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Introduction

Active Pharmaceutical Ingredients (APIs) commercialization

Abstract

Quantum Cascade Laser Spectroscopy (QCLS) will quantify ac-
etaminophen as an active pharmaceutical ingredient in different
low concentrations formulations in tablet presentation. Tablets
contain acetaminophen in nine blends ranging from 0.0% to 3.0%
w/w, with mannitol, croscarmellose, cellulose, and magnesium
stearate, as excipients. The tablets were analyzed in non-contact
mode by mid-infrared attenuated total reflectance and diffuse re-
flectance backscattering. Measurements were conducted covering
the spectral range 770-1890 cm™. Calibrations were generated by
applying multivariate analysis using principal component analysis.
The high power of the quantum cascade laser-based spectroscopic
system attached to attenuated total reflectance and diffuse reflec-
tance backscattering resulted in the design of discrimination meth-
odologies for pharmaceutical applications with acetaminophen as
an active pharmaceutical ingredient in the formulation. The main
conclusion is that attenuated total reflectance is better for other
analyses. For tablet analysis using mid-infrared quantum cascade
lasers, diffuse reflectance backscattering is more accurate for pre-
dicting the API content. QCLS is gaining even more acceptance as a
valuable tool in Process Analytical Technology.

Keywords: Quantum cascade lasers; Content uniformity; Active
pharmaceutical ingredients; Diffuse reflectance backscattering;
Principal component analysis; Process analytical technology

Abbreviations: CU: Content Uniformity; APIs: Active Pharmaceu-
tical Ingredients; PAT: Process Analytical Technology; HPLC: High-
Performance Liquid Chromatography; NIR: Near-Infrared; MIR:
Mid-Infrared; T-RS: Transmission Raman Spectroscopy; QCL: Quan-
tum Cascade Laser; QCLS: Quantum Cascade Laser Spectroscopy;
MVA: Multivariate Analysis; DRBS: Diffuse Reflectance Backscatter-
ing; ATR: Attenuated Total Reflectance; PCA: Principal Components
Analysis; SNV: Standard Normal Variate; FD: First Derivative; SD:
Second Derivative

dosage of finished tablets due to its sensitivity and the abil-

requirements are related to the product's efficacy and Con-
tent Uniformity (CU). Testing is a crucial task in pharmaceutical
manufacturing, as it ensures that each product that reaches a
consumer contains a safe dosage of the APl. The most exten-
sively used analytical technique for determining API in pharma-
ceutical products, High-Performance Liquid Chromatography
(HPLC), is used offline in a quality control lab to monitor the

ity to obtain a measurement from the entire tablet volume.
However, HPLC analysis involves many solvents and consum-
ables and often takes hours. This slow and destructive tech-
nique requires trained personnel and can cause delays in the
manufacturing process. Analytical methods in Process Analyti-
cal Technology (PAT) in pharmaceutical applications to perform
CU testing should be fast, noninvasive, and achieved with lim-
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ited sample preparation. Other commonly used techniques are
Near-Infrared Spectroscopy (NIR) [1] and Transmission Raman
Spectroscopy (T-RS) [2-6] and have been explored as alternative
methods for rapid and non-destructive on- and at-line CU test-
ing with no sample preparation. These two methods have been
widely used in the pharmaceutical industry for decades, result-
ing in extensive databases and calibration models for various
APIs and excipients. Mid-Infrared (MIR) laser spectroscopy us-
ing Quantum Cascade Lasers (QCLs) might have fewer available
databases and models, making it more challenging to establish
robust analytical methods for certain applications.

From a different point of view, NIR and RS may have limited
sensitivity for low-concentration impurities and APIs. This fact
can be attributed to the limited penetration depths in thick or
highly scattering tablets. In contrast, Quantum Cascade Lasers
Spectroscopy (QCLS) can penetrate the sample deeper, allow-
ing for the analysis of API distribution and potential inhomo-
geneities within the tablet. QCL spectroscopy can offer higher
sensitivity, allowing for the detection and quantification of trace
amounts of substances. This advantage is particularly benefi-
cial when dealing with complex pharmaceutical formulations
where overlapping spectra can be problematic. QCLS can target
specific molecular vibrations, specifically identifying individual
compounds more precisely than NIR.

