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Abstract
Current investigation presented an experimental and theoretical drug-drug interaction study between
nitazoxanide (NTZ) and azithromycin (AZT) in aqueous solution. Understudy drugs alone, in
combination, and with other drugs are widely prescribed for the early treatment of COVID-19. Interaction
was primarily studied by using UV/Vis, �uorescence, ATR-FTIR and CD spectroscopy. While molecular
docking studies was performed to established the drugs interaction computationally. Two drugs when
allowed to interact, the bright yellow color was observed giving hyper chromic band at 420 nm. The rate
of absorbance was linearly increased with increasing drug concentrations and in a time-dependent
manner. Stability of the interaction complex (i.e. NTZ: AZT) was measured at variable temperature (25–
80 °C), pH (5.0–10.0) and ionic strength (0.05-2.0 M NaCl), and not only proved stable but also retain
antimicrobial potential with reduced cellular toxicity. Mole ratio and Job`s method of continuous variation
were used to established the binding stoichiometry between NTZ and AZT and found to be 2:1. While, the
calculated binding constant (kb = 8400 M− 1) and Gibb’s free energy (ΔG° = -22.4 KJ/mol) were also
suggested the energetically favorable interaction. FTIR spectra of NTZ: AZT complex in comparison with
two drugs alone revealed signi�cant interactions which was also complemented from molecular docking
studies. The interaction was also successfully demonstrated in presence of carrier protein HSA and by
spiking the two drugs in real samples of fresh human plasma and urine. Cumulatively, present study
provided new protocol for drug’s interaction, functional e�cacy and bioavailability in combination
therapy.

Introduction
Nitazoxanide (NTZ), anti-infective thiazolide, is used as anthelmintic and antiprotozoal agent. Its
chemical designation is [2-[(5-nitro-1, 3-thiazol-2-yl) carbamoyl] phenyl] ethanoate (Fig. 1a). It was
discovered in 1984 and classi�ed as �rst class of thiazolide. Primarily it was developed as a veterinary
helminthic, but also proved effective on many human pathogens [1, 2]. Later, NTZ is approved for treating
diarrhea caused by the protozoa Cryptosporidium in children and adults. Recently, NTZ shows broad
spectrum antiviral activity in vitro (IC50 = 0.06 to 1.2 µg/mL), against many viruses such as; respiratory
syncytial virus, coronavirus (CoV), parain�uenza virus, rotavirus, hepatitis B/C virus, norovirus, yellow
fever virus, dengue virus, human immunode�ciency virus (HIV) and/or Japanese encephalitis virus etc.
Likewise, great potential role of NTZ was also demonstrated in clinical trials against these viruses [3].
Nitazoxanide is an antiparasitic drug, which is also effective against a wide variety of helminthes, Gram-
negative organisms and protozoa. Thus, it is effective against a broad range of protozoal, viral, bacterial
and parasitic infections [1, 4]. NTZ also possess high antitumor activity reported against animal tumor
models as well as various cancerous cell lines. Despite aforementioned, the poor bioavailability of NTZ
minimizes its administration and thus various nanoformulations were designed for increasing NTZ
bioavailability [4]. Furthermore, nitazoxanide and its active metabolite i.e. tizoxanide, are also active in
vitro against a wide range of bacterial strains such as obligate and facultative anaerobic Gram negative
and positive bacteria and even replicating and non-replicating strains of Mycobacterium tuberculosis. An
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earlier study shows that NTZ act as an uncoupler, and disturbs the membrane potential and homeostasis
of various bacterial strains. In plasma, the half-life of active metabolite tizoxanide is 1.3 hour, and almost
99.9% tizoxanide is immediately bound to the plasma proteins [5].

