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Background: Linifanib (LFB) is a multi-targeted receptor tyrosine kinase inhibitor used in
the treatment of hepatocellular carcinoma and other types of cancer. The charge-transfer (CT)
interaction of LFB is important in studying its receptor binding mechanisms and useful in the
development of a reliable CT-based spectrophotometric assay for LFB in its pharmaceutical
formulation to assure its therapeutic benefits.
Purpose: The aim of this study was to investigate the CT reaction of LFB with 2,3-dichloro3,5-dicyano-1,4-benzoquinone (DDQ) and its application in the development of a novel 96microwell spectrophotometric assay for LFB.
Methods: The reaction was investigated, its conditions were optimized, the physicochem
ical and constants of the CT complex and stoichiometric ratio of the complex were deter
mined. The solid-state LFB-DDQ complex was synthesized and its structure was analyzed by
UV-visible, FT-IR, and 1H-NMR spectroscopic techniques, and also by the computational
molecular modeling. The reaction was employed in the development of a novel 96-microwell
spectrophotometric assay for LFB.
Results: The reaction resulted in the formation of a red-colored product, and the spectro
photometric investigations confirmed that the reaction had a CT nature. The molar absorp
tivity of the complex was linearly correlated with the dielectric constant and polarity index of
the solvent; the correlation coefficients were 0.9526 and 0.9459, respectively. The stoichio
metric ratio of LFB:DDQ was 1:2. The spectroscopic and computational data confirmed the
sites of interaction on the LFB molecule, and accordingly, the reaction mechanism was
postulated. The reaction was utilized in the development of the first 96-microwell spectro
photometric assay for LFB. The assay limits of detection and quantitation were 1.31 and 3.96
μg/well, respectively. The assay was successfully applied to the analysis of LFB in its bulk
and tablets with high accuracy and precision.
Conclusion: The assay is simple, rapid, accurate, eco-friendly as it consumes low volumes
of organic solvent, and has high analysis throughput.
Keywords: linifanib, 2,3-dichloro-3,5-dicyano-1,4-benzoquinone, charge-transfer reaction,
spectroscopic techniques, 96-microwell spectrophotometric assay, high-throughput
pharmaceutical analysis
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Introduction
The concept of charge-transfer (CT) reactions was intro
duced by Mulliken and Pearson1 and then discussed
widely by Foster.2 In CT reactions, electronic charge is
partially transferred from an electron donor molecule to an
electron acceptor molecule.1–3 The chemistry of CT inter
actions and CT complex formation, especially with drugs,
has attracted the attention of pharmacists, chemists, and
biologists. Their interest in CT complexes is attributed to
the great usefulness of these complexes and their wide
range of applications in different fields such as chemical,
biological, pharmaceutical, industrial, and technological.
For example, CT complexes have been used in electrical,
optical, magnetic, and biological applications, in studying
pharmaceutical receptor binding mechanisms, and in solar
energy storage applications.4–9 The formation of CT com
plexes was also used as the basis for development of
simple, rapid, and reliable methods for the qualitative
detection and quantitative determination of drugs in bulk
and/or pharmaceutical dosage forms.10–19 The properties
and characteristics of the CT complexes such as their
crystallographic properties, thermal stabilities, and effects
of solvents, reagent concentration, temperature, and other
parameters have also been intensively described and
discussed.20–25
Over the past years, we have been involved in studying
the formation and applications of CT complexes of several
drugs, such as macrolide antibiotics, cephalosporines, cri
zotinib, olmesartan medoxamil, losartan potassium, cedir
anib, rosuvastatin calcium, and atorvastatin calcium with
different acceptors.10–19 The aim of our studies was to
understand the chemistry behind the CT complexation of
these drugs and to learn more about their electron donation
behaviors toward several electron acceptors.
In the present work, we investigated linifanib (LFB) as
an important drug used for treatment of different types of
cancer. LFB is chemically named as 1-(4-(3-amino-1Hindazol-4-yl)phenyl)-3-(2-fluoro-5-methylphenyl)urea
(Figure 1). The molecular formula of LFB is C21H18FN5
O and its molecular weight is 375.4 g/mol.26 LFB is an
orally bioavailable, small molecule drug that belongs to
a group of receptor tyrosine kinase inhibitors (RTKIs).
LFB is considered as a multi-targeted RTKI and has high
specificity to the vascular endothelial growth factor recep
tor (VEGFR)27–29 and platelet-derived growth factor
receptor (PDGFR). These receptors (VEGFR and
PDGFR) stimulate the angiogenesis process which is the
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Figure 1 The chemical structures of linifanib (LFB) and 2,3-dichloro-3,5-dicyano1,4-benzoquinone (DDQ).

