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As the COVID-19 pandemic is not yet over, Pfizer has launched the novel pill Paxlovid® (Nirmatrelvir
(NMV) co-packaged with ritonavir (RIT)) as an effective medication for hospitalized and non-
hospitalized patients. Making pharmaceutical analysis greener and more sustainable has lately become
the main direction of the research community. In this context, two fast, green, and stability-indicating
chromatographic methods were designed for the neat quantitative determination of NMV and RIT in
their bulk and dosage forms. Method | is deemed the first electro-driven attempt for the assay of
Paxlovid®. Herein, the optimized conditions of the Micellar Electrokinetic Chromatographic (MEKC)
method were 50 mM borate buffer at pH 9.2 with 25 mM sodium lauryl sulfate (SDS) being used as the
background electrolyte (BGE) on a deactivated fused silica capillary (50 cm effective length x 50 um
id). Method Il was an isocratic reversed-phase HPLC separation method using Zorbax-Eclipse C18
(4.6 x 250 mm, 5 um particle size) column and 50 mM ammonium acetate buffer at pH 5 and
acetonitrile as mobile phase constituents at a flow rate of 1 mL min~. For the sake of simplicity and
increasing sensitivity, a single wavelength of 210 nm was used for the two methods to assay both
drugs. Linear correlations between peak areas and concentration were observed in the ranges of 10—
200 pg mL™! for NMV and 5-100 ug mL™! RIT in both methods. The impact of versatile stress
conditions such as hydrolysis, oxidation, and photolysis on the stability of NMV and RIT was studied.
Fortunately, both methodologies were able to separate both drugs from their degradants. Thus, the
stability indicating power of the methods was proved. The derived methods were statistically validated

in agreement with the ICH guidelines. Furthermore, the environmental friendliness and sustainability
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Accepted 27th August 2023 of these methods were investigated and compared with the cited methods using the holistic

multicriteria evaluation tools namely Hexagon, AGREE, and RGB12 metrics. Conclusively, the proposed
DOI: 10.1039/d3ra041869 methods offered reliable, feasible, economic, white, and stability-indicating alternatives to the cited

rsc.li/rsc-advances chromatographic methods.

as of the end of December 2022. After two years of the
pandemic, COVID-19 is still considered a global threat due to

1 Introduction

Since 2019, the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has spread as the global respiratory outbreak
COVID-19. Ranging from no symptoms at all to moderate
symptoms to severe hypoxia, multiorgan failure, and even
death, the SARS-CoV-2 pandemic has caused 6.7 million deaths
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the continuous development of different variants. After the
SARSCoV-2 variations of concern (VOCs) alpha, beta, gamma,
and delta, the most recent B.1.1.529 variant (called Omicron),
which was categorized as a VOC by the WHO on 26 November
2021, emerged as a fresh threat globally."

Hitherto, numerous novel medications have been studied or
authorized to tackle COVID-19 in addition to vaccinations. The
highlights of 2022 were the first announcement of Paxlovid®
(Nirmatrelvir co-packaged with Ritonavir), Fig. 1, as an efficient
and secure oral antiviral medication developed by Pfizer, at the
dawn of 2022. Nirmatrelvir (NMV) is an antiviral medication
that specifically targets the 3-chymotrypsin-like cysteine
protease enzyme found in SARS-CoV-2. Across a variety of
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Fig.1 : Chemical structure and IUPAC name of (a) NMV and (b) RIT. (a)
IUPAC name: (1R,2S,55)-N-[(1S)-1-cyano-2-[(3S)-2-oxopyrrolidin-3-
yllethyl]-3-[(2S)-3,3-dimethyl-2-[(2,2,2-trifluoroacetyl)amino]buta-
noyl]-6,6-dimethyl-3-azabicyclo[3.1.0lhexane-2-carboxamide. (b)
IUPAC name: 1,3-thiazol-5-ylmethyl N-[(2S5,3S,5S5)-3-hydroxy-5-[(25)-
3-methyl-2-{[methyl({[2-(propan-2-yl)-1,3-thiazol-4-ylimethyl})car-
bamoyllamino}butanamido]-1,6-diphenylhexan-2-yllcarbamate.

b) Ritonavir

coronaviruses, NMV efficiently inhibits enzymatic activity,
which in turn prevents virus growth. Since ritonavir (RIT) is
a CYP3A4 inhibitor, it has been discovered that coadministra-
tion of 300 mg NMV and a low dose (100 mg) of the pharma-
cokinetic enhancer RIT twice daily improves NMV
pharmacokinetics (1, 6). NMV/RIT offers the most encouraging
and potent therapeutic result with an 89% decrease in the risk
of hospitalization or death within five days after the beginning
of symptoms. Moreover, it can potentially be used by outpa-
tients in addition to hospitalized patients because of its strong
oral availability. It has been anticipated that NMV and RIT will
alter the COVID-19 pandemic's trajectory.>®’

By the end of 2022, the main event was the 27th Conference
of the Parties to the United Nations Framework Convention on
Climate Change (COP 27) held in Egypt, which focused on how
to deal with all aspects of pollution and global warming.® This
act is intended to motivate everyone in their place to think green
and encourages recycling and pollution reduction. Moreover,
the implementation of the concept of preventing rather than
controlling the resulting hazards increased and thus there is
a worldwide direction toward green chemistry and sustain-
ability. Undoubtedly, the design of Earth-friendly analytical
methods implies substantial improvement in the quality and
validity of results, fostering working staff safety and health,
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reinforcing socio-economic aspects and ecological responsi-
bility. All these issues encouraged us to get involved with green
analytical chemistry and to implicate the green analytical
chemistry postulates in our study.

