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A B S T R A C T   

A series of new imidazole-phenazine derivatives were synthesized via a two-step process. The 
condensation of 2,3-diaminophenazine and benzaldehyde derivatives proceeds with intermediate 
formation of an aniline Schiff base, which undergoes subsequent cyclodehydrogenation in situ. 
The structures of the synthesized compounds were characterized by 1D and 2D NMR, FTIR and 
HRMS. A total of thirteen imidazole phenazine derivatives were synthesized and validated for 
their inhibitory activity as anti-dengue agents by an in vitro DENV2 NS2B-NS3 protease assay 
using a fluorogenic Boc-Gly-Arg-Arg-AMC substrate. Two para-substituted imidazole phenazines, 
3e and 3k, were found to be promising lead molecules for novel NS2B-NS3 protease inhibitors 
with IC50 of 54.8 μM and 71.9 μM, respectively, compared to quercetin as a control (IC50 104.8 
μM). The in silico study was performed using AutoDock Vina to identify the binding energy and 
conformation of 3e and 3k with the active site of the DENV2 NS2B-NS3 protease Wichapong 
model. The results indicate better binding properties of 3e and 3k with calculated binding en-
ergies of − 8.5 and − 8.4 kcal mol− 1, respectively, compared to the binding energy of quercetin of 
− 7.2 kcal mol− 1, which corroborates well with the experimental observations.   

1. Introduction 

Dengue infections caused by the pathogenic flaviviruses transmitted by Aedes aegypiti and Aedes albopictus, to humans is a serious 
health concern globally [1]. In Malaysia alone, a cumulative 56,721 cases including 39 fatalities due to dengue was reported by the 
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World Health Organization (WHO) by August 2023, an increase of 144.7 % compared to 23,183 cases and 16 deaths in the same period 
in 2022 [2]. Meanwhile, as of July 27, 2023, more than three million cases and over 1500 deaths related to dengue have been recorded 
worldwide, surpassing the 2.8 million dengue cases reported during the whole of 2022 [3]. 

The single-stranded positive-sense RNA genome of a flavivirus is translated into a polyprotein, which is subsequently cleaved by the 
host and the virus into three structural proteins (capsid, C; membrane, prM/M; and envelope, E) and seven non-structural proteins 
(NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) [4]. In addition, the four major dengue virus serotypes DENV1, DENV2, DENV3 and 
DENV4 are the most important re-emerging arboviruses in terms of geographical distribution and frequency of infection [5]. 
Therefore, these distinct serotypes were thought to be the trigger of dengue fever, including dengue hemorrhagic fever, which in severe 
cases is usually fatal. In the absence of an appropriate treatment, severe dengue infection has a high morbidity and mortality rate [6]. 

The active site of the NS3 serine protease carries the catalytic triad comprising of three amino acid residues, namely HIS51, ASP75 
and SER135. However, for optimal catalytic activity, NS2B must act as a cofactor of NS3 serine protease [7], as it contributes to the 
activity of NS3 through its hydrophobic region, where it participates in membrane attachment during the cleavage process, while the 
hydrophilic region retains and promotes the activation of NS3 [8]. The synthesis of the polyprotein precursor depends on the serine 
protease of the non-structural protein NS2B-NS3, which is critical for viral replication. Thus, this unique two-component NS2B-NS3 is 
an important target for the development of most anti-dengue drugs [9]. 

The design and development of several promising heterocyclic scaffolds as antiviral drug candidates for dengue virus (DENV) 
suppression has been driven by recent developments in medicinal chemistry. Previous studies have described quinoline [10], piper-
idone [11], thioguanine [12] and benzimidazole [13] as DENV2 NS2B-NS3 protease inhibitors. These compounds have an N-het-
erocyclic structure that could provide a good scaffold for such inhibitor. In this project, we are focusing on the hybrid compounds of 
phenazine and imidazole. 

Phenazine is also a member of the N-heterocyclic compound. Most naturally occurring phenazines are derived from terrestrial and 
marine microbes [14]. These heteroaromatic, conjugated, nitrogen-containing systems are the building blocks of a variety of organic 
materials, both natural and synthetic [15]. In recent years, phenazines has widely attracted considerable attention due to their 
interesting biological activities such as antimalaria, antiprotozoal [16], antifungal [17] and antibiotic agents [18]. In addition, the 
development of phenazine derivatives as inhibitors of disease-related targets and their apparent activity in inhibiting enzymes such as 
tyrosine kinase [19] and topoisomerase [20] made them ideal for the purpose of this study. Despite the relevance of phenazine de-
rivatives, there is still a dearth of information on their potential as inhibitors of DENV2 NS2B-NS3 protease. The only comparative 
research was observed in silico, where two nitro-benzylidene phenazine derivatives (Fig. 1A and B) with pharmacophore hit of 52 %– 
55 %, demonstrated their stability in the primary binding pocket of NS2B-NS3 protease with MM-PBSA binding energies ranging from 
− 22.53 to − 17.01 kcal mol− 1, indicating probable binding in DENV2 NS2B-NS3 protease [21]. 

Another aromatic heterocyclic scaffold is imidazole, which belongs to the class of five-membered cycle. An imidazole structure 
consists of three carbon atoms and two nitrogen atoms that are not vicinal to one another. Imidazole is amphoteric and highly polar by 
nature [22]. Due to their bioactivity, substituted imidazole scaffolds exhibit a wide range of biological activities, including antiviral, 
anti-HIV, analgesic, anticancer, anti-inflammatory, and antibiotic activities [23]. In 2018, Sucipto et al. proposed an imidazole 

Fig. 1. Reported phenazine and imidazole motifs as anti-dengue inhibitors. (A) and (B) The nitro-benzylidene phenazine derivatives reported as 
potential inhibitors of DENV2 NS2B-NS3 (in silico study) [21]. (C) Imidazole nucleoside derivatives reported as DENV2 NS2B-NS3 inhibitor [25]. (D) 
The benzimidazole derivative studied as DENV2 NS2B-NS3 inhibitor [26]. (E) The investigated imidazole thioguanine derivative on DENV2 
NS2B-NS3 inhibitory activities [12]. 
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complex for anti-dengue inhibition for the first time [24]. A few more studies on imidazole scaffolds (Fig. 1C, D and 1E) as dengue 
inhibitors was reported since then [12,25–27]. 

Imidazole phenazine derivatives was previously discovered as anticancer [28], antiproliferative [29], tuberculostatic [30] and 
chemsensor [31]. Amer et al. were the first to report this ligand in 1999 [32], which was later characterized spectroscopically by Lei 
and co-workers in 2011 with substituents varied on the terminal benzene ring [33]. In this article, we report the synthesis of imidazole 
phenazine derivatives, biological evaluation and in silico study on DENV2 NS2B-NS3 protease. This is the first updated study for this 
hybrid compound. 