creation and maintaining of new blood vessels required for
the growth and metastasis of normal and malignant cells.
In addition, they contribute to cancer development and
progression by both autocrine and paracrine signaling
mechanisms.30,31 Therefore, blocking of multiple proangiogenetic signaling pathways by LFB is considered
a very important strategy in the treatment of cancers.27
LFB showed antitumor activity against different tumors,
mainly hepatocellular carcinoma.32–34 LFB, in combina
tion therapy with other chemotherapeutic agents, has
demonstrated clinical success in treatment of other types
of cancers such as non-small-cell lung cancer,35–37 gastric
cancer38 and renal cancer.39 In addition, LFB can enhances
the radiotherapy of head and neck squamous cell
carcinoma.40 Moreover, LFB has shown antiangiogenic
activity for pharmacotherapy of retinal disorders.41
Studies demonstrated that LFB does not cause unexpected
side effects or undesirable interactions on the enzymes that
metabolize drugs. The clearance of LFB is linear with no
evidence of drug accumulation. Furthermore, LFB is toler
able by its continuous once-daily administration.42
Because of the therapeutic importance of LFB, the
chemistry of its binding to different organic targets has
been a subject of considerable research.43,44 Owing to the
presence of multiple N-based functional groups, LFB
molecules can be readily immobilized on a metal substrate
for immersible biosensors or on gold nanoparticle (AuNP)
nanocarriers for targeted controlled drug delivery (CDD),
as shown recently for various highly toxic chemotherapeu
tic drugs, like gemcitabine,45 dabrafenib,46 azacitidine and
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decitabine.47 However, the CT reaction of LFB has not
been reported. The CT interaction of LFB was considered
in this work based on its expected good electron-donating
ability which is due to the presence of multiple potentially
electron-donating sites (three nitrogen atoms and one car
bonyl oxygen atom) that make it a versatile polyfunctional
ligand and form CT complexes with electron acceptors
(Figure 1). In a previous study involving CT reactions
with many polyhalo-/polycyanoquinone electron accep
tors, Alzoman et al17 demonstrated that 2,3-dichloro5,6-dicyano-1,4-benzoquinone (DDQ) is the most reactive
acceptor. Therefore, DDQ was selected as an acceptor to
carry out the investigations described herein. In this inves
tigation, first, LFB was reacted with DDQ in organic
media, the reaction conditions were optimized, the asso
ciation constant of the complex and the stoichiometric
ratio of LFB:DDQ were determined. Second, the LFBDDQ complex was isolated and its structure was ascer
tained using ultraviolet (UV)-visible, Fourier-transform
infrared (FT-IR), and proton-nuclear magnetic resonance
(1H-NMR) spectroscopic techniques. Third, computational
molecular modeling for the complex was conducted, the
sites on LFB molecule that contributed to the formation of
the complex were determined, and the mechanism of the
reaction was postulated. Fourth, the reaction was
employed as a basis for the development of a novel 96microwell assay with high-throughput for determination of
LFB in bulk and pharmaceutical dosage form.

Materials and Methods
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 spectro
meter (Bruker Corporation, Billerica, MA, USA) operating
at 700 MHz. Microplate absorbance reader (ELx808: BioTek Instruments Inc., Winooski, VT, USA) empowered by
KC Junior software, provided with the instrument. 96Microwell assay plates were a product of Corning/Costar
Inc. (Cambridge, MA, USA). Adjustable 8-channel pipette
was obtained from Sigma Chemical Co. (St Louis,
MO, USA).

Chemicals and Materials
LFB was purchased from Weihua Pharma Co. Limited
(Hangzhou, Zhejiang, China) and used as received. Its
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claimed purity was >99% and the solution was stable for
at least one week when kept refrigerated. DDQ (SigmaAldrich Corporation, St Louis, MO, USA). Finnpipette
adjustable single and 8-channel pipettes were products of
Sigma-Aldrich Co. (St Louis, MO, USA). Solvents and
other reagents were of analytical grade (Thermo Fisher
Scientific, Waltham, MA, USA).

Preparation of Standard LFB Solutions
A stock solution was prepared by dissolving 10 mg
(2.66×10−5 mole) of LFB in 10 mL methanol. This stock
solution (2.66×10−3 M) was diluted with the appropriate
solvent to obtain LFB concentrations suitable for the cor
responding study.

Determination of Formation Constant
Series of LFB solutions (2.66×10−5–1.86×10−4 M) were
mixed with DDQ solution of a fixed concentration
(4.4×10−3 M); both LFB and DDQ solutions were pre
pared in methanol. These mixed solutions were allowed to
reach equilibrium (~10 min) at room temperature (25±2°
C). The absorbance of the solutions was measured at 432
nm against reagent blanks treated similarly. The measured
absorbances were used to generate the Benesi–Hildebrand
plot48 of LFB-DDQ CT complex. Linear regression analy
sis was conducted for the data using the Benesi–
Hildebrand equation, from which the formation constant
of the complex was determined.

