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Abstract: The process analytical technology (PAT) initiative proposed by the US Food and Drug
Administration (FDA) suggests innovative methods to better understand pharmaceutical processes.
The development of analytical methods that quantify active pharmaceutical ingredients (APIs)
in powders and tablets is fundamental to monitoring and controlling a drug product’s quality.
Analytical methods based on vibrational spectroscopy do not require sample preparation and can
be implemented during in-line manufacturing to maintain quality at each stage of operations. In
this study, a mid-infrared (MIR) quantum cascade laser (QCL) spectroscopy-based protocol was
performed to quantify ibuprofen in formulations of powder blends and tablets. Fourteen blends were
prepared with varying concentrations from 0.0% to 21.0% (w/w) APIL. MIR laser spectra were collected
in the spectral range of 990 to 1600 cm L. Partial least squares (PLS) models were developed to
correlate the intensities of vibrational signals with API concentrations in powder blends and tablets.
PLS models were evaluated based on the following figures of merit: correlation coefficient (R?), root
mean square error of calibration, root mean square error of prediction, root mean square error of
cross-validation, and relative standard error of prediction. QCL assisted by multivariate analysis
was demonstrated to be accurate and robust for analysis of the content and blend uniformity of
pharmaceutical compounds.

Keywords: quantum cascade laser; PAT; infrared spectroscopy; blend uniformity; content uniformity

1. Introduction

The high demand for medicine by patients with high-risk medical conditions is
one of the pharmaceutical industry’s motivations to research alternatives to improve
manufacturing processes. The development of analytical methods requiring minimal,
or no sample preparation, a short analysis time, and high sensitivity is fundamental to
minimizing specification products.

The traditional analytical methods for quantifying active pharmaceutical ingredients
(API) include chromatographic [1-4] and optical techniques (UV-Vis) [5-7]. These methods
have high reproducibility and low detection limits, although they involve destroying
the samples or transporting them to the laboratory for further analysis. Alternatively,
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analytical methods based on infrared spectroscopy (IRS) and Raman spectroscopy in diffuse
reflectance mode facilitate the analysis of several chemical compounds [8,9], including
drug substances in different pharmaceutical products, from their manufacture until the
final product validation, in a non-invasive way as well as in situ [10-14].

Near-infrared spectroscopy (NIRS) is becoming a mature approach for developing non-
invasive methods in pharmaceutical applications, especially for API in powder blends and
tablets in a diffuse reflectance configuration [15]. The method facilitates the inspection of
multiple compressed tablets in a non-destructive fashion. However, one of the drawbacks
of NIRS is its low sensitivity due to the low absorptivity of the overtones and combination
bands present in this region of the electromagnetic spectrum; in addition to this, the
signals are broad bands that require significant chemometric analysis to extract relevant
information from the spectra. Furthermore, NIRS instruments have a weak radiation
source, i.e., a globar, which produces a higher detection limit. Despite these limitations,
NIRS is preferred for process analytical technology (PAT) applications due to its flexibility
with acquisition modes such as transmittance and reflectance. [16].

The nature of mid-infrared (MIR) light restricts the analysis of condensate phases to a
shallower depth of penetration than NIRS. In the MIR region, the molecules’ vibrational
signatures are unique narrow bands, providing fingerprint identification; therefore, the
specificity needed to identify the chemical compounds with high confidence is possible
even in complex matrices. The high absorptivity of the vibrational bands limits the diffuse
reflectance measurements, and in consequence, results in a low signal-to-noise ratio. To
overcome these limitations, new technology with higher optical power could lead to more
sensitive analytical methods.

Quantum cascade lasers (QCLs) are powerful semiconductor lasers that emit co-
herent high collimated MIR light [17] with a higher brightness than FTIR [18] and syn-
chrotrons [19]. Some of the QCL applications reported include the long-distance detection
of chemical compounds [20-22], sensing of proteins in aqueous solutions [23], quantifi-
cation of explosives in soil [24] and petroleum in soil [25], and monitoring of chemical
reactions [26]. These are a few of the challenging conditions wherein measurements were
possible due to the high optical power of QCL. Due to the high brightness, QCL requires
less integration time than FTIR and NIRS to operate in a higher signal-to-noise spectrum.
Due to the high resolution of QCL, the analysis monitoring of gases [27,28] at extremely
low concentrations with high selectivity is feasible, demonstrating the versatility of this
instrument. Ostendorf et al. [29] have shown the capabilities of QCL in diffuse reflectance
mode for the analysis of food quality, detection of the presence of molds in peanuts, and
remote detection of explosives with back reflection measurements.

This study is the continuation of a proposed reproducible methodology using MIR
QCL spectroscopy in a diffuse reflectance mode [30] with a high analytical sensitivity
equivalent of 0.05% (w/w) API in the formulation, high repeatability (2.7% (w/w)), and
high reproducibility (5.4% (w/w)). Three diodes were used to cover a spectral region of
990 to 1600 cm ! and multivariate analysis (MVA) was used to quantify drug content and
validate the API, ibuprofen (IBU). We compared the spectral differences between tablets
and powders and showed the possibility of implementing them in both presentations.
Moreover, we suggested that it is possible to use a single laser with a smaller spectral
region which minimizes the system and scanning time. Several partial least squares (PLS)
models were developed for each preprocessing treatment of the spectroscopic data. A
discussion of the three best PLS models and the effect of the focal distance in the prediction
error was presented. The proposed method could be implemented in real time, providing
accurate data to enable control strategies.

