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Ludivine Vieira-Sellaïa, Mercedes Quintanaa, Ousmane Diopb, Olivier Mercierc, Sebastien Tarrita, Nawal Raimib,
Alassan Bab, Benoit Maunita and Marie-Josephe Galmiera

aUniversité Clermont Auvergne, INSERM, Imagerie Moléculaire et Stratégie Théranostique, UMR1240, , Clermont-Ferrand, Cedex, France;
bCentre Humanitaire des Métiers de la Pharmacie, Clermont-Ferrand, France; cAdvion Interchim Scientific, Montluçon cedex, France

ABSTRACT
A green HPLC method for lamivudine (3TC), zidovudine (AZT) and nevirapine (NVP) determination in
fixed-dose combination tabletswas developedusing ethanol as bothoneof themobile phases and the
solvent for sample preparation. This method was validated according to ICH Q2(R1) guideline.
Additionally, the method was adapted to complete the analysis of five related substances described
in the International Pharmacopoeia (Ph. Int.), five other known related substances and two
excipients. The separation was obtained with a C18 column (ARV4 5 µm 250 × 3.0 mm, Interchim)
using a gradient mode with 0.1M ammonium acetate buffer (pH 4.5) and ethanol as mobile phase
at 35°C, a flow rate of 0.4 mL/min, at 270 nm and an injection volume of 10 µL. The combination of
ethanol (biodegradable and low-cost alternative solvent) with the use of a column diameter of
3 mm instead of 4.6 mm as used in pharmacopoeias, makes the wastes of the analysis more
environmentally friendly and allows the use of a conventional HPLC pump (<400 bar) for easy
implementation in quality control in countries with limited resources. Assessment of the method
greenness was evaluated using three analytical tools: Analytical Eco-scale, AGREE metrics and
Analytical Method Greenness Score (AMGS).

Abbreviations: ACN: acetonitrile; API: active principal ingredient; AZT: zidovudine; AZT imp EP A:
zidovudine impurity European Pharmacopoeia A (stavudine); AZT imp EP B: zidovudine impurity
European Pharmacopoeia B; AZT imp EP C: zidovudine impurity European Pharmacopoeia C
(thymine); AZT imp EP E: zidovudine impurity European Pharmacopoeia E (thymidine); AZT imp EP
G: zidovudine impurity European Pharmacopoeia G; MeOH: methanol; NVP: nevirapine; NVP imp EP
A: nevirapine impurity European Pharmacopoeia A; NVP imp EP B: nevirapine impurity European
Pharmacopoeia B; NVP imp EP C: nevirapine impurity European Pharmacopoeia C; Ph. Int.:
International Pharmacopoeia; 3TC: lamivudine; 3TC imp EP C: lamivudine impurity European
Pharmacopoeia C (salicylic acid); 3TC imp EP E: lamivudine impurity European Pharmacopoeia E
(cytosine)
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Introduction

Antiretroviral drugs, like the Nucleoside Reverse Tran-
scriptase Inhibitors (NRTIs) lamivudine (3TC) and

