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ABSTRACT: The orexin receptor antagonist (ORA) is one of the new
psychopharmacological agents used in the treatment of insomnia. There
are currently no documented greener high-performance liquid chromatog-
raphy-diode array detector (HPLC-DAD) methods for the analysis of
ORA antagonists, lemborexant (LMB) and suvorexant (SUV) simulta-
neously. Therefore, in this study, a simple, sensitive, and greener HPLC-
DAD method has been developed for the simultaneous quantitative
analysis of LMB and SUV in bulk and laboratory-prepared mixture. The
developed method was validated for numerous validation parameters and
evaluated for greenness. The C,3 Waters Spherisorb CN (4.6 X 250 mm?;
S pum) column was used for the chromatographic separation. The mobile
phase composition was ethanol: 10 mM KH,PO, buffer in a ratio of
(60:40 v/v). The DAD detection was performed at 253 nm using a Waters
DAD detector. The greenness was evaluated using the analytical Eco-Scale (AES), ChlorTox, and analytical GREEnness (AGREE)
techniques. The calibration curves showed excellent linearity for LMB and SUV between the concentration range of 125—5000 ng/
mL and 250—10,000 ng/mL, respectively. In addition, the proposed HPLC-DAD method was accurate, precise, robust, highly
sensitive, and greener. AES, ChlorTox, and AGREE scales were predicted by the HPLC-DAD method to be 91, 1.14 g, and 0.79,
respectively, showing an excellent greenness profile. The greener HPLC-DAD method was successfully used to analyze both
medicines quantitatively in bulk and laboratory-prepared synthetic mixtures. The findings of this study indicated that the proposed
HPLC-DAD method may be consistently applied to evaluate LMB and SUV in bulk and dosage forms.
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1. INTRODUCTION

Insomnia, the most common sleep-wake disorder, impacts 30
to 50% of the adult global population.' Sedatives and
hypnotics are the medications that are most frequently

potential, both drugs are classified as a Schedule IV controlled
substance.'”"” The studied drugs LMB and SUV are relatively
new compared to other sedatives/hypnotics. Because both
medicines are important from a forensic point of view, the

recommended to treat insomnia.” However, their use is now
limited due to their well-known negative consequences, such as
dizziness, sleepiness, blurred vision, impaired depth perception,
memory loss, depression, etc.”’ Recently, it has been suggested
that the orexin-1 (OX1) and orexin-2 (OX2) receptors may be
a new target therapy of insomnia.* For the treatment of adult
insomnia, lemborexant (LMB) is the second dual OX receptor
antagonist that has been approved.” It displays rapid
attachment and dissociation from OX1 and OX2 receptors in
contrast to earlier dual OX receptor antagonists, enabling rapid
and uninterrupted sleep during the night without the
possibility of side effects or fatigue the following morning.’
Suvorexant (SUV) is a potent dual OX1 and OX2 receptor
antagonist that blocks the OX neurons of the arousal system,
which promote alertness, causing a rapid onset of sleep.””* SUV
is also used to treat insomnia.”” The molecular structures of
the LMB and SUV are presented in Figure 1. Because of their
sedative and hypnotic properties, both drugs are significant
medicines from a forensic standpoint.'”'" Due to their abuse
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adulteration of each other and their illegal use are possible in
commercial products. Due to the forensic significance of LMB
and SUV, it is quite likely that they will be used illegally;
therefore, a sensitive and accurate analytical technique is
required to identify them.

A review of the literature found no established analytical
techniques for the simultaneous analysis of LMB and SUV in
biological samples or dosage forms. There have been reports of
certain analytical techniques for the individual analysis of
biological materials and commercial formulations containing
LMB or SUV. However, the simultaneous analysis of LMB and
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Figure 1. Molecular structures of (A) lemborexant (LMB) and (B) suvorexant (SUV).

