S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Microchemical Journal 176 (2022) 107242

Contents lists available at ScienceDirect

Microchemical

Microchemical Journal

journal homepage: www.elsevier.com/locate/microc

ELSEVIER

Check for

Environmental impact of the reported chromatographic methods for the ol
determination of the first FDA-Approved therapy for COVID-19 Patients,
Remdesivir: A comparative study

Amal B. Ahmed “, Mohammed Gamal ", Ibrahim A. Naguib ¢, Hazim M. Ali ",
Fatma F. Abdallah”

@ Pharmaceutical Chemistry Department, Faculty of Pharmacy, Nahda University, 62514, Beni-Suef, Egypt

b Pharmaceutical Analytical Chemistry Department, Faculty of Pharmacy, Beni-Suef University, Alshaheed Shehata Ahmad Hegazy St., Beni-Suef 62514, Egypt
¢ Department of Pharmaceutical Chemistry, College of Pharmacy, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia

9 Department of Chemistry, College of Science, Jouf University, P.O. Box 2014, Sakaka, Aljouf, Saudi Arabia

ARTICLE INFO ABSTRACT

Keywords:

National Environmental Methods Index
Eco-Scale Assessment

Green Analytical Procedure Index
Analytical Greenness metrics
Remdesivir

Remdesivir (REM) is considered the first therapeutic option approved by US Food and Drug Administration
(FDA) for clinical care in case of hospitalized patients suffering in COVID-19 epidemic. In the presented
multilateral comparative search, four eco friendlessness approaches —National Environmental Methods Index
(NEMI), Eco-Scale Assessment (ESA), Green Analytical Procedure Index (GAPI), and Analytical Greenness metric
(AGREE) are tested to assess 16 analytical chromatographic procedures reported for the analysis of the
commonly used antiviral drug; Remdesivir (REM). The values of testing more than one approach when esti-
mating the eco-friendly characters for analytical methods are illustrated in this study. On the light of the out-
comes, ESA and AGREE approaches are recommended as they are easily applied and digitally presented.
Furthermore, GAPI is also a reliable tool in terms of comprehensiveness for the whole analytical procedures, from
sampling till the final assessment. NEMI is the easiest and fastest greenness evaluation tool; however, the in-
formation it provides is particularly of limited scope and sometimes inaccurate. To ensure greenness of chro-
matographic analytical methods, there must be clear planning beforehand, to reduce chemical hazards sent to
environment. Additionally, it is highly recommended in method validation protocols to consider the greenness of
a given analytical procedure before releasing to routine use.

The LC-MS/MS analysis for the active metabolite of REM (Nuc) reported by Avataneo et al. and Du et al.
proved to be the best bio-analytical methods regarding the environmental aspects depending on the GAPI and
AGREE tools. However, the HPLC method for REM analysis in intravenous solution reported by Jitta et al. proved
to be the greenest analytical method for determination of REM in the pharmaceutical dosage forms according to
the ESA, GAPL, and AGREE tools.

1. Introduction

Remdesivir (REM) is an approved broad-spectrum antiviral agent,
introduced by Gilead Sciences in 2017 for treating the Ebola virus. It is
considered a monophosphoramidate prodrug and adenosine analog as
well. Remdesivir works via being metabolized into (GS-441524); the
active form, that helps to decrease viral RNA generation. REM could
offer effective antiviral activity against several variants of the Ebola
virus in cell-based assays [1]. Going back to history, REM was originally
introduced for the treatment of hepatitis C, [2] and was subsequently
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proposed for Marburg virus infections and the Ebola virus disease [3],
before being examined as a post-infection treatment for COVID-19 virus
[4].