2. Results and discussions 

2.1. Chemistry 

The synthesis of imidazole phenazine with various substituents on the terminal benzene ring is shown in Scheme 1. This reaction 
initially proceeds by condensation 2,3-diaminophenazine with aldehyde in ethanol under reflux which then undergo an oxidative 
cyclization step to form the desired products 3a-3m. The reaction conditions used herein reflux of 1 equiv. of diamine 1 with 2 equiv. of 
aldehyde 2 in ethanol. The result was supported by the manuscript published by Lin et al. [34]. In the current report, the process is 
catalyst-free and utilizes ethanol as a solvent, which is in accordance with the principles of green chemistry [35]. The reactions 
afforded the final compounds imidazoles 3a-3m with various donating and acceptor substituents in the aromatic ring with a yield 
between 15 % and 90 %. However, the research is subject to a limitation, as all synthesized compounds have a melting point more than 
300 ◦C. The melting points were measured using the Stuart SMP10 digital melting point instrument (Stuart Scientific Bibby Sterilin 
Ltd., UK), which can only measure temperature up to 300 ◦C. Thus, the exact range of melting points is unspecified in this manuscript. 

A suggested mechanism for the synthesis of the imidazole phenazine derivatives 3a-3m is depicted on Scheme 2. The nitrogen of 
the amine acts as a nucleophile and attacks the electrophilic carbonyl carbon of the benzaldehyde to form a Schiff base (C––N) and a 
water molecule displaced [36]. It then undergoes through a cyclization process in which the intramolecular nucleophilic attack on the 
imine carbon form 5-membered imidazoline ring. The latter is prone to fast oxidation into aromatic imidazole motif by action of air 
oxygen, which is well-documented in the literature [37–40]. 

The structural elucidation of imidazole phenazine hybrid 3a-3m was carried out based on their spectrum including 1D and 2D 

Scheme 1. Synthesis of imidazole phenazine derivatives 3a-3m.  
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NMR, FTIR, and HRMS, and comparison with literature data for related compounds. The compound 2-(2,4-dihydroxyphenyl)-1H- 
imidazo [4,5-b]phenazine (3h), having a degree of unsaturation value of 16 was obtained as brownish orange solid and is used as a 
characteristic representative for further discussion of spectral data. The HRMS spectrum of compound 3h exhibits molecular ion 
[M+H]+ with m/z 329.1035, corresponding to the molecular formula C19H12N4O of imidazole compound with m/z 329.1039, 
confirmed the structural elucidation of 3h. The IR absorptions at 3400, 3234, 3064, and 1631 that were correlated to the to N–H 
stretching, O–H stretching, C––C aromatic stretching, C–C bending, and C––N imidazole stretching, respectively. 

The 1H NMR data for the compound 3h exhibits characteristic region of δH 6.49–13.26. The absence of the –NH2 peak and the 
appearance of a singlet with integral of 1H in the δH 13.26 ppm correspond to the –NH group of the imidazole ring, which supports the 
structure of the product. Moreover, there is no singlet observed at δH 8.00, expected for the structure of the Schiff’s base. The singlet 
peaks at δH 13.00 and 10.41 correspond to –OH group at ortho and para position of substituents benzene ring. The protons of the 
benzene ring were observed in the aromatic proton zone between δH 6.49–8.40. The structure was confirmed with 13C NMR spectrum, 
which has a total number of 19 carbon signals exhibited in the aromatic zone at the range of δC 103.6–163.3. 

Further structure elucidation for the compound 3h is illustrated (Fig. 2): using 2D-NMR spectroscopy such as COSY, and HMBC the 
connectivity of the derivative hybrid between phenazine and imidazole moiety was established. The substitute terminal benzene on the 
core imidazole phenazine showed the aromatic proton of H-2′, H-5′, and H-6′ exhibited at δH 6.49 (d, J = 2.3 Hz), 8.04 (d, J = 8.6 Hz) 
and 6.55 (dd, J = 2.3, 8.6 Hz) respectively. The resonance of C-2′, C-5′, and C-6′ in HSQC was assigned at δC 103.6, 129.9, and 109.0, 
respectively. The neighbouring proton correlation was revealed by the 1H–1H–COSY spectrum. The protons of phenazine ring dis-
played cross-peaks between protons assign at δH 7.89–7.88 (H-13, H-14) to their neighbouring protons at δH 8.24–8.23 (H-12, H-15). 
Another proton-proton correlation, H-5′ with H-6′ are observed within the substitute benzene ring system. HMBC spectrum which 
signified correlations between the protons to carbons showed that the skeletal framework of phenazine is confirmed by the cross- 
correlation of H-6, H-9, H-13 and H-14 with δC 140.8 (C-7), δC 140.7 (C-8), δC 142.1 (C-11), and δC 142.2 (C-10), respectively. In 
addition, H-6 showed the correlation with δC 139.4 (C-5) and H-9 with δC 147.2 (C-4) confirm the connectivity of phenazine group and 
imidazole ring. The cross-correlation of H-5′ with δC 160.7 (C-2) revealed the linked terminal benzene ring substituent attached to the 
2-imidazole group. The presence of ortho and para substituted benzene-diol group was further proof by correlation of H-2′ with C–OH 
δC 161.9 (C-3′), H-6′ with δC 104.2 (C-4′) and O–H′ at δH 10.41 was seen to correlated with δC 103.6 (C-2′) and δC 129.3 (C-6′). 

Scheme 2. Proposed mechanism for the formation of imidazole phenazine derivatives 3a-3m via condensation reaction [41].  

Fig. 2. COSY and HMBC correlations of compound 3h.  
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2.2. Biology 

2.2.1. DENV2 NS2B-NS3 protease inhibitory assay 
The protease and substrate concentrations used in this assay were 3.5 μM and 150 μM, respectively (see Supporting Information S40 

for more details). First, screening of all synthesized compounds 3a-3m at 700 μM was performed using the optimized dengue protease 
assay to estimate the inhibitory activity of the sample compounds. It was found that all compounds inhibited dengue protease at 700 
μM by more than 50 % except 3b (Table 1 and Fig. 3). 

The half-maximal inhibitory concentration (IC50) values of the compounds with more than 50 % inhibition at 700 μM were 
determined at different concentrations in a range of 5.5–700.0 μM. Quercetin was selected as a positive control mainly because of its 
established antiviral capabilities and prior correlation with dengue virus suppression as it has been previously reported against DENV2 
and impaired virus replication in cells [42]. Thus, using quercetin as a control in an NS2B-NS3 dengue protease inhibition assay to 
evaluate a synthesized compound may be a valid approach. It can help validate the assay, performance by providing a reference point 
for inhibition. 

Compounds 3e and 3k, having a nitro group (–NO2) and a trifluoromethoxy group (–OCF3) at the para-position of the benzene 
substituent, displayed some level of inhibition of DENV2 NS2B-NS3 protease showed most potency in comparison to other derivatives 
with IC50 values of 54.8 μM and 71.9 μM, respectively, compared to quercetin (IC50 = 104.8 μM) (Fig. 4). This suggests that both 3e and 
3k have the potential to be developed as anti-dengue drugs. Meanwhile, compounds 3a, 3d, 3f and 3i show slightly strong inhibition 
against DENV2 NS2B-NS3 with IC50 of 85.9 μM, 79.0 μM, 92.7 μM and 92.1 μM, respectively. Nonetheless, other derivatives show 
moderate inhibition with IC50 > 100 μM (Table 2). 

