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Remdesivir (REM) is an adenosine triphosphate analog antiviral drug that has received authorization from
European Commission and approval from the U.S. Food and Drug Administration for treatment of coro-
navirus disease 2019 (Covid-19). This study, describes, for the first time, the synthesis of a novel charge
transfer complex (CTC) between REM, as electron donor, with chloranilic acid (CLA), as 7w electron ac-
ceptor. The CTC was characterized using different spectroscopic and thermogravimetric techniques. UV-
visible spectroscopy ascertained the formation of the CTC in methanol via formation of a new broad
absorption band with maximum absorption peak (Amax) at 530 nm. The molar absorptivity (&) of the
complex was 3.33 x 10° L mol~! cm~! and its band gap energy was 1.91 eV. The stoichiometric ra-
tio of REM:CLA was found to be 1:1. The association constant of the complex was 1.11 x 10° L mol-"',
and its standard free energy was 5.16 x 10* ] mole~'. Computational calculation for atomic charges of
energy minimized REM was conducted, the site of interaction on REM molecule was assigned and the
mechanism of the reaction was postulated. The solid-state CTC was further characterized by FI-IR and
TH NMR spectroscopic techniques. Both FT-IR and 'H NMR confirmed the formation of the CTC and its
structure. The reaction was adopted as a basis for developing a novel 96-microwell spectrophotometric
method (MW-SPA) for REM. The assay limits of detection and quantitation were 3.57 and 10.83 pg/well,
respectively. The assay was validated, and all validation parameters were acceptable. The assay was im-
plemented successfully with great precision and accuracy to the determination of REM in its bulk form
and pharmaceutical formulation (injection). This assay is simple, economic, and more importantly, has
high throughput property. Therefore, the assay can be valuable for routine in quality control laboratories
for analysis of REM'’s bulk form and pharmaceutical injection.
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1. Introduction enzyme catalysis, and substance transport through lipophilic mem-

branes in bodily compartments, for example, have all been thor-

Mulliken [1] was the first to coin the term charge transfer com-
plex (CTC), which was later widely discussed by Foster [2]. The
electronic charge is partially transferred from an electron donor
molecule to an electron acceptor molecule during the production
of CTC [1-3]. CTC formation chemistry is crucial in a wide range
of chemical and biochemical sciences, bio-electrochemical energy
transfer procedures, biological systems and pharmaceutical man-
ufacturing processes. Possible drug-receptor binding interactions,

* Correspondence authors at: Department of Pharmaceutical Chemistry, College
of Pharmacy, King Saud University, P.O. Box 2457, Riyadh 11451, Saudi Arabia.
E-mail addresses: idarwish@ksu.edu.sa (L.A. Darwish), hdarwish@ksu.edu.sa
(H.W. Darwish).

https://doi.org/10.1016/j.molstruc.2022.133104
0022-2860/© 2022 Elsevier B.V. All rights reserved.

oughly characterized by investigating charge transfer complex in-
teractions [4-9]. CTC creation is also crucial in a multitude of
fields, including the production of optical and electrically conduc-
tive materials [10-13], microemulsions and surface chemistry [14],
photocatalysis [15], dendrimers [16], solar energy storage [17], and
organic semiconductors [18]. Additionally, the generation of CTC
between drugs and specific o- and m-acceptors has been effec-
tively employed as the basis for designing high-accuracy assays for
both qualitative and quantitative detection of pharmaceuticals in
bulk and/or pharmaceutical dose forms [19-30].

We've been evaluating the development and applications of
CTC in a variety of pharmaceuticals with diverse acceptors over
the past few years. Antibiotics, kinase inhibitors, antihypertensives
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and antihyperlipidemics were among the pharmaceuticals used
[19-30]. Our research focused on understanding the chemistry of
these pharmaceuticals’ CT reactions and their electron donating
manners toward a variety of electron acceptors. The features of CT
complexes have been thoroughly examined, as have the conditions
under which they arise.