Azithromycin (AZT) is a second-generation, synthetic macrolide, broad spectrum antibiotic (Fig. 1b) used
to cure a broad range of mycobacterial and bacterial infections [6] of skin and respiratory infections such
as, chlamydia, pneumonia, and enteric infections such as typhoid, and even widely used against malaria
[7]. Globally, AZT is manufactured on a large scale and recognized as essential medication in the list of
WHO. In addition to antibacterial, AZT also possess anti-in�ammatory and anti-viral properties. Recently,
it is being realized as a potential candidate in the treatment of viruses such as SARS-CoV-2, which causes
coronavirus-19 (termed as COVID-19). Previously, it was also extensively used for the treatment of other
corona viruses such as in 2003 severe acute respiratory syndrome (SARS) and in 2012 Middle East
respiratory syndrome (MERS) [6]. AZT demonstrated 35–42% of oral bioavailability in healthy volunteers
and has half-life of 68 hours. Globally, azithromycin is in use very regularly. In 2017, AZT was prescribed
over 12 million times in the USA alone. Currently, it is available as tablet, powder, oral suspension and
intravenous preparations of various sizes. AZT is also the most clinically prescribed drug in the COVID-19
pandemic [7].

The coronavirus (CoV) causes various respiratory infections in humans. Since CoV discovered in early
60s, two most severe types in the past were reported including; the Severe Acute Respiratory Syndrome
(SARS) and Middle East Respiratory Syndrome (MERS). Current CoV infection also called severe acute
respiratory syndrome (SARS)-CoV-2 or coronavirus disease-2019 (COVID-19) is an increasing health
threat worldwide. The novel CoV epidemic started from Wuhan city of China at the end of December 2019
and then spread worldwide. The World Health Organization (WHO) already declared CoV outbreak as a
pandemic. Coronavirus has RNA genome, and spread through droplet transmission and personal contact
[8]. Globally, 519 million con�rmed cases and over 6.2 million deaths were reported by the WHO till May,
2022. There are controversy regarding the treatment of CoV infection, some researchers said that antiviral
therapy could be effective for such infections, while other observed that isolation and close observation is
enough for such infections [9]. Despite all success in mass vaccination, there is still urgent need to
discover antiviral drugs and vaccines against CoV. For the treatment, many available drugs were also
subjected for “drug repurposing” against the COVID-19 pandemic. Some of them are Remdesivir,
Favipiravir, Chloroquine, Hydroxychloroquine, Eculizumab, Meplazumab, Dexamethasone, Ivermectin,
Tetracyclines, Umifenovir, nitazoxanide and azithromycin etc. [10]. Various drugs are used in combination
with others to increase the effectiveness of treatment against the disease. Among them, the combination
of nitazoxanide with hydroxychloroquine and/or azithromycin has seen in many therapeutic trials [11].

The use of a single drug possibly may not be more effective, but combinations of multiple drugs, the risk
of drug-drug interaction must be increased. Drug-drug interactions are of three types: pharmaceutical,
pharmacodynamics, and pharmacokinetic. The physical or chemical interaction between drugs is called
pharmaceutical interaction i.e., mixing of drug in syringe before infusions. When multiple co-administered
drugs have same physiological target, the interaction will be pharmacodynamics interaction. While, when
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co-administered drugs affect the absorption, metabolism, distribution or excretion of other drug the
developed interaction will be of pharmacokinetic nature [12]. It is scienti�cally justi�ed that
nitazoxanide/azithromycin combination can be used for early management of COVID-19 [13]. The clinical
trials of azithromycin 500 mg on day 1, followed by 250 mg once daily on day 2–5, and an oral dose of
nitazoxanide of 500 mg every 6 hours for 6 days have shown effective potential against the COVID-19
[14–15]. Nitazoxanide is a high plasma protein binding drug, and when co-administered with other drugs;
it increases the free drug plasma level, which raises the side effects and drug competition for binding
sites. The situation is rather more complicated in cancer and diabetic patients which are under
chemotherapy [16].

The present study is design to investigate the drug-drug interaction between nitazoxanide and
azithromycin. As these two drugs are used in combination with each other and with other available drugs
that are repurposed for the treatment of COVID-19. Thus, it is very important to study their possible
pharmaceutical interactions. The interaction was primarily studied by multi-spectroscopic techniques (i.e.
UV-Vis, �uorescence, ATR-FTIR, and CD spectroscopy), in which a time and dose-dependent interaction
was observed. The obtained data was subjected for calculating the binding stoichiometry and binding
constants by Job’s plot and Benesi–Hildebrand methods, respectively. Moreover, the effect of
temperature, pH and ionic strength of the medium on drug-drug interaction complex were also
established. The interaction was further validated in presence of carrier protein HSA as well as real
samples of human blood plasma and urine. Molecular docking studies were also performed in order to
establish the molecular basis of interaction computationally.