The crucial purpose of good manufacturing practices (GMP)
in pharmaceutical industries is to monitor the safety, stability,
and efficacy of the drug throughout the production steps within
quality control units (QCU). Starting from the screening of bulk
form, passing by in-process quality control, and final dosage
form, in addition to, stability testing of the drug throughout its
shelf-time are the multiple analyses required in the QCU.® Drug
stability has an impact on product effectiveness and safety since
degradation products can cause potency loss and potentially
hazardous effects. As a result, chemical and physical stability
are critical for ensuring the efficacy and safety of active
substances.’

Therefore, the establishment of rapid, green, sustainable,
and economic analytical methods that provide short analysis
time, ensure stability, reduce analysis cost and downsize the
environmental impact is deeply needed in the pharmaceutical
analysis workflow.

After reviewing the scientific databases meticulously, only
three reported methods for the neat estimation of NMV and RIT
in plasma and their co-packed tablet, namely LC-MS, HPLC-
DAD, and HPTLC, respectively were found.'*** Regarding RIT,
there are only two published capillary zone electrophoresis
(CZE) methods for its separation either from other protease
inhibitors** or from its impurities.”* Furthermore, few LC
methods dealing with the degradation studies of RIT were
found.'*" Additionally, the literature had only two LC-MS
reports for the degradation study of standalone NMV**** and
lacks any CZE method for its quantitation. To date, there is
neither electro-driven analysis nor forced degradation studies
were reported for Paxlovid®.

CZE is regarded as an effective alternative and complemen-
tary technique to chromatographic methodologies. It has
numerous merits over LC such as high separation power,
minute solvents and sample consumption, nearly negligible
waste and high ease of operation.”® Noticeably, MEKC is an
important capillary electromigration mode that relies on
a suitable charged surfactant, such as sodium dodecyl sulphate
(SDS) added to the buffer in concentrations above its critical
micellar concentration (CMC), forming micelles. These can
behave as a pseudo-stationary phase which can interact with
neutral or charged analytes according to partitioning mecha-
nisms, just like in a chromatographic method. The micelles—
analytes interactions are hydrophobic and/or electrostatic. On
the other hand, HPLC is considered the gold standard appa-
ratus in all quality control and research units, offering rapid
and sensitive means of separation of different samples.*

As per our endeavour in the field of sustainability and green
analytical chemistry**>® together with the GMP, two green,
rapid, and stability-indicating methodologies MEKC and HPLC
were implemented for the neat analysis of NMV and RIT. The
devised methods are regarded as the first stability-indicating
attempt for NMV-RIT simultaneous estimation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental

2.1. Materials and chemicals

Nirmatrelvir (NMV) was kindly supplied from KU Leuven
Research & Development, Belgium with a purity of 94%. Rito-
navir (RTV) (98%) were acquired from the Haoyuan Chemex-
press Co., Ltd (Shanghai, China).

Both acetonitrile (ACN) and methanol (MeOH) were acquired
from Baker's and were HPLC-grade (Ireland). Ultrapure, China,
provided the 0.2 m 25 mm PTFE syringe filters.

Deionized water was used throughout the experimental
work. Sodium hydroxide from El-Nasr Chemical Ind. Co. (Egypt)
and sodium dodecyl sulfate (SDS) (extra pure, min. 85.0%) and
boric acid (extra pure, 99.5%) from Oxford Lab Chem (Mumbai,
India) were used.

The background electrolyte was borate buffer prepared by
adding 0.309 g of boric acid and 0.1 g of sodium hydroxide in
100 mL deionized water, pH was adjusted using 0.1 M HCI or
0.1 M NaOH. In addition, 0.722 g SDS was added to 100 mL of
the prepared buffer and sonicated for 10 min to get 25 mM of
SDS. All buffers and assays were prepared with fresh deionized
water. Running buffer and samples were sonicated for 5 min
and then filtered through 0.45 pm filters before use.

2.2. Apparatus

2.2.1. CE instrument. Experimental studies were per-
formed with an Agilent 7100 CE instrument (Agilent Technol-
ogies, Waldbronn, Germany) supplied with a diode-array
detector (DAD). Data were recorded with Agilent chemstation
software. The devised procedure utilized a deactivated fused-
silica capillary with the following dimensions: a total length
of 58.5 cm, an internal diameter of 50 um, and an effective
length of 50 cm.

2.2.2. HPLC instrument. The HPLC-DAD system consisted
of Agilent 1200 series (auto-injector, quaternary pump, vacuum
degasser, and diode array and multiple wavelength detector
G1315 C/D and G1365 C/D) connected to a computer loaded
with Agilent ChemStation Software (Agilent Technologies, Santa
Clara, CA, USA). The chromatographic separation was per-
formed on an Agilent Zorbax Eclipse-C18 analytical column (250
X 4.6 mm, 5 pm).

2.3. Chromatographic conditions

2.3.1. MEKC method. The separation was carried out using
50 mM borate buffer of pH 9.2 containing 25 mM of SDS. The
sample was injected hydrodynamically at 50 mbar pressure, for
17 s. The separation voltage was 30 kV. DAD was set at 210 nm
as a single wavelength for the detection of both drugs.

