of Federal 
Regulations (CFR) [22]. The quality requirements 
presented in the CFR can be directly applied 
to the pharmaceutical industry by maintaining 
Current Good Manufacturing Practices (cGMP) 
throughout a pharmaceutical product’s synthesis 
and analysis processes [23]. cGMPs are regulations
that function as quality controls to maintain 
acceptable conditions for the environment where 
production and analysis will occur, the equipment 
and instrumentation used, document traceability, 
and data integrity [23]. 
Manufacturers of Raman technologies must also 
abide by these regulations set forth by the FDA; 
care must be taken to meet the prescribed 
technical specifications when designing the 
instrument to have the ability to collect accurate 
data while maintaining FDA compliance. The 
development of new and pioneering methodology 
and technology used in the manufacturing and 
testing processes is essential to improve and 
further progress in the pharmaceutical industry. 
The FDA identified the extensive set of 
regulations as a deterrent for many pharmaceutical 
developmental opportunities, stemming from 
uncertainties in interpretation or lack of resources 
to research and uphold the prescribed standards 
adequately [24]. The Process Analytical 
Technology (PAT) guidance is a collection of 
explanations and advisements published in 2002 
by the FDA to address concerns related to the 
enforced regulations being a cause for hindered 
development in pharmaceutical manufacturing 
and quality testing [24]. The PAT provides a 
standardized framework which may be expanded 
upon by pharmaceutical manufacturers when 
designing testing methods and manufacturing 
processes to include in-line measurements and 
guidelines for effectively utilizing analytical 
instrumentation throughout the pharmaceutical 
production process. The use of Raman 
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homogeneity without destroying the sample.
Using confocal Raman, this mapping can be done 
on the surface of the tablet as well as inside the 
tablet to create a three-dimensional model of the 
distribution [29]. Many tablets have protective 
coatings surrounding them to ensure they are 
dissolved in the correct location during digestion 
or simply to protect the tablet from chipping or 
damage while in the bottle. The analysis of these 
coated tablets can be performed non-destructively 
by utilizing the three-dimensional modeling 
capabilities of confocal Raman microscopy (Figure 3),
while also mitigating the production downtime 
introduced for adequate product testing [14]. 
In the area of pharmaceuticals, samples are often 
synthesized and presented in a solid form,
intended for medication with an enteral route of 
administration. For each physical phase comes a 
unique set of impediments that must be taken 
into consideration. In the instance of a solid-
form sample, the concentration, as well as the 
distribution of the analyte in the matrix, can be of 
importance, as the dissolution factor and rate of 
biological absorption are dependent upon these 
factors [30].  

form that include melting point determination, 
which can be tedious and time-consuming. 

Commonly used Raman instrumentation in 
pharmaceutical analysis  

Raman microscopy 
Raman maps can be created by systematically 
analyzing individual sections of surface area of a 
sample on a microscopic field of view [28]. The 
data can then be combined as an image and, using 
an identification application above the scanned 
area, can then be analyzed using quality of match 
comparison to standards to identify drug
components.   
Raman mapping can be a helpful tool for the 
development and analysis of new solid dosage 
drug products. Especially for a sustained release 
tablet, the distribution of APIs and inactive 
ingredients (or excipients) in a solid dosage form 
such as a tablet can be crucial. If the ingredients 
are not evenly distributed, the release rate of the 
API will be inconsistent. To avoid failures of these 
products, tablets can be mapped utilizing Raman 
spectroscopy to ensure that the process used 
to manufacture the tablet achieves adequate 
 

 

Figure 3. Confocal Raman microscope (Used with permission from Bruker Optics GmBH). 
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For most of the research Raman spectroscopic 
analysis in the pharmaceutical industry has 
focused on quality control of products to comply 
with USP and FDA standards; however, a small 
sector of research is looking into the global issue 
of counterfeit drugs being sold, specifically to 
developing countries [34]. Studies have shown, 
approximately 10% of medicines sold globally 
are counterfeit [34]. Counterfeit medications 
are defined as “[products]...that have been 
deliberately and fraudulently mislabeled with 
respect to identity and/or source [35]”; this can 
include, but is not limited to mislabeled 
pharmaceuticals, repackaged products, or expired 
drugs that are falsely advertised to be within the 
date of use. In a novel study, Zhang et al. used
handheld and benchtop Raman spectrometers to 
distinguish between drug samples that were 
expired and those that were within working 
life expectancy, which could be replicated for 
several different APIs [34]. Using the mapping 
functionality of Raman spectroscopy, they could 
discern spectral differences in the products with 
confidence to separate the new versus expired 
products [34].  
A similar study utilized morphologically detected 
Raman spectroscopy (MDRS) to identify the 
drug Fildena, a counterfeit version of the FDA-
approved product Viagra. MDRS was used as 
it expands on traditional microspectroscopic 
techniques by incorporating particle size and 
distribution analyses.  The detection of counterfeit 
drugs like these is imperative to both the 
consumer and the patent holder of the original 
product [36]. As these products are considered to 
have been made under illegitimate circumstances, 
they are out of the scope of regulations set in 
place to protect the health and safety of the 
consumer. As such, these counterfeit products can 
present liabilities and public health concerns 
that could prove damaging to the reputation of 
the intellectual property owner of the genuine 
product. MDRS was employed to combat the 
potential for traditional Raman analysis and 
quantitation to miss any low concentration 
analytes [36].  Koutrakos et al. were not only able 
to differentiate the potency of the Fildena from 
Viagra, but they were also able to distinguish 
differences in three different counterfeit products 
[36] that were manufactured in Singapore and 
 