Materials And Methods

Chemicals and Reagents
Nitazoxanide (NTZ) and azithromycin (AZT) were obtained from the Genix Pharma Pvt. Ltd., Karachi.
Human serum albumin (96%) was purchase from Alfa Aesar (Germany). All other analytical grade
reagents and solvents in their purest form were purchased from Merck (Germany) or Sigma-Aldrich (USA),
until otherwise mentioned. In all experiments, de-ionized (DI) water (18.0 m9X, Millipore, USA) was used.
Stock solutions of drug NTZ and AZT were prepared in DMSO and stored at 4°C. When required, they
were diluted to desired concentrations in DI water and utilized immediately.

Instrumentations
UV/vis absorption characteristics of all the solutions was carried out by using Multiskan-GO
spectrophotometer (Thermo Scienti�c, USA) in a quartz sample cell of path length of 1 cm or 96-well
plate at ∼25°C. 10% native polyacrylamide gel electrophoresis (Mini-PROTEAN® Tetra cell, Bio-Rad Lab,
USA), intrinsic �uorescence (Spectromax-5 Spectro�uorimeter, Molecular Devices, USA) and Far-UV
Circular dichroism (Jasco J810, Japan) measurements were performed as ideally described by us [17].
FTIR measurements were performed using TENSOE II, FTIR instrument equipped with ATR single
re�ection diamond (Bruker, Ettlingen, Germany). Spectra were acquired in the range of 4000–500 cm− 1
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(~ 20 scans) at a resolution of 4 cm− 1. For the effect of variable pH on complex formation, pH of all
solutions was measured by a pH meter equipped with a glass electrode (Model-700, Eutech Instruments,
Singapore). While, the electrode was calibrated by NIST Traceable solutions (USA) of pH 4.0, 7.0 and
10.0. The effect of temperature (i.e., 30–100°C) was measured by a thermal treatment of sample in 1.5
mL Eppendorf tubes for 15 min in Thermomixer comfort (Eppendorf, Germany). Absorption spectra were
recorded once sample attain the room temperature (∼25°C). For measuring any unforeseen turbidity or
insolubility, samples were also analyzed by dynamic light scattering (DLS) using Laser-Spectroscatter
model-201 (RiNA GmbH, Berlin Germany) as described earlier [18].

Drug-drug interaction analysis
One milliliter solution of NTZ (100 µM) in a glass vial is allowed to react with 1 mL solution of AZT (100
µM) under constant stirring (200 rpm) at room temperature. Nitazoxanide has absorption maximum at
346 nm, while azithromycin has no characteristic peak in wavelength range 300–800 nm. An immediate
yellow-colored solution with a red-shift (~ 420 nm) was obtained as a result of drug-drug interaction.
Nitazoxanide and AZT solutions alone were used as control. Identical set of experiment was also
performed in presence of human serum albumen (HSA, a carrier protein; 15 µM) and analyzed by UV/Vis,
�uorescence and CD spectroscopy. In order to establish a time-dependent interaction between the drugs,
sample was taken from the reaction mix at different time intervals and followed spectroscopically. For
concentration dependence, the different concentrations of NTZ (i.e., 0-100 µM) is allowed to react with a
�xed concentration of AZT (100 µM), and incubated at room temperature for 15 min and analyzed
spectroscopically [19, 20]. Likewise, in a parallel experiment variable concentrations of AZT (i.e., 0-100
µM) was reacted with �xed NTZ concentration (100 µM) and measured for their interaction as
aforementioned.

The obtained data was subjected for calculating the reaction linearity (R2), limits of detection and
quanti�cations (LOD/LOQ), binding constants and free energy (Kb & ΔG°), and binding stoichiometry
calculation by both Job’s method of continuous variation and mole ratio methods, as described
elsewhere [18]. Likewise, the effect of temperature, pH and ionic strength of the medium on the formation
of NTZ: AZT complex was also established. Moreover, drug-drug interaction (or the formation of
complex) was also validated in the real samples of fresh human blood plasma and urine ideally as the
protocols described earlier by us [18, 21].