At the kickoff of the CZE working day, the activation of the
capillary inner wall was performed firstly using 0.5 M NaOH for
15 min followed by washing with water for 15 min. Afterwards, it
was rinsed with 0.1 M NaOH for 300 s, then a 150 s waiting
period to ensure complete activation of the inner capillary wall,
washed with water for 300 s, and then equilibrated with the BGE
for 600 s. Between two consecutive injections, the capillary was
flushed with BGE for 120 s. To maintain the reproducibility of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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injections from run to run, buffer vials were refilled after every 5
successive runs.

2.3.2. HPLC method. The separation was performed on an
Agilent Zorbax Eclipse-C18 analytical column (250 x 4.6 mm, 5
pum). The mobile phase system consisted of solvent A (50 mM
ammonium acetate, pH 5) and solvent B (ACN) in an isocratic
elution 50 : 50, v/v, respectively. Water was filtered using a 0.45
um Millipore membrane filter at a temperature of 25 °C. DAD's
detection wavelength was set to 210 nm. With a flow rate of 1
mL min~" and a 20 pL injection volume, the entire run time was
7 min.

2.4. Preparation of stock standard solutions and
construction of calibration graphs

2.4.1. Preparation of stock solutions. Standard stock solu-
tions (1000 ug mL ') of NMV and RIT were separately prepared
in HPLC-grade methanol. All prepared stocks were kept away
from any light source. Storing the solutions was done at 0 °C in
the freezer.

2.4.2. Preparation of working solutions and construction
of calibration curves

2.4.2.1 MEKC method & HPLC method. Aliquots of the stock
solutions were quantitatively transferred into a set of 10 mL
calibrated flasks targeting the specified concentration ranges
mentioned in the validation section. The flasks were completed
to volume with deionized water. Triplicate injections were per-
formed for each solution. Peak areas were plotted versus the
matching concentrations to construct the calibration graphs.

2.5. Forced degradation and stability-indicating study

Forced degradation studies were applied to NMV and RIT
synthetic mixtures under different stress conditions. One mL of
NMV and RIT stock solutions (1000 pg mL ") were used for the
degradation study. Following degradation, the solutions were
neutralized, if needed, then completed in a 10 mL volumetric
flask with deionized water to reach a final concentration of 100
ug mL~" for each degradation case according to the following
conditions.

2.5.1. Acidic and alkaline hydrolysis. Mixture solutions
containing NMV, and RIT were treated with 1 mL of 1 M HCL
Mixtures were then kept in a water bath thermostated at 70 °C
for 1 h (for acidic hydrolysis). Another portion of the mixture
was treated with 1 mL of 0.1 M NaOH. Mixtures were then kept
in a water bath thermostated at 70 °C for 0.5 h (for alkaline
hydrolysis). After the predetermined time, the flasks were
cooled and then neutralized to pH 7. Completing the volume
with deionized water to reach a specified final concentration of
100 pug mL ™' was accomplished in 10 mL volumetric flasks.

2.5.2. Neutral hydrolysis. A volume of one milliliter of
freshly filtered deionized water was added to the synthetic
mixture. The mixture was heated in a thermostated water bath
at 70 °C for 1 h. Then, cooling was done followed by volume
adjustment as described before.

2.5.3. Oxidative degradation. The mixture solution was
treated with 1 mL of hydrogen peroxide (30% v/v), and heated in
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a thermostated water bath at 70 °C for 0.5 h. Cooling and then
dilution was performed prior to CE or HPLC injection.

2.5.4. Photolytic degradation. The photo-stability study
was performed by exposing a 10 mL volumetric flask containing
NMV and RIT mixture to sunlight during daytime for 4 h. After
the specified time, the volume was completed as illustrated
above.

2.6. Assay of dosage forms

The single dose of PAXLOVID® is two 150 mg tablets NMV co-
packed with one 100 mg tablet RIT. Therefore, four tablets of
NMV and two tablets of RIT were weighed, put in the same
mortar, and finely crushed. A portion of 50 mL MeOH was
added to a weight of the powdered dosage forms equivalent to
300 mg NMV and 100 mg RIT, the solution was sonicated for
10 min. Then, the solution was filtered into a 100 mL volumetric
flask, the leftovers were washed with 2 x 10 mL portions of
MeOH and at last the filtrate was completed to the mark with
MeOH. The final concentration of the stock solution was 3 &
1 mg mL™' NMV & RIT, respectively. The stock solution was
then diluted with the mobile phase in the HPLC method and
water in the MEKC method to obtain final concentrations of
NMYV and RIT within the given linearity ranges by applying the
previously described methods. The corresponding concentra-
tions were then calculated from the obtained regression
equation.

3 Results and discussion

3.1. Method development and optimization

3.1.1. MEKC method. As far as we know, neither CZE nor
MEKC were found for the estimation of NMV and RIT simul-
taneously. Hence, it is valuable to tailor and validate an electro-
driven procedure that has many pros over traditional chro-
matographic techniques.

Various trials and experimental conditions were studied and
optimized to achieve the best compromise between symmetric
peak shapes and lower migration times. The main driving
separation factors are buffer pH, buffer ionic strength, capillary
length, applied voltage, injection time, and detection
wavelength.

Generally, if CZE mode failed to separate a mixture of drugs
simply by variation of buffer pH, we should shift to MEKC
mode. This mode is a hybridization of chromatographic and
electrophoretic methods of analysis. The chief concept is
entrenched in the addition of surfactants such as SDS above its
critical micelle concentration (CMC) to the buffer solution. In
MEKC, the electro-osmotic flow (EOF) plays the role of chro-
matographic mobile phase.>*** The pros of this mode are the
separation of neutral drugs not only the ionic drugs as in the
case of conventional CZE, solubilization of the poorly soluble
drugs in addition to minimizing band broadening. Moreover,
the improvement of both the resolution and peak shapes of the
studied drugs is quite noticed.