Determination of DDQ:LFB Molar Ratio
Job’s continuous variation49 and spectrophotometric
titration50 methods were employed. For Job’s method,
master equimolar solutions (2.66×10−3 M) of LFB and
DDQ reagent were prepared in methanol. A series of
100-µL portions of the master solutions of LFB with the
DDQ reagent were made up comprising different comple
mentary proportions (0:100, 10:90, . . . . . . . . . . . ., 90:10,
100:0, inclusive) in the 96-microwell assay plate. The
reaction was allowed to proceed for 10 min at room
temperature (25±2°C) and then the absorbances were mea
sured at by the absorbance plate reader at 432 nm.
For the spectrophotometric titration method, master solu
tions of LFB (2.66×10–3 M) and DDQ (2.128×10–2 M) were
prepared (ie molar concentration of DDQ was eightfold that
of LFB). Series of the master solutions of LFB with DDQ
were made up comprising LFB solution of a fixed concentra
tion (2.66×10–3 M) and varying DDQ concentrations
(2.66×10–3–2.128×10–2 M); LFB:DDQ molar ratio was 1:8.
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The reaction was allowed to proceed at room temperature (25
±2°C) for 10 min. The absorbances of the developed colors
were measured at 432 nm against blanks treated similarly
except methanol was used instead of LFB sample. The mea
sured absorbances were plotted as a function of LFB:DDQ
molar ratio. The generated plot was used for determination
the molar ratio of the reaction between LFB and DDQ.

Molecular Modelling for the CT Complex
of LFB with DDQ
The molecular modeling for the CT complex was per
formed by using the Molecular Operating Environment
(MOE) software, version 2014 (Chemical Computing
Group ULC, Montreal, Canada).

Synthesis of LFB-DDQ CT Complex
The LFB-DDQ CT complex was synthesized by mixing
10-mL solutions containing 37.54 mg (0.1 mmol) of LFB
and 45.5 mg (0.2 mmol) of DDQ in methanol. The mixture
solution was allowed to proceed with a continuously mag
netic stirring for 60 min at room temperature (25±2°C).
Then, solvent was evaporated by bubbling of helium gas in
the reaction solution, and the resulting residue was dried in
a vacuum desiccator over anhydrous calcium chloride. The
dried residue was subjected to analysis by FT-IR and
1
H-NMR spectroscopy.

Preparation of LFB Tablet Sample
Solution
A quantity of a laboratory-made tablets that was equiva
lent to 20 mg of LFB was completely dissolved in 10 mL
methanol with the aid of shaking and sonication. The
solution was filtered and a measured volume of the filtrate
was diluted with methanol to yield LFB concentrations in
the range of 2–1000 μg/mL.

Statistical Analysis
The statistical analysis was performed by Microsoft Excel
Software, version 2018, of the Microsoft Office 365
(Microsoft Corporation, Redmond, WA, USA). All the
collected spectrophotometric measurements were pre
sented as mean ±SD or relative standard deviation
(RSD). Regression analysis of the calibration curve of
the assay was performed by the data analysis package
embedded in the Excel software at a probability value
(p-value) <0.05. Analysis included the calculation of the
line’s parameters which included the intercept, slope, cor
relation coefficient, and variance. The slope (b) and SD of
the intercept (SDa) were used for calculating the limits of
detection (LOD) and quantitation (LOQ) using the for
mula: LOD or LOQ=x SDa/b, where x=3.3 and 10 for
LOD and LOQ, respectively.

Results
UV-Visible Absorption Spectra and
Bandgap Energy
The UV-visible absorption spectra of methanolic solutions
of LFB (1.33×10−4 M), DDQ (1.39×10−3 M) and their reac
tion mixture were recorded in the region 200–800 nm
(Figure 2). LFB displayed three absorption bands at 210,
266 and 321 nm. DDQ displayed two absorption bands at
221 and 262 nm. When LFB solution was mixed with DDQ
solution and the reaction was allowed to proceed at room
temperature (25±2°C), the reaction solution turned a red
color and its absorption spectrum showed three new absorp
tion bands at much longer wavelengths than those of both

Procedure of the 96-microwell
Spectrophotometric Assay
Accurately measured aliquots (100 µL) of the standard or
tablet sample solution containing varying amounts of LFB
(0.2–100 µg) were transferred into wells of 96-microwell
assay plates. One hundred microliters of DDQ solution
(0.5%, w/v) were added, and the reaction was allowed to
proceed at room temperature (25±2°C) for 10 min. The
absorbances of the resulting solutions were measured at
432 nm by the microwell-plate reader.
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Figure 2 Absorption spectra of (1): LFB (1.33×10−4 M), (2): DDQ (1.39×10−3 M)
and (3): reaction mixture of LFB and DDQ. LFB, DDQ and their reaction mixture
were in methanol.