In this regard, MIR-QCLS [7] can contribute to the pharma-
ceutical environment by serving as a platform for methods
development in PAT applications [8]. QCLS is rarely used to de-
termine the low-concentration dosage of APIS. QCLs are semi-
conductor lasers specifically designed to emit light in the MIR
and Far-Infrared (FIR) regions of the electromagnetic spectrum.
Unlike traditional lasers that rely on electronic transitions, QCLs
operate on electron intersubband transitions in quantum wells.
The structure of the QCLs allows for precise control of the en-
ergy levels, enabling the emission of a tunable and narrowband
infrared beam at specific wavelengths that match molecular vi-
brational transitions. This tunability allows researchers to target
specific molecular vibrations of interest and achieve high selec-
tivity and sensitivity in their measurements.

Because this extremely sensitive MIR technique can be
combined with the powerful statistical routines of Multivari-
ate Analysis (MVA) [9] to provide a new and efficient method
for determining the low-concentration dosage of APIs. This ar-
ticle linked these two methodologies, demonstrating a proof of
concept for the CU analyses of tablet formulations containing
acetaminophen, mannitol, croscarmellose, cellulose, and mag-
nesium stearate. Spectral data of the various formulations was
collected using QCLS in two different optical configurations: Dif-
fuse Reflectance Backscattering (DRBS) and Attenuated Total
Reflectance (ATR).

The ATR optical setup (Figure 1) is a spectroscopic tech-
nique used to study the properties of a material by measur-
ing the amount of light reflected by the surface of the sample.
This technique is typically used to study the properties of thin
films or surfaces, as it allows for the measurement of the opti-
cal properties of a material without the need for direct contact
with the sample. The technique utilizes optical components
(MIR mirrors and optomechanical components) to direct light
onto the sample at a specific angle, and the reflected light is
then analyzed to determine the material's properties.

Diffuse Reflectance (DR) and DRBS (Figure 2) are similar tech-
niques in that both are used to study a material's properties

by measuring the amount of light reflected by the surface of
the sample. Still, there are some key differences between the
two. DR is a technique that measures the amount of light scat-
tered by a sample at a wide range of angles (Figure 3), and it is
typically used to study the properties of powders, particulate
materials, or other samples with a rough or irregular surface.

The diffuse reflectance measurement allows for the study of
the properties of the bulk material rather than just the surface
properties. On the other hand, DRBS is a technique that mea-
sures both the diffuse reflectance and the backscattered light
of a sample. The backscattered light is the light that is reflected
by the source after hitting the sample. This technique is typi-
cally used to study the properties of powders, particulate ma-
terials, or other samples that have a rough or irregular surface.
It is also used to study material properties that are not visible
through traditional diffuse reflectance measurements. In sum-
mary, while Diffuse Reflectance and DRBS measure scattered
light, the latter also measures backscattered light, providing ad-
ditional information.

In this study, an analytical method using QCLS was devel-
oped. The aim was to compare two spectral acquisition modes:
ATR and DRBS. The comparison aimed to identify low concen-
trations of Active Pharmaceutical Ingredients (APIs) in pharma-
ceutical blends. This analysis involved acquiring spectra using
QCLS and utilizing MVA techniques to distinguish between dif-
ferent pharmaceutical blends.

ATR measures the amount of light that is reflected by the
surface of a sample providing information mainly from the near-
surface region of the sample, typically up to a few micrometers
deep, at a single angle of incidence, meaning that ATR is more
suitable for studying samples with relatively smooth surfaces,
such as liquids, thin films, and solid materials with flat surfaces.
DRBS measures the diffuse reflectance of a sample by scattering
light onto the sample at a wide range of angles, providing infor-
mation from the bulk of the sample and allowing for the study
of the properties of the entire material. It also measures the
backscattered light reflected to the source after hitting the sam-
ple. This means DRBS is more appropriate for studying samples
with rough or irregular surfaces, such as powders, particulate
materials, and materials with scattering properties.