3.1.1.1 The influence of buffer pH. Preliminarily trials were
done using CZE mode with 50 mM of either acetate buffer pH
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4.7, phosphate buffer pH 7.4, or borate buffer pH 9.2, unde-
sirably, these trials resulted in the co-elution of NMV and RIT
with the EOF as in case of the acetate buffer or the peak overlap
between NMV and RIT as in case of phosphate and borate buffer
as illustrated in Fig. S1 in the ESI File.} Furthermore, the pH of
each of these three buffers was adjusted to £1 pH unit and
tried, to cover the whole suitable pH range for CZE mode (3-10).
Regretfully, neither resolution nor peak shape was improved.

The achievements of green analytical chemistry and
sustainability goals are always set as a priority. To decrease the
optimization time, the structural features and the pK, of the
cited drugs are studied carefully. As these physicochemical
characteristics side by side with the buffer pH are the driving
force for the electrophoretic separation. Concerning the pK, of
the studied drugs, NMV had an acidic pK, 7.1 and a basic pK,
—1.6,>° while RIT had an acidic pK, 13.68 and a basic pK, 2.84.>°
This indicated that RIT was found to be unionized over the
suitable pH range of CZE pH 3-10 whilst NMV was found to be
completely ionized in pH 9-10, according to Manuel web
calculator.” All these data-oriented us to shift to the MEKC
mode using borate buffer pH 9.2.

3.1.1.2 The rationalized explanation of migration order in
MEKC mode. Logically, the anionic surfactant will be directed
towards the anode by electrostatic attraction while the EOF
directed the entire solution to the cathode due to the negatively
charged silica on the inside capillaries wall. However, practi-
cally, micelles also move towards the cathode but with slower
velocity than the EOF, as the EOF has the upper hand over the
micelle's electrophoretic mobility. The main factor affecting the
migration time is typically the solute partitioning between
micelles and bulk solution. The higher the affinity of the drug to
micelles, the slower the migration is and vice versa.*>*

These findings explain the migration order of anionic,
cationic, and neutral analytes. According to the charge on the
analyte, electrostatic repulsion exists between anions and SDS
micelles due to the similarity of negative charge on both of
them, so anionic samples move with the bulk solution, and
their migration times are nearby the EOF. On the contrary,
cations are strongly attracted to the micelle, so they are eluted at
close proximity to the slow micelle electrophoretic mobility.
Furthermore, the hydrophobicity of the analytes affects their
elution order. It was quite noticed that hydrophobic drugs will
be incorporated into the surfactant micelles, so they migrate
with the slower micelles’ velocity. While hydrophilic drugs will
elute first with the EOF. The hydrophobicity basis is the key
factor controlling the neutral compounds separation.*?*”

Applying the aforementioned postulates in our case, the
migration order is NMV at 4.51 min followed by RIT at 6.43. This
may be mainly attributed to the hydrophobicity basis that NMV
is more water soluble than RIT (NMV 0.0277 mg mL™" (ref. 26)
and RIT 0.00126 mg mL ™" (ref. 18)). Moreover, at the selected
buffer pH, NMV is negatively charged due to loss of amide
proton and RIT is unionized, so the NMV appeared first in the
electropherogram.

3.1.1.3 Buffer concentration. High buffer and SDS ionic
strength should be avoided as they lead to high viscosities and
currents, which may deteriorate the capillary inner surface.”®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Band broadening and poor peak shape were remarked with
lower ionic strength of buffer such as 10 and 25 mM. The
optimum concentration that gives an acceptable peak shape
was 50 mM.

3.1.1.4 SDS concentration. The outcome of different SDS
concentrations such as (15, 25, 35, and 50 mM) was studied on
the separation of the binary mixture. The results revealed that
25 mM SDS in the BGE in 50 cm capillary showed excellent
compromise between separation pattern and migration times.

View Article Online
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3.1.1.5 Selection of diluting solvent. Water is the first choice
for dilution in the CZE separation method which is why it is
considered a top green solvent. However, many trials were
examined to improve peak symmetry. When dilution is done
using totally BGE or containing 1 mL of organic modifier (such
as methanol or acetonitrile) together with water, peak distortion
of both drugs and longer migration of RIT result as shown in
Fig. S2 in the ESI File.t Water gave the best separation profile
with an acceptable peak shape and reasonable migration time.
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Fig.2 (A) MEKC electropherograms of a standard mixture containing 100 ug mL™* of each of NMV and RIT at 210 nm. (B) HPLC chromatograms
of a standard mixture containing 100 pg mL™! of each of NMV and RIT at 210 nm.
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The main reason is water's lower ionic strength provides sample
high-field stacking, causing ions faster migration and stacking
as sharp peaks.”

3.1.1.6  Effect of applied voltage and injection time. As antic-
ipated, as the voltage increases the EOF increases too, showing
a better separation profile in a shorter migration time and
keeping the peak resolution unaffected.*® Different values of
applied voltage were studied ranging from 15-30 kV using the
optimized BGE. The selected voltage was 30 kV as it showed
optimum run time and separation efficiencies.

Concerning the hydrodynamic injection, the injection time
is directly proportional to peak width and height. The optimum
injection time that provided the best response with the best
peak shape was 17 s. This value was selected after studying the
injection time ranging from 5-20 s.