Drug Design, Development and Therapy 2021:15

Dovepress

LFB and DDQ at 432, 547, and 588 nm. The intensity of the
band at 432 nm was ~1.5-fold of those at 547, and 588 nm
whose intensities were comparable. The absorption intensi
ties of these new absorption bands increased with time LFB
concentrations in the reaction solution.
The bandgap energy (Eg) is the minimum energy needed
to excite an electron and promote it from the lower energy
valence band into the higher energy to participate in formation
of a conduction band.51 For calculation of Eg, a Tauc plot was
generated from the absorption spectrum of the LFB-DDQ
complex (Figure 2) by plotting energy values (hυ, in eV)
against (αhυ)2 (Figure 3A). The equation enabling the analysis
of the Tauc plot (Figure 2) and determination of Eg was:
(αhυ)2=k (hυ–Eg)
Where α was the absorption coefficient, h was the
Planck’s constant, defined as the quantum of electromag
netic action that relates a photon’s energy to its frequency
(6.62607004×10−34 m2 kg/s), υ was the photon’s frequency,
k was relation constant, and Eg was the bandgap energy.

Figure 3 Tauc plot of energy (hυ) against (αhυ)2 against for CT complex of LFB
with DDQ in methanol solvent (A). A segment of the same plot at in the energy
range of 1.9–2.2 eV (B).
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The value of Eg was obtained by extrapolating the
linear portion of the plot to (αhυ)2=0.52 The value of Eg
was found to be 1.97 eV (Figure 3B).

Optimization of Reaction Conditions
The results of variations in DDQ concentrations and reac
tion time at room temperature (25±2°C) indicated that the
optimum DDQ concentration was in the range of 0.4–1%
(w/v) and 10 min was adequate for reaching the reaction
equilibrium (Figure 4). For higher precise readings, DDQ
was used at a concentration of 0.5% (w/v) and the reaction
was allowed to proceed for 10 min. In order to optimize
the solvent, the reaction of LFB with DDQ was allowed to
proceed in different solvents of varying dielectric con
stants and polarity indexes and the absorption spectra
were recorded. The maximum absorption peaks (λmax)
and molar absorptivity (ε) were determined in each sol
vent. Shifts in the values of the maximum absorption peak
(λmax) were observed, and the molar absorptivity (ε) values
were also influenced; the obtained values were given in
Figure 5 and Table 1. The interaction in polar solvents
with high dielectric constants (acetonitrile, methanol, etc)
gave ε values higher than those obtained in low-polar
solvents with low dielectric constants (eg toluene and
1.4-dioxane); however, the reaction did not proceed at all
in nonpolar solvent (eg chloroform). The values of ε were
correlated with both the dielectric constants53 and polarity
indexes54 of the solvent in which the reaction was per
formed (Figure 6); determination coefficients (R2)
were=0.9047 and 0.8947 for dielectric constants and

Figure 4 Effect of DDQ concentration (●) and time (■) on the CT reaction of LFB
and DDQ.
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Figure 6 Correlation of molar absorptivity (ε) of LFB-DDQ CT complex versus
dielectric constant (●, on left axis) and polarity index (▲, on right axis) of the
solvent used for the reaction. Linear fitting equations and correlation coefficients
(r) are given on the regression lines.

Figure 5 Effect of solvent on the CT reaction of LFB and DDQ.

polarity indexes, respectively. Acetonitrile gave
a relatively higher ε value; however, the stability of the
color was not good as that obtained in methanol, thus we
preferred to use methanol.

Formation Constant and Free Energy
Change
The formation constant of LFB-DDQ complex was deter
mined by the Benesi–Hildebrand method.48 A straight line
was obtained (Figure 7), for which linear regression ana
lysis was performed. From the regression analysis, the
formation constant, correlation coefficient, and the molar
absorptivity (ε) of the LFB–DDQ complex were calcu
lated. The molar absorptivity and formation constant of

the complex were found to be 3.05×103 L mol−1 cm−1 and
1.2×103 L mol−1, respectively.
The standard free energy change (ΔG0) of the CT
complex is related to its formation constant and it can
be calculated by the following formula: ΔG0=−2.303 RT
log Kc.
where ΔG0 is the standard free energy change of the
complex (kJ mol–1), R is the gas constant (8.314 kJ mol–1),
T is the absolute temperature in kelvin (°C+273) and Kc is
the formation constant of the complex (L mol–1). ΔG0
value was calculated and found to be −1.77×104 J mol–1.
The negative value of ΔG0 suggests that the interaction
between LFB and DDQ took place spontaneously, exother
mic and the complex was reasonably stable.55