Materials and Methods
Materials

The experimental study combined five typical pharmaceuti-
cal substances, including a common APl and excipients. These
mixtures comprised acetaminophen used as an API. Addition-
ally, they contained mannitol (often used as API), Silicified
Microcrystalline Cellulose (SMC), and croscarmellose sodium.
These latter two substances functioned as fillers, as they do in
the Pharma Industries. Finally, magnesium stearate (MgSt) was
included as a lubricant. Table 1 provides information about the
study's materials and the blend compositions. The blends were
compressed to create round tablets approximately 10 mm in
diameter and 3.5 mm thick. Each Tablet had a typical mass of
~320 mg. A total of 450 tablets were produced, 50 tablets per
blend.

Instrumentation and Spectral Acquisition

The QCL used for the spectroscopic measurements was a
pre-dispersive spectrometer (LaserTune™, Block Engineering,
Southborough, MA, USA; BE) with a maximum peak power of
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50 mW [10] and average power of 2-5 mW. It was externally
coupled to a proprietary (BE), fast-response Mercury-Cadmium-
Telluride (MCT) detector. The beam's spot size was 2x4mm? (col-
limated output). The laser spectrometer settings were 10.88 s
pulse period, 440 ns pulse duration, 16 ns sample delay, and 424
ns sample width. The spectral range was 770-1850 cm™ with a
spectral resolution of 4 cm™. For method development, method
validation, and prediction analyses, all measurements used ten
coadds, and the measurements were performed on both sides
of the 450 tablets for an accurate representation of the full vol-
ume of the tablet. These measurements represent 900 spectra
used, a good number for applying Multivariate Analysis (MVA).
In addition, the tablets were compressed in a 35-ton (31.8 met-
ric ton) hydraulic laboratory pellet press (X-Press 3635, Spex
Sample Prep, Horiba Scientific, Edison, NJ, USA) using a total
pressure of 8-ton and 13 mm pellet dies (Evacuable pellet Die
3619, CARVER Inc, Wabash, IN, USA).

MVA Data Analysis

This study aimed to explore the potential use of QCL spec-
trometers with different optical setups accompanied by che-
mometric MVA techniques to discriminate low concentrations
of APl in tablet formulations. Chemometric analyses were per-
formed on the spectral data sets collected using the ATR and
DRBS techniques, specifically utilizing Principal Component
Analysis (PCA) with the Nonlinear Iterative Partial Least Squares
(NIPALS) algorithm. Everything was performed using R Studio™
software. The spectra were subjected to a few mathematical
pretreatments before PCA modeling, including Spectral Nor-
malization, Standard Normal Variate (SNV), First Derivative (FD),
and Second Derivative (SD). The order of the PCAs pretreat-
ments performed to the ATR and DRBS data sets is summarized
in Table 2.

Results and Discussion
ATR Results

The ATR spectral data acquired was averaged and served as
the principal comparison for our analyses. The average data
spectra (Figure 4) provided a comprehensive overview of the
spectral characteristics of the pharmaceutical blends.

Table 1: Blend composition employed in experimentation (w/w %).

Blend ID APAP | Mannitol Prosolv Croscarmellose = MgSt
(cellulose)
Blend 1 (B1) 0.0 15.37 77.07 6.56 1.00
Blend 2 (B2) 0.1 17.43 79.47 2.00 1.00
Blend 3 (B3) 0.3 12.91 79.58 6.20 1.00
Blend 4 (B4) 0.5 11.21 81.31 5.98 1.00
Blend 5 (B5) 1.0 14.09 81.91 2.00 1.00
Blend 6 (B6) 15 15.32 76.36 5.82 1.00
Blend 7 (B7) 2.0 11.70 75.43 9.87 1.00
Blend 8 (B8) 2.5 10.98 83.52 2.00 1.00
Blend 9 (B9) 3.0 18.39 75.61 2.00 1.00
Table 2: PCAs performed on both ATR and DRBS data.