3.1.1.7 Selection of detection wavelengths. DAD has many
advantages such as increasing the sensitivity of measurement
by assessing each compound at its maximum absorption
wavelength. Besides, it can confirm peak purity. As shown in the
ESI File Fig. S3,F NMV has an absorption band with a maximum
of about 210 nm. RIT has two maxima at 210 and 240 nm. For
the sake of simplicity as well as sensitivity, 210 nm was selected
as a common wavelength for the measurement of both drugs.
Finally, the proposed MEKC method permitted the synchro-
nized separation of NMV-RIT in less than 8 min as illustrated in
the electropherogram in Fig. 2(A).

3.1.2. HPLC method. Virtually, no HPLC method was
found for the estimation of NMV and RIT simultaneously in the
presence of their degradation products. For this reason, it is
useful to customize and validate a stability-indicating HPLC
technique for their simultaneous determination.

To find the optimal compromise between symmetric peak
shapes, short retention times, and sufficient separation
between NMV, RIT, and their degradation products, several
trials and experimental settings were investigated and opti-
mized. The main leading separation factors were the type of
organic modifier, percentage of organic modifier, buffer pH,
buffer concentration, type of column, column length, and
detection wavelength.

As stated in the MEKC section, sustainability is always given
top priority to shorten the optimization time. Hence, concern-
ing the pK, of the studied drugs,'**® using pH 5 was the best for
this study to be 2 pH units away from the pK, values of the drugs
and still be in the acceptance pH range for the used columns, 2—
9 pH. Again, for the sake of sustainability and eco-friendliness,
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we used ammonium acetate buffer at pH 5 which was near the
ammonium acetate buffer capacity.*

The effect of variable columns on the efficiency of the reso-
lution was studied. Agilent Zorbax eclipse-C18 (150 x 4.6 mm, 5
pm) showed bad resolution between NMV, RIT, and their
degradation products, whereas eclipse-C18 (250 x 4.6 mm, 5
um) showed better separation between the two drugs and their
degradation products. Therefore, the long column was used in
the subsequent optimization.

The type of organic modifiers in the mobile phase experi-
mented with water, pH 5. MeOH gave broadener and lately
eluted peaks than ACN and hence the latter was selected for the
subsequent trials.

After trials of different ratios between ammonium acetate at
pH 5 and ACN, NMV, RIT, and their degradation products were
best resolved and symmetrically eluted using 50/50, v/v.

The examination of different concentrations of ammonium
acetate (10, 20, 50 mM) showed suitable symmetry with
acceptable back pressure upon using 50 mM ammonium
acetate.

The detection wavelength was studied to choose the best 2
that would give the highest sensitivity with minimum interfer-
ence from the organic modifier. Three A were studied, 210, 225 &
240 nm. The first one yielded the highest peak area for the low-
UV absorbing NMV and for RIT with the least interference from
ACN (UV cutoff = 190 nm), Fig. S4 in the ESI File.}

In less than 8 min, the peaks were separated under optimal
chromatographic conditions, with high resolution and tolerable
shapes. A conventional chromatogram was shown in Fig. 2(B)
where NMV and RIT were eluted at 3.89 and 6.29 min, respec-
tively. The system suitability characteristics (Table 1) were
examined for both methods, MEKC and HPLC, revealing satis-
factory and indicative applicability and efficacy of the suggested
procedures.

DAD was used to verify the purity plots of NMV and RIT
peaks under varied stress conditions. Purity factors within the
proper automatically determined noise acceptable limit, shown
in Fig. S5 in the ESI File, were used to identify pure peaks.

3.2. Forced degradation and stability-indicating study

NMV and RIT mixtures were subjected to a variety of stress
conditions, including acid, base, neutral, oxidative, and
photolytic degradation, as per ICH guidelines.*® It is important
to note that finding the right circumstances for degradation
requires “trial and error” in order to get a reasonable

Table 1 System suitability parameters for MEKC and HPLC analysis of NMV and RIT

MEKC HPLC

Parameter NMV RIT NMV RIT

tg £ SD (min) 4.35 + 0.15 6.30 &+ 0.10 3.89 + 0.10 6.29 £+ 0.10
Retention factors (k) 3.50 5.40 1.95 0.85
Theoretical plates (N) 5030 21753 4268 3827

USP tailing factor 1.09 1.51 1.01 0.85
Selectivity («) — 1.42 — 2.29
Resolution (Ry) — 8.90 4.17 8.74
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Table 2 Percentage recovery of NMV and RIT under the studied degradation conditions

Percentage recovery

MEKC HPLC
Degradation conditions NMV RIT NMV RIT
Alkaline degradation (0.1 M NaOH, 70 °C, 0.5 h) 31.6 35.5 32.1 34.88
Acidic degradation (1 M HCl, 70 °C, 1 h) 86.7 66.3 88.1 65.97
Neutral degradation (H,O, 70 °C, 1 h) 99.25 85.2 101.25 82.79
Oxidative degradation (25% H,0,, 70 °C, 0.5 h) 99.5 75.23 101.52 74.42
Photolytic degradation (sunlight, 4h) 100.12 100.53 99.65 101.23

degradation percentage of the intact drug, between 30 and 70%.
The stability-indicating power of the developed techniques is
then assessed by its ability to separate the intact drug from its
degradation products. The proposed HPLC and MEKC
approaches were used to track simultaneously the degradation
of NMV, and RIT.