 
 

As the development of pharmaceutical ingredients 
proceeds, the instrumentation used in quality 
testing these ingredients must maintain the ability 
to accommodate the resultant novel sample types. 
Recent developments have focused on reducing 
the physical size of the pharmaceutical ingredients 
used in a matrix to a sub-micrometer scale as it 
has been found to increase the surface area of 
the active components, improve the mechanism 
of delivery, and promote biological uptake in 
developed products [31]. Though the reduction in 
particle size proves to be beneficial in refining 
the efficacy of a product, analyzing the solid 
substance with conventional instrumentation at 
the sub-micrometer and nanoscale can become 
less effective or less accurate due to the decreased 
signal received by the instrument detector and 
lack of spatial selectivity [31]. Raman microscopy 
allows for and excels in sub-micrometer scale 
analysis due to the high specificity granted by the 
ability to survey a field visually. 
Recently, it has been discovered using Raman 
mapping in conjunction with chemometrics (a 
chemical discipline that uses math and statistics 
for data analysis and design of experiment [32]) 
that it is possible to predict the dissolution profile 
of extended-release tablets [33]. Dissolution for 
solid dosage forms is a required test by USP that 
is used to determine the rate at which an API 
would be released from a product matrix, and is 
typically performed in vitro to better align with 
ethical and logistical requirements. The process 
for traditional dissolutions is slow and since the 
tablet (or other solid dosage form) is dissolved, 
dissolution testing is also a destructive method.
Galata et al. were able to predict the dissolution 
profile of a hydroxypropyl methylcellulose 
(HPMC) extended-release tablet by applying a 
statistical analysis model to the data collected by 
mapping the tablet. After comparison of their 
model to in vitro testing of the same tablets, they 
were able to conclude that even if a small 
percentage of the tablet is mapped, they were able 
to accurately create and predict a model of the 
dissolution testing [33]. Applying this to the 
production level, quality control testing in a 
pharmaceutical company would save countless 
hours, require fewer production samples to be 
used in testing rather than to be sold, and use 
fewer solutes for testing.                    
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filter, and focusing mirror, aid in eliminating 
undesired signals while simultaneously enhancing 
and concentrating the signal of interest [14]. The 
detectors in most FT-Raman instruments contain a 
photomultiplier or photodiode mechanism, which 
further enhances the observed Raman signal [14]. 
By combining the two enhancement factors 
introduced by the mechanical enhancements of the 
added interferometer and efficient detector, FT-
Raman becomes a robust and powerful system of 
analysis in the pharmaceutical area of study and 
continuing development. 
The Raman scattering can then be analyzed within 
a pattern of constructive interference with respect 
to the known offset to intensify the observed 
Raman signal and minimize contamination from 
fluorescence [38]. This Raman spectroscopy 
technique is often used in conjunction with other 
physical analyses to complement and expand 
upon the collected data. It is advantageous when 
paired with IR spectroscopy to achieve a complete 
vibrational depiction of the molecular species 
of interest [39]. FT-Raman has proven to be 
an effective tool in characterizing solid-state 
pharmaceutical samples such as finished tablets or 
powdered raw material and is also still effective 
for analyzing aqueous samples for developmental 
purposes [40].  
FT-Raman excels in the analysis of physical 
properties because it can be used to assess 
crystalline structures and dissolution kinetics of 
in-process samples while remaining a non-
destructive mode [40]. The purpose for which a 
pharmaceutical ingredient is designed introduces 
limitations on specific properties of the 
synthesized molecule. Some drug formulations, 
for example, become water insoluble as a side 
effect of conducting and maintaining their 
functions [40]. Water-insoluble molecules are 
poor pharmaceutical delivery agents as the 
functions of the body are aqueous in nature. This 
can cause a decrease in the amount of the active 
ingredient absorbed into the body and slow the 
rate of dissolution [40]. Crystalline matrices have 
been found to promote water-insolubility within a 
product, leading to these observed inefficiencies 
[41]. A solid ingredient in the crystalline form is 
more structurally stable than an amorphous solid, 
which minimizes the energy contained within the
  
 