Table 1 Effect of Solvents on the Position and Intensity of
Absorption of the Reaction Mixtures of LFB with DDQ
Solvents

DECa

PIb

λmax (nm)

ε (×103)c

Acetonitrile

37.5

5.8

422

3.82

Methanol

32.7

5.1

432

3.56

Ethanol

24.6

5.2

431

3.42

Acetone

20.7

5.1

426

2.99

Propanol

19.9

3.9

432

2.39

Dichloromethane

10.5

3.5

431

2.11

Dichloroethane

9.1

3.1

431

2.26

Toluene

2.4

2.4

470

0.73

Dioxane

2.2

4.8

560

0.78

a

53 b

Notes: DEC values were obtained from reference;
PI values were obtained
from reference;54 cε values are expressed as L mol−1 cm−1.
Abbreviations: DEC, dielectric constant; PI, polarity index; ε, molar absorptivity.
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Figure 7 Benesi–Hildebrand plot of the CT complex of LFB with DDQ and the
linear fitting equation with correlation coefficient (r), AAD and [D0] are the molar
concentration of DDQ, absorbance of the complex reaction mixture, and molar
concentration of LFB, respectively.
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Molar Ratio, Molecular Modeling, Sites of
Interaction and Reaction Mechanism
The molar ratio of DDQ to LFB was determined both by
Job’s continuous variation49 and spectrophotometric
titration50 methods and it was found that the DDQ:LFB
ratio was 2:1 in both methods (Figure 8). Energy mini
mization for LFB molecule was conducted and the elec
tron density on each atom was calculated. The calculated
electron densities located on each of LFB atoms are given
on the energy-minimized LFB molecule (Figure 9A). The
values indicated that the electron densities located on the
nitrogen atom of the primary amino group (–NH2)
attached to the 3-position of the indazole ring and the
tertiary nitrogen atom of the indazole ring (2-position)
are the highest electron densities among all LFB atoms.
These densities were –0.883 and –0.707, respectively; the
negative signs indicate the electron densities. Upon energy

Figure 9 Energy-minimized LFB with charges on each atom (A) and the CT
complex of LFB with DDQ (B) (one molecule of LFB and two molecules of
DDQ). In panel (A), arrows point to the atoms having the highest electron
densities.

minimization of one molecule of LFB with two molecules
of DDQ, one DDQ molecule was adjacent to the primary
amino group (–NH2) attached to the 3-position of the
indazole ring and the second DDQ molecule was adjacent
to the tertiary nitrogen atom of the indazole ring (2-posi
tion); the atoms having the highest electron densities
(Figure 9B). Based on these results, the scheme of the
CT reaction of LFB with DDQ was postulated to proceed
as described in Figure 10.

Spectroscopic Characterization of
LFB-DDQ CT Complex
Figure 8 Job’s continuous variation (A) and spectrophotometric titration (B) plots
for determination of molar ratio of the CT reaction of LFB with DDQ.

Drug Design, Development and Therapy 2021:15

The structure of the CT complex was investigated by UVvisible, FT-IR and 1H-NMR spectroscopic techniques. The
UV-visible spectrum generated from the methanolic
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Figure 11 FT-IR spectra of DDQ (A), LFB (B) and CT complex of DDQ and LFB (C).

Figure 10 Scheme for the CT reaction pathway of LFB with DDQ.

solution of prepared solid CT complex was identical to
that of the reaction mixture of LFB and DDQ (Figure 2).
The FT-IR spectra of DDQ, LFB and the complex were
recorded (Figure 11) and the assignments of the character
istic bands are given in Table 2. The 1H-NMR spectrum
the CT complex of LFB with DDQ was recorded in d6DMSO, the chemical shift (δ) values were derived and
compared with those of the free LFB (Table 3).

Development of 96-microwell
Spectrophotometric Assay
The assay conditions were optimized by carrying out the
reaction in the 96-microwell assay plate by altering each
reaction variable in a turn while keeping the other vari
ables constant. The measurements were carried out at
the λmax of the LFB-DDQ CT complex (432 nm). The
investigated conditions were concentration of DDQ
reagent, reaction time, and temperature. The studied
range of these conditions and the optimum values
which selected for the assay development are given in
Table 4.
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Assay Validation and Application
Linear Range and Sensitivity
The optimized assay procedures were carried out using
calibration standard LFB samples and the color signals was
Table 2 The Characteristic Bands in FT-IR Spectra of DDQ, LFB
and Their CT Complex
Stretching Frequency