Table 2 shows the stress conditions that were tried and the %
recovery of NMV and RIT in both methods. It was found that
NMV remained stable with nearly 100% recovery under the
following conditions: oxidative hydrolysis with 25% H,0, at 70 ©
C for 0.5 h, neutral hydrolysis with H,O, 70 °C for 1 h, and
photolytic degradation at sunlight for 4 h, Fig. 3. However,
under alkaline and acidic degradation conditions using 0.1 M
NaOH at 70 °C for 0.5 h and 1 M HCI at 70 °C for 1 h, excessive
degradation of NMV was noticed, with the recovery of 33.52%
and 88.10%, respectively, Fig. 3. For RIT, under the same stress
conditions, it was found that RIT was more susceptible to
degradation with NaOH, then HCI followed by hydrogen
peroxide and finally neutral hydrolysis as shown in Table 2 &
Fig. 3. However, RIT was found to be stable in sunlight, Fig. 3.
The illustrative HPLC chromatograms were presented in Fig. 3,
while MEKC electropherograms were demonstrated in Fig. S6 in
the ESI File.}

These results were in accordance with other published
papers studying the degradation of RIT or NMV keeping in
mind the differences in the used stress conditions.'*'®

From previously reported degradation results, it was easy to
observe that NMV was vulnerable to alkaline hydrolysis and
a less extent to acid hydrolysis. This may be attributed to the
presence of amide and nitrile bonds in the NMV structure,
Fig. 1a." The alkaline hydrolysis of these bonds forms the
carboxylate anion which pulls the reaction to completion unlike
acid hydrolysis.**

On the other side, RIT was more highly prone to alkaline
than acid followed by oxidative and finally neutral hydrolysis,
Table 2, due to the presence of carbamate and urea moiety in its
structure which were liable to alkaline hydrolysis, Fig. 1b.*

After checking the fundamentals of organic chemistry, it was
found that the amide linkage is the most stable and the least
susceptible to hydrolysis among the carboxylic acid derivatives
(esters and carbamates). However, the presence of an electron-
withdrawing group such as CF; (trifluoromethyl) attached to the
carbonyl group, as found in NMV, greatly accelerates the alkali-

© 2023 The Author(s). Published by the Royal Society of Chemistry

catalyzed hydrolysis. This makes the amide linkage nearly as
susceptible as the carbamate to hydrolysis. Concerning the
carbamates exemplified in RIT, their alkaline hydrolysis
predominates over acidic hydrolysis.’® Additionally, the IUPAC
nomenclatures of both drugs in Fig. 1 illustrate that the parent
function in NMV is the amide whilst in RIT is the carbamate.
Hence, the abovementioned arguments explain the practically
found % recoveries after applying the different hydrolysis,
oxidation, and photolysis conditions. Both drugs had approxi-
mately equal percentage degradation and the same degradation
behaviour as demonstrated in Table 2.

3.3. Method validation

According to the International Conference on Harmonization
(ICH) requirements, the proposed methods were verified in
terms of linearity, detection and quantitation limit, accuracy,
precision, selectivity, stability, and robustness.**

3.3.1. Linearity and concentration ranges. Both MEKC and
HPLC methods demonstrated good linear relationships
proportional to concentration as shown in Table 3 where the
linearity of the suggested procedures was assessed by a series of
varied concentrations for the NMV and RIT. High correlation
coefficients (r) together with minor significance F values
demonstrated good linearity. It was determined that all statis-
tical analyses testing linearity parameters were satisfactory;
Table 3.

3.3.2. Detection and quantification limits. According to the
ICH recommendations, the values of the detection and quan-
titation limits for NMV and RIT were determined and illustrated
in Table 3. The signal-to-noise ratio for the LOD is specified as
being 3 : 1, whereas the ratio for the LOQ is set to be 10 : 1. Both
of the described methods could measure the NMV and RIT at
concentrations as low as 2.78 and 1.95 ug mL ™" using MEKC
and 2.22 and 1.23 pg mL~" using HPLC, respectively.

3.3.3. Accuracy and precision. Three replicate determina-
tions for each concentration within the same day were used to
compare the within-day precision and accuracy of MEKC and
HPLC at three concentration levels for each drug. Additionally,
by examining the same three concentration levels for NMV and
RIT using three replicate determinations on three different
days, the between-day precision and accuracy were assessed.
The relevant regression equations were used to calculate
recoveries, and the results were satisfactory. As shown in Table
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Fig. 3 HPLC chromatograms of 100 ug mL™* of NMV and RIT after
different stress conditions: alkaline degradation (0.1 M NaOH, 70 °C,
0.5 h), (a), acidic degradation (1 M HCL, 70 °C, 1 h), (b), neutral degra-
dation (H,O, 70 °C, 1 h), (c), oxidative degradation (30% H,O,, 70 °C,
0.5 h), (d), photo-degradation (day light, 4 h), (e).
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1S in the ESI Section, the devised procedures for determining
the analytes NMV and RIT in their bulk form were highly precise
and accurate, with percentage relative standard deviation
(RSD%) and percentage relative error (Er%) not exceeding 2%.

3.3.4. Specificity. As shown in Fig. 3 and S6 in the ESI
Section,7 NMV, and RIT were successfully separated from
degradation products, demonstrating the specificity of the
suggested procedures. Furthermore, the DAD confirmed the
purity of all analytes’ peaks. It confirmed that in MEKC and
HPLC, neither drugs' peaks co-eluted with each other or with
any degradation products' peaks (Fig. S7 and S8 in the ESI
Filet).