During Therapeutic drug monitoring of REM for COVID-19 patients,
HPLC methods were reported [5-7]. Determination of REM and its
degradation products in its dosage form was developed [8]. LC-MS/MS
determination of REM with other six anti-COVID 19 drugs in human
serum was achieved by Habler et al in 2021 [9]. Liquid chromatographic
analysis of REM in serum was done with its metabolite and dexameth-
asone [10]. Stability study of REM prodrug was applied using reversed-
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Table 1

Summary of chromatographic condition for methods in literature for analysis of REM.
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Items

Analytical method
1[5] (6]

Analytical method 2

[7]

Analytical method 3

Analytical method 4 [8]

Analytical method 5 [9]

Application of the method
(human, rat, rabbit
plasma, pharmaceutical
formulation)

Human plasma

Human plasma

Human plasma

Injectable Drug product

Human serum

Names of analyzed drugs
in addition to REM

- Its metabolites

Its metabolite

Degradation Products

REM (plus metabolite GS-441524),
chloroquine, hydroxychloroquine,
lopinavir, ritonavir, favipiravir and
Azithromycin

Stationary phase

Cis HSS T3

HSS T3

Cis

MassTox® TDM Master

Mobile phase composition

0.05 % (v/v)
formic acid in H,O
(A) and
acetonitrile (B)

10 mM ammonium
formate in 5% methyl
alcohol, pH = 2.5 (A)
and methanol (B)

formic acid in

0.05 % formic acid in
H>0 (A) and 0.05%

acetonitrile (B)

acetonitrile, methyl alcoho!

Ortho-phosphoric acid in H,O
with pH 3.0 (A) and mixture of

H,0 (A) and acetonitrile-formic acid
in the ratio 99.9:0.01, v/v (B)
1 and

H,O in the percentage 70:20:10,

v/v (B)

Detector type

PDA, MS/MS MS/MS

MS/MS

uv

MS/MS

Mode of elusion

Isocratic elution

Gradient elution

Gradient elution

Gradient elution

Gradient elution

Flow rate

0.5 mL.min~!

0.5 mL.min~

0.4 mL.min~!

0.7 mL.min !

0.6 mL.min~*

Time of analysis

10 min 3.4 min

4 min

7.5 min

5 min

Items

Analytical method 6 [10]

Analytical method 7 [11]

Analytical method 8 [12]

Analytical method 9 [13]

Application of the method

(human, rat, rabbit plasma ,

Serum

pharmaceutical formulation)

Injection dosage form

Human plasma

Rat plasma

Names of analyzed drugs in
addition to REM

Remdesivir and its
metabolite, along with
dexamethasone,

Its metabolite

Its metabolite

Stationary phase

EC-Cig

SB-C1g

Cis

XBrige Cig

Mobile phase composition

H20 (A) and acetonitrile

Acetonitrile (A) and H,O

10 mM Na formate buffer in

Acetonitrile: 0.1% formic acid in HyO in the

(B) (acidified with phosphoric 0.1% formic acid- H,O (A) ratio 95:5, v/v (A) and acetonitrile: 0.1%
acid, pH 4) (B) and acetonitrile (B) formic acid in water in the percentage 1:99 v/
v (B)
Detector type MS/MS Fluorescence and diode MS/MS MS/MS

array

Mode of elusion

Gradient elution

Isocratic elution

Gradient elution

Gradient elution

1

1

1

Flow rate Ranged from 0.55 to 0.75 1 mL.min"~ 0.5 mL.min~ 0.4 mL.min~
mL.min !
Time of analysis 10 min 7 min 5 min 4.5 min

Items

Analytical method 10 [14]

Analytical method 11 [15]

Analytical method 12 [16]

Analytical method 13 [17]

Application of the method

Human plasma

(human, rat, rabbit plasma,
pharmaceutical
formulation)

Rat plasma

Intravenous Dosage Form

mouse tissues

Names of analyzed drugs in
addition to REM

Arachidonic acid and cascade -

metabolites

Its metabolites

Stationary phase

Synergi™ Fusion-RP

BEH Cig

Inertsil ODS-3V

BioBasic AX

Mobile phase composition

1% formic acid in HyO (A) and
1% formic acid in acetonitrile

(B)

0.1% formic acid in H,0 (A) and
0.1% formic acid in acetonitrile

(B)

volumes) (B)

H,0 (acidified with phosphoric acid,
pH 3) (A) and acetonitrile (50:50, in

Acetonitrile (A): H2O having 10
mM ammonium acetate (pH 6.0)

(B)

Detector type

MS/MS

MS/MS

Diode array

MS/MS

Mode of elusion

Gradient elution

Gradient elution

Isocratic elution

Gradient elution

Flow rate

0.25 and 0.5 mL.min~*

0.4 mL.min"!