In the present work, we examined the CT reaction of CLA with
remdesivir (REM). REM is an adenosine triphosphate analogue with
broad-spectrum antiviral activity medication. It has been devel-
oped by the biopharmaceutical company Gilead Sciences Inc. (Fos-
ter City, California, United States) and sold under the brand name
Veklury® injection (100 mg/vial). REM has been first described in
2016 as a potential treatment for Ebola. It has demonstrated in
vitro and in vivo activity against the viral pathogens MERS and
SARS, which are also coronaviruses and are structurally similar to
Covid-19 [31]. On May 1, 2020, REM has received conditional mar-
keting authorization from the European Medicines Agency (EMA)
for the treatment of the entire population with coronavirus dis-
ease 2019 (Covid-19) [32]. On October 22, 2020, the U.S. Food and
Drug Administration (FDA) approved REM for use in adult and pe-
diatric patients 12 years of age and older and weighing at least
40 kgs (about 88 pounds) for the treatment of COVID-19 requiring
hospitalization [33].

The therapeutic effectiveness of REM, as well as the existence of
numerous potentially electron-donating sites on its structure (ni-
trogen and carbonyl oxygen atoms), sparked our curiosity in un-
derstanding more about the chemistry of REM’s CT interaction.
These locations allow REM to form CTC with electron acceptors.
Chloranilic acid (CLA) was shown to be the most reactive electron
acceptor in our earlier investigations employing a variety of poly-
halo/polycyanoquinone electron acceptors [34,35]. CLA reaction, in
most cases, is immediate at ambient temperature.

In the current work, first, REM was reacted with CLA in var-
ious organic solvents, the reaction conditions were adjusted, the
complex’s association constant as well as the reaction’s molar ra-
tio were calculated. The solid-state complex was then synthesized,
and its molecular composition was determined using UV-visible,
mass, FT-IR, and 'H NMR spectroscopy. Afterwards, based on com-
putational calculations and spectroscopic data, the reaction mecha-
nism was proposed. Lastly, the CT reaction has been used to estab-
lish a new 96-microwell assay with high throughput for detecting
REM in bulk and its correspondent dosage form (injection).

2. Experimental
2.1. Apparatus

UV-VIS spectrophotometer (UV-1601 PC: Shimadzu, Kyoto,
Japan), double beam with matched 1-cm quartz cells. PerkinElmer
FT-IR spectrum BX apparatus (PerkinElmer, Norwalk, CT, USA).
Bruker NMR spectrometer (Bruker Corporation, Bruker Daltonik
Gmbh, Bremen, Germany) operating at 700 MHz. PerkinElmer
thermal analyzer (TGA-8000: PerkinElmer, Norwalk, CT, USA). Mi-
croplate absorbance reader (ELx808: Bio-Tek Instruments Inc.,
Winooski, VT, USA) empowered by KC Junior software, provided
with the instrument. Transparent non-binding 96-microwell assay
plates were a product of Corning/Costar Inc. (Cambridge, MA, USA).
An adjustable 8-channel pipette was obtained from Sigma Chemi-
cal Co. (St. Louis, MO, USA).

2.2. Chemicals and materials

Remdesivir (REM) was purchased from Weihua Pharma Co., Ltd.
(Hangzhou, Zhejiang, China). Veklury® injection (Gilead Sciences,
Inc., USA) labelled to contain 100 mg of REM per vial were pur-
chased from the local market. CLA was purchased from Sigma-
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Aldrich Corporation (St. Louis, MO, USA). Finnpipette adjustable
single and 8-channel pipettes were procured from Sigma-Aldrich
Co. (St. Louis, MO, USA). The solvents and other reagents employed
in the study were of analytical grade (Fisher Scientific, California,
CA, USA).

2.3. Preparation of REM standard and injection solutions

Stock standard REM solution (5 mg mL~1) was prepared by dis-
solving an accurately weighed amount (50 mg) of the standard
material in 10 mL of methanol. This solution was subsequently
diluted with methanol to obtain REM concentrations suitable for
each of the particular subsequent experiments. The veklury® in-
jection sample solution was prepared as the following procedure. A
quantity of the lyophilized powder of the vial equivalent to 20 mg
of REM was transferred into a 10-mL calibrated flask, dissolved in
5 mL methanol, swirled and sonicated for 5 min, completed to vol-
ume with methanol, shaken well for 10 min, and filtered. The first
part of the filtrate was discarded, and an accurate volume of the
filtrate was diluted with methanol to claimed concentrations of 25
and 50 pg/mL, the solutions were subjected to the analysis by the
proposed MW-SPA.