zidovudine (AZT) and the non-Nucleoside Reverse Tran-
scriptase Inhibitor (NNRTI) nevirapine (NVP) (Figure 1)
are widely prescribed to treat HIV infections in
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resource-limited countries. A fixed-dose combination of
these three drugs appeared in 2005 (1) and now it is
included in the WHO’s list of essential medicines (2)
and is available in adult and pediatric doses. A number
of HPLC quantification methods of 3TC, AZT and NVP
in pharmaceutical forms for performing pharmaceutical
control analysis and combating the emergence of coun-
terfeit medicines can be found in the literature (3–6) as
well as in the official HPLC methods in pharmacopoeias.
The European, United States (USP) and international (Ph.
Int.) pharmacopoeias contain single monographs for
each active principal ingredient (API). The USP and Ph.
Int. also integrate the monographs for pharmaceutical
products and the simultaneous dosage of 3TC, AZT
and NVP in tablets is only available in Ph. Int. (7). These
methods used acetonitrile (ACN) or methanol (MeOH),
the most widely used solvents in RP-HPLC and acetate
or phosphate buffer as mobile phases. However, metha-
nol and ACN solvents are included on the EPA hazardous
waste (8) and on ICH Q3C guideline (R8) (9). They should
be properly disposed or recycled because discharging
untreated wastewater containing ACN into natural
water systems can cause serious ecological environ-
mental damage. Minimizing ACN or MeOH consumption
in analytical scientific process is therefore crucial in
increasing the sustainability of pharmaceutical analysis
(10, 11), and even more so in resource-limited countries
where waste management and treatment constitutes a
serious problem (12). At present, Eco-Friendly methods
are developed using several chromatographic methods
and types of pharmaceutical drugs (11, 13–16). To best
of our knowledge, to date no green HPLC method has
been proposed for determining 3TC, AZT or NVP in
pharmaceutical forms, whether separately or simul-
taneously. The objective of the present work was to
develop a green HPLC method for the simultaneous
analysis of 3TC, AZT and NVP and its application in
tablets for both paediatric and adult patients with the
ethanol integration as a mobile phase. Additionally,
the method was adapted to complete the analysis of

five related substances described in the Ph. Int., five
other known related substances and two excipients
(Figure 2). For that, ethanol (a biodegradable solvent,
less toxic than ACN and MeOH) was successfully incor-
porated as the organic mobile phase using a typical
HPLC pump (< 400 bar pressure). At the same time,
the column diameter reduction (3 mm instead of
4.6 mm as used in Pharmacopoeias) was used to mini-
mize waste generation and, therefore, waste manage-
ment. Sample processing was also optimized using
ethanol as a solvent, with the minimization of standard
quantities and volume solutions. The proposed
method should be easily implemented in quality
control laboratories and in particular in the laboratories
of resource-limited countries.

Materials and methods

Chemicals and reagents

Working reference standards of 3TC, AZT and NVP were
obtained from Sigma-Aldrich, Saint-Quentin-Fallavier,
France. The percentages of purity for AZT, 3TC and
NVP are 99.7%, 99.6% and 99.9%, respectively. Cytosine
(3TC imp EP E), thymine (AZT imp EP C), thymidine (AZT
imp EP E or USP RC D) and NVP imp EP B were obtained
from LGC Standards SARL, Molsheim, France. Salicylic
acid (3TC imp EP C) was purchased from Sigma-
Aldrich, Saint-Quentin-Fallavier, France. Stavudine (AZT
imp EP A), AZT imp EP B CRS (Z1904000), NVP for peak
identification CRS (Y0000521) and AZT for system suit-
ability CRS1 (Y0001641) were obtained from the Euro-
pean Directorate for the Quality of Medicines (EDQM,
Strasbourg, France). Analytic grade was used for
ethanol (Carlo Erba, Val-de-Reuil, France), ammonium
acetate and glacial acetic acid (Sigma/Merck, Saint-
Quentin-Fallavier, France). Pharmaceutical forms
(tablets) were provided by the Centre Humanitaire des
Métiers de la Pharmacie (CHMP, Clermont-Ferrand,
France) at two different dosages: 30 mg 3TC, 60 mg

Figure 1. Chemical structures of lamivudine (3TC), zidovudine (AZT) and nevirapine (NVP).
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AZT and 50 mg NVP for paediatric formulations; and
150 mg 3TC, 300 mg AZT and 200 mg NVP for adult.
For the development phase, different formulations
from different manufacturers were analysed.

Instrumentation and separation conditions

The HPLC system consisted of an UHPLC 1260 Infinity II
Prime LC (Agilent Technologies, Santa Clara, USA)
equipped with a quaternary pump (800 bars), a degas-
ser, a thermostatted auto sampler and column compart-
ment and a photodiode array (PDA) detector, with a
dwell volume of 875 µL and a C18 stationary phase of
250 × 3.0 mm, 5 µm (Uptisphere C18-ARV4, Advion Inter-
chim Scientific, Montluçon, France). Data were pro-
cessed using OpenLAB CDS Agilent software.