Assigned Function Group

(cm−1)
Component

Complex

DDQ
2255
1674

2249
1667

C≡N
C=O

1173, 800

891, 764

C-Cl

3468, 3383

3401, 3213

N-H (primary amine)

3244

3213

N-H (secondary amine)

2924
1688

2924
1667

C-H (aromatic), shoulder
C=O

1611

1565

N-H (aromatic), overlapped with C=C

1547
1317, 1227

1537
1273, 1190

C=C (aromatic)
C-N

764

–

N-H (wagging)

LFB

Drug Design, Development and Therapy 2021:15
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Table 3 1H-NMR Data of LFB and LFB-DDQ CT Complex (in DMSO-D6)
Signal

Chemical Shift, ppm

Splitting, Integration

Assignment

Location, Atom Number

C26

LFB

LFB-DDQ

1

2.29

2.28

s, 3H

CH3

2

2.51

2.51

s, 6H

MDSO

3

4.12–4.35

3.85–3.90

s, 2H

NH2

N28

4

6.79–6.82

6.81

m, 3H

Ph-H

C3, C4, C6

5

7.10–7.61

7.09–7.61

m, 4H

Ph-H

C12, C13, C15, C16

6

8.03–8.03

8.00–8.01

m, 3H

Ph-H

C20, C21, C22

7

8.55

8.53

s, 1H

Urea-NH

N10

8

9.22

9.18

s, 1H

Urea-NH

N7

9

11.73

s, 1H

Indazole-NH

N26

Abbreviations: s, singlet; m, multiplet.

Table 4 Optimization of Experimental Conditions for the 96microwell Spectrophotometric Assay for LFB Based on Its
Formation of Colored CT Complex with DDQ
Condition

Studied Range

Optimum Value

DDQ conc. (%, w/v)

0.4–1

0.5
a

Solvent

Different

Methanol

Reaction time (min)

0–40

10

Temperature (°C)

25–60

25

Measuring wavelength (nm)

350–800

432

the intra- and interassay precision, respectively. These low
RSD values proved the high precisions of the assay.
The accuracy of the proposed assay was evaluated by the
recovery studies for varying LFB concentrations (Table 7).

a

Note: Solvents used were given in Table 1.

generated (Figure 12A). The calibration curve was con
structed (Figure 12B), and linear regression of the data was
carried out by the least-squares method. The curve was linear
in the range of 2–100 μg/well (100 μL). The calibration
equation was: Y= –0.004+0.0106 X (R2=0.9990), where Y,
X, and r are the absorbance, concentration of LFB and
correlation coefficient, respectively. The International
Conference on Harmonization (ICH) guidelines56 was used
to calculate the limits of detection (LOD) and quantitation
(LOQ), and their values were found to be 1.31 and 3.96 μg/
well, respectively. The calibration parameters of the pro
posed microwell assay are given in Table 5.
Precision and Accuracy
Replicate analysis for the samples of LFB solutions at varying
concentration levels (Table 6) was conducted for assessing the
assay precisions. The RSD were 0.64–1.46 and 0.85–1.78 for

Drug Design, Development and Therapy 2021:15

Figure 12 The 96-microwell spectrophotometric assay for determination of LFB
based on its CT reaction with DDQ. Panel (A) an image of the assay plate contain
ing the calibration solutions of varying LFB concentrations (upper wells) and test
samples (lower wells). Panel (B) the generated calibration curve with the fitting
equation and determination coefficient (r2).
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Table 5 Calibration Parameters for the Analysis of LFB by the
96-microwell Spectrophotometric Assay Based on the CT
Reaction of LFB with DDQ
Parameter

Value

Linear range (µg/well)

2–100

Intercept

0.004

Standard deviation of intercept

4.2×10─3

Slope

0.0106

Standard deviation of slope

3.5×10─4

Determination coefficient

0.9990

LOD (µg/well)

1.31

LOQ (µg/well)

3.96

Table 8 Robustness and Ruggedness of the Proposed 96microwell Spectrophotometric Assay for Determination of LFB
Recovery (% ±SD)a

Parameters
Robustness
DDQ concentration (%, w/v)
0.4
0.6

99.2±1.21
98.5±1.02

Reaction time (min)
12

98.4±1.82

17
Temperature (° C)

101.2±2.13

23

97.9±1.43

28

101.5±1.75
Ruggedness

Analyst-to-analyst

Table
6
Precision of the Proposed 96-microwell
Spectrophotometric Assay at Different LFB Concentration Levels
Concentration (μg/Well)

100.2±1.05

Analyst-2

99.4±1.18

Day-to-day

Relative Standard Deviation (%)