2.4. Determination of association constant and molar ratio

With a series of CLA solutions (1 x 1074 - 3.3 x 1073 M) and a
fixed concentration of REM (1.3 x 10~3 M), the Benesi-Hildebrand
method [36] was used to calculate the association constant of the
CTC. Job’s continuous variation method [37] was adopted to calcu-
late the molar ratio of REM:CLA in the reaction. Equimolar solu-
tions (4 x 10-3 M) of REM and CLA reagent were used.

2.5. Synthesis of the solid CTC

Synthesis of the proposed CTC of REM with CLA took place by
mixing 10-mL of solutions containing 60.26 mg (0.1 mmol) of REM
and 20.9 mg (0.1 mmol) of CLA in methanol. The resulting mix-
ture was allowed to proceed at room temperature (25 & 2 °C) for
30 min with continual magnetic stirring. The reaction solution was
then bubbled with helium gas to vaporize the solvent, and the re-
sulting residue was left to dry over anhydrous calcium chloride in
a vacuum desiccator. FI-IR and 'H NMR spectroscopy were em-
ployed to analyze the dried residue.

2.6. MW-SPA procedures

Into each well of the transparent 96-microwell assay plates, 100
microliters of the standard or injection sample solution that con-
tains varied amounts of REM (3.77 - 241 pg/well) were transferred.
A hundred microliters of CLA solution (0.5%, w/v) have been added,
and the reaction was allowed to take place for 5 min at room tem-
perature (25 + 2 °C). The microwell-plate reader was used to read
the absorbances of the solutions at 490 nm.

3. Results and discussion
3.1. UV-Visible absorption spectra and band gap energy

The UV-visible absorption spectra of REM (2 x 10~% M) and CLA
(12 x 10~* M) solutions were measured between 200 and 800 nm.
The spectra of REM clearly show that it has discrete absorption
maxima (Amax) at 245 and no UV absorption after 340 nm (Fig. 1).
CLA possesses high UV-absorption before 340 nm and weak ab-
sorption at 360 - 640 nm (Fig. 1).

Different concentrations of REM solutions (2 x 1074 -
12 x 104 M) were mixed separately with a fixed concentration of
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Fig. 1. Absorption spectra of REM (1.66 x 10-> M), CLA (4.8 x 10~ M) and reaction mixtures containing varying concentrations of REM (2 x 10~ M - 12 x 10~* M) and
a fixed concentration of CLA (4 x 10~ M); all solutions were in methanol. Numbers on the spectra of the reaction mixtures are denoted to the concentrations of REM used
in the reaction mixtures. These concentrations were 2 x 1074 M (1), 4 x 104 M (2), 8 x 1074 M (3) and 12 x 10~* M (4).

CLA solution (4 x 10-3 M), where their interaction was allowed to
go on at 25 £ 2 °C. The absorption spectra of the reaction mixtures
were measured versus CLA reagent blank solution (Fig. 1), where
an observed violet-colored product was acquired with maximum
absorption at 530 nm, and its intensity enlarged with increasing
REM concentration (Fig. 1).

This behavior supports the expectation of forming a new reac-
tion product. The absorption band that resulted was identical in
pattern and shape to that of the radical anion of CLA reported in
the literature [26,34,35]. As a result, the reaction was hypothesized
to be a CT interaction between REM as an electron donor (D) and
CLA as a m-electron acceptor (A). This reaction was proceeded in
a polar solvent such as acetonitrile to form CTC (D-A), which was
then dissociated by the forceful ionizing power of acetonitrile to
form the radical anion of CLA:

polar

solvent
(D-A) === D*T+A"
complex radical ions

D+A

A well-established fact about CLA is that it exists in two stable
forms: a purple-colored stable form (HA™) at pH = 3 [38], and a
pale violet form (A2~) that is stable at higher pH [38]. As a result,
the purple reaction product formed by the interaction of REM with
CLA in acetonitrile was determined to be the HA~ form of CLA that
was engaged in the reaction.

It was further established that the reaction was CT by the van-
ishing of the purple color of the reaction mixture after it was acid-
ified with mineral acids.