1.2 mL.min"!

0.6 mL.min"!

Time of analysis

4 min

17 min

6 min

6.5 min

Items

Application of the method (human, rat, rabbit

Analytical method 14 [18]
pharmaceutical formulation

plasma , pharmaceutical formulation)
Names of analyzed drugs in addition to REM -

Stationary phase

Mobile phase composition

Luna phenyl hexyl

Acetonitrile (A) : 0.1% ortho-phosphoric
acid in H,O (B) (70:30, v/v)

Analytical method 15 [19]
Human plasma

6 co-administered therapeutics
C18

H0 (acidified with phosphoric acid,
pH 4) (A) and acetonitrile (B)

Analytical method 16 [20]
Tablet formulations and spiked plasma

Remdesivir and Favipiravir

silica gel Al plate (60 F254, 0.1 mm
thickness)

Ethyl acetate-methyl alchol-ammonia
(8:2:0.2 by Volumes)

(continued on next page)
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Table 1 (continued)
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Items Analytical method 14 [18]
Detector type Diode array

Mode of elusion Isocratic elution

Flow rate 1 mL.min!

Time of analysis 5 min

Analytical method 15 [19]
Fluorescence and diode array

Gradient elution
1

Analytical method 16 [20]

Diode array

Isocratic elution

not stated as it is TLC method
saturation time about 15 min + the
analysis time (not mentioned)

1 mL.min~
12.0 min

phase HPLC [11]. Moreover, REM was quantitatively determined with
its metabolite in human serum [12] and in rat serum [13]. During the
establishment of the research, the published researches related to the
drug under study followed, as many research papers were just published,
and then they were integrated into our environmental study [14-20].

Green Analytical Chemistry (GAC) has been a trending topic since
2000; aiming to offer safe analytical practices for humans and the
environment [21]. Principles and approved recommendations of GAC
are the foundation stone to fulfill balance between effective analyses and
safe procedures [22,23]. The basic guidelines of GAC were unanimously
agreed and published [23].

Nevertheless, there have been a shortage in published standard
tools/procedures for greenness evaluation [24]. The procedures indicate
if a given analytical method is accepted as green. Furthermore, such
assessment tools [25] should be effectively compared and incorporated
as a standard in the developing and validating a new environmentally
benign analytical method.

Four assessment tools including NEMI [26], ESA [27], GAPI [28] and
AGREE [29] are frequently applied in many recent researches for eval-
uating method greenness and hence are considered in this presented
study. This is deduced from high citation rates for the four mentioned
tools for the greenness evaluation of analytical procedures [30,31].
Green chemistry assessment tools are nowadays commonly imple-
mented by many analysts to provide a general evaluation about
analytical methods greenness [32].

Based on the above, the main task of the presented study is to assess
the environmental impact of all reported chromatographic procedures
proposed for the analysis of REM basing on the four mentioned green-
ness assessment tools, to construct a faceted comparative study among
them, and further to clarify the benefits and the obstacles of each.
Additionally, applying these tools in the chemical practical reality is
vital for pointing to the highest eco-friendly methods.

2. Procedures

The chemical-pharmaceutical industries and laboratories must
consider green chemistry through, and not only, their chemical analyses.
Therefore, all analytical reviews and articles of REM were collected,
followed by assessing the greenness values of the chromatographic
procedures that were used for REM analysis by the mostly-applied
greenness assessment tools, included (National environmental Method
index (NEMI), Analytical Eco-scale assessment method (ESA), Analytical
Greenness metric (AGREE), and Green Analytical procedure index
(GAPI).