2. Materials and Methods
2.1. Reagents and Materials

The materials used in this study included IBU as an API and excipients. API (>98% GC
grade) was purchased from Sigma-Aldrich (Millipore Sigma, St. Louis, MO, USA). Four
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excipients were used and blended with IBU to obtain powders and tablets in the concentra-
tion range tested. Lactose monohydrate (LM; granular; Meggle Pharma, MEGGLE Group,
Wasserburg, Germany), microcrystalline cellulose (MCC; Vivapur® 102, JRS Pharma LP,
Patterson, New York, NY, USA), colloidal silicon dioxide (C-SiO,) (Aerosil® 200 Pharma,
Evonik Industries AG, Essen, Germany), and magnesium stearate (MgSt) (Mallinckrodt
Inc., Raleigh, NC, USA) were used.

2.2. Sample Preparation

Uncoated tablets and powder blends were prepared in our laboratory, changing the
formulation of the blends of five components (API, LM, MCC, C-5iO,, and MS). An un-
balanced ratio of active pharmaceutical ingredients to excipients may compromise drug
bioavailability and efficacy, resulting in adverse effects for patients. For that reason, this
method was focused on monitoring the IBU concentration. Fourteen different concentra-
tions were prepared in a range from 0% to 21% (w/w) IBU to develop a robust model that
could detect failures in the process monitoring. The detection of placebo samples would
indicate that the powder feeds were empty; in contrast, 21% (w/w) would represent that
the drug content surpassed the concentration limits.

Conventional analytical methods are based on a calibration curve with samples of
concentrations within +30% of the target analyte. QCL is an emerging technology that
needs to be validated to identify its limitations and capabilities. Therefore, we decided to
cover a broad concentration range (0-21% API) to identify the linear dynamic range of this
method. Having a better understanding of the QCL capabilities and being adopted as a
routine analytical method, we expect future calibration samples to be capable of detecting
a narrower range of concentrations within the API concentration target.

The blending process was performed using a digital mini vortex (Thermo-Fisher Sci-
entific, Waltham, MA, USA) for 10 s at 3000 rpm. The powder blends were then pulverized
in an agate mortar and mechanically mixed to ensure no agglomerate of particulate matter
was present. The tablets were prepared using a manual laboratory press (Carver Standard
Unheated Manual Press; Carver, Inc., Wabash, IN, USA). Compaction pressure was applied
at 3000 psi (20.68 MPa).

2.3. QCL Instrument and Data Acquisition

A total of 280 spectra were obtained for both the samples of the tablets and powder
blends (Table 1). For each concentration, 20 spectra were acquired at different locations
within the sample surface using the back reflection mode of a LaserScan™ predispersive
spectrometer (Block Engineering, Southborough, MA, USA) containing 3 tunable MIR
lasers ranging from 990 to 1600 cm ! as shown in Figure 1.

Figure 1. Schematic of diffuse reflectance quantum cascade laser experimental setup.
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The individual laser tuning ranges were from 990 to 1111 cm !, 1111 to 1178 cm ™},

and 1178 to 1600 cm~!. The relative humidity and temperature remained at approximately
46% and 20 °C, respectively. A background spectrum of KBr was collected before any
spectral data were acquired. Spectra were recorded using one scan. The time to acquire
a complete scan was approximately 0.5 s for each laser, resulting in a total scan time of
1.5 s. The average power typically varied between 0.5 and 10 mW across the 600 cm !
tuning range. Other laser parameters included a 100:1 transverse electromagnetic (TEM)
polarization mode and a beam divergence of <2.5 and <5 mrad on the x- and y-axes. The
fully contained spectrometer had a 3-inch-diameter ZnSe lens, which focused the MIR
beam, collected the reflected light, and focused the light onto an internal thermoelectrically
cooled mercury—-cadmium-telluride detector. The spectroscopic system worked best at
a head-to-target distance of 15 £ 3 cm. Each laser produced an elliptical image with
4 x 2 mm dimensions at the target’s focal plane (15 cm from the laser head) due to the
difference in beam divergence in the axes.

Table 1. Composition of the sample sets used to develop the QCL method used to detect the APIin
powder and tablet samples.