The band gap energy (Eg), defined as “the least energy required
for the excitation of an electron from the lower energy valence
band into the higher energy for participation in forming a conduc-
tion band “ [39], was computed. An absorption spectrum of the
CTC complex was used to construct a Tauc plot (Fig. 2), which was
then used to perform Eg calculations. The Tauc plot was created by
plotting energy values (hv, in eV) versus («hv)2. By projecting the
linear section of the graph to («¢hv)? = 0, we were able to calculate

the value of Eg. [40]. According to the results, the calculated value
of Eg was found to be 1.91 eV. This small estimated value demon-
strates the ease with which electrons flow from REM to CLA and
the creation of the CTC absorption band.

3.2. Optimization of the reaction conditions

The reaction of REM with CLA was carried out in various sol-
vents with different dielectric constants [41] and polarity indexes
[42] in order to determine the most appropriate solvent for the
optimal reaction and color development. For this purpose, the ab-
sorption spectra of the resulting color were measured and recorded
(Fig. 3). From the acquired spectra, the molar absorptivity (¢) and
Amax were recorded in each studied solvent. Slight shifts in the
Amax Values and changes in the ¢ values were observed. The re-
action in solvents with high polarity and high dielectric constants
(such as methanol and acetonitrile) produced higher results than
in solvents possesses low polarity and low dielectric constants (e.g.
diethyl ether and dichloroethane). This effect may be due to the
complete electron transfer from REM molecule (electron donor)
to CLA (electron acceptor) that is favoured in the polar solvents.
Methanol was the selected solvent in all the subsequent proce-
dures. In methanol, it was found that the reaction proceeded in-
stantaneously at ambient temperature (25 + 2 °C), as concluded
from studying the effect of time on the reaction (Fig. 4).

3.3. Association constant, free energy change and ionization potential

The Benesi-Hildebrand approach [35] was used to calculate the
association constant (K¢) at room temperature (25 + 2 °C) and at
the Amax of the formed REM-CLA complex using the absorption
spectra of the complex formed by reacting numerous concentra-
tions of CLA with a fixed concentration of REM (Fig. 5A). Straight
line was attained from which the CTC’s association constant was
calculated (Fig. 5B). The value of the association constant was re-
vealed to be 1.11 x 10° L mol~1.

The CTC'’s standard free energy change (AGP?) is proportional to
its formation constant and may be calculated using the formula:
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Fig. 2. Tauc plot of energy (hv) against (whv)? for the CTC of REM with CLA in methanol.
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Fig. 3. Effect of solvent on the absorption spectrum of the CTC of REM with CLA. Solvents were diethyl ether (1), dichloroethane (2), chloroform (3), methanol (4) and

acetonitrile (5).

AGY = — 2303 RT log K. where AG? is the standard free energy
change of the complex (Kilo joules; K] mol~1), R is the gas con-
stant (8.314 K] mole~!), T is the absolute temperature in Kelvin
(°C + 273) and K. is the complex association constant (L mol=1).
AGP value was 5.16 x 10% ] mol~!. This AGY value indicates that
the interaction between REM and CLA was straightforward, and the
CTC was fairly stable [43].

The donor’s (REM) ionization potential (Ip) in the CTC of REM
with CLA was estimated using Aloisi and Piganatro’s empirical
equation [44]:

Ip(eV) = 5.76 + 1.53 x 10 %v¢rc

where vere is the wave number in cm~! of the CTC, and the ion-
ization potential (Ip) was found to be 9.21 eV.

3.4. Molar ratio and computational charge calculation

Job’s continuous variation method [37]| was used to determine
the molar ratio of REM to CLA, and it was discovered that the REM:
CLA ratio was 1:1 (Fig. 6), implying that just one electron-donating
site of REM contributed to the formation of the CTC with CLA. To
allocate this site among the multiple electron-donating sites avail-
able on the REM molecule (Fig. 7), the REM molecule’s energy was
minimized, and the electron density on each atom was calculated
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Fig. 4. Panel (A): absorption spectra of reaction mixture containing REM (8 x 104 M) and CLA (4 x 10~3 M) at varying reaction times (2-35 min). The spectra are
superimposed on each other. Panel (B): the absorbances of the reaction mixture measured at 530 nm plotted against the corresponding reaction time.