Molecular docking analysis
Molecular docking analysis was performed using Molecular Operating Environment (MOE) [22] in order to
check the interaction of two drugs. For 3D-coordinates, both drugs (i.e. NTZ and ATZ) were downloaded
from PubChem library using their PubChem ID 41684 and 447043, respectively. Both compounds were
protonated and energy minimized using the default parameters of the MOE. Finally, mdb �le format for
both drugs were generated. For interaction analysis, drug ATZ was considered as a receptor and NTZ as a
ligand, using the default parameters of MOE. Before running the docking protocol, total ten
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conformations for the ligand were set. The top-ranked conformations based on docking score were
selected for drug-drug interaction analysis.

Antimicrobial and cellular toxicity assays

Bacterial strains used
Acinetobacter baumannii (ATCC: 19606), Enterococcus faecalis (ATCC 29212), Klebsiella pneumoniae
(ATCC 700603), Pseudomonas aeruginosa (NCTC 10662) and Staphylococcus aureus (ATCC 25923)
were used in this study. All the strains were routinely passaged and maintained using Tryptic soya broth
(TSB) or agar (TSA; Oxoid, UK). The strains were incubated aerobically, overnight at 37oC.

Growth inhibition assay
The minimum inhibitory concentration (MIC) was determined using micro-broth dilution assay according
to Clinical and Laboratory Standards Institute (CLSI) guidelines [23]. Two-fold serial dilution (1000–
1µg/mL) of drugs was prepared using media in 96-well plate. Bacterial inoculum (1x105 cells) was added
in each well of the plate, except negative control. Positive (media plus bacterial cells) and negative (only
media) control was used in each well and plate was incubated at 37°C for 24 hr. The next day,
absorbance (OD600) was read, percent inhibition was determined and the lowest concentration showed
bacterial inhibition was considered as MIC. Minimum bactericidal concentration (MBC) was determined
by plating optically clear wells in TSA and incubated overnight at 37oC. The lowest concentration with no
colonies will be considered as MBC of the drug.

Bio�lm inhibition assay
Crystal violet staining assay was used to evaluate the minimum bio�lm inhibitory concentration (MBIC)
of the drugs as described previously [24, 25]. Plates were prepared as described in growth inhibition
assay and incubated overnight at 37oC. Following day, the media containing planktonic cells were
removed, washed three times and heat-�xed at 65°C for 40 min. The plate was stained with 0.1% (w/v)
crystal violet for 20 min. Later, the plate was washed to remove excess dye and air dried. The bound dye
to bio�lm was dissolved in 30% (v/v) acetic acid and absorbance was recorded at 590 nm. The following
formula assessed percent bio�lm inhibition.

Cellular toxicity assay
Cytotoxicity assay was performed as described earlier [17]. Brie�y, Human �broblast cells (BJ; ATCC CRL-
2522) were seeded (10,000/well) in a 96-well cell culture plate. After overnight incubation, spent medium
was removed and cells were treated with compounds at different concentrations i.e. 200 − 1.75 µg/mL.
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Plate was incubated for 48 hr at 37 C in CO2 incubator. Following the incubation, 0.5 mg/mL MTT-dye
was added in each well and further incubated for 3.5 hrs. Later the formed formazan crystals were
solubilized in 100 µL of DMSO. The absorbance was recorded at 570 nm using spectrophotometer. The
half maximal inhibitory concentration (IC50) was calculated using the software EZ-Fit Enzyme Kinetics by
Perrella Scienti�c.

Statistical Analysis
All experiments were performed in triplicate and repeated at least three times. The results are reported as
means ± SD. All experimental data were compared by student’s t-test, if required. A p-value below 0.05
was marked statistically signi�cant.