Day-1
Day-2

98.9±1.24
102.3±1.82

Intra-assay, n=3

Day-3

101.2±1.76

Interassay, n=3

5

0.82

1.05

10

1.46

1.52

20

1.43

1.78

40

0.82

1.45

80

0.64

0.85

The recovery values were 97.8–101.4±1.04–1.54%, indicat
ing the accuracy of the proposed assay.
Robustness and Ruggedness
The proposed assay was conducted with small changes in its
experimental conditions, and it was found that these small
Table 7 Recovery Study for Determination of LFB by the
Proposed 96-microwell Spectrophotometric Assay
Concentration (μg/well)

Recovery (% ±SD)a

a

Note: Values are the mean of three determinations ±SD.

changes do not significantly affect the results of the assay;
recovery values ranged from 97.9–101.5±1.02–2.13% (Table
8). This confirmed the convenience of the proposed assay for
routine application for the analysis of LFB.
Ruggedness was also tested by carrying out the assay by
two different analysts on three different days. Results obtained
from analyst-to-analyst and day-to-day variations were repro
ducible, as the RSD values did not exceed 2% (Table 8).
Analysis of LFB Tablets
The laboratory-made tablets were prepared and subjected to
the analysis by the proposed assay for their LFB content. The
obtained mean percentage recovery, relative to the claimed
amounts, was 100.58±1.14%. This good recovery value indi
cated the reliability of the proposed assay for routine applica
tion for the accurate determination of LFB in its tablets.

Taken

Measured

5

4.96

99.2±1.54

Discussion

10

9.87

98.7±1.29

20

20.28

101.4±1.04

40

40.04

100.1±1.45

80

78.24

97.8±1.26

This appearance of a new absorption band upon the reac
tion of LFB with DDQ, and the gradual continuous
increase in this band with the reaction time and LFB
concentrations was confirmative for the formation of LFBDDQ product. The shape and pattern of the resulting
absorption bands of LFB with DDQ are similar to that of

Note: aValues are mean of three determinations.
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radical anion of the DDQ acceptor obtained by the reduc
tion method and coincide with the reported literature.57,58
Therefore, the reaction product was postulated to be a CT
complex between LFB as an electron donor (D) and DDQ
as a π-electron acceptor (A), and the reaction proceeded in
polar solvent (methanol) to form the CT complex (D-A),
which was subsequently dissociated by the high ionizing
power of the polar solvent and formed the radical anion of
the acceptor:
DþA

Polar solvent

!

ðD

AÞ ! Dþ þA

Complex

Radicalions

For further confirmation of the CT nature of the reac
tion, the red color disappeared upon acidification of the
reaction mixture with mineral acids. All these observations
are confirmative for the formation of the CT complex
between LFB and DDQ.
The good correlations of ε values obtained for the
reaction different solvents with both the dielectric
constants53 and polarity indexes54 of the solvents was
attributed to the complete electron transfer from LFB
(electron donor; D) to DDQ (electron acceptor; A) that
takes place in the polar solvents. For subsequent experi
ments, methanol was selected for the subsequent experi
ments because it also offered high ε value. This was
attributed to the relatively high dielectric constant of
methanol that promotes maximum yield of radical anion
of DDQ, in addition to its high solvating power for both
LFB and DDQ.
The DDQ:LFB ration (2:1) suggested that two elec
tron-donating sites on the LFB molecule participated in the
formation of the colored CT complex with DDQ, and two
DDQ molecules were required for formation of the com
plex. In order to assign these two sites among the multiple
electron-donating sites which are available on the LFB
molecule (Figure 1), energy minimization for the LFB
molecule was conducted and the electron density on each
atom was calculated. The calculated electron densities
located on each of the LFB atoms are given on the energyminimized LFB molecule (Figure 9A). These cumulative
results (the molar ratio and computational molecular mod
eling), confirmed that the nitrogen atom of the primary
amino group (–NH2) attached to the 3-position of the
indazole ring and the nitrogen atom of the 2-position of
the indazole ring itself are the electron-donating sites on
LFB molecules which involved in the formation of its CT
complex with DDQ. The other anticipated atoms did not
participate in the formation of the CT complex. This was