directly. The energy minimization and charge calculation were ac-
complished utilizing CS Chem3D Ultra, version 16.0 (CambridgeSoft
Corporation, Cambridge, MA, USA) fulfilled with molecular orbital
computations software (MOPAC), and molecular dynamics compu-
tations software (MM2 and MMFF94). The results are represented
in Table 1. The maximum electron density was found on nitro-
gen atom taken the number N10 (nitrogen of primary amine at-
tached to pyrolo triazine ring) and nitrogen atom taken the num-
ber N25 (nitrogen of secondary amine attached to phosphorous
atom). These electron densities were —0.9 and —0.8979, respec-
tively; the negative signs indicate negative electron densities. These
observations, taking the molar ratio in account, suggested that only
one nitrogen atom of these two atoms was involved in the for-
mation of the CTC of REM with CLA. To ascertain which nitrogen
atom was possibly involved in the reaction, conformational molec-

ular modeling for the CTC was conducted. As shown in Fig. 8,
CLA molecule was found near the primary amino group (-NH;)
attached to the pyrolo triazine ring indicating that this nitrogen
atom was the electron-donating center involved in the formation
of CTC between REM and CLA. It is important to note that this
computational simulation for the CTC totally neglected the effect
of solvent, although it plays a major role in the CT reaction. Thus,
this simulation is qualitative in nature, to determine the possible
site(s) of interaction and conformation of the complex, which are
not affected by the solvent.

The solid-state complex was synthesized and subjected to fur-
ther spectroscopic and thermal investigations for more confirma-
tion for the site on interaction, and better characterization for the
complex.
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Fig. 5. Panel (A): Absorption spectra of reaction mixtures containing a fixed concentration of REM (1.3 x 103 M) and varying concentrations of CLA (1.0 x 1074 M -
3.3 x 103 M) against reagent blank. Panel (B): Benesi-Hildebrand plot for formation of the CTC of REM with CLA. Linear fitting equation and correlation coefficient (r) are
given on the plot. [Ag], A”P and [Dg] are the molar concentrations of CLA, absorbances of the complex reaction mixture, and molar concentration of REM, respectively.

3.5. Spectral analysis

3.5.1. FI-IR spectra

FT-IR spectra for CLA, REM, and their CTC were obtained us-
ing KBr pellets in the 4000—400 cm~! range (Fig. 9). The pres-
ence of the major characteristic bands of both the donor (REM) and
acceptor (CLA) in the CTC's FT-IR spectrum strongly supports the
CTC formation. The interpretation of the CTC's FT-IR spectrum was
based on changes in intensities and shifts in vibrational frequen-
cies of the formed complex when compared to those of the reac-
tants, REM and CLA [2]. Generally, donor (REM) bands are shifted
to lower frequencies while acceptor (CLA) bands are shifted to
higher frequencies. These changes in band intensity and shifts or
appearance of new bands are due to changes in charge distribu-
tion in both REM and CLA molecules upon complexation. The O—H

peak of CLA (appeared at 3229 cm~! in its spectrum) and those
of REM (appeared at 3416 — 3222 cm~! in the spectrum of REM)
were merged together and appeared as broad-band in the spec-
trum of the complex at 3119 cm~!. This observation eliminated the
involvement of O—H of CLA in hydrogen bonding with REM. This
assumption was also supported by the existence of O—H protons of
CLA in '"H NMR spectrum of the complex. The peak of —NH, group
attached to pyrolo triazine ring of REM (appeared at 2960 cm~!
in its spectrum) was shifted to a lower frequency in the spectrum
of the complex (appeared at 2958 cm~! and overlapped with the
sp3 C-H stretch) without deformation. This observation revealed
the involvement of this group in the formation of the complex and
further supported that no hydrogen bonding with O—H protons of
CLA occurred.



LA. Darwish, N.Y. Khalil, H.W. Darwish et al.

1.2 -

1.0 -1

0.8 -

0.6 A

Absorbance

0.4 -

0.2 -

0.0 T T T T

Journal of Molecular Structure 1263 (2022) 133104

0.0 0.2 0.4
[REM/[REM + CLA]

Fig. 6. Job’s continuous variation plot for determination of molar ratio of the CT reaction of REM with CLA.
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Fig. 7. Energy-minimized REM molecule with atom numbers, arrows point to the atom having the highest electron density (N10).