India, opening the possibility to trace illicit and 
counterfeit drugs to the source. 
In the same study Koutrakos et al. studied the 
ability to distinguish “measurable” difference 
between commercially available bath salts, or 
cathiones, in an effort to alleviate the current 
inadequate regulatory standards [36].  If one of 
these unregulated substances is deemed illegal, 
synthetic chemists can slightly modify the 
structure of the molecule to avoid legal 
repercussions while still preserving the 
physiological effects of the original product. 
Typically, toxicology labs and other testing labs 
looking for these substances use HPLC-MS 
instrumentation to analyze these substances. As 
previously mentioned, method development on 
HPLC-MS systems tends to be specifically 
involved and is often incapable of maintaining 
the necessary throughput requirements present 
in a novel pharmaceutical environment. Since 
performing method development on a Raman 
spectrometer is generally quicker and easier than 
that of HPLC-MS, Raman analysis has proven 
effective in maintaining the accelerated pace of 
pharmaceutical research. By utilizing Raman 
methodologies, Koutrakos et al. were able to scan 
multiple products advertised as bath salts and 
distinguish each component [36].  

Fourier-transform Raman spectroscopy 
Fourier-transform Raman Spectroscopy (FT-
Raman) addresses the common issue of 
fluorescence interference and breakdown from 
light exposure in Raman spectroscopy by 
decreasing the time needed for sample preparation 
and analysis [37]. An interferometer is introduced 
for the use of FT-Raman. It is responsible for the 
benefit experienced in FT-Raman methodologies 
by utilizing a beam splitter to separate the light 
emitted from a near-infrared source into two 
identical beams that are offset from one another, 
creating discrete fields of constructive and 
destructive interference [38]. Figure 2 displays a 
typical configuration of components within the 
instrumentation used for FT-Raman, as well as 
the general path traveled by the radiation beam 
through optical elements that have been set in 
place for analysis [14]. The optical elements 
observed in Figure 2, such as the lens, dielectric 
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detector (PDA) [43]. It was found, using crushed 
tablets, that the two methods are comparable in 
terms of accuracy and precision, substantiating 
Raman analysis as a quicker and easier means of 
analyte quantitation. The USP compendial method 
for the aspirin analysis using HPLC-PDA was 
reduced from 90 minutes to 15 minutes using 
Raman spectroscopy with only a slight expansion 
of the margin of uncertainty [43]. However, using 
ground tablets detracts from one of the key 
benefits of Raman spectroscopy in that it is a non-
destructive technique. To analyze whole tablets, 
backscatter Raman spectroscopy is not an ideal 
candidate. Studies have shown that if components 
are not uniformly distributed throughout the 
tablet, including the surface, results will show a 
bias. Transmission Raman spectroscopy is used in 
these scenarios to provide a simpler and more 
robust model [44, 45]. 

Transmission Raman spectroscopy  
Quantitative applications have become an 
emerging field of research within the last three 
decades [27]. Specifically, with the development 
and advancements of transmission Raman 
spectroscopy, the ability to accurately quantitate 
pharmaceuticals is becoming increasingly popular. 
Transmission Raman spectroscopy covers more 
surface area of the tablet along with being able to 
sample through the entire tablet, reducing the 
subsampling error that can occur in backscatter 
Raman spectroscopy [2]. Since the signal from 
transmission Raman spectroscopy is significantly 
diminished when compared to the signal produced 
by backscatter Raman spectroscopy, the inclusion 
of a CCD is imperative to achieving the adequate 
sensitivity by enhancing the detected signal. In 
order to accurately quantitate APIs in any sample 
(solid or liquid), it is important to have the ability 
to discern the excipients that are present in the 
sample. Townshend et al. noted that there was 
a noticeable variance in Raman spectroscopy 
results, especially in transmission Raman, if the 
matrix of the samples tested do not exactly match 
the matrix of the calibration samples analyzed 
[45]. They determined “…although transmission 
Raman measurements are more representative of 
the whole sample, in contrast to backscatter, it is 
more likely that inaccurate estimations of the 
 

synthesized molecule, causing a decrease in 
chemical activity [41]. Amorphous solid-phase 
substrates have been utilized effectively to 
mitigate these adverse effects by containing less 
order than a crystalline solid, thereby adding free 
energy into the system [42]. Although amorphous 
matrices prove to be beneficial in the 
administration of water-insoluble ingredients, they 
can have the tendency to spontaneously 
recrystallize [40]. This is because the increase in 
free energy of an amorphous solid also stimulates
a faster rate of decomposition as the product 
relaxes back to the lower energy crystalline form 
[42]. The use of amorphous solid dosing forms 
provides a robust and valuable method to expand 
the area of pharmaceutics. Still, it must be closely 
monitored due to the decrease in stability 
compared to crystalline forms. The molecule must 
be assayed and characterized for each step of 
production and each phase of development. FT-
Raman is widely used when studying the kinetics 
and physical properties of crystalline and 
amorphous solids because both forms are Raman-
active and characteristically discernable [40].    