Drug Design, Development and Therapy 2021:15

explained by the fact that certain electron density and
geometrical conformation space were required for partici
pation in CT reaction and successful formation of CT
complexes.3
The formation of the CT complex was strongly evi
denced by the presence of the main characteristic bands of
the donor (LFB) and acceptor (DDQ) in the FT-IR spec
trum of the CT complex. The interpretation of the FT-IR
spectrum of the CT complex was concerned with the
changes in intensities and shifts in vibrational frequencies
compared with those of the LFB and DDQ.2
In the FT-IR spectrum of free DDQ (Figure 11), the
vibration of C≡N occurred at 2255 cm−1, while in the
complex, it occurred at 2249 cm−1 (Table 2). The presence
of C≡N of DDQ at lower frequency in the spectrum of the
complex indicated that the group did not form covalent
hydrogen bonding upon complexation with LFB. The
DDQ intensities and vibration frequencies of C=O (at
1674 cm−1) and C-Cl (at 893 and 800 cm−1) exhibited
decrease in intensities and shifts to lower frequencies
upon complexation as the C=O occurred at 1667 cm−1
and the C-Cl occurred at 891 and 764 cm−1. These obser
vations clearly confirm that the C≡N group of DDQ parti
cipates in the complexation process. In addition, the two
C≡N groups of DDQ are electron-withdrawing and exist in
conjugated bonding system making the aromatic ring an
electron-withdrawing region and the π*-CN charge trans
fer from LFB more easily. This assumes that the com
plexation of DDQ and LFB occurred via n-π* and/or ππ* charge transfer from the highest occupied molecule
orbital (HOMO) of LFB to the lowest unoccupied mole
cular orbital (LUMO) of DDQ.
The characteristic band of N-H stretching of the pri
mary aromatic amine of free LFB is observed at 3468 and
3383 cm−1, and the band of N-H stretching of the 1-posi
tion of the indazole ring is observed at 3244 cm−1. The
N-H stretching frequency is observed at 1611 cm−1 that
overlapped with that of the aromatic C=C stretching. The
C-N stretching is observed at 1317 and 1227 cm−1. In the
CT complex, all these bands were shifted to lower fre
quencies (Table 2). Deformation of the N-H of both aro
matic -NH2 and N-H of the indazole ring is observed in the
spectrum of the complex (Figure 11).
In the 1H-NMR spectra of the CT complexes, the pro
tons of the donor are generally shifted to lower fields.11
Downfield shifts (Δδ=0.0.27–0.45 ppm) of the protons of
both the aromatic -NH2 and N-H of the indazole ring were
observed in the spectrum of the LFB-DDQ CT complex,
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which appeared at δ 3.85–3.9 (s, 2H) and 11.73 (s, 1 H)
ppm, respectively; compared with 4.12–4.35 and 11.43
ppm (respectively) in the spectrum of LFB alone. The
1
H-NMR spectrum of the LFB-DDQ CT complex showed
no considerable shifts in the signals of urea protons or the
aromatic protons of the 2-fluoro-5-methylphenyl moiety.
These complementary observations, taking the results
of molecular modelling in account, confirmed that the
nitrogen atoms of the aromatic –NH2 and tertiary nitrogen
of the indazole ring are the two electron-donating sites on
LFB molecule that participated in the formation of the CT
complex with DDQ.
Our interest in developing a CT-based spectrophoto
metric assay for LFB because of the inherent simplicity
of the technique and absence of literature from any
spectrophotometric assay for LFB. Besides, the existing
UPLC-MS/MS59,60 and spectrofluorimetric61 assays are
either instrumentally intensive, have limited throughputs
or were not validated for analysis of LFB bulk and
dosage forms. Because the conventional CT-based spec
trophotometric assays have limited throughput and con
sume large volumes of organic solvents, which are
expensive and more importantly cause toxic effects to
the analysts,62–64 the present study was devoted to
developing a new spectrophotometric assay for LFB,
devoid of these drawbacks, by carrying out its CT reac
tion with DDQ in a 96-microwell assay plate and mea
suring the color intensities by an absorbance microplate
reader. This methodological approach uses small
volumes of organic solvents and offers high-throughput
analysis that meets the demand of pharmaceutical qual
ity control laboratories because it allows the analyst to
quickly conduct large numbers of samples and collect
massive data, which may exhaust resources in terms of
time, effort and reagent.65,66
The validation parameters obtained from the validation
studies of the 96-microwell assay described in this article
confirmed the reliability of the assay for its routine use in
QC of LFB in pharmaceutical industries.

Conclusion
The formation of CT complex of LFB and DDQ was
studied, and its optimum experimental conditions were
established. The complex was characterized by spectro
metric techniques. The spectral data indicated that the
interaction between LFB and DDQ occur through n →
π* interaction with a molar ratio of 1:2 (LFB:DDQ).
According to the reaction stoichiometry and computational
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molecular modeling of the complex, the reaction pathway
was postulated. The results showed that the investigated
CT-complex is stable, exothermic and spontaneous. The
reaction was adapted as a basis for a new 96-microwell
spectrophotometric assay for determination of LFB in its
bulk and dosage form (tablets). The developed assay is the
first report presenting a spectrophotometric assay for LFB.
The assay provided a high throughput that enables analysis
of large a number of samples in a relatively short time. In
addition, the assay is considered eco-friendly as it con
sumes low volumes of organic solvents when applied in
pharmaceutical quality control laboratories.
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