3.5.2. 'H NMR spectra

The contribution of —NH, group attached to pyrolo triazine ring
to the formation of the complex between REM and CLA was further
investigated by analysing their 'H NMR spectra and that of the
complex. The '"H NMR spectra of REM and CLA obtained in our ex-

periments were typically as found and assigned in previous reports
[45,46]. In the spectrum of REM, the protons of —NH, group at-
tached to pyrolo triazine ring appeared at o = 5.38 ppm, whereas
the peak appeared at ¢ = 6.05 ppm in the spectrum of the com-
plex (Fig. 10). In addition, these protons appeared at position very
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Table 1

Atom numbers, types, and their calculated charges on the energy-minimized REM molecule.
Atom number  Atom type Charge Atom number  Atom type Charge
(1) Aromatic 5-ring C -0.15 0(23) 0, in phosphine oxide -0.7
C(2) Aromatic 5-ring C -0.15 0(24) Divalent O, attached to P —0.3537
C(3) Aromatic 5-ring C -0.3316 N(25) Amine N —0.8979
N(4) Aromatic 5-ring N with p lone pair  0.3032 C(26) Aromatic C, in pyridine 0.0825
Cc(5) Aromatic 5-ring C -0.1516 C(27)-C(31) Aromatic C, in pyridine -0.15
N(6) Imine N 0 C(32) Alkyl carbon, SP3 0.331
c(7) Aromatic C, in pyridine 0.16 C(33) Alkyl carbon, SP3 0
N(8) Aromatic N, with s lone pair —0.62 C(34) Carbonyl C 0.659
Cc(9) Aromatic C, in pyridine 0.41 0(35) Carbonyl O -0.57
N(10) Enamine N, delocalized lone pair -0.9 0(36) Ether O -0.43
Cc(11) Alkyl C, SP3 0.66 C(37) Alkyl carbon, SP3 0.28
0(12) Alcohol or ether O —0.56 C(38)-C(42) Alkyl carbon, SP3 0
C(13(-C(15) Alkyl C, SP3 0.28 H(43)-H(45) H attached to C 0.15
c(16) Cyano C 0.3571 H(46)-H(47) Hin H-N-C =N 0.4
N(17) Triple bonded N —0.5571 H(48)-H(50) H attached to C 0
0(18) Alcohol or ether O -0.68 H(51)-H(52) Hydroxyl H in alcohol 0.4
0(19) Alcohol or ether O -0.68 H(53)-H(54) H attached to C 0
C(20) Alkyl C, SP3 0.28 H(55) H on SP3 N, in amine 0.36
0(21) Divalent O, attached to P —0.5512 H(56)-H(60) H attached to C 0.15
P(22) P, with 3 attached O 1.5103 H(61)-H(77) H attached to C 0

Fig. 8. Energy-minimized conformational and 3D structures REM and its CTC with CLA. Panels A and C are the are the conformational structures of REM and CTC, respectively.
Panels B and D are the 3D structures of REM and CTC, respectively.
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Fig. 9. FT-IR spectra of CLA, REM and their CTC.

close to that of other protons of the pyrolo triazine ring appeared
at 0 = 6.93 — 7.36 ppm (Fig. 10).

The mechanism and structure of the CTC of REM and CLA were
proposed based on these complementary spectrum data (taking
into account the molar ratio of the reaction (1:1)), as shown in
Fig. 11.

3.6. Thermogravimetric analysis

For study the thermal property of the CTC of REM with CLA,
comparative study of their thermograms were carried (Fig. 12). The
Thermogravimetric analysis (TGA) was employed utilizing TGA-
8000 thermal analysis in nitrogen atmosphere with a flow rate of
30 mL min~—! and heating rate 10 °C min~! in the temperature
range 50 — 414 °C, after initial holding for 1 min at 50 °C, using
0.799, 1.202 and 1.796 mg for REM, CLA and CTC, respectively. The
thermogram of CLA and its decomposition behavior was identical
to that in the previous report [35]. The thermograms of REM, CLA
and the complex exhibited decomposition in one step at 190.04,
196.97 and 186.61 °C, respectively. The weight of CLA was almost
complete; however, it was about 55% for REM and the complex.