2.3. Molecular docking 

The two potent imidazole phenazine were then investigated for their ΔGbind and further understanding on the binding mechanism 
of the anti-dengue effect via a molecular docking approach. The interaction and binding energy were performed between the com-
pounds and the active site of DENV2 NS2B-NS3 protease Wichapong model [43]. This model has been successfully used in the search 
for hits used in some projects for the discovery of DENV2 NS2B-NS3 protease inhibitors with thioguanine [7,12], malabaricon, 
acylphenol [44] and benzofuranone [45]. The use of a homology model, a reliable 3D model generated from its amino acid sequence, is 
acceptable for computational analysis [46]. Table 3 summarizes the binding energies of the docked DENV2 NS2B-NS3 protease with 3e 
and 3k, while Table 4 shows the specific types of binding interactions. The calculated lowest binding energy between 3e and DENV2 
NS2B-NS3pro is − 8.50 kcal mol− 1, while 3k is − 8.4 kcal mol− 1. 

The synthesized imidazole phenazine 3e showed six hydrogen bonds and five hydrophobic interactions with the active site of 
DENV2 NS2B-NS3 protease. 3e showed three conventional hydrogen bonds interactions, where one of it exhibited between the 
hydrogen atom of –NH on the imidazole ring with B:GLY151, while two other hydrogen bonds interacted with the hydrogen atom of 
the hydroxyl group on the substituted phenyl ring with A:GLY82 and B:ASN152. Meanwhile, a carbon-hydrogen bond is formed 
between B:TRP50 and the oxygen atom of the nitro group. Furthermore, the interaction between phenyl group of the phenazine and 
imidazole ring with B:TRY161 and B:HIS51, respectively, was recognized as a π-donor hydrogen bond. The hydrophobic interaction 
was linked by the binding of substituent phenyl, and imidazole ring via π-π stacked and π-π T-shaped interactions respectively with B: 
HIS51. In addition, π-π stacked interaction also occurred between phenazine as a whole with B:TRY161. The binding was also sta-
bilized through van der Waals forces of 3e with A:ASP81, B:TRP50, B:VAL72, B:ASP75, A:SER83, B:SER135, B:PHE130, B:ASP129, and 
B:VAL155 (Table 4, Fig. 5A). 

Another potential anti-dengue compound, 3k, displayed three hydrogen bonds interaction where, one carbon hydrogen bond 
observed between the fluorine atom of the trifluoromethoxy and the B:TRP50. The interaction of the π-donor H-bond was observed 
between the pyrazine of phenazine and B:TYR161. Another π-donor H-bond was found between the imidazole ring and B:HIS51. A 
halogen bond was also formed between the fluorine atom of the trifluoromethoxy group with three amino acid residues, A:ASP81, B: 
VAL72 and B:ASP75. Meanwhile, the carbon atom of the trifluoromethoxy group formed an alkyl and π-alkyl interaction with B:VAL72 
and B:TRP50, respectively. The main block, imidazole phenazine, formed a similar hydrophobic interaction as 3e. Phenazine and B: 
TRY161 were linked via a π-π stacking interaction. The substituent phenyl and the imidazole ring bind with B:HIS51 via π-π stacked and 
π-π T-shaped interactions, respectively. The van der Waals forces stabilized the binding of 3k with A:GLY82, B:ASN152, B:GLY151, B: 
SER135, B:PHE130, and B:ASP129 (Table 4, Fig. 5B). 

Table 1 
Percentage of enzyme activity and inhibition of imidazole phenazine derivatives at 700 μM in DMSO.  

Compd. % inhibition Compd. % inhibition 

3a 83.50 ± 1.96 3h 84.70 ± 1.26 
3b 46.65 ± 1.68 3i 75.68 ± 0.26 
3c 55.31 ± 0.39 3j 60.27 ± 2.27 
3d 83.88 ± 1.67 3k 63.32 ± 2.80 
3e 95.46 ± 1.75 3l 78.23 ± 0.03 
3f 70.85 ± 1.46 3m 84.75 ± 0.89 
3g 53.28 ± 2.76 Quercetin (Control) 90.27 ± 0.49 

± standard deviation for n = 3 experiments. 

N.S.D. Khalili et al.                                                                                                                                                                                                    



Heliyon 10 (2024) e24202

6

It was discovered that the NS3 residues with different interaction type and strength contributed most to the interactions between 
the inhibitors and the active site of DENV2 NS2B-NS3 Wichapong model, including HIS51, ASP75 and SER135, which are the standard 
catalytic triad of NS3 protein residues. Virion development and viral replication depend on NS3 protein residues. Nevertheless, the 

Fig. 3. Histogram representing the percentage of inhibition of the synthesized imidazole phenazine derivatives compared to the positive control 
(quercetin) at 700 μM. 

Fig. 4. Dose response curves of compounds 3e and 3k compared to the positive control (Quercetin) on NS2B/NS3 proteases.  

Table 2 
The list of imidazole phenazine derivatives with their experimental IC50 against DENV2 NS2B-NS3pro.  

Compd. R1 R2 R3 R4 IC50 (μM) 

3a H NO2 OCH3 H 85.9 ± 6.9 
3b OH H H H ND 
3c H OCH3 OCH3 H 129.3 ± 6.7 
3d OCH3 H NO2 H 79.0 ± 7.9 
3e H OH NO2 H 54.8 ± 7.1 
3f OH Br H H 92.7 ± 6.2 
3g H OCH3 OCH3 OCH3 136.3 ± 8.0 
3h OH H OH H 147.1 ± 22.9 
3i H H CH(CH3)2 H 92.1 ± 6.9 
3j H H OH H 183.9 ± 15.2 
3k H H OCF3 H 71.9 ± 8.0 
3l F H H H 168.8 ± 0.5 
3 m H H F H 158.2 ± 16.3 
Quercetin     104.8 ± 25.6 

± standard deviation for n = 3 experiments. 
Abbreviation: ND, not determined. 

Table 3 
In vitro inhibition and in silico binding energy of the potent synthesized compounds on DENV2 
NS2B-NS3 protease.  

Compd. IC50 (μM) ΔGbind (kcal mol− 1) 

3e 54.77 − 8.50 
3k 71.88 − 8.40 
Quercetin 104.80 − 7.20  
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region of NS2B is also required for catalytic activity [47]. Therefore, it is suggested that having more interaction with the residue will 
lead to a better result in the inhibitory activity. Furthermore, to create the stable energy-favored ligands at the interface of a protein 
structure and alter the binding affinity for the drug efficacy, it was crucial to observe the hydrogen bonding and optimize the hy-
drophobic interactions [48]. It was found that both 3e and 3k showed more hydrogen bonding interactions with NS2B-NS3pro 
compared to quercetin (Table 4). These findings indicate that the results of the in vitro study are consistent with the in silico studies. 