SUV has not yet been reported because LMB and SUV are not
commercially approved in combined dosage forms. Some high-
performance liquid chromatographic (HPLC) approaches have
been documented in the literature for the analysis of LMB
alone in its dosage forms.'”'> The simultaneous analysis of
LMB and its three metabolites (M4, M9, and M10) in human
plasma samples and phosphate-buffered saline has been done
using the LC-mass spectrometry (MS)/MS (LC-MS/MS)
approach.'® The literature has documented the use of an
ultraperformance LC-MS/MS (UPLC-MS/MS) technology
for the simultaneous analysis of LMB and an internal standard,
losartan in human plasma samples.'” Furthermore, the analysis
of SUV alone in pharmaceutical products has been described
using an HPLC method."® There have been reports of the use
of certain bioanalytical HPLC methods for the analzfsis of SUV
alone in human and rabbit plasma samples.'””" For the
analysis of SUV alone in blood and urine samples, reports of
the bioanalytical approaches LC-MS/MS>' and LC-quadru-
pole/time-of-flight—MS (LC-Q/ TOE-MS)**** have also been
made. A bioanalytical method utilizing LC-MS/MS has also
been documented for the simultaneous analysis of SUV and 16
distinct benzodiazepines in the whole blood specimen.”* The
analysis of SUV alone in plasma samples has been done using
certain UPLC-MS/MS bioanalytical techniques.”>*° SUV,
lorcaserin, and brivaracetam have all been reported to be
simultaneously analyzed in human plasma samples using a
UPLC-MS/MS bioanalytical technique.”” SUV analysis alone
in human urine samples has been done using a few additional
bioanalytical techniques,”® such as gas chromatography-MS
(GC—MS)*’ and high-performance thin-layer chromatography
(HPTLC).*

Utilizing ecologically suitable alternative solvents is one of
the 12 tenets of “green analytical chemistry (GAC)” and is
intended to lessen the detrimental impacts of hazardous and
poisonous eluents on the environment.’' The usage of greener
solvents has increased significantly during the past few decades,
according to a literature search.””~>’ Many analytical
techniques for assessing the greenness profiles of pharmaceut-
ical analytical methods are described in the literature.*~*® The
“National Environmental Method Index (NEMI),*® the
Environmental Assessment Tool (EAT),”” the Analytical
Method Volume Intensity (AMVI),** the Analytical Eco-
Scale (AES),"' the Green Analytical Procedure Index
(GAPI),*”” the Analytical Method GREEnness Score
(AMGS),* Red, Green, and Blue (RGB),** ChlorTox,™ and
the Analytical GREEnness (AGREE)*®” are some examples of
these approaches. To examine the greenness of the current
methodology, the current study used three different tools:
AES,*' ChlorTox,* and AGREE.*

As far as we are aware, there have not been any cases of the
simultaneous analysis of LMB and SUV in their combination
dosage forms and biological samples. Therefore, the goal of the
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current approach is to create and validate a reversed-phase
HPLC-diode array detector (DAD) method that is simple,
sensitive, and greener for the simultaneous analysis of LMB
and SUV in laboratory-prepared synthetic mixtures. Because
both medicines are important from a forensic point of view,
their illegal use is possible. The present method will help in the
identification of adulteration of each other and hence forensic
analysis of both medicines compared to the methods reported
for these medicines individually. The proposed method for the
simultaneous determination of LMB and SUV was validated by
“The International Council for Harmonization (ICH)-Q2-R2”
criteria.”’

2. RESULTS AND DISCUSSION

2.1. Development of the HPLC-DAD Method. A
summary of the chromatographic responses that were recorded
and the combinations of different greener mobile phases is
displayed in Table 1.

Figure 2 displays the representative chromatograms of the
blank and standards LMB and SUV. The chromatogram of the
blank sample did not display the SUV and LMB peaks (Figure
2A). Because ethanol—water (50:50 v/v), ethanol—water

Table 1. Optimization of Greener Mobile Phase and
Recorded Chromatographic Parameters for Standards
Lemborexant (LMB) and Suvorexant (SUV) (Mean + SD, n
=3)*

greener mobile phase A, N R,
LMB

ethanol/water (50:50 v/v)  2.74 + 0.64 2832 + 2.14 5.71 + 0.34

ethanol/water (60:40 v/v) ~ 2.56 + 0.58 3341 + 228  5.62 + 0.32

ethanol/KH,PO, 141 £+ 0.12 4314 + 3.12 4.98 + 0.08
(50:50 v/v)

ethanol/KH,PO, 1.06 + 0.0S 5466 + 3.87 4.87 + 0.03
(60:40 v/v)

ethanol/ethyl acetate 2.81 £0.77 2218 £ 1.88  6.24 + 0.36
(50:50 v/v)

ethanol/ethyl acetate 2.78 £ 0.75 2462 + 194  6.12 + 0.35
(60:40 v/v)

N Y%

ethanol/water (50:50 v/v)  2.78 + 0.66 3012 + 2.27 6.98 + 0.39

ethanol/water (60:40 v/v)  2.60 + 0.60 3415 + 2.38 6.87 + 0.38

ethanol/KH,PO, 143 + 0.14 4712 + 3.22 6.72 + 0.12
(50:50 v/v)

ethanol/KH,PO, 1.09 + 0.06 5871 + 4.07 6.59 + 0.04
(60:40 v/v)

ethanol/ethyl acetate 2.84 + 0.81 2378 + 1.95 7.14 + 0.44
(50:50 v/v)

ethanol/ethyl acetate 2.80 + 0.77 2554 + 2.02 7.05 + 0.42
(60:40 v/v)