3.7. Development of MW-SPA

3.7.1. Strategy and design of the assay

Because of its therapeutic value in the treatment of Covid-19,
we chose REM as the current study’s target medication. The quality
of REM'’s formulation (Valkury® injection) in terms of active com-
ponent content is critical for its therapeutic benefits. The reported
methods for quantitation of REM have been reviewed Y. Pashaei
[47]. These methods are mostly liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) and were described
for assessing REM in biological samples, and none of them was
not validated for determination of REM in its bulk and/or cap-
sules. Besides, these methods relied on intensive and expensive in-
struments and complex procedures that do not meet the require-
ments for analytical methods for quality control of pharmaceuti-
cals. Only one fluorimetric method was described for determina-
tion of REM in pharmaceutical dosage form via measuring its na-
tive fluorescence [48]. Photometric methodologies are crucial in
pharmaceutical analysis because they can easily be automated with
photometric analyzers, which are commonly used for serial analy-
sis of pharmaceutical preparations [49]. Obviously, REM chemical
structure holds chromophoric moieties (Fig. 10); consequently, it



LA. Darwish, N.Y. Khalil, H.W. Darwish et al.

REM

r

.-¢
]

r

.
Ll e

Lol [
e

Journal of Molecular Structure 1263 (2022) 133104

I I l I I i I I I I I I | I
85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 1

T I 1

0 ppm
; RPN Jud 1 JPPLL L)
®  [==EE EgE g (8 @l g (8
- ~|rilc|a | | | | |l edled =l wi
REM-CLA
complex
’ | ( |
7 f | [
i | |
ok b JH l
,,A’/\_L-L,J. —e —— — P A L, e
S o— U ey N ———
90 85 80 7.5 7.0 65 6.0 55 50 45 40 35 30 25 20 15 1.0  ppm
| | | \ } ) AR '
o 2 (@ =(s|ig 3 (28zs)2 3= (3
Sl sl |« cil!|e - ol | edled|ed el |

Fig. 10. '"H NMR spectrum of REM and its CTC with CLA (REM-CLA complex), in DMSO-dg.

is expected to display high molar absorptivity. Therefore, develop-
ing a photometric method for its quantitation relied on its native
ultraviolet (UV) light absorption was possible [50]. However, the
availability of a visible photometric method for REM quantitation
is imperative to allow its automation with colorimetric analyzer.
Based on an extensive review of the available literature, there is
no visible photometric method for determination of REM content
in its bulk and/or pharmaceutical formulations (injections). There-
fore, the current study is dedicated towards the establishment of
a visible photometric method to for quantifying REM in its injec-
tions. The above-mentioned CT reaction of REM with CLA was be-
hind its usage as a basis in establishing photometric method for
REM.

The visible photometric assays based on colored CTC forma-
tion and employing the traditional manual technique have limited
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throughput [51,52], and furthermore consume large volumes of or-
ganic solvents. As a result, these assays are costly, and they also ex-
pose the analyst to the harmful impacts of organic solvents [53,54].
Darwish et al. [21-30] previously developed a number of success-
ful microwell-based photometric methods to quantify the active
drug contents in pharmaceutical dosage forms using an absorbance
plate reader. These methods have a high throughput and use small
amounts of organic solvents. As a direct consequence, current ef-
forts are centered on constructing a similar methodology for REM.

3.7.2. Optimization of MW-SPA conditions

Experimental conditions for the success of the reaction in the
96-microwell assay plate were adjusted by modifying each variable
in a round while holding the others constant. The reaction was
conducted in methanol and all the measurements were employed
by the plate reader at 490 nm (the closest filter to the Amax of the
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CTC of REM with CLA). Methanol was used although acetonitrile
gave higher molar absorptivity and ultimately higher assay sensi-
tivity; however, methanol was cheaper and accordingly it decrease
the analysis cost. These conditions were the CLA concentrations
(0.01 — 0.8%, w/v), type of solvent, temperature (25 — 60 °C)
and the reaction time (2 — 35 min). The results revealed that
the optimum CLA concentration was 0.5% (w/v), the best solvent
was methanol, the best temperature was 25 °C and the optimum
reaction time was 5 min; this time was selected in developing the
assay, although the reaction is instantaneous, for better precision
of the readings.

3.8. Validation of MW-SPA

3.8.1. Linear range and sensitivity

In order to apply linear regression of the dataset, the least-
squares methodology was used to build a calibration curve under
MW-SPA optimal conditions (Fig. 13). It was found that the curve
was linear with a high correlation coefficient in the range of 3.77-
241 ng/well (100 mL). Table 2 depicts the linear fitting parameters
(intercept, slope, and correlation coefficient) for a given linear fit.