2.4. Structure-activity relationship studies (SARs) 

The structure-activity relationship studies were performed to identify the effect between the chemical structure of the synthesized 
compounds and their potential against the DENV2 NS2B-NS3 protease based on the IC50 values (see Table 2). As explained in Section 
2.3, it is suggested that the primary building block, imidazole phenazine, forms a hydrophobic interaction with the NS2B-NS3pro, as 
the phenazine and B:TRY161 are linked via a π-π stacking interaction. In contrast, the terminal phenyl ring and the imidazole ring bind 
to one of the catalytic triads B:HIS51 via π-π-stacking and π-π-T-shaped interactions, respectively. The different substituents on the 
terminal benzene ring alter the inhibition potency of the synthesized compound. 

Para-substituted compounds have been found to have advantages in molecular interactions with the NS2B-NS3 protease. These 
advantages include lower steric hindrance, favorable electrostatic interactions, optimal conformation, π-π stacking, and hydrophobic 
complementarity. Compound 3e with a substituted nitro group (–NO2) on the para-position and hydroxy group (–OH) on the meta- 
position of the benzene ring exhibits the most promising DENV2 NS2B-NS3 inhibitory activity (IC50 = 54.8 μM). However, when 
the hydroxy group was removed and replaced by a methoxy group (− OCH3) in ortho-position 3d, the inhibitory activity is reduced by 
1.4-fold (IC50 = 79.0 μM). When the nitro group was shifted from the para to the meta position and the para-position was replaced by 
–OCH3 3a, the inhibitory activity also decreased slightly by 1-fold (IC50 = 85.9 μM). 

Subsequently, the imidazole phenazine with substituted trifluoromethoxy (–OCF3) on the para-position phenyl ring 3k also showed 
a great inhibition activity (IC50 = 71.9 μM μM). Replacement with tert-butyl (–CH(CH3)2) 3i reduces the activity by a fold (IC50 = 92.1 

Table 4 
The key interactions of the compounds 3e and 3k with the amino acids of NS2B-NS3pro Wichapong model.  

Enzyme Cpd. Protein 
residue 

Interaction unit of 
the compound 

Distance 
(Å) 

Type of 
interactions 

vdW Interactions 

NS2B-NS3pro 
(Wichapong 
model) 

3e B:GLY151 Imidazole 3.01 H Bond A:ASP81, B:TRP50, B:VAL72, B:ASP75, A: 
SER83, B:SER135, B:PHE130, B:ASP129, B: 
VAL155 

A:GLY82 Phenyl 2.22 H Bond 
B:ASN152 2.79 H Bond 
B:TRP50 NO2 2.77 Carbon 

H Bond 
B:TYR161 Phenyl of phenazine 3.24 π-Donor 

H Bond 
B:HIS51 Imidazole 2.54 π-Donor 

H Bond 
B:HIS51 Phenyl 4.19 π-π Stacked 
B:TYR161 Phenyl of phenazine 3.70 π-π Stacked 
B:TYR161 Pyrazine of 

phenazine 
4.18 π-π Stacked 

B:TYR161 Phenyl of phenazine 5.61 π-π Stacked 
B:HIS51 Imidazole 4.52 π-π T-shaped 

3k B:TRP50 OCF3 2.26 Carbon 
H Bond 

A:GLY82, 
B:ASN152, 
B:GLY151, 
B:SER135, 
B:PHE130, 
B:ASP129 

A:ASP81 3.57 Halogen 
B:VAL72 3.50 Halogen 
B:ASP75 3.42 Halogen 
B:TYR161 Pyrazine of 

phenazine 
2.99 π-Donor 

H Bond 
B:HIS51 Imidazole 2.34 π-Donor 

H Bond 
B:HIS51 Phenyl 4.65 π-π Stacked 
B:TYR161 Phenyl of phenazine 3.69 π-π Stacked 
B:TYR161 Pyrazine of 

phenazine 
4.39 π-π Stacked 

B:HIS51 Imidazole 4.44 π-π 
T shaped 

B:VAL72 OCF3 4.72 Alkyl 
B:TRP50 4.75 π-Alkyl 

Quercetin B:SER135 OH pyranone 2.58 H bond B:PHE130, B:ASP129, B:VAL155, B:GLY153, B: 
ASN152, B:ASP75 B:GLY151 OH pyranone 2.76 H bond 

B:TYR150 OH phenol 3.08 H bond 
B:HIS51 Phenyl 4.28 π-π Stacked 
B:TYR161 Pyranone 4.14 π-π Stacked 

Phenol 3.79 π-π Stacked  
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μM). In contrast, when the substituent at the para-position of the benzene ring is replaced by fluorine (− F) 3m, the inhibition is 
decreases by 2.2-fold (IC50 = 158.2 μM) and moving the fluorine to the ortho-position 3l, further reduced the inhibition activity (IC50 
= 168.8 μM). The compound with the hydroxyl group at the para-position of the phenyl ring 3j exhibits lowest inhibitory activity (IC50 
= 183.9 μM) compared to the other imidazole phenazine derivatives, with a decrease 3-fold contrast to 3e. 

Consistent with the molecular docking study of 3e and 3k, the carbon-hydrogen interactions between the para-position NO2 and 
OCF3 of compounds 3e and 3k, respectively, are formed with the NS3 residue of TRP50. The electron-withdrawing nature of the NO2 
and OCF3 groups enables them to form polar interactions with the protease through hydrogen bonding. Furthermore, the additional 
presence of meta-position hydroxyl group on the substituted phenyl ring of 3e forms hydrogen bonds with A:GLY82 and B:ASN152, 
explains the better inhibition of 3e compared to 3k. 

In short, we notice significance of the presence of an electron-withdrawing group and the positioning of the substituent, especially 
on the phenyl ring in para-position, exerts a positive influence on binding and inhibitory activity in the DENV2 NS2B-NS3 protease. 
NO2 and OCF3 are stronger electron-withdrawing groups due to the presence of highly electronegative elements such as nitrogen and 
fluorine. Although CH(CH3)2 withdraws electrons, it is weaker compared to NO2 and OCF3. OH, is an electron-donating group, and 
both F and OCH3 are relatively weak electron-withdrawing groups compared to the other groups in the list. Nevertheless, the sub-
stituent at ortho- and meta-position on the benzene ring also influences the effectiveness of the inhibitory activities. Fig. 6 summarizes 

Fig. 5. The three-dimensional binding modes of compounds 3e (A) and 3k (B) are presented at the active site of NS2B-NS3 protease.  
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the structure-activity relationships (SARs) studies of these imidazole phenazine derivatives. 

3. Conclusion 

A series of imidazole phenazine hybrids were synthesized, with yields ranging from 15 % to 90 %. Thirteen compounds were tested 
for their inhibition of DENV2 NS2B-NS3 protease, and two compounds, 3e and 3k, showed significant inhibitory activity with IC50 
values of 54.8 μM and 71.9 μM, respectively. Molecular docking confirmed their binding to the target site. The study concludes that 
compounds 3e and 3k could be potential anti-dengue candidates, affirming further in vivo studies and lead structure optimization. 
Additionally, the study presents a convenient and environmentally benign method for the synthesis of imidazole phenazine by the 
reaction of substituted 2,3-diaminophenazine with benzaldehyde in a straightforward one-pot reflux process which might be beneficial 
for future studies and upscaling. 