“A,: peak tailing factor; N: theoretical plates number; R;: retention
time; KH,PO,: potassium dihydrogen phosphate.
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Figure 2. Representative chromatograms of (A) blank and (B) standards LMB (R, = 4.87 min) and SUV (R, = 6.59 min) obtained using ethanol/
KH,PO, buffer (60:40 v/v) yields a greener mobile phase.
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Figure 3. Diode array detector (DAD) spectra for SUV (blue color, 4,,,, = 253.3 nm) and LMB (red color, 4,,,, = 281.7 nm).
(60:40 v/v), ethanol-ethyl acetate (50:50 v/v), and ethanol- greener mobile phases produced better outcomes with reliable
ethyl acetate (60:40 v/v) were used during the method retention time (R,), A, and N values. The ethanol-KH,PO,
development process, the chromatographic parameters of LMB buffer combination (60:40 v/v), on the other hand, showed
and SUV were inadequate. LMB showed a low number of well-separated and intact chromatographic peaks of LMB and

theoretical plate (N) values (N = 2218—3341) and larger SUV with a good A value and higher N values, and it also
tailing factor (A;) values (A, = 2.56—2.78). SUV also showed produced a consistent R, (Figure 2B). The final greener mobile
low N values (N = 2378—3415) and larger A, values (A, = phase for determining LMB and SUV simultaneously with an
2.60—2.84). Nevertheless, using ethanol-potassium dihydrogen adequate A, (1.06 for LMB and 1.09 for SUV) and N (5466 for
phosphate (KH,PO,) buffer in 50:50 and 60:40 v/v ratios as LMB and 5871 for SUV), adequate analysis time (R, = 4.87
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min for LMB and 6.59 min for SUV), and an acceptable
analysis time (10 min) was therefore decided to be a binary
mixture of ethanol-KH,PO, buffer (60:40 v/v). The DAD
wavelengths for the simultaneous estimation of LMB and SUV
were screened at the 200—400 nm regions. The individual
DAD wavelengths were 281.7 and 253.3 nm, for LMB and
SUV, respectively (Figure 3). However, the highest response
was obtained at 251 nm for the simultaneous analysis of LMB
and SUV. Thus, the full simultaneous determination of the
LMB and SUV occurred at 251 nm using the DAD mode.
2.2. Validation of the HPLC-DAD Method. Using the
ICH-Q2-R2 standards,”” a range of parameters were generated
for the simultaneous assessment of SUV and LMB. For the
simultaneous analysis of LMB and SUV, there are no analytical
methods available in the literature. Therefore, the validation
parameters of the present study were not compared with
literature methods. The results of the greener HPLC-DAD
method’s linearity assessment of the LMB and SUV calibration
curves are shown in Table 2. The LMB and SUV calibration

Table 2. Linearity Measurement Data for the Simultaneous
Analysis of LMB and SUV Using the Greener HPLC-DAD
Method (Mean + SD; n = 3)“

parameters LMB SUV
linear range (ng/mL)  125—5000 250—10,000
regression equation y =99,945x + 4882.1 y = 78,096x — 3024.2
R? 0.9968 1.0000
R 0.9983 1.0000
SE of slope 84.37 76.44
SE of intercept 13.37 9.43

95% CI of slope

95% CI of intercept

LOD =+ SD (ng/mL)

LOQ + SD (ng/mL)
“R%: coeflicient of determination; R: correlation coefficient; x: LMB
or SUV concentration; y: LMB or SUV peak area; SE: standard error;
CI: confidence interval; LOD: limit of detection; LOQ: limit of
quantitation.

99,581.93—100,308.10
4824.56—4939.63
0.76 + 0.02

2.29 + 0.06

77,767.04—78,424.96
2983.58—3064.82
0.68 + 0.02

2.05 + 0.06

curves were linear in the 125—5000 and 250—10,000 ng/mL
ranges, respectively. It was projected that the determination
coefficient (R?) for LMB and SUV would be 0.9968 and
1.0000, respectively. It was discovered that the correlation
coefficients (R) for SUV and LMB were 1.0000 and 0.9983,
respectively. For LMB and SUV, the R* and R values were
significant (p < 0.05). These findings showed a strong
relationship between the LMB and SUV concentrations and
the observed responses. These results showed that the
proposed HPLC-DAD approach was linear enough to
determine SUV and LMB simultaneously.