Type of Sample Tablets/Powder Blends

Total number of samples 21
Number of QCL spectra per sample 20
Calibration set 14
External validation set 7

0.00%, 1.10%, 3.17%, 5.15%, 7.65%, 9.53%,

API concentration level for the calibration set 11.57%, 12.39%, 14.06%, 15.44%, 16.10%,

17.22%, 18.68%, and 21.67%
API concentration level for the external 2.20%, 6.37%, 10.06%, 11.74%, 14.38%, 16.98%,
validation set and 19.36%

2.4. MIR Multivariate Data Analysis

MIR vibrational data were obtained over the complete spectral range from 990 to
1600 cm~ 1. PLS regression models using the calibration data were developed and tested
to quantify IBU in the tablets and powder blends. Several PLS models were generated
based on the spectral range used using PLS Toolbox version 7.5.2 (Eigenvector Research
Inc., Wenatchee, WA, USA) with the MATLAB R2011b version 7.13 platform (MathWorks,
Natick, MA, USA). The performance of the calibration models was evaluated according
to the following figures of merit: correlation coefficient (R?), root mean square error of
calibration (RMSEC), root mean square error of prediction (RMSEP), root mean square
error of cross-validation (RMSECYV), and relative standard error of prediction (RSEP).
Several PLS regression models were developed to quantify the IBU in the pharmaceutical
formulations of the tablets and powder blends for each preprocessing treatment applied
and each spectral analysis range. A few of these models were developed using the complete
spectral range (990-1600 cm~!) and a combination of preprocessing treatments. The best
models selected showed a similarity between the different parameters of the calibration and
validation models, including RMSEC, RMSECV, and RMSEP. This maintains the robustness
of the calibration and validation models for both the tablets and powder proposed. The
RSEP is represented by the Equation (1):

Z?:l (]?i,pred - ]/i,ref)2

RSEP(%) =
Z]r'lzl (yi,ref) ’

x 100 1)

This equation indicates the prediction error of the model compared to the reference
values (percentage). A simple inspection of the RSEP values can be used to determine
which of the models is the best for each tablet and powder sample.
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Several preprocessing treatments were applied to the spectroscopic data to reduce
noise and highlight the spectral features related to chemical variation. These data pretreat-
ments included a Savitzky-Golay (SG) first derivative (SG 1-D), a SG second derivative (SG
2-D), mean centering, multiplicative scattering corrections (MSC), standard normal variates
(SNV), transformation to Log (1/R), and baseline corrections and their combinations.

2.5. Comparison of Spectral Noise FTIR and QCL

A comparison between diffuse reflectance FTIR (DR-FTIR) and diffuse reflectance
QCL (DR-QCL) for C-5iO;, one of the most IR-absorbing excipients in the formulation,
was performed to assess their performance in terms of spectral noise. Figure 2A shows the
reflectance spectra of C-SiO; in the spectral range from 1000 to 1600 cm~!. No significant
differences were observed by visual inspection between DR-FTIR and DR-QCL for the
acquired C-5iO, spectrum. The sample does not exhibit any signal in the region from 1000
to 1300 cm~!; therefore, this spectral region was magnified (Figure 2B) for close visual noise
inspection. It was found that the DR-QCL spectrum had a better spectral profile than the
DR-FTIR spectra due to lower high-frequency noise. The calculations of the noise showed
that the C-5iO, spectra obtained by DR-FTIR had 30 times more noise than the DR-QCL
C-SiO, spectra; therefore, QCL spectroscopy provides less noisy spectra suitable for the
characterization of APIs in formulations. A comparison between DR-FTIR and diffuse
reflectance DR-QCL for IBU and other excipients is presented in Figure 3A-D, showing
agreement. All signals and their corresponding positions were verified.

A comparison of the spectra for blends and tablets at concentrations 0 and 20% w/w
was performed to identify the effects of the physical changes in the spectroscopic data
shown in Figure 4A. The powders exhibited a weaker diffuse reflectance than the tablets.
The compression forces exerted on the blends reduced the voids, making the tablet a
compact solid with a smooth surface, reducing the diffuse transmission, and increasing
the diffuse reflectance. This effect can be observed in the whole spectrum. The absorbance
(—Log (R/Ry)) for the powder blend showed a stronger signal than the tablet blend.

12 0.01
a0 E' 0.008
8 1 ]

[}

e 2 0.006

I I

o 6 1)

9 =

s S 0.004 -

[}

X 4 4 (14

2 4 —QCL DR 0.002 —QCL DR
—FTIR DR —FTIR DR
0 +—r—r—r—r . . — 0 v . . . v
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Figure 2. Comparing the spectroscopic instruments and modes (DR, diffuse reflectance; TR, trans-
mission) used for the characterization of C-S5iO,: FTIR and QCL. (A) Spectral range from 1000 to
1600 cm~1; (B) zoom of the spectral range from 1000 to 1300 cm .
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Figure 3. Comparison of the QCL FTIR diffuse reflectance spectra of pure components (A) IBU, (B) ML, (C) MCC, and (D) MgST.
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Figure 4. (A) Comparison of the QCL reflectance spectra of the tablets and powders with 0% and 20% API and (B) weighted
spectral subtraction between the tablet spectrum and that of the powder with 0% and 20% APL

A weighted spectral subtraction (D) between the spectrum of the tablet and the
spectrum of the powder blend was performed to find the differences in the tablet’s surface
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with respect to the powder formulation. The following equation was used to calculate the

subtraction:
DY —Yp] =Ya — (x+ B xYp) @

Y is —Log (R/Rp), and the subscripts A and B indicate the minuend and subtrahend
spectra, respectively. The parameter « is the difference of the spectral offset between
spectra A and B, and f is a compensation factor. The values of « and § can be calculated by
classical least squares [31,32].