No Pretreatment MVA
1 None
2 SNV PCA
3 FD NIPALS Algorithm
4 SD
5 SNV + FD PCA
6 SNV + SD

—ll— 1

Single-pass ATR Detector

Figure 1: Schematic illustration of QCL ATR setup showing the es-
sential components of the technique.

"4

Figure 2: lllustration of the QCL Diffuse Reflectance Backscattering
(DFBS) setup.

Figure 3: Representation of possible light scattering path in a
powder sample.
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Figure 4: ATR Average Raw Data Spectrum acquired for each of
the blends described in Table 1.
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Figure 5: Results obtained for the first exploratory PCA modeling
of the ATR Raw Data without data preprocessing.

The first PCA was performed on the ATR raw data spectra
(Figure 5). This PCA analysis was aimed to uncover inherent
patterns and potential separations based on API concentra-
tions. However, no distinct separation by concentration was ob-
served, suggesting a complex relationship between the spectral
features and the APl concentrations.
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&6 To facilitate data comparison, Spectral Normalization using

»| PCAATR SNV the Standard Normal Variate (SNV) algorithm was applied as

data pretreatment in conjunction with PCA modeling (Figure 6).

.B1 B3 +B5 ¥ Despite this preprocessing step, the resulting PCA scores plot

<|+B7 B8 -BY 3 did not reveal significant separation among API concentrations.

€|.Bs eB2 oB6 . ° . The spectral variations appeared to be influenced by factors
§ .2° ‘ o . other than concentration alone.

To further explore subtle spectral changes, the ATR data un-
derwent a derivative transformation in combination with SNV
preprocessing, followed by PCA analysis (Figure 7). The First De-
rivative emphasized spectral features associated with API con-

ch":-1 (41%) centration variations. However, the PCA scores plot yielded no
Figure 6: Results obtained for PCA analysis after preprocessing the effective separation, indicating that this combination of prepro-
ATR Raw Data with SNV. cessing techniques did not adequately capture concentration-
20 related spectral differences.
PCA ATR SNV+FD
A Second Derivative (SD) transformation was applied to the
® oBi B3 wBE ATR data after SNV preprocessing to extract additional spectral
< .. «B7 B8 B9 information (Figure 8). The SD transformation could highlight
2 . o8B w3 -wBE fine spectral details related to concentration variations. How-
3 " s . ever, as with the previous modeling of the data, no effective
&0 i o 0% 2 L * separation based on API concentrations was observed in the
’5'-' ‘oo ot resulting PCA scores plot.
PC-1 (12%) The chemometric analyses conducted on the ATR spectral
Figure 7: Results obtained for PCA modeling of ATR Data after ap- data, employing PCA and various preprocessing techniques, did
plying SNV + FD preprocessing steps. not yield clear separations based on APl concentrations. The
data suggest that the concentration-related fluctuations in the
« | PCAATR SNV + SD ATR spectra may be too low and influenced by complex interac-
» tions and factors other than spectral characteristics. The results
wl. . presented suggest that the QCL-ATR methodology, in its current
s * form, may not be the most suitable approach for achieving con-
s IR U I I tent uniformity assessment in pharmaceutical blends.
g " *B1 *B3 -B5
2 \B7 -BS -BO DRBS Results
. *B4 =B2 «B6 The DRBS spectral data examination of chemometric infor-
PC-1 (10%) mation resulted in a rough separation of the different concen-
Figure 8: Results obtained for PCA modeling of the ATR Data after trations. The preprocessing and chemometrics techniques used
applying SNV + SD pretreatments. are the same for ATR data. The effectiveness of these tech-
niques was evaluated based on their ability to separate differ-
* DRBS-Average Raw Spectrum ' ent concentrations of APIs shown in Table 1 and offer content
0o -8 ¢ uniformity assessment. The DRBS spectral was averaged (Fig-
7: s ure 9) without any other mathematical treatments, providing a
300 — g .3 comprehensive overview of the spectral characteristics of the
£ 1 Jn pharmaceutical blends.
5 An initial exploratory PCA was conducted on the DRBS raw
o . data spectrum and is shown in Figure 10. The PCA analysis was
E < , intended to identify inherent patterns and potential separations
TR avemumber fom T based on API concentrations. Interestingly, a noticeable separa-
Figure 9: DRBS Average Raw Data Spectra obtained. tion was observed between samples with none, low, and high
— concentrations of APIs. However, the separation degree could
PCA DRBS Raw Data not effectively distinguish blends with small (1% w/w) concen-
30