Results And Discussion
Dealing with complicated infections and disorders, normally multiple medications are required that may
cause drug-drug, besides drug-target interactions. Drug-drug interactions might be occurred at any one of
the following three levels; i.e., pharmaceutical, pharmacodynamics, and pharmacokinetic. Such
interactions may also have modulated (e.g. increase or decrease) the drug pharmaceutical action [12]. In
the current study, we have investigated the pharmaceutical interactions of NTZ and AZT. As
aforementioned, NTZ is a thiazolide anti-infective agent, while AZT is a macrolide antibiotic use to treat
various bacterial and viral infections. Moreover, the combination of these two drugs have already been
subjected in clinical trials for early treatment of COVID-19. Thus, persuaded drug-drug interaction study is
very signi�cant and immediate need. The potential interaction was established experimentally using
UV/Vis, Fluorescence, FTIR and CD spectroscopy, biological assays, and complemented by in silico
studies. The outcome revealed signi�cant interaction between NTZ and AZT.

Interaction of nitazoxanide with azithromycin
Nitazoxanide and azithromycin alone and their 1:1 interaction were followed by UV/Vis spectroscopy. The
spectrum of NTZ alone shows two absorption bands, a hyper chromic band at 346 nm followed by a
hypochromic band at 436 nm (Fig. 2a). The band at 346 nm was due to the n → π* transitions of lone
pair of electrons of the carbonyl group, while band at 436 nm corroborated to the internal charge transfer
via thiazol ring from the 2-amino to 5-nitro group [26]. In contrast, AZT alone did not show any absorption
band in the given range. After interaction was taken placed by mixing the two drugs (1:1 ratio) on
constant stirring, the solution turns into the bright yellow color from a very light yellow solution (Fig. 2a;
Insert). After interaction, the typical NTZ absorption bands were fully disappeared and a new hyper
chromic band was appeared at 420 nm (Fig. 2a). After the reaction started, a time-dependent interaction
was observed till 90 min with subtle increase in band intensity at 420 nm (Fig. S1).

The NTZ/AZT interaction was further validated in presence and absence of carrier protein HSA. HSA was
allowed to interact with NTZ, AZT alone, their co-interaction and interaction with NTZ: ATZ complex. The
results were initially followed by UV/Vis spectroscopy (Fig. 2b). Compare to HSA alone and its interaction
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with AZT revealed just a minor increase in intensity of absorption peak at 280 nm (tracing E and A). While
in case of NTZ, a signi�cant increase followed by a bathochromic shift from 346 to 420 nm (tracing E, B
and D) was observed, and as expected suggested the strong binding [27]. Likewise, a similar interaction
pattern of HSA: NTZ: AZT was observed, except with high peak intensity (tracing E and F). The quenching
pattern in intrinsic �uorescence of HSA after interaction with AZT (minor), NTZ (high), and with NTZ: AZT
interaction complex showed the most signi�cant quenching than NTZ alone (Fig. S2a). Moreover, circular
dichroism (CD) analysis of HSA alone shows a typical all alpha protein CD spectrum characterized by
two negative peaks at 208 and 222 nm followed by a positive band at 196 nm. Conformational changes
observed in terms of ellipticity (mdeg) and the calculated secondary structure of HAS (Fig. S2b; Insert)
after interaction with two drugs alone and their interaction complex, suggesting the very differential
binding, while prior drug-drug interaction signi�cantly altered the protein binding and thus their biological
functions [27, 28]. Conformational changes associated with HSA after drug(s) binding was also
complemented with native gel electrophoresis as the results illustrated in Fig. S2c.

In order to measure the linearity of interaction between two drugs, the concentration of one drug kept
constant, while the concentration of other drug was varied in a dose-dependent fashion. Firstly, the
concentration of AZT was kept constant (100 µM) and concentration of NTZ was varied (0-100 µM). As
the concentration of NTZ increases against AZT, the absorption intensity at 420 nm is also signi�cantly
increased. Even at highest concentration of NTZ (100 µM), it fully interacts with AZT and gives only a
sharp peak at 420 nm (Fig. 3a). In contrast, at �xed concentration of NTZ (100 µM) and variable
concentrations of AZT (0-100 µM) the absorption band at 346 nm was gradually decreased, while the
absorption band of interaction complex at 420 nm was gradually increased in a concentration-dependent
manner (Fig. 3b). At the highest concentration of AZT, the absorption band at 346 was totally
disappeared and only hyper chromic band at 420 nm was observed. Since, con�rmed a linear drug-drug
interaction with signi�cant regression and complex formation (Fig. S3a, b). Moreover, from the
established linear regression lines, limit of detection and quanti�cation (LOD/LOQ) can also be
established and utilized for the both drugs detection as chemosensor. The LOD’s for NTZ and AZT were
found to be 1.37 µM (R2 = 0.997) and 1.69 µM (R2 = 0.994), respectively (Fig. S3a, b).