Advancements in quantitative Raman analysis 
Originally, Raman spectroscopy was used only for 
qualitative applications. Research with Raman 
spectroscopy as a quantitative tool started gaining 
traction in the mid-to-late 1990s. More effective 
compound identification and assaying capabilities 
were a result of the advancement in Raman 
technology, which has evolved into a comparably 
effective and efficient approach to quantitative 
analysis in contrast to traditional quantitative 
methods for many common scenarios. Using 
Raman spectroscopy for quantitation requires an 
external calibration using samples in a range 
of concentrations that bracket the predicted 
concentration. The signal from those varied 
concentrations is then used to build a statistical 
model, such as partial least squares. From there, 
the signal responses from the analysis of an 
unknown sample can be confidently quantitated 
based on a previously determined calibration 
curve or standard. 
Wang et al. studied the comparison of the direct 
assay of aspirin tablets using backscatter Raman 
spectroscopy and HPLC with a photo diode array 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

when both enhancements are applied to the 
analysis [48].  
The electromagnetic effect is generally accepted 
to be the major contributor to the enhancements 
introduced with SERS and can be experienced 
by all species that can be analyzed via
Raman spectroscopy [49]. These effects can be 
attributed to two key components: local field 
and radiation enhancements. The benefits of the 
electromagnetic effects cause an increase in 
observed Raman intensity, allowing samples to be 
analyzed in smaller quantities and at lower 
concentrations [49]. Noble metals are used as 
surfaces for sample adhesion due to their ability 
to manipulate electromagnetic fields at specific 
points through the excitation of their local field 
surface plasmons [49]. The affinity to the metal 
surface also alters the Raman dipole radiation as it 
explicitly modifies the mechanism of emission 
[49]. The pattern of radiation emitted by the 
dipole can be shifted due to reflections from the 
metal surface and cause discrete points of 
constructive and destructive interference [49]. 
Hübner, et al. reported on furosemide and 
polyvinylpyrrolidone (PVP) molecules that have 
been isolated to provide a direct comparison 
between an image taken with an optical 
microscope, a map acquired from Raman 
microscopy, and the correlated spectrum obtained 
via SERS [31]. Furosemide is often used as an 
active ingredient acting as a biological diuretic 
intended to treat individuals suffering from 
harmful excess of fluid volume accumulating in 
biological systems. PVP is a water-soluble 
polymer that can be found in many 
pharmaceutical formulations and acts as a binding 
excipient for solid dosage forms. The furosemide 
and PVP molecules can be easily identified 
optically against their respective matrices, 
permitting enhanced precision on the micro- and 
nanoscale when selecting the target species within 
a sample, resulting in clearly discernable Raman 
maps and spectra [31].  
Though SERS is best used for the characterization 
and structural analysis of a product, it can be 
incorporated into a spectroelectrochemistry (SEC) 
technique to also provide information relating to 
the oxidation-reduction activity of the product 
[49, 50]. Electrochemistry studies the properties
  

analyte mass/concentration will arise if the 
external calibration set is not well matched to 
the sample set in terms of photon propagation 
characteristics” [45]. This was verified by using 
three different grades of Avicel® (microcrystalline 
cellulose) for calibration samples in comparison 
to commercial samples [45].  
Previously, Raman spectroscopy has proven to 
be an alternate testing technique for traditional 
pharmaceutical testing for APIs with high 
concentrations, Hennigan and Ryder demonstrated 
the ability of transmission Raman to accurately 
quantitate polymorphic contamination with a limit 
of detection of 0.6% w/w [27]. At the same time, 
Townshend et al. measured the dosage of 383 
commercial tablets containing chlorpheniramine 
maleate using both transmission and backscatter 
Raman spectroscopy that had a label claim of 4 
mg per dose (about 2% m/m) and compared it to 
254 commercial chlorpheniramine maleate tablets 
that were analyzed using an HPLC and PDA
detector. The collected data support the conclusion
that transmission Raman spectroscopy can be 
used for the content analysis of low dosage APIs 
[25].  