1

Table 2
Calibration and validation parameters for the determination of REM by the pro-
posed MW-SPA based on its formation of colored CTC with CLA.

Parameter Value
Linear range (ng/well) 3.77 - 241
Intercept 0.0629
Standard deviation of intercept 2.82 x 1073
Slope 0.0026
Standard deviation of slope 2.7 x 107
Correlation coefficient 0.9997
LOD (ng/well) 3.57

LOQ (ng/well) 10.83

Following the guidelines of the International Conference on Har-
monization (ICH), the limit of detection (LOD) and limit of quanti-
tation (LOQ) were calculated [55]. It was found that the LOD and
LOQ values were 3.57 and 10.83 pg/well, respectively. Table 2 con-
tains a summary of the calibration and validation parameters for
the developed MW-SPA.
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Fig. 13. Calibration curve (¢) and its precision profile (®) for determination of REM by the proposed MW-SPA via formation of CTC with CLA. Linear regression equation and

its correlation coefficient (r) is given on the calibration line.

3.8.2. Precision and accuracy

Using samples of REM solution at varying concentration lev-
els, the precisions of the recommended MW-SPA were assessed,
and the results are summarized in Table 3. For intra- and inter-
assay precision, the relative standard deviations (RSD) were 0.06
- 1.01% and 0.31 - 2.51%, respectively. The assay’s good precision
was confirmed by these low RSD values. Recovery studies at the
same REM concentration levels utilized in the precision studies
were conducted to assess the assay accuracy. The recovery values
ranged from 98.82 to 102.14 percent (Table 3), demonstrating that
the proposed assay is highly accurate.

3.8.3. Specificity and interference

Measurements in the proposed MW-SPA are carried out in the
visible range avoiding any potential interference from the UV-
absorbing inactive ingredients, which may be extracted from the
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pharmaceutical formulation of REM (vaklury® injection). In addi-
tion, the assay described in this study involved the extraction of
REM from vaklury® injection by methanol; therefore, the excipi-
ents/inactive ingredients did not dissolve revealing the specificity
of the assay.

3.9. Application of MW-SPA to the quantitation of REM in vaklury®
injection

The impactful validation results made the proposed MW-SPA
beneficial use to determine REM in vaklury® injection. The mean
value of the labelled amount obtained was 99.74 + 1.02%. This re-
sult demonstrated that the proposed MW-SPA is suitable for quan-
tifying REM in injection.
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Precision and accuracy of the proposed MW-SPA at different REM concentration levels.

Taken concentration (ug/well)

Precision: relative standard deviation (%)

Accuracy: recovery (% =+ SD)

Intra—assay, n = 5

Inter—assay, n = 6

12.5 0.90
25 0.67
50 0.31
100 0.06
200 1.01

2.51 101.12 £+ 1.02
2.18 99.58 + 0.87
2.15 100.48 + 1.23
0.31 98.82 + 2.05
0.81 102.14 + 1.57

2 Values are mean of three determinations.

4. Conclusions

UV-visible study demonstrated the formation of CTC of REM
and CLA, as revealed by the appearance of a new unique absorp-
tion band at 530 nm in their reaction in methanol. The complex’s
molecular stoichiometry was determined to be 1:1. The Amax and
& of the complex were dependent on both the polarity index and
the dielectric constant of the solvent utilized for the reaction. The
site of interaction on REM molecules that contributed to the for-
mation of the complex was suggested via computational charge
calculation and molecular modeling. Both FT-IR and 'H NMR spec-
troscopy confirmed the formation of the complex via CT reaction,
and also confirmed the reaction mechanism. In this study, the in-
teraction between REM and CLA was developed to serve as the
basis for a novel 96-microwell spectrophotometric assay for the
quantification of REM in both bulk and injection. The assay de-
scribed in this study is considered the first microwell-based spec-
trophotometric assay for REM. The assay is characterized by high
throughput which allows for the analysis of large sample size in
a short period of time. It also has the advantage of being environ-
mentally friendly when used in pharmaceutical quality control lab-
oratories because it only requires a little amount of organic solvent
to be proceeded.
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