Binding stoichiometry
The interaction between NTZ and AZT was also monitored by Job
smethodofcont ∈ uousvariation and mo ≤ ratiomethods. InJobs method, the mole fraction of
NTZ was varied but the concentration of NTZ and AZT was constant. Figure 4a, shows the Job`s plot
where absorption at 420 nm was plotted against the mole fraction. It was seen that 2:1 binding
stoichiometry (NTZ: AZT) was established. Mole ratio method was also performed to analyze binding
stoichiometry. In this method, the mole fraction of NTZ was kept constant, while AZT was varied. Figure
4b, shows the absorption against the mole ratio (NTZ: AZT) and 2:1 binding stoichiometry was also
observed, which complement the results obtained from Job`s plot.

Determination of binding constant (kb)
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The binding constant between NTZ and AZT complex was also calculated by Benesi-Hildebrand formula:

1/ΔA = 1/Δε[AZT] + 1/Δε[AZT]kb × 1/[NTZ]

Where; ΔA = change in absorbance, Δε = change in absorption coe�cient, [AZT] = concentration of AZT
and [NTZ] = concentration of NTZ. The plot of 1/ΔA against 1/[NTZ] was found to be linear with
coe�cient of correlation i.e., R2 = 0.9969 (Fig. 4c). The binding constant (Kb) was calculated from the

ratio of intercept/slope of 1/ΔA versus 1/[NTZ] plot and was found to be 8400 M− 1. Gibb’s free energy
(ΔG°) of interaction of NTZ and AZT was also calculated by the given equation:

ΔG° = - RT ln kb

Where; R = ideal gas constant (Jmol− 1 K− 1), T = temperature (K). ΔG° for drug-drug interaction was found
to be -22.4 KJmol− 1 indicating that the interaction is energetically favorable.

Binding mechanism
Fourier transform infrared (FTIR) spectroscopic measurements were performed to identify the potential
functional groups that are involved in interaction. As illustrated in Fig. 5, the speci�c bands of NTZ
(alone) appeared at 3358 cm− 1 (stretching of N-H bond), 3087 and 3094 cm− 1 (stretching of C-H and O-H
bonds), 1772 and 1662 cm− 1 (stretching of C = C, C = O and C = N bonds and bending of N-H bond) and
1473 and 1364 cm− 1 (stretching and bending of C = O and C-N) [29]. Similarly, AZT (alone) illustrated
principal bands at 3561, 3496 cm− 1 (stretching of O-H bonds), 1724 cm− 1 (stretching of C = O), 1344 cm− 

1 (bending of C-H bonds), 1282, 1269, 1251 cm− 1 (stretching of C-O bonds), and 1046 cm− 1 (stretching of
C-N bond), and corroborated well with previously reported data [30]. In contrast, the FTIR spectrum of the
NTZ: AZT complex revealed that both drugs were involved in the interaction as the band intensities of
both signi�cantly reduced (Fig. 5).

Stability analysis of NTZ: AZT complex
In order to established the stability of NTZ: AZT interaction complex, two drugs alone and their complex
was �rst subjected to pH stability. Fig. S4a, shows the effect of pH on the NTZ alone. Nitazoxanide is a
pH sensitive drug, and at pH6.0 NTZ shows a hyperchromic band at 346 nm and a hypochromic band at
420 nm. When pH was decreased (< pH6.0), the only band appears at 346 nm, while band at 420 nm was
completely lost. In contrast, when pH was increased (> pH6.0) the only band appeared at 420 nm and
band at 346 nm was lost (Fig. S4a). Obtained results are very well in agreement with earlier studies [26].
On the other hand, AZT did not show any speci�c UV/Vis band and thus effect of variable pH does not
produce any signal (Fig. S4c). Interestingly, NTZ: AZT interaction complex was found sensitive towards
pH and at decreased pH (< pH5.0) a bathochromic shift is observed from 420 nm to 346 nm. In contrast,
at high pH (~ pH10.0) hyper chromic effect was seen at 420 nm (Fig. S4b). While the hypochromic effect
was seen at highly alkaline pH (> pH10.0). This behavior of NTZ: AZT complex was mainly associated
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with NTZ interaction and complex formation with AZT, and the change in the ionization state of NTZ at
different pH.