4. Materials and methods 

4.1. Chemistry 

All materials and chemicals, 2,3-diaminophenazine, 4-methoxy-3-nitrobenzaldehyde, 2-hydroxybenzaldehyde, 3,4-dimethox-
ybenzaldehyde, 2-methoxy-4-nitrobenzaldehyde, 3-hydroxy-4-nitrobenzaldehyde, 3-bromo-2-hydroxybenzaldehyde, 3,4,5-trime-
thoxybenzaldehyde, 2,4-dihydroxybenzaldehyde, 4-isopropylbenzaldehyde, 4-hydroxybenzaldehyde, 4-trimethoxybenzaldehyde, 2- 
fluorobenzaldehyde, 4-fluorobenzaldehyde, and ethanol were purchased from Sigma-Aldrich Co., Merck Chemical Co., and Fine 
Chemical Co. All chemicals were used without further purification unless stated otherwise. The reactions were carried out in dried 
glassware under the exclusion of moisture. Thin-layer chromatography investigation was performed on silica gel 60 F254. Visualization 
was done by Ultraviolet light (254 nm). The nuclear magnetic resonance experiments were conducted using 700 MHz ASCEND 
spectrometer and Advance Bruker 500 MHz (Bruker Bioscience, Billerica, MA, USA). The data were analyzed using Top Spin 3.6.2 
software package and chemical shifts were established in ppm referring to the solvent signals in DMSO-d6 (1H δ 2.50; 13C δ 39.50). The 
infrared (IR) spectra were recorded through PerkinElmer FT-IR spectrometer RX1 (ATR) and Shimadzu FTIR spectrometer (KBr 
pellets). The mass spectra is reported in m/z were obtained by a Waters Xevo QTOF MS. Melting points were measured via the Stuart 
SMP10 digital melting point apparatus (Stuart Scientific Bibby Sterilin Ltd., UK). 

4.1.1. Synthesis of imidazole phenazine derivatives 
The synthesis of imidazole derivatives began with a condensation reaction between 2,3-diaminophenazine (1) and benzaldehyde 

derivatives 2. As illustrated in Scheme 1, an absolute ethanol solution (10 mL) of 2,3-diaminophenazine (1 equiv.) was added to an 
absolute ethanol solution (10 mL) of substitute benzaldehyde (2 equiv.) in a 50 mL round bottom flask equipped with a condenser, a 
drying tube, a thermometer and a magnetic stirrer. The mixture was refluxed at 78 ◦C for 24–48 h at constant stirring and monitored 
using TLC. The precipitates formed were collected by filtration and washed with absolute ethanol. The resulting solid was dried in 
vacuo to obtain the pure compound in the yield of 15 %–90 %. The purity was determined using TLC with the solvent system of hexane 
to ethyl acetate in a ratio of 3:7. All synthesized compounds were characterized by various spectroscopic methods such as NMR, FTIR 
and HRMS. (see supplementary information for more details). 

2-(4-methoxy-3-nitrophenyl)-1H-imidazo [4,5-b]phenazine (3a): Yellowish orange solid (81 % yield); M.p. >300 ◦C; FTIR (cm− 1) 
3361 (N–H), 3059 (Aromatic C–H), 2992 (Csp

3 –H), 1657 (C––N), 1624 (C––C), 1519 (‒NO2), 1422 (C–N), 1266 (C–O); 1H NMR (700 
MHz, DMSO-d6) δ 13.53 (s, N–H, 1H), 8.87 (d, J = 2.2 Hz, 1H), 8.62 (dd, J = 2.2, 8.8 Hz, 1H), 8.49 (s, 1H), 8.26 (s, 1H), 8.21–8.20 (m, 
2H), 7.89–7.88 (m, 2H), 7.68 (d, J = 8.8 Hz, 1H), 4.07 (s, 3H); 13C NMR (175 MHz, DMSO-d6) δ 158.3, 158.1, 155.1, 149.2, 142.4, 
142.3, 140.9, 140.8, 139.7, 134.2, 130.4, 130.2, 129.5, 129.3, 125.0, 121.6, 115.9, 115.3, 106.6, 57.8; HRMS (+ESI) [M+H]+: 
372.1090, C20H13N5O3 requires 372.1096. 

2-(2-hydroxyphenyl)-1H-imidazo [4,5-b]phenazine (3b): Yellow solid (78 % yield); M.p. >300 ◦C. FTIR (cm− 1): 3305 (N–H/O–H), 
3050 (Aromatic C–H), 1625 (C––N), 1531 (C––C), 1430 (C–N); 1H NMR (500 MHz, DMSO-d6) δ 13.55 (s, N–H, 1H) 12.92 (s, O–H, 1H), 
8.56 (s, 1H), 8.35 (s, 1H), 8.27–8.25 (m, 3H), 7.23–7.91 (m, 2H), 7.57–7.53 (m, 1H), 7.16 (d, J = 8.4 Hz, 1H), 7.14 (t, J = 7.2 Hz, 1H); 
13C NMR (125 MHz, DMSO-d6) δ 160.1, 159.7, 142.4, 142.3, 140.7, 140.6, 139.5, 139.2, 134.4, 130.5, 130.4, 129.5, 129.4, 128.5, 

Fig. 6. Structure-activity relationships (SARs) studies of imidazole phenazine.  
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120.1, 118.0, 114.5, 112.4, 106.9; HRMS (+ESI) [M+H]+: 313.1086, C19H12N4O requires 313.1089. 
2-(3,4-dimethoxyphenyl)-1H-imidazo [4,5-b]phenazine (3c): Brownish yellow solid (68 % yield); M.p. >300 ◦C; FTIR (cm− 1): 3219 

(N–H)), 3140 (Aromatic C–H), 2934 (Csp
3 ‒H), 1651 (C––N), 1601 (C––C), 1280 (C–O); 1H NMR (700 MHz, DMSO-d6) δ 13.28 (s, N–H, 

1H), 8.45 (s, 1H), 8.24–8.22 (m, 2H), 8.21 (s, 1H), 7.99 (dd, J = 2.0 Hz, 8.4 Hz, 1H), 7.96 (d, J = 2.0 Hz, 1H), 7.89–7.87 (m, 2H), 7.25 
(d, J = 8.4 Hz, 1H), 3.95 (s, 3H), 3.90 (s, 3H); 13C NMR (175 MHz, DMSO-d6) δ 160.3, 152.5, 149.7, 149.5, 142.2, 142.1, 141.3, 140.8, 
140.5, 130.2, 129.9, 129.5, 129.3, 121.8, 121.6, 114.5, 112.4, 111.1, 105.8, 56.2, 56.1; HRMS (+ESI) [M+H]+: 357.1362, 
C21H16N4O2 requires 357.1351. 