Using R, A, capacity factor (k), and N, the system
compatibility parameters for the developed HPLC-DAD
approach were ascertained. The results of the system suitability
parameters along with their reference values are included in
Table 3. The values of R,, A, k, and N for LMB obtained using
the current approach were 4.87 min, 1.06, 2.41, and 5466, in
that order. For SUV, the derived values of R,, A, k, and N were
6.59 min, 1.09, 2.46, and 5871, in that order. The obtained
values of R, A, k, and N were within the range of reference/
acceptable values.”” Therefore, the values for measuring LMB
and SUV simultaneously were reliable and good.

Table 3. System Suitability Parameters of LMB and SUV for
the Greener HPLC-DAD Method (Mean + SD; n = 3)“

parameter recorded value reference value refs
LMB

R, (minutes) 4.87 + 0.03 >1 47

A 1.06 + 0.05 0.80—1.15 47

k 2.41 + 0.07 >2 47

N 5466 + 3.87 >2000 47
Suv

R, (minutes) 6.59 + 0.04 >1 47

A 1.09 + 0.06 0.80—1.15 47

k 2.46 + 0.09 >2 47

N 5871 + 4.07 >2000 47

“Ry: retention time, A peak tailing factor, k: capacity factor, N:
number of theoretical plates.

The percentage recovery for the simultaneous detection of
SUV and LMB was used to assess the accuracy of the
developed HPLC-DAD method. Table 4 displays the accuracy

Table 4. Accuracy Data of LMB and SUV for the Proposed
HPLC-DAD Method (Mean + SD; n = 3)°

conc. conc. found recovery CV reference
(ng/mL) (ng/mL) + SD (%) (%) value refs
LMB
750 75541 + 7.35 100.72 0.97
1000 1018.12 + 9.34 101.81 091 100 + 2 47
1250 1240.24 + 10.45 99.21 0.84
suv
1500 1520.21 + 16.32 101.34 1.07
2000 1986.21 + 20.02 99.31 1.00 100 + 2 47
2500 2478.32 + 24.62 99.13 0.99

“CV: coeflicient of variance.

evaluation findings for the HPLC-DAD method that was
developed. Using the greener HPLC-DAD approach, the
percentage recoveries of LMB and SUV at three different
quality control (QC) levels were found to be, respectively,
99.21—-101.81 and 99.13—101.34%. The obtained % recoveries
of LMB and SUV were within the acceptable range.*” These
findings showed that the greener HPLC-DAD approach could
reliably measure the simultaneous analysis of the LMB and
SUV.

For the simultaneous analysis of LMB and SUV, the intraday
(repeatability) and interday (reproducibility or intermediate)
precision of the greener HPLC-DAD method was assessed; the
results are presented as the percent of coeflicient of variance
(%CV). The accuracy and precision concentrations were
selected in such a way that the low QC (LQC), middle QC
(MQC), and high QC (HQC) levels could be covered.
Therefore, the selected concentrations for the determination of
accuracy and precision were the same. The precision findings
for the LMB and SUV simultaneous analysis utilizing the
current methods are shown in Table 5. For the intraday
fluctuation, the percentage CVs of SUV and LMB were found
to be 0.87—0.91 and 0.75—0.83%, respectively. For LMB and
SUV, the interday variation percentage CVs were found to be
0.81—0.93 and 0.89—0.95%, respectively. The obtained % CVs
of LMB and SUV were within the acceptable range.”” All of
these results proved how precise the greener HPLC-DAD
method for the concurrent determination of LMB and SUV is.

https://doi.org/10.1021/acsomega.4c03976
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Table S. Assessment of Intra/Interday Precision of LMB and SUV for the Greener HPLC-DAD Method (Mean + SD; n = 3)

intraday precision

interday precision

conc. (ng/mL) conc. (ng/mL) + SD standard error CV (%)

LMB

750 74125 + 6.21 3.58 0.83

1000 1014.61 + 8.12 4.68 0.80

1250 1237.45 £ 9.31 5.37 0.75
Ssuv

1500 1491.31 + 13.65 7.88 0.91

2000 1982.35 + 1745 10.07 0.88

2500 2530.12 + 22.12 12.77 0.87

conc. (ng/mL) + SD standard error CV (%) reference value refs
757.41 + 7.10 4.09 0.93

986.42 + 8.41 4.85 0.85 <2 47
1261.32 + 10.22 5.90 0.81
1517.23 + 14.56 8.40 0.95