Surface-enhanced Raman spectroscopy 
Unlike other traditional techniques, such as 
HPLC UV-Vis, the detection and quantitation of 
analytes at lower concentrations have presented 
a persistent impediment for Raman spectroscopic 
analysis. In an effort to alleviate this drawback, 
Fleischmann, et al. reported surface-enhanced 
Raman spectroscopy (SERS) in 1974 when they 
noticed the signal for pyridine was increased 
when coupled with a silver anode [46]. For many 
samples, it has proven beneficial in attaining a 
greater spectrum intensity to prepare the analyte 
adhered to a structured metal surface, composed 
of a noble metal such as silver, gold, or copper 
[9]. SERS has allowed the use of Raman 
spectroscopy to be applied more frequently in 
mainstream methodologies by reducing the 
minimum sample size and concentration needed 
to attain adequate spectra. The observed 
improvements result from electromagnetic and 
chemical effects [47]. Though the chemical effect 
has minimal impact on the overall SERS 
enhancement factor, the result is multiplicative 
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and Raman microscopy. SERS can increase the 
intensity of the Raman signal obtained from 
specific samples by introducing a solid matrix in 
the form of a structured surface prepared from a 
noble metal [49]. A solid-form sample can be 
adhered to the structured substrate, which can 
provide constructive interference by altering the 
surface properties of the analyte [49]. The 
enhancements brought on with the utilization of 
SERS allow for an increase in the observed 
Raman signal by orders of 10- to as high as 1015-
fold [48]. FT-Raman operates in a different 
manner than SERS to achieve enhancement in 
Raman signal, employing the use of an 
interferometer, which simultaneously generates 
constructive interference while also scanning a 
series of wavelengths in quick succession [9]. The 
addition of the interferometer results in decreased 
fluorescent exposure and leads to an improved 
signal-to-noise ratio for several types of solid-
form samples, which proves beneficial in a 
pharmaceutical setting, as a majority of the 
products are manufactured in solid dosage forms 
for the purpose of efficient administration [37]. 
Raman microscopy further expands on the 
capabilities of the Raman scattering effect by 
integrating an optical element, which allows for 
the precise Raman mapping of a target species 
contained within a sample, which is also 
especially effective in the solid form [31]. 
Benefitting from the additional spatial information 
that can be conveyed, Raman microscopy is an 
effective method for the identification of solid 
phase ingredients of interest.  
Further developments in the field of 
pharmaceutics have facilitated progress in the 
advancement of the technology used in the Raman 
analysis process. The occurrence and physical 
distribution of an active ingredient and other 
excipients that may be present in solid-phase 
pharmaceutical products must be monitored to 
maintain uniformity of component concentrations 
between each synthesized product. Many 
pharmaceutical finished goods exist in the solid 
phase, as an active ingredient and other necessary 
additives, which are mixed with a matrix that is 
then pressed into a tablet or contained within a 
dissolvable capsule. Raman microscopy is the 
typical choice of technique used to study and 

and interactions of electrons during the reaction of 
two or more chemical species. By observing the 
flow of electrons, information regarding the 
kinetics and activity of a specific system can be 
obtained. By combining the two techniques, 
information about the physical properties of an 
ingredient and its subsequent activity when 
interacting with excipients can be analyzed 
simultaneously. SERS-SEC methodologies can 
be applied to most Raman-active solid-form 
ingredients undergoing an electron exchange. This 
can be especially useful when used to analyze 
oxidation-reduction reactions employed in 
pharmaceutical development [51, 52].  
 
CONCLUSION 
Raman spectroscopic techniques can often satisfy 
the needs of a particular experiment. They are 
often overshadowed by other forms of analysis, 
such as IR spectroscopy, ultraviolet and visible 
spectroscopy, and coupled with chromatographic 
methodologies in most pharmacopeias and 
standard testing protocols. IR spectroscopy is 
generally preferred to Raman spectroscopy when 
used for the qualitative task of identification 
because it uses less power and is more cost-
effective to operate while maintaining general 
ease of use but can sometimes lack the specificity 
opposed to that of Raman spectroscopy. If a low-
concentration analyte needs to be assayed or 
quantified in a sample with high specificity, a 
method employing HPLC is generally preferred to 
Raman spectroscopy as it usually provides greater 
sensitivity but requires more advanced user 
training and carries a higher operating cost [53].  
Raman spectroscopic techniques have recently 
become more widely known and used in many 
different chemical scenarios due to their ease of 
use, broad compatibility with many analytes, and 
low limits of detection and quantification. As 
the concentrations of analyte in the product 
diminished, it was discovered that fluorescent 
pollution from the environment, which is 
inherently generated from the excitation of the 
sample, became more prevalent, leading to 
sensitivity issues. Technological advancements 
and further research have provided several 
solutions to the problem with low sensitivity, 
including the development of SERS, FT-Raman, 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