Figure 4B shows the spectral differences between tablets and powders. The differ-
ence observed is that the lactose signals are maintained in the 1000-1220 cm ! region,
highlighted in turquoise blue. The comparison is made with the pure lactose spectrum,
indicating that the amount of this excipient on the tablet’s surface may have increased. A
slope is also observed in the 1500-1600 cm ! region, possibly apart from the broad band.
This spectral feature can be attributed to MgST, which has a band with these character-
istics [33,34]. Other signals did not match the pure component’s signals, which may be
attributed to the interactions between them captured by this sensitive technique [30].

3. Results
3.1. Temporary Measures

The QCL spectra of a 10% IBU powder blend were measured 10 times at various areas
in the blend and subsequently repeated after 15 and 60 days. The average spectra at 0, 15,
and 60 days are shown in Figure 5A. Small changes in each spectrum were observed. To
bring out these changes, a spectral subtraction was generated using Equation (1), where
the average spectra at 15 and 60 days were subtracted from the average spectrum of day 0
(see Figure 5B). Various signals were observed, which could be due to the degradation of
the components of the formulation.

Moreover, a strong signal of 1400 cm~! at 60 days was observed, which should be
attributed to the primary degradation product. Another possible explanation for these
differences is the formulation of absorbed water vapor which generated strong interactions
and significantly modified the infrared spectrum. This is evidenced by the discovery of
lines when we subtracted the average spectrum from each of the spectra taken at different
sites (see Figure 5A i); strong signs of water vapor were observed in the 1500-1600 cm !
region at 15 and 60 days compared with day 0.

4.0

2.0
0.4
=D [15 Day Av - 0 Day Av]
—0Day Av ——15Day Av ——60 Day A
1.8 A. e o o ——D [60 Day Av - 0 Day Av] B
major degradation product 0.3 ——Lactose x 0.9 ) 3.5
1.6 —MgST x 0.3
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= 12 = 04 -
: :
= = 25 ¥
5 1.0 5 0 =
g ? 3
T0B | F = 04 =
g ) 2.0
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0.2
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Figure 5. (A) Comparison between the average QCL reflectance spectra of the powder with 10% API to different times,
figure inserted i (spectral subtraction between the 10 spectra of powder with 10% API in different sites and the average
spectrum for each time), figure inserted (spectral subtraction between the 10 spectra of the powder with 10% API in the
same site and the average spectrum). (B) Comparison between spectral subtraction of the spectra at other times and time
zero and the components of the formulation.
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3.2. Partial Least Squares Models Results

Figure 6 shows the three best PLS regression models for each sample type (tablets and
powder blends prepared from 0% to 20% IBU with excipients). The results are presented
in terms of measured values (w/w%) versus predicted values (w/w%) for APIL The tablet
calibration and external validation sets are represented by red circles and black diamonds,
respectively. The powder calibration set and external validation set are represented by red
squares and black triangles, respectively. The dispersion of the calibration and validation
data through the y = x line varies for the three different preprocessing methods selected,
SNV, SG-1D + SNV, and SNV + MSC.

A model was developed with the raw spectra to obtain a reference model without
pretreatment for further comparison. Considering the data dispersion, the best pretreat-
ment for tablet calibration and validation models was SG-1D + SNV (Figure 6C). The best
pretreatment for powder calibration and validation models was SNV and SNV + MSC,
which were very similar (Figure 6E,F, respectively). Six models were selected in total, based
on the statistical parameters summarized in Table 2.

Table 2. MVA results obtained for tablets and powder blends using the PLS models of QCL re-
flectance data.

Calibration Test
Sample Preprocess RMSEC (%) RMSECV (%) R2CV BiasCV
None 1.68 1.69 0.933 —0.02
Tablets SNV 1.33 1.38 0.955 —0.0009
SG-1D + SNV 1.13 1.16 0.968 —0.004
Powder None 1.33 1.34 0.958 —0.06
Blend SNV 0.75 0.77 0.986 —0.001
SG-1D + SNV 0.767 0.787 0.985 0.0002
Test Set
Sample Preprocess R2Pred RMSEP (%) RSEP (%) LVs
None 0.825 3.11 293 2
Tablets SNV 0.942 1.95 1.16 3
SG-1D + SNV 0.963 1.38 0.58 4
Powder None 0.928 2.15 1.42 2
Blend SNV 0.973 1.16 0.41 3
SG-1D + SNV 0.972 1.18 0.43 3

An additional test was conducted to explore the reduction of the data acquisition
time by developing PLS models and reducing the spectral range by using single QCL
diodes. The best pretreatments previously discussed were applied using the complete
spectral range/diode for the powder and tablet samples. Table 3 shows the parameters
of RMSECV and RMSEP according to the type of sample, preprocessing, and diode used.
The RMSECV and RMSEP values obtained for the QCL-PLS tablet and powder models
using D3 are lower than D; and D;. These results show that D3 contains a broader spectral
region than the other two diodes, corresponding to more molecular information in the
API’s vibrational signals.
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Figure 6. PLS regressions obtained for the measured API values in % w/w versus the predicted IBU
values in % w/w for the calibration set and the external validation set. (A) API prediction in tablets
with no preprocessing; (B) API prediction in tablets with SNV preprocessing; (C) API prediction in
tablets with SG-1D + SNV preprocessing; (D) API prediction in powder blends with no preprocessing;
(E) API prediction in powder blends with SNV preprocessing; and (F) API prediction in powders
blend with SNV + MSC preprocessing.