2020.31 + 18.43 10.64 0.91 <2 47
2482.4S5 + 22.31 12.88 0.89

The robustness analysis results at the (MQC levels of SUV
and LMB are shown in Table 6. Upon modification of the

Table 6. Robustness Measurement Results of LMB and SUV
for the Greener HPLC-DAD Method (Mean + SD; n = 3)

parameters conc. found (ng/mL) + SD (C‘yzl) R, + SD
LMB

mobile phase (

ethanol/KH,PO,,

v/v)
(62:38) 984.56 + 8.51 086  4.86 + 0.03
(58:42) 101691 + 11.02 108 4.88 + 0.04
flow rate (mL/min)
(1.10) 1019.12 + 11.18 1.09 4.72 + 0.02
(0.90) 97828 + 8.52 0.87 499 + 0.04
DAD wavelength

(nm)

255 994.18 + 8.76 0.88 4.85 + 0.02
251 1022.41 + 11.28 1.10 4.89 + 0.0
Suv

mobile phase (

ethanol/KH,PO,,

v/v)
(62:38) 1986.12 + 19.65 098  6.57 + 0.04
(58:42) 2023.61 + 21.34 115 661 + 0.05
flow rate (mL/min)
(1.10) 2028.12 + 23.97 118 641 + 0.03
(0.90) 1979.63 + 18.68 094 670 + 0.04
DAD wavelength

(nm)
255 1984.85 + 1891 0.95 6.56 + 0.04
251 2032.22 + 22.08 1.08 6.60 + 0.06

composition of the greener mobile phase to evaluate
robustness, the percentage CVs for SUV and LMB were
determined to be 0.98—1.15 and 0.86—1.08%, respectively.
The R, for LMB and SUV were derived to be 4.86—4.88 and
6.57—6.61 min, respectively. The % CVs for LMB and SUV
were determined to be 0.87—1.09 and 0.94—1.18%, respec-
tively, in the event that the flow rate was altered during a
robustness analysis. The R, for LMB and SUV were found to
be 4.72—4.99 and 6.41—6.70 min, respectively. The % CVs
were found to be 0.88—1.10 and 0.95—1.08%, respectively, in
the event that DAD wavelength was altered during a
robustness analysis. The R, for LMB and SUV were found to
be 4.85—4.89 and 6.56—6.60 min, respectively. The robustness
of the current approach for measuring LMB and SUV
concurrently is indicated by low CVs and a negligible R,
value change.
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The sensitivity of the greener HPLC-DAD method for the
concurrent analysis of LMB and SUV was evaluated as the
limit of detection (LOD) and limit of quantification (LOQ).
Table 2 shows the LOD and LOQ values that were determined
for LMB and SUV using the greener HPLC-DAD approach.
Using the greener HPLC-DAD method, the LOD and LOQ
for LMB were derived to be 0.76 + 0.02 and 2.29 + 0.06 ng/
mL, respectively. Using the greener HPLC-DAD method, the
LOD and LOQ for SUV were derived to be 0.68 + 0.02 and
2.05 + 0.06 ng/mL, respectively. These results showed that the
greener HPLC-DAD approach was quite sensitive when it
came to measuring SUV and LMB simultaneously. These
results showed that the greener HPLC-DAD approach was
quite sensitive when it came to measuring SUV and LMB
simultaneously.

2.3. Application of Greener HPLC-DAD Method in the
Simultaneous Determination of LMB and SUV in
Laboratory-Prepared Synthetic Mixtures. Analytical
techniques for the simultaneous determination of SUV and
LMB have not been reported in the literature. As a result, the
current study’s pharmaceutical assay results were not
contrasted with those of previous research. For the
simultaneous analysis of LMB and SUV in a laboratory-
prepared synthetic mixture, the greener HPLC-DAD method
was used as an alternative to traditional HPLC methods. By
contrasting the HPLC chromatograms of LMB and SUV to
those of standards LMB and SUV utilizing the greener HPLC-
DAD method, we recognized the chromatograms of LMB and
SUV from laboratory-prepared synthetic mixtures were
recognized. The representative chromatograms of LMB and
SUV in the laboratory-prepared synthetic mixtures are
presented in Figure 4. These chromatograms were found to
be identical to those of the standards for LMB and SUV
(Figure 2B). In addition, there were no additional peaks of the
excipients in the formulation chromatogram, indicating that
the studied drugs LMB and SUV did not show interactions
with the formulation excipients. The % assay of LMB and SUV
in laboratory-prepared synthetic mixtures was computed using
the greener HPLC-DAD method, and the results were 98.12 +
1.16 and 101.31 =+ 1.23%, respectively. These results proved
that the greener HPLC-DAD method is suitable for measuring
LMB and SUV in laboratory-prepared synthetic mixtures
simultaneously.