tration differences.

To enhance the spectral patterns and facilitate data com-
o parison, spectral normalization using Standard Normal Variate
& (SNV) preprocessing algorithm was applied in conjunction with
PCA modeling (Figure 11). However, this combination did not
- : yield effective separation of blends based on APl concentra-
tions. The data from the PCA is more dispersed than the same
B3 B2 isiBd PCA made on the ATR data, meaning that SNV is not a viable
PC-1 (43%) preprocessing for DRBS data.
Figure 10: PCA was obtained for DRBS Raw Data without applying
any preprocessing routines.
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Even with the results for SNV, to further explore concentra-
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Figure 11: PCA obtained after applying SNV to DRBS Data.
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Figure 12: PCA for SNV + FD applied to DRBS Data.
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Figure 13: PCA obtained using SNV + SD applied to DRBS Data.
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Figure 15: Comparison of PCAs applied to DRBS Data of various

tion-related variations, the DRBS data underwent the First De-
rivative (FD) transformation after SNV preprocessing, followed
by PCA analysis (Figure 12). The results revealed better segrega-
tion between different concentrations of APls compared to the
results of ATR, as seen in Figure 7, indicating successful cluster-
ing of blend groups. However, the achieved distance separation
between some concentration clusters was not optimal.

Applying a Second Derivative (SD) transformation after SNV
to the DRBS data did not result in an effective separation by API
concentration. The results were comparable to the SNV + FD
data analysis, indicating that the SD transformation did not pro-
vide significant additional information for concentration-based
segregation.

The best PCA results were the concentrations with more
separation between clusters, which was performed to the DRBS
technique's raw data. FD and SD were used directly to the raw
data (Figure 14), resulting in an effective preprocessing before
PCA analysis. The PCA obtained after applying SD has better dis-
crimination of the data.

Making a comparison of different blends, B9-B6-B2 (Figure
15a), it can be observed that PC1 was able to perform a good
separation between concentrations, although in PC2 is more dif-
ficult to see a separation. In the comparison of blends B2-B3-B4
(Figure 15b), 0.1-0.3-0.5 w/w %, respectively. A good separation
was observed of B2 and B3 in PC1; in PC2, the discrimination is
larger between B4 and B3-B2. As for concentrations B9-B8-B7
(Figure 15c), 3 well-defined clusters are observed but with B9
and B8 with more scattering in both axes.

Conclusion

This proof-of-concept experiment and subsequent MVA
modeling of the data in a PAT application was successful in
providing valuable insights into using chemometric routines
for characterizing and quantifying APl concentrations in phar-
maceutical blends, thus contributing to the knowledge and ad-
vancement of content uniformity assessment methodologies
using QCL spectroscopy with ATR and DRBS setup. The main
conclusion is that ATR, although better for other analyses, like
liquid samples, for tablet analysis with QCLS, the DRBS-based
methodology is more accurate for predicting the API content.

The DRBS technique still needs to be explored more in-depth
since the scattered light not reaching the detector is still very
high in this study due to the nature of the sample and the opti-
cal setup used. In future work, the distance between the sam-
ple and the detector must be explored, or a device to gather
more signals would be a good addition to this technique. Fur-
thermore, spectral features such as APl concentration, excipient
interactions, and particle size should be studied for future work
to get more from the DRBS technique.
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