3.3.5. By performing minor, deliberate
changes to various method parameters, the robustness of
analytical approaches was examined by recording the electro-
pherograms and chromatograms of a typical binary mixture of
NMYV and RIT. Under these various circumstances, peak area,
migration or retention timeframes, SD, and RSD% were
computed. In the case of MEKC, the examined parameters were,
borate buffer concentration 50 + 2 mM, buffer pH 9.2 £+ 0.2,
SDS concentration 25 & 2 mM, and wavelength 2+ nm. On the
other hand, the HPLC method's examined modifications
included ammonium acetate concentration (50 + 2 mM),
detection wavelength (210 nm + 2), buffer pH (5.0 £ 0.2), and
flow rate (1 & 0.05 mL min ). With only one change examined
at a time, the analysis was established using triplicate injec-
tions. The tested drugs' peak areas, migration times, and
retention times did not significantly change as a result of the
studied parameters, as demonstrated by RSD% values that did
not exceed 1.00% for peak area and 1.89% for migration times
in MEKC as well as 0.2% for peak area and 0.61% for retention
times in HPLC, as shown in Table 2S in the ESI Section.}

3.3.6. Stability of solutions. When kept chilled at 4 °C, the
stock solutions of NMV and RIT were stable for seven consec-
utive days. Additionally, it was found that the working standard
solutions of the drugs were stable for 8 h, which was enough
time to complete all of the daily practical work.

Robustness.

3.4. Application of the validated methods in the assay of
tablets dosage forms

The developed MEKC and HPLC procedures were successfully
applied for the quantitation of NMV and RIT in PAXLOVID®
tablets. In either MEKC or HPLC analysis, no peculiar peaks
were observed from any of the excipients or the tablet matrix.
Fig. S9 and S10 in the ESI Filet represent MEKC electrophero-
grams and HPLC chromatogram for NMV/RIT tablets assay.
Acceptable percentage recoveries, standard deviation, and
RSD% values proved the precision and accuracy of the assay
results. Table 4 compiles the results of the MEKC and HPLC
analyses. The verified MEKC and HPLC techniques' sufficient
analytical performance as indicated above demonstrates their
suitability for the routine analysis of NMV and RIT in their co-
packed pills with little sample preparation and reasonable
analytical results. Moreover, the results of the proposed MEKC
and HPLC methods were compared. The statistical ¢-values
(—1.55 and —0.89) and statistical F-values (18.6 and 17.3) for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Analytical parameters for determination of NMV and RIT mixture using the proposed MEKC and HPLC methods

MEKC HPLC
Parameter NMV RIT NMV RIT
Wavelength (nm) 210 210 210 210
Concentration range (ug mL™?) 10-200 5-100 10-200 5-100
Intercept (a) —0.440 —0.222 —12.837 33.501
S.* 0.182 0.463 20.081 18.657
Slope (b) 0.412 0.900 23.074 47.953
Sbb 0.003 0.008 0.179 0.400
RSD% of the slope (S,%) 0.68 0.68 0.77 0.834
Correlation coefficient (r) 0.9998 0.9998 0.9999 0.9992
Sy’ 0.718 0.837 31.557 33.975

19383.8 14 265.51 16 530.94 14 344.83
Significance F 817 x 1077 1.29 x 10°° 2.19 x 10°° 2.9 x10°®
LOD® (ug mL™Y) 1.34 0.59 0.67 0.37
LOQ (ug mL™?) 2.78 1.95 2.22 1.23

“ Standard deviation of the intercept.  Standard deviation of the slope. ¢ Standard deviation of residuals. ¢ Variance ratio, equals the mean of
squares due to regression divided by the mean of squares about regression (due to residuals). ¢ Limit of detection./ Limit of quantification.

Table 4 Application of the devised MEKC and HPLC methods to the
analysis of NMV/RIT tablets

Method I MEKC

NMV/RIT tablets NMV RIT

% recovery + SD* 99.63 £+ 0.76 99.05 + 0.93
RSD%” 0.76 0.94
Method II HPLC

% recovery + SD* 100.43 £+ 0.29 99.52 £ 0.87
RSD%” 0.29 0.88

@ Mean + standard deviation for five determinations. ” % relative
standard deviation.

NMV and RIT, respectively, didn't exceed the theoretical ones n
=3(2.77 and 19), demonstrating that, at p = 0.05, there were no
significant differences between the methods.

3.5. Comprehensive environmental impact, sustainability
assessment, and comparison of the proposed methods versus
the published ones

As a consequence of the recent advances in metrics used for the
assessment of greenness exemplified by AGREE metric,*
analysts worldwide are seeking perfection by finding a compre-
hensive global assessment of the whole analytical method
concerning validation criteria, economic aspects, and the
fundamentals of green analytical chemistry (GAC). In the last
four years till present, many efforts by Caudet et al.*® and Nowak
et al.*” have been done to provide a multicriteria assessment of
the analytical performance, to give a quantitative mean for the
evaluation, and to justify the claimed environmental benefits.
These approaches are the hexagon evaluation tool and red-
green-blue (RGB) 12 model. Accordingly, the description of
the analytical best-performing technique with excellent
economic and environmental aspects and improved sustain-
ability is recently called “white”.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Briefly, AGREE is the latest version of greenness assessment
metrics. It is an open-access downloadable software, based on
the twelve principles of GAC (significance). The ideal method
had a score of 1 taking the dark green color.*

As the final assessment information of greenness, validation
criteria fulfilment, and sustainability are summarized in
a hexagon pictogram, this multicriteria tool is named the
hexagon tool. It implicates the penalization technique with
a final score from 0 to 4 corresponding to the best and worst
performance, respectively. Additionally, the assessment tables
and the overall qualification table of the examined parameters
relative to penalty point ranges are found in the original
manuscript.**

Regarding the RGB 12 model, it is a readymade free excel
spreadsheet and it is subdivided into three primary colours
regions red, green, and blue. The essence of whiteness is the
evaluation of the whole methodology from various perspectives
namely validation parameters (red region), GAC principles
(green region), and sustainability (blue region). Following the
fact that white is the result of the amalgamation of red, green,
and blue, the whiteness% is the arithmetic mean of the 3
regions' total scores.’”