2-(2-methoxy-4-nitrophenyl)-1H-imidazo [4,5-b]phenazine (3d): Red-brick solid. (87 % yield); M.p. >300 ◦C; FTIR (cm− 1): 3426 
(N–H), 3089 (Aromatic C–H), 2935 (Csp

3 ‒H), 1618 (C––C), 1522 (‒NO2), 1248 (C–O); 1H NMR (500 MHz, DMSO-d6) δ 12.82 (s, N–H, 
1H), 8.77 (d, J = 8.5 Hz, 1H), 8.60 (s, 1H), 8.43 (s, 1H), 8.26–8.24 (m, 2H), 8.09 (d, J = 2.0 Hz, 1H), 8.07 (dd, J = 2.0, 8.5 Hz, 1H), 
7.91–7.89 (m, 2H), 4.26 (s, 3H); 13C NMR (125 MHz, DMSO-d6) δ 164.5, 161.9, 160.5, 142.9, 142.2, 140.8, 140.6, 139.3, 130.4, 130.2, 
129.6, 129.5, 129.3, 114.9, 113.6, 108.1, 106.3, 105.3, 102.0, 56.1; HRMS (+ESI) [M+H]+: 372.1092, C20H13N5O3 requires 
372.1096. 

2-(3-hydroxy-4-nitrophenyl)-1H-imidazo [4,5-b]phenazine (3e): Red-brick solid (84 % yield); M.p. >300 ◦C; FTIR (cm− 1): 3387 
(N–H), 3254 (O–H), 2929 (Aromatic C–H), 1624 (C––C), 1528 (‒NO2), 1314 (C–N); 1H NMR (500 MHz, DMSO-d6) δ 13.65 (s, N–H, 
1H), 11.49 (s, O–H, 1H), 8.58 (s, 1H), 8.31 (s, 1H), 8.22 (m, 2H), 8.15 (d, J = 8.4 Hz, 1H), 8.16 (d, J = 1.8 Hz, 1H), 7.91–7.89 (m, 2H), 
7.90 (dd, J = 1.8, 8.4 Hz, 1H); 13C NMR (175 MHz, DMSO-d6) δ 157.9, 152.6, 148.9, 142.6, 142.3, 140.8, 140.3, 140.2, 139.2, 134.9, 
130.7, 130.3, 129.6, 129.3, 126.7, 118.7, 118.6, 116.2, 107.1; HRMS (+ESI) [M+H]+: 358.0945, C19H11N5O3 requires 358.0940. 

2-(3-bromo-2-hydroxyphenyl)-1H-imidazo [4,5-b]phenazine (3f): Yellow-mustard solid (79 % yield); M.p. >300 ◦C; FTIR (cm− 1): 
3358 (N–H/O–H), 3037 (Aromatic C–H), 1613 (C––C), 1582 (C––N), 1424 (C–N), 748 (C–Br); 1H NMR (500 MHz, DMSO-d6) δ 14.26 
(s, N–H, 1H), 13.90 (s, O–H, 1H), 8.61 (s, 1H), 8.36 (s, 1H), 8.27–8.25 (m, 2H), 8.23 (dd, J = 1.4, 7.9 Hz, 1H), 7.94–7.92 (m, 2H), 7.87 
(dd, J = 1.4, 7.9 Hz, 1H), 7.10 (t, J = 7.9 Hz, 1H); 13C NMR (125 MHz, DMSO-d6) δ 159.6, 156.7, 149.3, 142.8, 142.7, 142.6, 142.5, 
142.4, 137.3, 130.7, 130.6, 129.6, 129.5, 127.4, 121.1, 114.9, 113.1, 111.6, 107.2; HRMS (+ESI) [M+H]+: 391.0182, 393.0138 
(isotope Br), C19H11BrN4O requires 391.0194. 

2-(3,4,5-trimethoxyphenyl)-1H-imidazo [4,5-b]phenazine (3g): Yellow solid (16 % yield); M.p. >300 ◦C; FTIR (cm− 1): 3336 (N–H), 
3102 (Aromatic C–H), 2941 (C sp3 ‒H), 1645 (C––N), 1588 (C––C), 1420 (C–N), 1223 (C–O); 1H NMR (700 MHz, DMSO-d6) δ 13.35 (s, 
N–H, 1H), 8.49 (s, 1H), 8.25 (s, 1H), 8.24–8.21 (m, 2H), 7.89–7.88 (m, 2H), 7.72 (s, 2H), 3.97 (s, 6H), 3.80 (s, 3H); 13C NMR (175 MHz, 
DMSO-d6) δ 160.0, 153.8, 149.4, 142.3, 142.1, 141.1, 141.0, 140.7, 140.4, 130.3, 130.1, 129.5, 129.3, 124.3, 114.9, 106.1, 105.7, 
60.7, 56.7; HRMS (+ESI) [M+H]+: 387.1443, C22H18N4O3 requires 387.1457. 

2-(2,4-dihydroxyphenyl)-1H-imidazo [4,5-b]phenazine (3h): Brownish orange solid. (70 % yield); M.p. >300 ◦C; FTIR (cm− 1): 3400 
(N–H), 3234 (O–H), 3064 (Aromatic C–H), 1653 (C––N), 1631 (C––C), 1433 (C–N); 1H NMR (700 MHz, DMSO-d6) δ 13.26 (s, N–H, 
1H), 13.00 (s, O–H, 1H), 10.41 (s, O–H, 1H), 8.40 (s, 1H), 8.24–8.23 (m, 2H), 8.21 (s, 1H), 8.04 (d, J = 8.6 Hz, 1H), 7.89–7.87 (m, 2H), 
6.55 (dd, J = 2.3, 8.6 Hz, 1H), 6.49 (d, J = 2.3 Hz, 1H); 13C NMR (175 MHz, DMSO-d6) δ 163.3, 161.9, 160.7, 147.2, 142.2, 142.1, 
140.8, 140.7, 139.4, 130.2, 130.0, 129.9, 129.4, 129.3, 113.3, 109.0, 106.1, 104.1, 103.6; HRMS (+ESI) [M+H]+: 329.1035, 
C19H12N4O2 requires 329.1039. 

2-(4-isopropylphenyl)-1H-imidazo [4,5-b]phenazine (3i): Brownish orange solid. (28 % yield); M.p. >300 ◦C; FTIR (cm− 1): 3317 
(N–H), 3056 (Aromatic C–H), 2959 (C sp3 –H), 2868 (C sp2 –H), 1631 (C––N), 1611 (C––C), 1424 (C–N); 1H NMR (700 MHz, DMSO-d6) δ 
13.38 (s, N–H, 1H), 8.50 (s, 1H), 8.32 (d, J = 8.4 Hz, 2H), 8.25 (s, 1H), 8.24–8.22 (m, 2H), 7.90–7.89 (m, 2H), 7.56 (d, J = 8.4 Hz, 2H), 
1.30 (d, J = 6.9 Hz, 6H), 1.24 (d, J = 6.9 Hz, 1H); 13C NMR (175 MHz, DMSO-d6) δ 160.1, 156.1, 153.2, 149.5, 142.2, 141.1, 140.7, 
140.4, 134.8, 130.2, 129.9, 129.4, 129.3, 128.4, 127.7, 127.6, 126.9, 115.0, 106.2, 33.9, 24.0; HRMS (+ESI) [M+H]+: 339.1610, 
C22H18N4 requires 339.1610. 