Temperature is also a key parameter towards drug stability and their interactions. The interactions
between two drugs was found to be quite stable towards temperature up to 80oC as no signi�cant
change have been observed in absorption maximum at 420 nm. While further increase in temperature
(i.e., 80 to 100oC) decreases the intensity of absorption maximum up to 60% but without any signi�cant
change in peak position (Fig. S4d). This might because at high temperature, the interacting forces
between two drug molecules were partially weakened. Likewise, the effect of ionic strength (i.e., 0.05 to 2
M NaCl) of the medium on NTZ: AZT complex was also measured spectroscopically. Results revealed
that interaction between the two drugs were quite stable even at highest ionic concentration of salt i.e., 2
M NaCl (Fig. S4e).

Finally, in order to established the stability of the two drugs (alone) and their interaction complex (i.e.,
NTZ: AZT), identical concentrations (i.e., 100 µM) were incubated and spiked in the healthy fresh human
plasma and urine samples. Signi�cant drug-drug interaction was also observed in urine and plasma
samples as compared to each drug alone (Fig. S5a, b). In order to complement, a pre-incubated NTZ: AZT
interaction complex (i.e., complex of two drugs in DI) was also included as control and spiked in the
human plasma and urine samples. Obtained results revealed no signi�cant change in absorption maxima
of the pre- and post-interaction complex of the two drugs, suggesting the high a�nity for binding between
the drugs even in presence of human urine and complex plasma matrix (Fig. S5a, b).

In silico studies
In order to established the interaction between two drugs, molecular docking analysis was also performed
using MOE. The obtained results show that both drugs interact well with each other via two strong
hydrogen bonds (Fig. 6). Chemically, NTZ is a combination of acetylsalicylic acid and 5-nitrothiazole-2-
amine linked by an amide linkage. In contrast, AZT has two tetrehydro-2H-pyran rings in which one has
ether, while other has amine linkage with the methyl groups and these two rings are attached with larger
ring of macrolide by ether linkages (Fig. 1a, b). In NTZ: AZT complex, two tetrehydro-2H-pyran rings of
AZT shows open hand like structure and their ester linkage with larger ring of macrolides is involved in
interaction with amide group of NTZ by hydrogen bonding (Fig. 6).

Antimicrobial activities and cellular toxicity
When multiple drugs co-administrated in pharmacy practice, their chances of interaction with other drugs
are increased substantially, as a result of interaction the pharmaceutical action of the drug might be
changed [12, 31]. In order to validate this aspect, two drugs alone and their interaction complex were
subjected for antibacterial and antibio�lm activities against some major human pathogens. Obtain
results summarized in table 1 revealed very differential antimicrobial pro�les, mainly depends on the type
of pathogen tested. For example, the antibacterial potential of drug complex (NTZ: AZT) was well
retained in comparison to NTZ alone, while signi�cantly decreased compared to AZT against E. faecalis
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(ATCC 29212). Moreover, the minimum bactericidal concentrations (MBCs) were also reduced for several
folds (Table 1). Likewise, ATZ was found inactive against S. aureus (ATCC 25923) as compared to NTZ
alone, while the drug complex (NTZ: AZT) also shows substantially decreased activity. Moreover, NTZ
alone was found inactive against K. pneumoniae (ATCC 700603) and A. baumannii (ATCC: 19606),
except P. aeruginosa (NCTC 10662), while ATZ alone was found highly potent against all mentioned
Gram-negative pathogens. In contrast, the antimicrobial activity of NTZ: AZT complex was signi�cantly
decreased, except P. aeruginosa (NCTC 10662). Cumulatively, antimicrobial potential of these two drugs
were substantially reduced after interaction or NTZ: AZT complex formation (Table 1).