collect spatial data of a pharmaceutical sample; 
however, it can only assess the outermost layer of 
that sample. For certain situations, the scope of 
understanding the distribution of an ingredient of 
interest must be expanded to include information 
regarding the bulk of the material. Spatially offset 
Raman spectroscopy (SORS) can be used in these 
instances to analyze molecules of interest below 
the surface layer of a sample by retaining the 
Raman scattering that is dissipated in samples 
with opaque outer layers using traditional Raman 
techniques [54]. This is accomplished in SORS 
methodologies by physically separating the point 
at which the radiation source strikes the sample 
and the location at which the signal will be 
received for detection by a probe [54]. The depth 
at which the analysis takes place can be altered 
by adjusting the extent of separation between 
the radiation source and the probe. This allows 
for in-depth elucidation of sample component 
concentrations and dispersion patterns in three 
dimensions [55]. Further progress in the 
development of bandpass filters, used to narrow 
the wavelength of the emitted radiation that 
reaches the sample, has allowed for the 
introduction of low-frequency Raman spectroscopy
to be coupled with SORS, which allows for 
the analysis of crystalline samples with low 
vibrational energy [55].  
Regarding current pharmaceutical advancements, 
a diverse and growing collection of polymers 
has been established to serve critical roles in 
the development of pharmaceutical products by 
operating to improve the delivery kinetics, 
efficacy, and stability [37]. Analogous to their 
utilization in manufacturing and industrial 
settings, the polymers that are applied in 
pharmaceutical settings can be synthesized to 
accommodate various developmental requirements,
allowing production of tailored molecules [56]. 
Many of the polymers used in pharmaceutics are 
applied to the delivery system used in releasing 
and disseminating the active ingredient contained 
within a product [56]. Depending on several 
variables presented by the product, a polymer may 
be introduced into a delivery system to achieve a 
delayed-release or targeted delivery to adjust the 
dissolution of the active ingredient to achieve 
longer, more direct exposure to the targeted 
 

species of interest [56]. Beyond the utilization in 
delivery systems, polymers can be found in 
pharmaceutical formulations acting as binders or 
fillers, which are used to adjust the physical 
properties of a product to better perform a desired 
function [56].  Some of the physical properties 
that are commonly required to be altered with the 
utilization of polymers include solubility, pH, and 
rate of disintegration [56]. Finally, polymers have 
also been applied to assist in physical preservation,
lengthening the shelf life of a pharmaceutical 
product as a result [37]. Recent advancements 
have led to pharmaceutical applications of 
internally implanted medical hardware used for 
timed-release dosing by using an active ingredient 
encased within a biodegradable polymer shell 
made to slowly dissolve once successfully 
implanted [57]. Understanding the physical 
properties and kinetics of both the active 
ingredient as well as the polymer is imperative to 
confirm that the product has been designed and 
operates as intended. FT-Raman can be used 
to elucidate the properties of the individual 
components, which can be particularly beneficial 
in the instance of aqueous or IR-inactive samples 
[37]. This provides a quick and straightforward 
technique that can be used to examine novel 
polymer-based pharmaceutics. 
Advancements in minimizing the physical size 
requirements of the instrumentation used for 
analysis have led to the development of hand-held 
Raman spectroscopic systems. The superior 
mobility offered by this miniaturized Raman 
instrumentation allows for several in vivo
applications because the analyst can physically 
bring the test to the location of requirement, 
providing a convenient and non-disruptive 
technique for testing pharmaceutical products, 
intermediates, and raw materials. Using a 
handheld Raman spectroscopy system the ability 
to quickly identify and quantify a material of 
interest can be achieved by simply pressing the 
sampling lens of the instrument against a 
transparent plastic packaging containing the 
material of interest. The hand-held Raman 
spectroscopy options offer multiple attachments to 
further broaden the selection of sample types and 
physical properties that can be analyzed [58]. 
Though the hand-held systems are smaller and can 
 

Raman spectral techniques in pharmaceutical analysis                                                                               13



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

easily be presumed to be less effective than the 
traditional benchtop models, the spectra produced 
by these models remain clear and easily 
identifiable for the instrument operator [58].
These advancements contribute to the increasing 
popularity of the use of Raman technology in the 
mainstream pharmaceutical development, quality 
control laboratories, and accompanying monitored 
manufacturing process steps. Major manufacturers/
suppliers of Raman instrumentation include 
Agilent, Agiltron, Anton Paar, B&W Tek, Bruker, 
Enhanced Spectrometry, Endress+Hauser, Horiba, 
Metrohm, Ocean Insight, StellarNet, and Thermo 
Fisher [59].  
Although there are some disadvantages, 
Raman spectroscopy is a powerful and versatile 
analytical technique. Due to the eco-friendly, non-
destructive, and high throughput nature of Raman 
spectroscopy, it is the analytical method of the 
future in the pharmaceutical industry along with 
many other industries. With continued research 
and technological improvements, the versatile 
nature of testing and the ease of no sample 
preparation makes it an ideal candidate to replace 
many analytical instruments in many fields that 
will make equipment such as HPLC- UV-Vis or 
GC-MS with their required in-depth sample 
preparation, long run times, and high quantities of 
solvents required obsolete methods of testing.  
 
CONFLICT OF INTEREST STATEMENT 
The authors report no conflicts of interest in this 
work. 
 
REFERENCES 
1. Meadows, M. 2016, FDA Consumer 

Magazine, 40(1), 14-20. 
2. Pino-Torres, C., Maspoch, S., Castillo-

Felices, R., Pérez-Rivera, M., Aranda-
Bustos, M. and Peña-Farfal, C. 2020, 
Microchem. J., 154, 104576.  