2-(4-hydroxyphenyl)-1H-imidazo [4,5-b]phenazine (3j): Reddish black solid. (31 % yield); M.p. >300 ◦C; FTIR (cm− 1): 3343 (N–H), 
3234 (O–H), 3061 (Aromatic C–H), 1611 (C––C), 1502 (C––N), 1427 (C–N); 1H NMR (500 MHz, DMSO-d6) δ 13.19 (s, N–H, 1H), 10.35 
(s, O–H, 1H), 8.39 (s, 1H), 8.24–8.21 (m, 4H), 8.18 (s, 1H), 7.89–7.87 (m, 2H), 7.03–7.01 (m, 2H); 13C NMR (175 MHz, DMSO-d6) δ 
161.5, 160.5, 149.9, 142.1, 142.0, 141.4, 140.7, 140.6, 130.3, 130.1, 129.9, 129.4, 129.3, 119.9, 116.5, 114.2, 105.7; HRMS (+ESI) 
[M+H]+: 313.1086, C19H12N4O requires 313.1089. 

2-(4-(trifluoromethoxy)phenyl)-1H-imidazo [4,5-b]phenazine (3k): Yellowish orange solid. (15 % yield); M.p. >300 ◦C; FTIR (cm− 1): 
3416 (N–H), 3066 (Aromatic C–H), 1653 (C––C), 1617 (C––N), 1215 (C–F); 1H NMR (700 MHz, DMSO-d6) δ 13.60 (br s, N–H, 1H), 
8.63 (br s, 1H), 8.55–8.53 (m, 2H), 8.34 (br s, 1H), 8.28–8.27 (m, 2H), 7.95–7.93 (m, 2H), 7.73 (d, J = 8.1 Hz, 2H); 13C NMR (175 
MHz, DMSO-d6) δ 158.7, 151.1, 142.4, 140.7, 130.4, 129.4, 128.4, 122.7, 121.2, 119.8, 118.3, 106.7; HRMS (+ESI) [M+H]+: 
381.0964, C20H11F3N4O requires 381.0963. 

2-(2-fluorophenyl)-1H-imidazo [4,5-b]phenazine (3l): Yellowish brown solid. (32 % yield); M.p. >300 ◦C; FTIR (cm− 1): 3300 (N–H), 
3076 (Aromatic C–H), 1619 (C––N), 1532 (C––C), 1425 (C–N), 1219 (C–F); 1H NMR (500 MHz, DMSO-d6) δ 13.06 (s, N–H, 1H), 8.58 
(s, 1H), 8.44 (td, J = 1.7, 7.7 Hz, 1H), 8.36 (s, 1H), 8.27–8.23 (m, 2H), 7.92–7.89 (m, 2H), 7.76–7.71 (m, 1H), 7.59 (dd, J = 8.4, 10.9 
Hz, 1H), 7.51 (td, J = 1.0, 8.0 Hz, 1H); 13C NMR (125 MHz, DMSO-d6) δ 161.7, 159.7, 155.4, 148.2, 142.4, 142.2, 140.7, 140.5, 140.1, 
134.4, 134.3, 131.5, 130.3, 130.0, 129.5, 129.3, 125.8, 115.5, 107.2; HRMS (+ESI) [M+H]+: 315.1049, C19H11FN4 requires 
315.1046. 

2-(4-fluorophenyl)-1H-imidazo [4,5-b]phenazine (3 m): Red brick solid (90 % yield); M.p. >300 ◦C; FTIR (cm− 1): 3397 (N–H), 3184 
(Aromatic C–H), 1651 (C––C), 1611 (C––N), 1427 (C–N), 1226 (C–F); 1H NMR (700 MHz, DMSO-d6) δ 13.47 (s, N–H, 1H), 8.52 (s, 1H), 
8.46–8.43 (m, 2H), 8.28 (s, 1H), 8.26–8.23 (m, 2H), 7.91–7.89 (m, 2H), 7.54 (t, J = 8.9 Hz, 2H); 13C NMR (175 MHz, DMSO-d6) δ 
165.4, 164.0, 159.1, 142.2, 130.8, 130.7, 130.3, 129.3, 125.8, 116.9, 116.8; HRMS (+ESI) [M+H]+: 315.1038, 317.1221 (isotope), 
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C19H11FN4 requires 315.1046. 

4.2. Biology 

4.2.1. Expression and purification of DENV2 NS2B-NS3 protease 
The recombinant DENV-2 NS2B-NS3 protease expression and purification process were carried out according to the methodology 

described by Heh et al. [49]. The corresponding gene was inserted into the pQE-30 vector (Qiagen, Hilden, Germany) using BamHI and 
HindIII restriction sites. This pQE-30 construct was then introduced into Escherichia coli XL1-Blue MRF’ (Stratagene, La Jolla, Cali-
fornia, USA). 

To express the DENV-2 NS2B-NS3 protease, a culture of recombinant E. coli XL1-Blue MRF’ was prepared in Luria-Bertani (LB) 
medium (pH 7.5), supplemented with 100 μg/mL ampicillin. The culture was incubated at 37 ◦C in an orbital shaker at 200 rpm for 18 
h. A 10 % (v/v) inoculum from this culture was transferred to fresh LB/amp medium and incubated at 37 ◦C, 200 rpm until the 
absorbance of the culture medium at 600 nm reached 0.8, as measured using Ultrospec 2100 pro UV/Visible Spectrophotometer 
(Cytiva, Marlborough, MA, USA). Induction of enzyme expression was achieved by adding 0.5 mM isopropyl-β-D-thiogalactopyr-
anoside (IPTG), followed by further incubation at 37 ◦C, 200 rpm for 4 h. The culture was then centrifuged at 5000×g for 10 min at 
4 ◦C, and the cell pellets were collected. The pellets were resuspended in 30 mL of buffer (20 mM sodium phosphate buffer, 300 mM 
NaCl, 20 mM imidazole, pH 7.4) and subjected to cell lysis through sonication (4 × 30-s bursts) on ice at 43 % amplitude using Branson 
Ultrasonics™ Sonifier™ S-450 Digital Ultrasonic Cell Disruptor/Homogenizer (Thermo Fisher Scientific, Rockford, IL, USA). The 
lysate was subsequently centrifuged (15,000×g for 10 min at 4 ◦C) to collect the cell-free lysate. 