Table 3. Multivariate analysis results obtained for QCL-PLS models by using individual diodes.

Spectral Spectral
Sample . Diodes Region RMSECV (%) RMSEP (%)

Preprocessing (cm-1)

Dy 990-1111 2.05 2.49

Tablets SG-1D + SNV D, 1111-1178 1.82 2.28

D3 1178-1600 1.33 1.8

Dy 990-1111 1.29 2.51

Powder SNV D, 1111-1178 1.19 2.56

D3 1178-1600 0.92 1.33

However, the RMSEP value of the models obtained using the spectral region of D3 for
the tablets and powder blends is slightly worse than the RMSEP value obtained using all
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spectral regions. Therefore, the remaining spectral region of D3 (990-1178 cm~!) contributes
to improving the multivariate model. The characteristic bands of the API are observed in
this region.

3.3. Effect of Depth of Focus on Predictability

The distance from the target to the detector is a significant factor when performing
remote detection measurements in an online analysis. The QCL system was focused on a
15 cm depth, representing a 0 cm depth of focus as shown in Figure 7.

The distance between the QCL spot and the target was adjusted on the z-axis (depth) to
defocus the system and then measure the effects of those changes in the error of prediction
(% error) of the sample concentration. A sample with 10 (w/w%) API was prepared, and the
depth of the z-coordinate was changed from 6 to 22 cm. The best depth of focus conditions
for a correct prediction of this sample were £3 (corresponding to 15 + 3 cm), with a &+ 10%
prediction error. For the depth of focus values above 3 or below —3 cm, the prediction of
the API concentration in the sample was erroneous, and the deviation from the reference
value of 10 w/w% API was significant.

Depth of focus(cm)
9 8 7 6 5 4 -3 -2 101 2 3 4 5 6 7

14 — 40%
g . i .

B o,
313 ® 30%
512 ® 20% —
5 ° S
1 ® 10% 5
3 ® ? ° =
G 10 _ ® 0% W
o ® predicted l’
° L J
.3 9 'ccTs r’ -10%
S ——true value
28 el -20%

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Depth (cm)

Figure 7. Variation in the percentage of error (%) and predicted concentration (%, w/w) as a function
of the depth of focus for the QCL beam in predicting a sample with 10% w/w APL

4. Conclusions

Quantum cascade laser technology can significantly impact the pharmaceutical man-
ufacturing of oral solid dosages due to QCL’s high signal-to-noise spectra with a short
integration time, enabling the monitoring of the fast dynamics process with high confi-
dence. Sudden changes in the process will be detectable with this system, considering that
the system requires only 1.5 s to acquire a spectrum.

The MIR region provides a unique absorption spectrum for different components; it
also enables the detection of polymorphic transformation. The analytical method based on
QCL laser spectroscopy successfully quantified the API at concentrations (0-21% w/w) in
tablets and powders. Therefore, the system could detect the API in complex matrices of
several excipients with high specificity. The PLS models developed to quantify the API
from tablets and powders required only the first derivative and SNV as preprocessing
steps, yielding excellent R? and RMSEP values.

The MVA results of the QCL-PLS models obtained by individual diodes showed
that the best results were obtained using D3 (1178-1600 cm ™). This diode covers a more
extensive spectral range, where the vibrational signatures of the API are present. Therefore,
a QCL using only this diode would reduce the acquisition time of the spectra.
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Conventional FTIR spectrometers are well-established instruments, but QCL has a
higher spectral power density. The spectral analysis of C-S5iO; in the spectral range from
1000 to 1600 cm~! was performed using two techniques, DR-FTIR and MIR laser DR-QCL,
showing that QCL has a better signal-to-noise ratio, which suggests that it is helpful for
online sensing.

The best depth of focus conditions for a correct API prediction were 15 + 3 c¢m,
with a £10% prediction error; therefore, implementing this method for online sensing
should involve careful adjustment of the experimental setup to focus the laser. Thus,
implementing this approach in a continuous manufacturing line must involve consideration
of the distance of the sample from the laser during the calibration measurements to make a
robust system method that accounts for these variations, particularly for the powder blends.

The QCL system provides a highly collimated laser spot, resulting in a high spatial
resolution suitable for surface mapping to evaluate the distribution of the pharmaceutical
components in the tablet. Researchers have demonstrated that photothermal imaging
of pharmaceutical tablets using quantum cascade lasers provides information on the
distribution of the API and excipients [35]. The detection limits of this method were
reported to be 1% w/w in previous studies [30]; therefore, implementing this method for
cleaning validation of the equipment in pharmaceutical sites would reduce downtime.

Finally, the integrity of the pharmaceutical formulations was evaluated by temporary
measurements that confirmed the degradation or moisture absorption in the formulations.
The versatility of QCL to analyze liquid, solid, and gas samples makes it suitable for
pharmaceutical operations as it is portable, powerful, and provides high specificity.