2.1. National environmental method Index (NEMI) method

National Environmental Methods Index (NEMI) has the widest
database of environmental analytical procedures, which was introduced
by the Methods and Data Comparability Board (MDCB). That tool con-
sists of four quadrants (PBT (persistent, bio-accumulative, and toxic),
Hazardous, Corrosive, and Waste), where each quarter with colour code
to indicate the greenness of methods [26]. The data under evaluation,
like chemicals with specified properties, pH values, and waste that
cannot be recycled, are indicated in the greenness figure. Each criterion
is presented as a quadrant with blank or green appearance, regarding the
method matched to its specific norm. Later, greenness assessment can be
simply applied by any analyst; offering a visual comparative diagram of

greenness for the many analytical methods [26].
2.2. Analytical Eco-Scale assessments (ESA) method

This greenness evaluation tool is represented in a total score that can
reflect the Environmental safety level of the analytical methods under
evaluation. Starting with 100 points represents the greenest level,
without any penalty points [27]. The Penalty points will reduce the total
score showing the harmful effect of the catalysts and other reagents like
the hazardous solvent being used in the method and their effects on the
environment and the energy consumed. If the final score is above 75
points, it is considered a green method, but if it is between 50 and 75
points, it is considered acceptable green method. The method with the
final result below 50 points, is deemed inadequate green analytical
procedure. Penalty points of the hazards are decided as follow: zero
penalty points and no pictogram indicates non-hazardous; for only one
penalty point it is considered less severe hazard chemical, and as the
points increase above one, this indicates more severe hazard [11,23,27].
Calculations of ESA scores of all methods are written in Supplementary
file 1.

2.3. Green analytical procedure Index (GAPI) method

It is a recent tool introduced by J. Plotka-Wasylka in 2018 [28]
which can assess the green profile of a whole analytical method, starting
from sample collection and ending to final determination. GAPI has
steps for analytical procedure description; the first step is a sample
collection for a given analytical procedure, the second step is sample
protection against potential chemical and physical changes, the last step
is determination and quantification of analyses using analytical tech-
niques. The GAPI tool provides a pictogram to classify the environ-
mental safety degree of every step of a given analytical method by
implementing a color profile including a red or yellow or green color, as
the green color represents an environmentally-friend procedure, but the
red color reflects the maximum environmental risks. GAPI symbol has
five pentagrams used for evaluating and quantifying [28]. The funda-
mental 5 parts of the GAPI pictogram and the 15 subcategories were
detailed explained in this reference [28]. Explanations of GAPI picto-
grams of all methods are clarified in the Supplementary file 2.

2.4. Analytical greenness metric (AGREE) method

AGREE approach [29] was reported by Pererira et al in mid-2020.
The automated software was characterized by simplicity and automa-
tion. Therefore, it is the most recommended tool for most analysts. The
AGREE pictogram consists of 12 sections equivalent to twelve basics of
green analytical chemistry (GAC). The color of the middle zone in the
pictogram ranged from red to green depending on method greenness
score. The color of each section ranges from red to green as well. The
automatically calculated score is denoted in the middle zone ranged
from O to one according to method greenness as well. The AGREE
approach is available for all analysts through free website link. The
authors appreciate Pererira and his team efforts. The chromatographic
conditions for the nine chromatographic methods for REM were used to
develop the full reports and the final scored pictograms as illustrated in
Supplementary file 3. The summarized pictograms for AGREE
approach are displayed in Table 2 for assessment with the last
mentioned three greenness tools.
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Table 2
ESA, NEM]J, GAPI, and AGREE approaches for the assessment of greenness values for the different analytical methods stated in the literature for the analysis of REM.
Analytical Method Eco-scale NEMI GAPI AGREE
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Table 2: Continue
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2.5. Application of the four greenness assessment tools to REM
chromatographic analytical methods

Four greenness investigating approaches were independently
implemented to assess greenness of the nine chromatographic methods
reported for analysis of REM. The summary collected for the chro-
matographic conditions is illustrated in Table 1. For each chromato-
graphic method, complete details together with proper referencing are
also indicated in Table 2. NEMI tool is based on a blank-green model
where green color refers to eco-friendliness of the procedure. ESA tool
provides digital results with no figures. Like NEMI tool, GAPI provides 3
colored pictograms to evaluate the greenness of a given method (green,

yellow, and red), where the green color distinguishes the best eco-
friendly method whereas red refers to environmentally harmful
method. Similarly, AGREE pictogram is illustrated by 3 colors like GAPI
pictogram, but with different saturating degree of color increasing
progressively with regards to digital evaluations of significance [23].
The total outcome given for AGREE is indicated in the center of every
pictogram.