The purification of DENV-2 NS2B-NS3 protease was performed using a pre-packed 5.0 mL nickel-nitrilotriacetic (Ni-NTA) HisTrap 
HP column (Cytiva, Marlborough, MA, USA) equilibrated with 20 mM sodium phosphate buffer, 300 mM NaCl, 20 mM imidazole, pH 
7.4. The bound enzyme was eluted using a linear gradient of 20–250 mM imidazole at a flow rate of 1.0 mL/min. Eluted fractions were 
collected, and their purities were assessed through 12 % (w/v) sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS- 
PAGE) analysis. Fractions containing purified enzyme were pooled and utilized for subsequent analyses. 

4.2.2. Protease and substrate optimization assay 
The black 96 wells TC multiplate flat bottom plate was purchased from Greiner Bio-One Co, quercetin was purchased from sigma, 

while Boc-Gly-Arg-Arg-MCA substrate was purchased from Peptide Institute, Inc. The enzyme concentration was determined using 
NanoDrop spectrometer DeNovix DS-11 series [50]. 

The assay system included DENV2 NS2B-NS3pro, Boc-Gly-Arg-Arg-MCA as substrate and 200 mM Tris-HCl (pH 8.5) buffer. To 
determine the highest protease activity at a constant concentration of the substrate (100 μM), a protease optimum assay was con-
ducted. Protease concentrations ranged from 0 to 4.2 μM. Likewise, substrate optimum assay was performed containing constant 
protease concentration of 3.5 μM, with the substrate concentration varying from 0 to 250 μM. The Tecan M1000 PRO microplate 
reader was used to observe the amount of 7-amino-4-methylcoumarin (AMC) produced as a relative fluorescence unit (RFU) at 365 nm 
for excitation and 410 nm for emission. 

4.2.3. DENV2 NS2B-NS3 protease inhibition assay 
This method followed the protocol established by Rothan et al. [51] with modification. Briefly, a total volume of 100 μL of the 

reaction contains 3.5 μM purified NS2B-NS3 protease in the standard buffer solution at pH 8.5 (200 mM Tris-HCl) with different 
concentrations of synthesized imidazole phenazine derivatives in the range of 5.5–700.0 μM were preincubated at 37 ◦C for 10 min. 
Subsequently, 150 μM substrate was added and the assay mixtures were incubated at the same temperature for another 1 h. The assay 
condition was validated by performing both a blank control (100 μL of pH 8.5, 200 mM Tris-HCl buffer only) and a negative control 
(100 μL 3.5 μM DENV NS2B/NS3 protease and 150 μM substrate Boc-Gly-Arg-Arg-MCA in standard buffer) were carried out simul-
taneously. The experiments were performed in triplicate (n = 3). As above, the assay was performed using a black 96-well flat-bottom 
TC multiplate plate format on a Tecan M1000 PRO microplate reader at excitation and emission wavelengths of 365 and 410 nm, 
respectively. The fluorescence signal was then used to calculate the percentage of inhibition activity of the peptide inhibitors as 
Equation (1). 

% of enzyme activity=
sample − buffer

negative control − buffer
× 100 1  

% of inhibition= 100 − % of enzyme activity  

4.2.3.1. Statistic. The IC50 values were calculated using nonlinear regression models in GraphPad Prism 9.3.1 software. 

4.3. Molecular docking study 

The binding pose of the 2 most potent imidazole phenazine derivatives, 3e and 3k, with the DENV2 NS2B-NS3 protease was carried 
out by molecular docking. The DENV2 NS2B-NS3pro model was derived from a published article in which the model was constructed 
utilizing the DENV2 complex cofactor-protease as a base and the crystal structure of the NS2B-NS3pro West Nile virus (WNV) as a 
template [43]. The 2D structural drawings were created using ChemDraw 19.0 (Cambridge soft Corporation, MA, USA) and 
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subsequently converted into 3D models using Chem3D 16.0. UCSF Chimera 1.14 is used for interactive visualization and analysis of 
molecular structures and associated data [52]. The grid box size and grid spacing were set to 22.5 × 22.5 × 22.5 Å around the catalytic 
triad, with the center set to x = 21.1, y = 44.6, and z = − 1.8. The primary docking programmed utilized in this study was AutoDock 
Vina (The Scripps Research Institute, La Jolla, San Diego, USA) to execute the docking process [53]. The conformations with the lowest 
free energy of binding and the most populated cluster were selected. Discovery Studio Biovia 2017 (Dassault Systèmes, San Diego, 
California, USA) was used to verify and modify the receptor and ligand structures after performing the docking procedure. Quercetin 
was used as a positive control and prepared for simulation in a similar way to 3e and 3k. 
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[30] K. Gobis, H. Foks, K. Bojanowski, E. Augustynowicz-Kopeć, A. Napiórkowska, Synthesis of novel 3-cyclohexylpropanoic acid-derived nitrogen heterocyclic 
compounds and their evaluation for tuberculostatic activity, Bioorg. Med. Chem. 20 (1) (2012) 137–144, https://doi.org/10.1016/j.bmc.2011.11.020. 

[31] G.Y. Gao, W.J. Qu, B.B. Shi, Q. Lin, H. Yao, Y.M. Zhang, J. Chang, Y. Cai, T.B. Wei, A reversible fluorescent chemosensor for iron ions based on 1H-imidazo [4,5- 
b] phenazine derivative, Sensor. Actuator. B Chem. 213 (2015) 501–507, https://doi.org/10.1016/j.snb.2015.02.077. 

[32] A.M. Amer, A.A. El-Bahnasawi, M.R.H. Mahran, M. Lapib, On the synthesis of pyrazino[2,3-b]phenazine and 1H-Imidazo[4,5-b]phenazine derivatives, Monatsh. 
Chem. 130 (1999) 1217–1225. 

[33] Y. Lei, D. Li, J. Ouyang, J. Shi, Synthesis and optical properties of 2-(1H-imidazo [4,5-b] phenazin-2-yl) phenol derivatives, Adv. Mater. Res. 311–313 (2011) 
1286–1289. https://doi.org/10.4028/www.scientific.net/AMR.311-313.1286. 

[34] S. Lin, L. Yang, A simple and efficient procedure for the synthesis of benzimidazoles using air as the oxidant, Tetrahedron Lett. 46 (25) (2005) 4315–4319, 
https://doi.org/10.1016/j.tetlet.2005.04.101. 

[35] P.T. Anastas, J.C. Warner, Green Chemistry: Theory and Practice, Oxford University Press, By permission of Oxford University Press, New York, 1998, p. 30. 
[36] U. Sani, H.U. Na’ibi, S.A. Dailami, In vitro antimicrobial and antioxidant studies on N-(2- hydroxylbenzylidene) pyridine -2-amine and its M(II) complexes, 

Nigerian Journal of Basic and Applied Sciences 25 (1) (2018) 81, https://doi.org/10.4314/njbas.v25i1.11. 
[37] N.V. Ivanova, S.I. Sviridov, A.E. Stepanov, Parallel solution-phase synthesis of substituted 2-(1,2,4-triazol-3-yl)benzimidazoles, Tetrahedron Lett. 47 (46) (2006) 

8025–8027, https://doi.org/10.1016/j.tetlet.2006.09.061. 
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