3. Patel, B. D. and J. Mehta, P. J. 2010, Curr.
Pharm. Anal., 6(2), 131-141. 

4. USP <858> Raman Spectroscopy; General 
Chapter 858, USP, 2020.   

5. USP <1858> Raman Spectroscopy-Theory 
and Practice; General Chapter, USP, 2020. 

6. Krishnan, R. S. and Shankar, R. K. 1981, 
J. Raman Spectrosc., 10(1), 1-8.  

7. Wang, W., Zhang, H., Yuan, Y., Guo, Y. and
He, S. 2018, AAPS PharmSciTech, 19(7), 
2921-2928. 

8.  Silge, A., Weber, K., Cialla-May, D., Müller-
Bötticher, L., Fischer, D. and Popp, J. 2022, 
TrAC Trends Anal. Chem., 153, 116623. 

9. McCreery, R. L. 2000, Raman Spectroscopy 
for Chemical Analysis, Wiley, NY. 

10. Jesus, J. I. S. D. S. D., Löbenberg, R. and
Bou-Chacra, N. A. 2020, J. Pharm. Pharm. 
Sci., 23(1), 24-46. 

11. Shah, K. C., Shah, M. B., Solanki, S. J., 
Makwana, V. D., Sureja, D. K., Gajjar, A. 
K., Bodiwala, K. B. and Dhameliya, T. M. 
2023, J. Mol. Struct., 1278, 134914.   

12. Hibben, J. H. 1937, J. Chem. Phys., 5(3), 
166-172. 

13. Vankeirsbilck, T., Vercauteren, A., Baeyens, 
W., Van Der Weken, G., Verpoort, F., 
Vergote, G. and Remon, J. P. 2002, TrAC 
Trends Anal. Chem., 21(12), 869-877. 

14. Rostron, P., Gaber, S. and Gaber, D. 2016, 
Int. J. Eng. Tech. Res., 6(1), 50-64. 

15. Siddiqui, M. R., AlOthman, Z. A. and
Rahman, N. 2017, Arab. J. Chem., 10, 
S1409-S1421. 

16. Akash, M. S. H. and Rehman, K. 2019, 
Essentials of Pharmaceutical Analysis, 
Springer Nature Singapore. 

17. Handbook of Pharmaceutical Analysis, L. A.
Ohannesian and A. J. Streeter (Eds.), 2002, 
Marcel Dekker, New York. 

18. 2.2.48. Raman Spectroscopy, European 
Pharmacopoeia, Suppl. 10.7, 2021. 

19. USP <1058> Analytical Instrument 
Qualification, General Information 1058, 
USP, 2016. 

20. Ciociola, A. A., Cohen, L. B., Kulkarni, P., 
Kefalas, C., Buchman, A., Burke, C., Cain, 
T., Connor, J., Ehrenpreis, E. D., Fang, J., 
Fass, R., Karlstadt, R., Pambianco, D., 
Phillips, J., Pochapin, M., Pockros, P., 
Schoenfeld, P. and Vuppalanchi, R. 2014, 
Am. J. Gastroenterol., 109(5), 620-623.   

21. Darrow, J. J., Avorn, J. and Kesselheim, A. 
S. 2020, J. Amer. Med. Assoc., 323(2), 164-
176; Correction, 2020, J. Amer. Med. 
Assoc., 323(6), 573.  

22. Holbein, M. E. B. 2009, J. Invest. Med., 
57(6), 688-694.  

14 Jared M. Burgess et al.



40. Sinclair, W., Leane, M., Clarke, G., Dennis, 
A., Tobyn, M. and Timmins, P. 2011, 
J. Pharm. Sci., 100(11), 4687-4699.   

41. Hancock, B. C. and Parks, M. 2000, Pharm. 
Res., 17(4), 397-404.  

42. Bhugra, C. and Pikal, M. J. 2008, J. Pharm. 
Sci., 97(4), 1329-1349. 

43. Wang, C., Vickers, T. J. and Mann, C. K. 
1997, J. Pharm. Biomed. Anal., 16(1), 87-
94.  

44. Matousek, P. and Parker, A. W. 2006, Appl. 
Spectrosc., 60(12), 1353-1357.   

45. Townshend, N., Nordon, A., Littlejohn, D., 
Myrick, M., Andrews, J. and Dallin, P. 2012, 
Anal. Chem., 84(11), 4671-4676.   

46. Fleischmann, M., Hendra, P. J. and
McQuillan, A. J. 1974, Chem. Phys. Lett., 
26(2), 163-166. 

47. Yilmaz, H., Yilmaz, D., Taskin, I. C. and
Culha, M. 2022, Adv. Drug Deliv. Rev., 184, 
114184.   

48. Le Ru, E. C. and Etchegoin, P. G. 2008, 
Principles of Surface-Enhanced Raman 
Spectroscopy and Related Plasmonic 
Effects, Elsevier B.V., Amsterdam. 