Author Contributions: Conceptualization, N.J.G.-F.; data curation, V.V.-L. and A.R.-O.; formal
analysis, R.V.-G. and ].R.C.-S; investigation, L.C.P-L., W.O.-R. and N.J.G.-F,; methodology, J.R.C.-S.,
A.R.-O., W.O.-R. and N.J.G.-F; project administration, L.C.P-L. and S.PH.-R,; validation, R.V.-G.;
writing—original draft, L.C.P.-L., ].R.C.-S., AR.-O., and N.J.G.-F,; writing—review and editing, V.V.-L.,
S.PH.-R., and N.J.G.-E. All authors have read and agreed to the published version of the manuscript.

Funding: This contribution was supported by the US Department of Defense, Agreement Number:
WO911NF-11-1-0152. The contribution was also supported by the Defense Threat Reduction Agency
(DTRA), DOD under grant #DODRIF11-DTRA020-P-0017: “IED Sentry Based on Mid-Infrared
Laser Arrays” awarded to Eos Photonics, Cambridge, MA. Contributions by Mark Witinski are also
gratefully acknowledged. Support from the US Department of Homeland Security under Award
Number 2013-ST-061-ED0001 is also acknowledged. The views and conclusions presented in this
document are those of the authors and should not be considered a representation of the official
policies, either expressed or implied, of the US Department of Homeland Security. The authors thank
the members of Macondo Lab Andrea Daguer for the help with the Graphical Abstract design.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge the contributions of Richard T. Ham-
mond of the US Army Research Office, DOD.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study, the collection, analyses, or interpretation of data, the writing of the manuscript,
or the decision to publish the results.

1. Askholt, J.; Nielsen-Kudsk, F. Rapid HPLC-Determination of Ibuprofen and Flurbiprofen in Plasma for Therapeutic Drug Control
and Pharmacokinetic Applications. Acta Pharmacol. Toxicol. 1986, 59. [CrossRef] [PubMed]

2. De Oliveira, A.R.M,; Cesarino, E.J.; Bonato, P.S. Solid-phase microextraction and chiral HPLC analysis of ibuprofen in urine. J.
Chromatogr. B Anal. Technol. Biomed. Life Sci. 2005, 818. [CrossRef] [PubMed]

3.  Battu, PR,; Reddy, M. RP-HPLC method for simultaneous estimation of paracetamol and ibuprofen in tablets. Asian . Res. Chem.

2009, 2, 70-72.


http://doi.org/10.1111/j.1600-0773.1986.tb00188.x
http://www.ncbi.nlm.nih.gov/pubmed/3811966
http://doi.org/10.1016/j.jchromb.2005.01.010
http://www.ncbi.nlm.nih.gov/pubmed/15734171

Pharmaceutics 2021, 13, 985 12 of 13

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Tsikas, D.; Kayacelebi, A.A.; Hanff, E.; Mitschke, A.; Beckmann, B.; Tillmann, H.C.; Gutzki, EM.; Miiller, M.; Bernasconi, C. GC-MS
and GC-MS/MS measurement of ibuprofen in 10-puL aliquots of human plasma and mice serum using [o-methylo-2H3]ibuprofen
after ethyl acetate extraction and pentafluorobenzyl bromide derivatization: Discovery of a collision energy-dependent H/D
isotope. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2017, 1043, 158-166. [CrossRef]

Issa, YM.; Zayed, S.I.M.; Habib, L. H.I. Simultaneous determination of ibuprofen and paracetamol using derivatives of the ratio
spectra method. Arab. J. Chem. 2011, 4, 259-263. [CrossRef]

Bahram, M.; Madrakian, T.; Alizadeh, S. Simultaneous colorimetric determination of morphine and ibuprofen based on the
aggregation of gold nanoparticles using partial least square. J. Pharm. Anal. 2017, 7. [CrossRef] [PubMed]

Wahbi, A.A.; Hassan, E.; Hamdy, D.; Khamis, E.; Barary, M. Spectrophotometric methods for the determination of Ibuprofen in
tablets. Pak. J. Pharm. Sci. 2005, 18, 1-6. [PubMed]

Hernandez-Rivera, S.P.; Pacheco-Londorio, L.C.; Ortiz-Rivera, W.; Castro-Suarez, J.R.; Primera-Pedrozo, O.M.; Félix-Rivera, H.
Remote raman and infrared spectroscopy detection of high explosives. In Explosive Materials: Classification, Composition and
Properties; Nova Science Publishers: Hauppauge, NY, USA, 2011; pp. 231-258.