2.4. Greenness Assessment. Developed analytical
methods can be assessed for their greenness using a variety
of approaches such as NEML>** EAT,* AMVL"™ AES*
GAPL" AMGS,” RGB,* ChlorTox,"* and AGREE.*® The
greenness of the greener HPLC-DAD method was evaluated in
the current work by using three distinct approaches: AES,"'
ChlorTox,*> and AGREE. 6
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Figure 4. Representative chromatogram of LMB and SUV in laboratory-prepared synthetic mixtures.

For the simultaneous analysis of LMB and SUV, no
documented analytical methods are available. Therefore, the
greenness parameters of the present study were not compared
with literature methods. AES is a useful semiquantitative
method that takes waste, instruments, and all analytical stages
into account. Table 7 shows the results of the AES scales with

Table 7. Analytical Ecoscale (AES) and Penalty Point
Evaluation for the Greenness of the Proposed HPLC-DAD
Method

parameters penalty points

reagents
ethanol
KH,PO, (10 mM)

instruments

[T

energy consumption
occupational hazard

waste

o »n © O

total penalty points
AES score 91

penalty points. Less than 50 on the scale denoted insufficient
greenness, less than 75, but greater than 50 on the scale
denoted appropriate greenness, and greater than 75 on the
AES rating denoted extraordinary greenness.”' The AES scale

for the current approach was found to be 91, which indicates
an extraordinary greenness profile.

For the greener HPLC-DAD approach, Table 8 shows the
total ChlorTox as well as the results of the different solvent
ChlorTox scales. The greener HPLC-DAD method’s estimated
total ChlorTox scale was 1.14 g, indicating that it was both
relatively safe and environmentally friendly."’

The AGREE technique, which takes into account each of the
12 GAC criteria,” is the most commonly used quantitative
method for evaluating greenness. Figure 5 displays the overall
AGREE scale for the current HPLC-DAD methodology. An
AGREE scale greater than 0.75 denoted excellent greenness, a
scale less than 0.75 denoted sufficient greenness, and a value
less than 0.50 denoted inadequate greenness.”® The overall
AGREE scale was predicted by environmentally friendly
HPLC-DAD technology to be 0.79. The AGREE results
once again illustrated the superior green characteristics of the
present HPLC-DAD methodology. The greener HPLC-DAD
approach for the simultaneous detection of LMB and SUV in
synthetic mixtures created in the laboratory has an excellent
green profile according to the overall results of all greenness
measurements.

Table 8. Data for the ChlorTox Scales of the Greener HPLC-DAD Approach in Terms of the Relative Dangers Concerning
Chloroform (CH,,,/CHcycy,) Calculated Using the WHN Model

stage solvent/reagent relative hazard (CH,,,/ CHCHCIS) Mgy (mg) ChlorTox (g) total ChlorTox (g)
sample preparation ethanol 0.26 552 0.14 1.14
HPLC analysis ethanol 0.26 3866 1.00
23106 https://doi.org/10.1021/acsomega.4c03976
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Figure S. Analytical GREEnness (AGREE) scale for the present
HPLC-DAD methodology, driven by an AGREE calculator.

3. CONCLUSIONS

For the simultaneous analysis of LMB and SUV, no
documented analytical methods are available. Therefore, this
work developed and validated a simple, sensitive, and greener
HPLC-DAD method for the simultaneous analysis of LMB and
SUV in laboratory-prepared synthetic mixtures. The greener
HPLC-DAD method is linear, accurate, precise, robust,
incredibly sensitive, and greener when used to determine the
LMB and SUV simultaneously. The LMB and SUV contents of
synthetic combinations made in the lab were successfully
analyzed using the current HPLC-DAD technique. The results
of the AES, ChlorTox, and AGREE assessments confirm the
outstanding greenness of the existing HPLC-DAD method for
detecting LMB and SUV concurrently. All of these results
suggested that the proposed HPLC-DAD approach can be
routinely employed for the simultaneous measurement of SUV
and LMB to determine the illegal use of LMB or SUV and for
forensic analysis. Further studies can be performed to analyze
LMB and SUV in biological materials such as plasma, blood,
and urine in order to evaluate the illegal use of LMB or SUV.