3. Results and discussion

To determine the most eco-friendly procedure used to determine
REM among all reported chromatographic methods, the greenness status
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of each method must be studied based on the most applicable greenness
evaluating methods including NEMI, ESA, GAPI and AGREE. Regarding
to NEMI tool, it was too simple to give us comparative information, as all
pictograms of all methods had two blank quarters and 2 green quarters
as well. Consequently, it is not feasible to adopt this method in the study
for discrimination of the greenest chromatographic method.

To establish a fair environmental comparison among the 16 analyt-
ical methods, we must first differentiate between methods of analysis in
pharmaceutical preparations and methods of analysis in tissues and
biological fluids. As the stages of sample preparation are simpler and less
consuming of chemicals in the case of analysis in pharmaceutical
preparations than the case of analysis in tissues and biological fluids.

During the environmental comparison for the methods of REM
determination in plasma and biological tissues, it was found that
methods No. 3 [7] and 11 [15] are the best environmentally according to
the AGREE and GAPI tools, Table 2; having the highest score of AGREE
tool (0.58 and 0.57 respectively) and 6 green parts for GAPI tool. The
secondly ranked methods are analytical method No. 15 [19] and
analytical method No. 10 [14] in terms of environmental safety. On the
other hand, method No. 13 [17] was the worst according to the GAPI (5
red parts and 4 green parts) and AGREE (0.48) tools, Table 2.

According to the environmental comparison of the analytical
methods in the pharmaceutical formulations, method No. 12 [16] was
the best according to ESA (91), GAPI (8 green parts), and AGREE (0.57)
tools. In contrast, method No. 16 [20] is considered the worst environ-
mentally depending on ESA (80), GAPI (5 green sections), and AGREE
tool (0.46).

From the previous comparison, the following findings were extrac-
ted. Regarding NEMI tool, it was too simple to conclude the comparative
information. GAPI tool has a high differential power during the envi-
ronmental comparison in case of the analytical methods of active in-
gredients in the tissue and biological fluids because the GAPI tools
evaluate the stages of sample preparation, sample storage and sample
extraction as well. The ESA tool was more discriminative in the envi-
ronmental comparison of analytical methods of active ingredients in the
pharmaceutical formulations because the ESA tool gave penalty points
for consumed chemicals and energy, and the volume of produced waste
as well. AGREE tool is the master greenness assessment tool as it has
environmental differential power in assessment of analytical methods in
pharmaceutical formulations and also in biological fluids. Consequently,
the combination of AGREE tool with GAPI and ESA tools is very effective
in comparing analytical methods in pharmaceutical formulation.
Furthermore, combination of AGREE tool with GAPI tool is very useful
in case of comparing analytical methods in biological fluids and tissues.
Detailed data associated with the ESA, GAPI and AGREE methods are
clarified in supplementary files (1-3).

Generally, all the discussed tools can assess the “greenness” of
analytical protocols and have their inherent merits and demerits, and
hence, the ideal solution is to implement two of them at least to extract
the maximum possible information about analytical procedures. On the
other hand gathering such detailed information in reality is very time-
consuming approach.

4. Conclusion

The LC-MS/MS analysis for the active metabolite of REM (Nuc) re-
ported by Avataneo et al. [7] and Du et al. [15] are the best bio-
analytical method regarding the environmental aspects depending on
the GAPI and AGREE tools. However, the HPLC method for REM analysis
in intravenous solution reported by Jitta et al. [16] is the greenest
analytical method for determination of REM in the pharmaceutical
dosage forms according to the ESA, GAPI, and AGREE tools. For envi-
ronmental assessment study of analytical methods in pharmaceutical
formulation, combination of the ESA, GAPI, and AGREE tools is rec-
ommended for more comprehensive comparison. For the environmental
assessment study of analytical methods in biological tissues and fluids,

Microchemical Journal 176 (2022) 107242

combination of the GAPI and AGREE tools is recommended for more
comprehensive comparison. Generally, the need for using more than one
tool for evaluation of eco-friendly characters of the analytical method is
strongly recommended. NEMI is the lowest greenness approach where
all the pictograms are giving similar colors, hence not offering enough
discrimination.
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