Castro-Suarez, J.R.; Pacheco-Londorfio, L.C.; Aparicio-Bolafio, J.; Hernandez-Rivera, S.P. Active Mode Remote Infrared Spec-
troscopy Detection of TNT and PETN on Aluminum Substrates. . Spectrosc. 2017, 2017, 2730371. [CrossRef]

Roggo, Y.; Chalus, P; Maurer, L.; Lema-Martinez, C.; Edmond, A.; Jent, N. A review of near infrared spectroscopy and
chemometrics in pharmaceutical technologies. J. Pharm. Biomed. Anal. 2007, 44, 683-700. [CrossRef]

Li, W.; Worosila, G.D. Quantitation of active pharmaceutical ingredients and excipients in powder blends using designed
multivariate calibration models by near-infrared spectroscopy. Int. J. Pharm. 2005, 295. [CrossRef] [PubMed]

Wartewig, S.; Neubert, R H.H. Pharmaceutical applications of Mid-IR and Raman spectroscopy. Adv. Drug Deliv. Rev. 2005, 57,
1144-1170. [CrossRef]

Van Eerdenbrugh, B.; Taylor, L.S. Application of mid-IR spectroscopy for the characterization of pharmaceutical systems. Int. |.
Pharm. 2011, 417, 3-16. [CrossRef] [PubMed]

Murayama, K.; Ishikawa, D.; Genkawa, T.; Ozaki, Y. An Application for the Quantitative Analysis of Pharmaceutical Tablets
Using a Rapid Switching System Between a Near-Infrared Spectrometer and a Portable Near-Infrared Imaging System Equipped
with Fiber Optics. Appl. Spectrosc. 2018, 72, 551-561. [CrossRef]

Ramirez, J.L.; Bellamy, M.K.; Romafiach, R.J. A novel method for analyzing thick tablets by near infrared spectroscopy. AAPS
PharmSciTech 2001, 2. [CrossRef]

Chalmers, ].M.; Griffiths, PR. Handbook of Vibrational Spectroscopy; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2002; Volume 1.
Faist, J.; Capasso, F.; Sirtori, C.; Sivco, D.L.; Baillargeon, J.N.; Hutchinson, A.L.; Chu, SN.G.; Cho, A.Y. High power mid-infrared
(A~5 pm) quantum cascade lasers operating above room temperature. Appl. Phys. Lett. 1996, 68, 3680-3682. [CrossRef]

Childs, D.T.D.; Hogg, R.A.; Revin, D.G.; Rehman, L.U.; Cockburn, ].W.; Matcher, S.J. Sensitivity Advantage of QCL Tunable-Laser
Mid-Infrared Spectroscopy over FTIR Spectroscopy. Appl. Spectrosc. Rev. 2015, 50, 822-839. [CrossRef]

Kimber, J.A.; Kazarian, S.G. Spectroscopic imaging of biomaterials and biological systems with FTIR microscopy or with quantum
cascade lasers. Anal. Bioanal. Chem. 2017, 409, 5813-5820. [CrossRef]

Suter, ].D.; Bernacki, B.; Phillips, M.C. Spectral and angular dependence of mid-infrared diffuse scattering from explosives
residues for standoff detection using external cavity quantum cascade lasers. Appl. Phys. B Lasers Opt. 2012, 108, 965-974.
[CrossRef]

Liu, X.; Van Neste, C.W.; Gupta, M.; Tsui, Y.Y.; Kim, S.; Thundat, T. Standoff reflection-absorption spectra of surface adsorbed
explosives measured with pulsed quantum cascade lasers. Sens. Actuators B Chem. 2014, 191, 450-456. [CrossRef]

Liu, X.; Chae, I; Miriyala, N.; Lee, D.; Thundat, T.; Kim, S. Broadband Mid-Infrared Stand-Off Reflection—Absorption Spectroscopy
Using a Pulsed External Cavity Quantum Cascade Laser. Appl. Spectrosc. 2017, 71, 1494-1505. [CrossRef] [PubMed]
Schwaighofer, A.; Montemurro, M.; Freitag, S.; Kristament, C.; Culzoni, M.].; Lendl, B. Beyond FT-IR Spectroscopy: EC-QCL based
mid-IR Transmission Spectroscopy of Proteins in the Amide I and Amide II Region. Anal. Chem. 2018, acs.analchem.8b01632.
[CrossRef]

Pacheco-Londofio, L.C.; Warren, E.; Galan-Freyle, N.J.; Villarreal-Gonzélez, R.; Aparicio-Bolafio, J.A.; Ospina-Castro, M.L.;
Shih, W.-C.; Hernandez-Rivera, S.P. Mid-Infrared Laser Spectroscopy Detection and Quantification of Explosives in Soils Using
Multivariate Analysis and Artificial Intelligence. Appl. Sci. 2020, 10, 4178. [CrossRef]

Galan-Freyle, N.J.; Ospina-Castro, M.L.; Medina-Gonzalez, A.R.; Villarreal-Gonzélez, R.; Herndandez-Rivera, S.P.; Pacheco-
Londorio, L.C. Artificial Intelligence Assisted Mid-Infrared Laser Spectroscopy In Situ Detection of Petroleum in Soils. Appl. Sci.
2020, 10, 1319. [CrossRef]

Morales-Rodriguez, M.E.; McFarlane, ].; Kidder, M.K. Quantum Cascade Laser Infrared Spectroscopy for Online Monitoring of
Hydroxylamine Nitrate. Int. J. Anal. Chem. 2018, 2018, 7896903. [CrossRef] [PubMed]