4. MATERIALS AND METHODS

4.1. Materials. The working standards of LMB and SUV
were obtained from Beijing Mesochem Technology Co. Ltd.
(Beijing, China). The HPLC-grade solvents, such as ethanol
and ethyl acetate, were obtained from E-Merck (Darmstadt,
Germany). The HPLC-grade water was obtained from the
Milli-Q (Milli-Q, Lyon, France) apparatus. The KH,PO,
buffer was prepared in the laboratory. The commercial tablets
of LMB (each containing 10 mg of LMB) and SUV (each
containing 10 mg of SUV) were obtained from (Mumbai,
India). AR grade was utilized for all of the other reagents and
solvents.

4.2. Instrumentation and Chromatographic Condi-
tions. LMB and SUV were quantified simultaneously at 25 +
1 °C using the Waters 2690D HPLC system (Waters, Milford,
MA), which included a column oven, an inline vacuum
degasser, a 717 automated sampler, a Waters 996 DAD
detector, and an isocratic pump (1515). The data processing
and interpretation tool utilized was the Empower 3 software
(Milford, MA). A Spherisorb (diameters: 250 mm X 4.6 mm,
particle size: 5 ym) RP C,g analytical column was used to
analyze LMB and SUV concurrently. The greener mobile
phase was a binary combination of ethanol and KH,PO, buffer
(10 mM) (60:40% v/v) with orthophosphoric acid added to

adjust the pH of the mobile phase to 3.5. The greener mobile
phase was pumped at a rate of 1 mL/min. It was found that the
DAD wavelength of 253 nm was appropriate for measuring
LMB and SUV simultaneously. Each sample was injected with
a 10 uL injection volume using a Waters autosampler.

4.3. Calibration Curves and QC Samples for LMB and
SUV. To create separate batches of LMB and SUV stock
solutions, the necessary quantities of each medication were
dissolved in the suitable volume of the binary mixture of
ethanol and KH,PO, buffer (60:40 v/v)/greener mobile phase.
The final stock solution of each medicine comprised 100 ug/
mL of the drug. A variety of LMB concentrations between 125
and 5000 ng/mL and SUV values between 250 and 10,000 ng/
mL were obtained through the use of the greener eluent
system to dilute different amounts of the stock solutions. The
peak area of each concentration of LMB and SUV was
measured after 10 uL of each concentration was applied by
using the Waters autosampler. By plotting the concentrations
of LMB and SUV against the observed peak area in three
replications (n = 3), LMB and SUV calibration curves were
created. Three separate QC samples were made from scratch
in order to assess the various validation parameters.

4.4, Sample Processing for the Simultaneous Anal-
ysis of LMB and SUV in Laboratory-Prepared Synthetic
Mixtures. The commercial tablets of LMB and SUV are not
available in combined dosage forms. Therefore, the synthetic
mixture of LMB and SUV was prepared in the laboratory to
determine LMB and SUV simultaneously. Twenty commercial
tablets of LMB (each containing 10 mg of LMB) and SUV
(each containing 10 mg of SUV) were taken, and the average
weight was computed separately for each commercial tablet.
After being roughly crushed, the commercial tablets LMB and
SUV were powdered. The 10 mL of the greener mobile phase
was mixed with a fine powder that weighed an equal amount of
LMB and SUV tablets. S0 mL of the greener mobile phase was
added to 1 mL of this solution to make it suitable for the
greener HPLC-DAD technique. To get rid of any insoluble
impurities, the produced solution was filtered and subjected to
sonication for approximately 10 min. Using the greener HPLC-
DAD approach, the acquired samples were used to evaluate
LMB and SUV simultaneously in synthetic mixtures of LMB
and SUV that were produced in the lab.

4.5. Development of the HPLC-DAD Method. Several
combinations of green solvents were investigated as the mobile
phases in order to create a simple, sensitive, and greener
HPLC-DAD approach for the simultaneous detection of LMB
and SUV in synthetic mixtures generated in the lab. Ethanol—
water, ethanol-KH,PO, buffer, and ethanol-ethyl acetate were
three of the numerous green solvent combinations that were
investigated. When selecting the greener solvent system,
factors such as the solvent cost, greenness, toxicity, sensitivity
of the method, length of analysis, measurement parameters,
and compatibility of the solvents were taken into account.
Many green solvent combinations were therefore considered to
be used as mobile phases. In the end, it was decided that the
ideal eluent system for further research would be a 60:40 (v/v)
blend of ethanol and KH,PO, buffer.

4.6. Validation of the HPLC-DAD Method. Using the
ICH-Q2-R2 validation criteria, the proposed HPLC-DAD
technique for the simultaneous assessment of LMB and SUV
was validated for a number of parameters.”” Plotting the LMB
and SUV concentrations against the observed peak area yielded
their linear ranges. Three replicates had their LMB and SUV
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linearity (n = 3) evaluated in the ranges of 125—5000 and
250—10,000 ng/mL, respectively.