On the other hand, cellular toxicity established against the human �broblast cells (ATCC CRL-2522) by
using standard MTT assay revealed the IC50 values of 92.96 ± 0.33, 45.68 ± 5.53 and 144.54 ± 5.73
µg/mL for the NTZ, AZT and NTZ: AZT interaction complex, respectively. Signi�cant reduction in cellular
toxicity of NTZ: AZT complex compared to two drugs alone also depicted the strong interaction and
biological impact on activity and bioavailability.

Under study two drugs are widely used alone and in combination with other drugs against COVID-19. In
particular, NTZ and AZT combination are successfully in practice for the early management of COVID-19,
while the results of these clinical trials in the other part of world are still awaited [32–34]. To the best of
our knowledge, no drug-drug or drug-disease interaction was established before in COVID-19 scenario. As
NTZ is a high a�nity protein binding drug, since when co-administrated with other drugs having narrow
therapeutic indices and high a�nity for plasma protein binding, thus the chances of unbound drug in
plasma will be signi�cantly high [31, 35]. Despite, NTZ has a favorable drug interaction pro�le;
unfortunately, no study regarding its interaction with other co-administered drugs was known, so far [36].
As these drugs are widely in used, since there is a signi�cant need of the time to establish their
interactions with other drugs as well as with different biological matrices [37].

Conclusion
In conclusion, current research enlightens the possibilities of risk for drug-drug interactions that are
repurposed to tackle the COVID-19. There is no direct evidence has been reported (so far) that
demonstrate the NTZ and AZT interaction in vivo and/or ex vivo, despite they are widely used in COVID-
19 treatment. This is the �rst study reported the interaction of these two drugs. There is an immediate
need to do more studies ex vivo as well as in vivo on drug-drug interactions that are speci�cally
repurposed for the treatment of COVID-19. This study identi�ed some possible interactions between two
drugs. Incorporating the studies on drug-drug interactions with clinical investigations of repurposed drugs
for COVID-19 therapy is very signi�cant to achieve very effective and safe selection of drug combinations
that will ultimately reduce the adverse effects of drugs interaction. Thus, potential of drug-drug
interaction is a signi�cant consideration when identifying optimal treatment regimens for COVID-19.
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Table 1 is available in the Supplementary Files section

Figures

Figure 1

2-Dimensional chemical structure of NTZ (a) and AZT (b). Asterisks marked, indicates the potential
interacting sites in the two antibiotics for each other.
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Figure 2

(a) UV/Vis spectroscopic characterization of NTZ and AZT alone, as well as change in absorption
spectrum after their interaction (1:1 ratio) measured in a wavelength range 300-700 nm. Inset: illustrated
the color change after interaction. (b) UV/Vis absorption spectra of carrier protein HSA, NTZ, AZT alone
and the interaction of HSA with NTZ, AZT, and NTZ: AZT complex. Results were further complemented by
Native-PAGE, intrinsic �uorescence and CD spectroscopy (Fig. S2a-c).

Figure 3

(a) Concentration dependent interaction analysis between NTZ (a) and AZT (b) using variable
concentrations of each drug (1–100 µM) and followed spectroscopically. Statistically, signi�cant linear
regression lines were observed (Fig. S3a, b).  
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Figure 4

Binding stoichiometry between the two drugs NTZ and AZT were established by using Job’s plot (a) and
Mole ratio (b) methods presenting a mole ratio of 2:1 recorded at 420 nm. (c) Benesi–Hildebrand plot of
NTZ: AZT complex based on 2:1 binding stoichiometry revealed the binding constant (Kb) = 8400 M-1 and

Gibbs free energy (ΔG°) = -22.4 KJ/mol.
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Figure 5

Comparative ATR-FTIR spectra of the two pure drugs NTZ and AZT alone and their interaction complex
(1:1 ratio) recorded in the region of 4000–500 cm-1.
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Figure 6

Molecular docking interaction complex of NTZ (yellow) and AZT (cyan) stabilized by strong hydrogen
bonding (green; values are in Å). Inset: illustrated the anchoring of NTZ in relatively large and open arm
structure of AZT. 
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