Genner, A.; Martin-Mateos, P.; Moser, H.; Lendl, B. A Quantum Cascade Laser-Based Multi-Gas Sensor for Ambient Air
Monitoring. Sensors 2020, 20, 1850. [CrossRef]

Chen, C.; Ren, Q.; Piao, H.; Wang, P.; Wang, Y. A Trace Carbon Monoxide Sensor Based on Differential Absorption Spectroscopy
Using Mid-Infrared Quantum Cascade Laser. Micromachines 2018, 9, 670. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jchromb.2016.06.014
http://doi.org/10.1016/j.arabjc.2010.06.044
http://doi.org/10.1016/j.jpha.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29404068
http://www.ncbi.nlm.nih.gov/pubmed/16380350
http://doi.org/10.1155/2017/2730371
http://doi.org/10.1016/j.jpba.2007.03.023
http://doi.org/10.1016/j.ijpharm.2005.02.019
http://www.ncbi.nlm.nih.gov/pubmed/15848006
http://doi.org/10.1016/j.addr.2005.01.022
http://doi.org/10.1016/j.ijpharm.2010.12.011
http://www.ncbi.nlm.nih.gov/pubmed/21167267
http://doi.org/10.1177/0003702817752697
http://doi.org/10.1208/pt020311
http://doi.org/10.1063/1.115741
http://doi.org/10.1080/05704928.2015.1075208
http://doi.org/10.1007/s00216-017-0574-5
http://doi.org/10.1007/s00340-012-5134-2
http://doi.org/10.1016/j.snb.2013.10.026
http://doi.org/10.1177/0003702817693233
http://www.ncbi.nlm.nih.gov/pubmed/28664781
http://doi.org/10.1021/acs.analchem.8b01632
http://doi.org/10.3390/app10124178
http://doi.org/10.3390/app10041319
http://doi.org/10.1155/2018/7896903
http://www.ncbi.nlm.nih.gov/pubmed/30344609
http://doi.org/10.3390/s20071850
http://doi.org/10.3390/mi9120670
http://www.ncbi.nlm.nih.gov/pubmed/30567314

Pharmaceutics 2021, 13, 985 13 of 13

29.

30.

31.

32.

33.

34.

35.

Ostendorf, R.; Butschek, L.; Hugger, S.; Fuchs, F; Yang, Q.; Jarvis, J.; Schilling, C.; Rattunde, M.; Merten, A.; Grahmann, J.;
et al. Recent Advances and Applications of External Cavity-QCLs towards Hyperspectral Imaging for Standoff Detection and
Real-Time Spectroscopic Sensing of Chemicals. Photonics 2016, 3, 28. [CrossRef]

Galan-Freyle, N.J.; Pacheco-Londono, L.C.; Roméan-Ospino, A.D.; Hernandez-Rivera, S.P. Applications of Quantum Cascade
Laser Spectroscopy in the Analysis of Pharmaceutical Formulations. Appl. Spectrosc. 2016, 70, 1511-1519. [CrossRef]
Pacheco-Londofio, L.C.; Aparicio-Bolafio, J.A.; Galan-Freyle, N.J.; Roman-Ospino, A.D.; Ruiz-Caballero, J.L.; Hernandez, S.P.
EXPRESS: Classical Least Squares-Assisted MIR Laser Spectroscopy Detection of High Explosives on Fabrics. Appl. Spectrosc.
2018, 73, 000370281878041. [CrossRef] [PubMed]

Classical Least Squares, Part I: Mathematical Theory. Available online: https://www.spectroscopyonline.com/view/classical-
least-squares-part-i-mathematical-theory (accessed on 11 April 2021).

Sanches, N.B.; Cassu, S.N.; Dutra, R.D.C.L. TG/FT-IR characterization of additives typically employed in EPDM formulations.
Polimeros 2015, 25, 247-255. [CrossRef]

Nep, E.I,; Conway, B.R. Preformulation studies on grewia gum as a formulation excipient. J. Therm. Anal. Calorim. 2011, 108,
197-205. [CrossRef]

Li, C.; Zhang, D.; Slipchenko, M.N.; Cheng, J.-X. Mid-Infrared Photothermal Imaging of Active Pharmaceutical Ingredients at
Submicrometer Spatial Resolution. Anal. Chem. 2017, 89, 4863-4867. [CrossRef]


http://doi.org/10.3390/photonics3020028
http://doi.org/10.1177/0003702816662609
http://doi.org/10.1177/0003702818780414
http://www.ncbi.nlm.nih.gov/pubmed/29767535
https://www.spectroscopyonline.com/view/classical-least-squares-part-i-mathematical-theory
https://www.spectroscopyonline.com/view/classical-least-squares-part-i-mathematical-theory
http://doi.org/10.1590/0104-1428.1819
http://doi.org/10.1007/s10973-011-1782-4
http://doi.org/10.1021/acs.analchem.6b04638

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Sample Preparation 
	QCL Instrument and Data Acquisition 
	MIR Multivariate Data Analysis 
	Comparison of Spectral Noise FTIR and QCL 

	Results 
	Temporary Measures 
	Partial Least Squares Models Results 
	Effect of Depth of Focus on Predictability 

	Conclusions 
	References