R, A, k, and N were established as the system suitability
parameters for the environmentally friendly HPLC-DAD
method.***

Using the spiking/standard addition methodology, the
accuracy of the greener HPLC-DAD method for the
simultaneous detection of LMB and SUV was assessed as a
percentage of recoveries."” In order to establish LQC solutions
of LMB of 750 ng/mL, MQC levels of 1000 ng/mL, and HQC
levels of 1250 ng/mL, the previously measured LMB solution
(500 ng/mL) was spiked with additional 50, 100, and 150%
LMB solutions. To get LQC solutions of 1500 ng/mL, MQC
levels of 2000 ng/mL, and HQC levels of 2500 ng/mL, extra
50, 100, and 150% SUV solutions were spiked into the
previously measured SUV solution (1000 ng/mL). The
commercial tablets of LMB and SUV in combined dosage
forms are not available in the market. Therefore, the real
samples were not used for the spiking. To assess the accuracy,
the LMB and SUV QC solutions from earlier were reexamined.
To determine the % recovery at each LMB and SUV level,
three replicates (n = 3) were used.

For the purpose of measuring SUV and LMB simulta-
neously, the greener HPLC-DAD method was assessed for
precision in both the intra-assay (repeatability) and interassay
(intermediate or reproducibility). Quantifying newly produced
LMB and SUV samples at the aforementioned QC levels on
the same day (n = 3) allowed for the examination of intra-assay
variance for LMB and SUV. A three-day period (n = 3) of
freshly generated solution assessment at the previously
indicated QC levels was carried out in order to determine
the interassay variance for LMB and SUV utilizing the greener
HPLC-DAD method. The % CV was used to express both
precisions.

In order to determine the impact of deliberate alterations on
the simultaneous detection of LMB and SUV, the robustness
of the environmentally friendly HPLC-DAD approach was
assessed. To assess robustness, the MQC thresholds of SUV
(2000 ng/mL) and LMB (1000 ng/mL) were chosen. By
alteration of the DAD wavelength, flow rate, and composition
of the greener mobile phase, robustness was assessed. When
the original ethanol: KH,PO, buffer (60:40 v/v) greener
mobile phase was substituted with ethanol: KH,PO, buffer
(62:38 v/v) and ethanol: KH,PO, buffer (58:42 v/v), the
changes in chromatographic response were recorded. To assess
robustness, the starting flow rate of 1 mL/min was adjusted to
1.10 and 0.90 mL/min. In order to assess the robustness of the
results, the chromatographic response was observed at other
DAD wavelengths (253 and 251 nm). The variations in the
chromatographic response were noted.

The sensitivity of the greener HPLC-DAD method for the
simultaneous assessment of LMB and SUV was determined as
LOD and LOQ by using a standard deviation approach.
Equations 1 and 2 (n = 3) were utilized to calculate LMB and
SUV LOD and LOQ"’

33 X0

LOD = 1)

10
LOQ = X o

)

where S is the slope of the calibration curve for LMB and SUV,
and ¢ is the standard deviation of the intercept.

4.7. Greenness Assessment. The greener HPLC-DAD
method to measure LMB and SUV concurrently was evaluated
for its greenness profile using three distinct approaches: AES,"!
ChlorTox,* and AGREE.”® AES is a semiquantitative
technique that takes into account all of the analytical steps,
waste, and tools. For the solvents/reagents that need minimal
to no reagent use, little energy, and no waste, an ideal analysis
with 100 points is predicted. If any of these requirements are
broken, penalty points are given and subtracted from the total
of 100*. Equation 3* is used to determine the ChlorTox scale
in accordance with the ChlorTox scale technique.

CHsub
ChlorTox = ———— X mg,
Hepg, (3)

where CHy, represents the chemical risks of the substance of
interest, CHcyyy, is the chemical hazard of standard chloro-

form, and mg, is the mass of the substance of interest required
for a single analysis. The safety data sheet provided by Sigma-
Aldrich (St. Louis, MO) was utilized to help in the

computation of the values of CH,y, and CHcyc, using the

weighted hazards number (WHN) model.* The AGREE-
metric approach was used to gauge the AGREE scale for the
greener HPLC-DAD method for the simultaneous analysis of
LMB and SUV.*® The AGREE scales for the greener HPLC-
DAD method were determined using the AGREE: The
Analytical Greenness Calculator (version 0.5, Gdansk Uni-
versity of Technology, Gdansk, Poland, 2020). The values
ranged from 0.0 to 1.0 based on 12 different GAC principles.
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