49.  Yue, K., Weipeng, W., Tian, M., Ting, Z., 
Junxian, C. and Zhengjun, Z. 2023, Front. 
Nanotechnol., 4, 1086100. 

50. Kaim, W. and Fiedler, J. 2009, Chem. Soc. 
Rev., 38(12), 3373-3382. 

51. Zaleski, S., Clark, K. A., Smith, M. M., 
Eilert, J. Y., Doty, M. and Van Duyne, R. P. 
2017, Anal. Chem., 89, 2497-2504. 

52. Moldovan, R., Vereshchagina, E., Milenko, 
K., Iacob, B.-C., Bodoki, A. E., Falamas, A., 
Tosa, N., Muntean, C. M., Farcău, C. and
Bodoki, E. 2022, Anal. Chim. Acta, 1209, 
339250. 

53. Das, R. S. and Agrawal, Y. K. 2021, Vib. 
Spectrosc., 57(2), 163-176.   

54. Mosca, S., Conti, C., Stone, N. and
Matousek, P. 2021, Nat. Rev. Methods 
Primer, 1(1), 21.   

55. Be̅rziņš, K., Fraser-Miller, S. J. and Gordon, 
K. C. 2021, Anal. Chem., 93(8), 3698-3705. 

56. Jones, D. 2004, Pharmaceutical Applications 
of Polymers for Drug Delivery, Smithers 
Rapra Technology, Shawbury, UK. 

57.  Lyu, S. and Untereker, D. 2009, Int. J. Mol. 
Sci., 10(9), 4033-4065.  

23. Doneski, L. and Dong, M. W. 2023, LCGC 
N. Amer., 41(10), 416-421.  

24. Food and Drug Administration. Guidance 
for Industry PAT - A Framework for 
Innovative Pharmaceutical Development, 
Manufacturing, and Quality Assurance, 
2004. 

25. Larkin, P. J., Dabros, M., Sarsfield, B., 
Chan, E., Carriere, J. T. and Smith, B. C. 
2024, Appl. Spectrosc., 68(7), 758-776. 

26. Townshend, N., Nordon, A., Littlejohn, D., 
Myrick, M., Andrews, J. and Dallin, P. 2012, 
Anal. Chem., 84(11), 4671-4676. 

27. Hennigan, M. C. and Ryder, A. G. 2013, 
J. Pharm. Biomed. Anal., 72, 163-171. 

28. Gordon, K. C. and McGoverin, C. M. 2011, 
Int. J. Pharm., 417(1-2), 151-162. 

29.  Breitenbach, J., Schrof, W. and Neumann, J. 
1999, Pharm. Res., 16(7), 1109-1113.  

30. Henson, M. J. and Zhang, L. 2006, Appl. 
Spectrosc., 60(11), 1247-1255.  

31. Hübner, J., Coty, J.-B., Busby, Y. and
Spitzer, D. 2021, J. Pharm. Anal., 11(4), 
480-489. 

32. USP <1039> Chemometrics, General 
Chapter 1039, USP, 2023.   

33. Galata, D. L., Zsiros, B., Mészáros, L. A., 
Nagy, B., Szabó, E., Farkas, A. and Nagy, Z. 
K. 2022, J. Pharm. Biomed. Anal., 212, 
114661.  

34. Zhang, S., Chen, H., Li, R., Yu, Z. and Lu, F. 
2020, Spectrochim. Acta A, 224, 117407.  

35. Jung, C. R., Ortiz, R. S., Limberger, R.
and Mayorga, P. 2012, Forensic Sci. Int., 
216(1-3), 92-96.  

36. Koutrakos, A. C., Leary, P. A. and 
Kammrath, B. W. 2018, Analysis of Drugs 
of Abuse, R. A. Musah (Ed.), Methods in 
Molecular Biology, Springer New York: 
New York, NY, 1810, 13-27. 

37. Tudor, A. M., Melia, C. D., Binns, J. S., 
Hendra, P. J., Church, S. and Davies, M. C. 
1990, J. Pharm. Biomed. Anal., 8(8-12), 
717-720.   

38. Ardini, B., Bassi, A., Candeo, A., Genco, A., 
Trovatello, C., Liu, F., Zhu, X., Valentini, G., 
Cerullo, G., Vanna, R. and Manzoni, C. 
2023, Optica, 10(6), 663-670. 

39. Findlay, W. P. and Bugay, D. E. 1998, 
J. Pharm. Biomed. Anal., 16(6), 921-930.   

Raman spectral techniques in pharmaceutical analysis                                                                               15



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

spectrometer.html 
59. 26 Raman Spectrometer Manufacturers 

in 2024. https://us.metoree.com/categories/
3724 

58. Bruker Handheld Raman Spectrometer 
BRAVO. https://www.bruker.com/en/
products-and-solutions/infrared-and-raman/ 
raman-spectrometers/bravo-handheld-raman- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

16 Jared M. Burgess et al.