Applying the abovementioned concepts of evaluation, the
MEKC method expectedly outperformed the LC methods in
terms of greenness and whiteness. The scores were 0.95, 5
zeros/2 ones, and 99.6 using AGREE, hexagon, and RGB12
algorithms, respectively. Although the LC technique is contro-
versial and swinging between the GAC and classical analytical
chemistry using harmful solvents and producing a vast amount
of waste, the results of the evaluation of the proposed method
versus the cited ones™™ revealed the great tendency of the
research groups to use green solvents and to downsize the
residues. The collective Table 5 ranks the method in descending
order according to their whiteness%. It illustrates that the
proposed and the reported HPLC-DAD assay'> of the mixture
under investigation had a typical hexagon profile and approxi-
mately the same AGREE (0.79, 0.82 respectively) and the same
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Method name

Whiteness (%) RGB12 MODEL AGREE

Hexagon

Proposed MEKC

BGE: 50 mM borate buffer
containing 25 mM SDS
Number of analytes: 4
Run time: 7 min
Waste/run: —

Proposed HPLC

Mobile phase: ACN : ammonium
acetate buffer (50: 50 v/v)
Number of analytes: 2

Run time: 7 min
Flow rate: 1 mL min~
Waste/run®: 7 mL

1

Reported HPLC"?

Mobile phase: ethanol : water (80 :
20 v/v)

Number of analytes: 2

Run time: 7 min
Flow rate: 1 mL min~
Waste/run“: 7 mL

1

Reported HPTLC"?

Mobile phase: methanol-water
—2% urea solution of B-
cyclodextrin (40: 10: 5, by volume)
Number of analytes: 2

Run time: around 20 min
Waste/run®: around 1 mL

Reported LC-MS"

Mobile phase: 0.1% v/v formic
acid in water and methanol (36:
64, v/v)

Number of analytes: 2
Flow rate: 0.8 mL min™~
Run time: 7 min
Waste/run“: 5.8 mL

1

Method: Proposed MEKC

99.6 i :

Ga: Direct
Impacts

R4: Accuracy 100.0

98.8

R2:LOD and
LoQ

93.1 s precion OO

G
impa

Method: Reported HPLC

R1:Scope of gy o) BL: Cost- g ()

application efficiency 7

G
R2:LOD and B2: Time
Loq; . efficiency 1000
3. B3
92.6 : Po— X
G4: Direct
impacts

Ra: Accuracy | 100.0

95.0

Rl Scopeof gy : y BL:Cost- g9 ()

application agents efficiency

R2:LOD and B2: Time-
<y

loq 100.0 effic
3 B3:

91.9 . Requirements
84
Operational 93,3

simplicity

90.2

97.5

Ga: Direct
impacts.

Method: LC-MS

R1:Scopeof g () GLi Toxicity 2

application of reagents

R2:L0D and
e 120.0

%% 85.0

R3: Precision 1| and other |75 & ‘
equirements

91.1 media
B4

Operational 100.0

simplicity

91.3

G4: Direct!

R4: Accuracy 1 impact
cts

102.5
91.1

Economic cost

Economic cost

Economic cost

Aiajes/ApixoL

L
o

0\

es® oou®

R s
on® 2 e

o

Aajes/hpixor

hayes/RipxoL

¢ (run time x flow rate) For HPLC methods, (number of samples on TLC plate/volume of mobile phase per run) for HPTLC method.
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whiteness% around 93. However, the proposed HPLC offers
a feasibility study for the stability of Paxlovid pills under
different stress conditions. Concerning the HPTLC"* and LC-
Ms" reported methods, they still cover the green scope of
analysis with AGREE SCORE (0.77, 0.66, respectively) and
whiteness% (91.9, 91.1, respectively). The hexagon profile for
both methods showed good green and sustainable performance
with 4 zeros and 3 ones. The variation in scores according to
different tools is based on the different parameters of evalua-
tion of each metric.*

Obviously, the common advantage of the proposed methods
is their largest scope of application (stability indicating
methods). They kept the pros of the reported methods in terms
of short run time and small volume of waste and mainly avoided
the disadvantage of high energy expenditure of LC-MS. Besides,
the MEKC method is markedly the topmost green method
among the others due to the minute amount of sample
consumed, almost no waste produced and water is the main
solvent used.

4 Conclusion

The proposed methods are considerably an initiative work for
the concurrent estimation of the newly FDA approved Paxlo-
vid®. It is worth mentioning that both methods were deemed as
the first stability-indicating report for NMV and RIT whilst the
MEKC method is regarded as the first attempt at electrophoretic
separation of these drugs. Additionally, both methodologies
were selective enough to separate the cited drugs from their
degradants in 7 min. Implicating the greenness, functionality,
and sustainability perspectives, the two techniques were inves-
tigated and ranked using AGREE, Hexagon, and RGB12 algo-
rithms. They showed excellent greenness, whiteness, and
sustainability scores. All the exquisite performance profiles of
the suggested MEKC and HPLC methodologies powerfully
endorsed them for application in the routine analysis of Pax-
lovid pills in quality control units.
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