Separation was achieved in a gradient mode with
ammonium acetate buffer (0.1M; pH 4.5) as mobile
phase A and ethanol as mobile phase B. The gradient
profile (% v/v) consisted of an isocratic part at 4% B
during 3 min followed by a linear increase to 45% of
phase B at 31 min (slope of 1.4), a return to the initial
conditions in 2 min that was kept during 7 min for

column equilibration. Analysis was completed in
40 min. The flow rate was set at 0.4 mL/min. The
column and the auto sampler temperatures were main-
tained at 30°C and 25°C, respectively. Detection was
monitored at 270 nm and the injection volume was 10
μL.

Sample preparation

Standard solutions
In a 100 mL volumetric flask, approximately 37.50 mg of
3TC WRS, 75 mg of AZT WRS and 50 mg of NVP WRS
were accurately weighed. Afterward, 15 mL of ethanol
were added with sonication of the solution for 15 min,
which improves the dissolution rate of the drugs.
Then, the mobile phase A was used to adjust the
volume. After filtration through a 0.20 μm H-PTFE
syringe filter, 1 mL of the previous solution was intro-
duced in a 10 mL volumetric flask and the mix of
ethanol and mobile phase A at a ratio of 15:85 (diluent
solvent) was used to adjust the volume. Standard con-
centrations were 37.50 µg/mL of 3TC, 75 µg/mL of AZT
and 50 µg/mL of NVP.

Figure 2. Chemical structures of related substances of (A) lamivudine (3TC), (B) nevirapine (NVP), (C) zidovudine (AZT); and (D) chemi-
cal structures of excipients analysed.
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Assay solutions
Twenty tablets were weighed and powdered. In a 25 mL
volumetric flask, a quantity of the powdered tablets con-
taining 9.38 mg of 3TC, 18.75 mg of AZT and 12.50 mg of
NVP was accurately weighed. A volume of 3.8 mL of
ethanol was added followed by sonication for 15 min.
Then, the mobile phase A was used to make up to
volume. After filtration through a 0.20 μm H-PTFE
syringe filter, a dilution was made to get a final concer-
tation of 37.50 µg/mL of 3TC, 75 µg/mL of AZT and
50 µg/mL of NVP in a 10 mL volumetric flask using the
diluent solvent.

System suitability solution
In a 10 mL volumetric flask, approximately 1 mg of the
related substances thymidine RS (AZT imp EP E), AZT
imp EP B RS and NVP imp EP B RS were accurately
weighed. Following this, 5 mL of diluent solvent were
added in the flask followed by a sonication for
15 min. Then, the diluent solvent was used to make
up to volume. The solution was filtered through
0.20 μm H-PTFE filter. Further, a dilution was made to
get a final concentration of 6.0 µg/mL of each related
substances in a 10 mL volumetric flask using the stan-
dard solution.

Method validation

The validation of the method was performed according
to ICH Q2(R1) guideline (17). The following parameters
were studied: specificity, linearity, limit of detection
(LOD), limit of quantification (LOQ), precision, accuracy
and robustness. Linearity, precision and accuracy were
performed on two different column batches, on three
days and by two different analysts.

Results and discussion

Method development

Different conditions were tested to obtain a HPLC
method as green as possible using a typical pump
(maximum 400 bar) to quantify the three APIs. The
related substances: thymidine, AZT imp EP B and NVP
imp EP B used for system suitability in Ph. Int (7) were
include in method development. Ethanol was chosen
as the greenmobile phase B. Ethanol has similar chroma-
tographic characteristics to ACN or methanol, such as a
complete miscibility with water, and it has a higher eluo-
tropic strength than methanol, allowing the use of less
organic solvent (18, 19). However, its use with conven-
tional HPLC systems (400 bar) is challenging because
of his high viscosity. To resolve this issue, the use of a

C18 column of 5 µm particle size, a 3 mm internal diam-
eter and 250 cm in length allowed us to propose a
method that remains accessible to laboratories with
limited resources. The main parameter that was opti-
mized was the gradient programme. First, the pressure
of the system was checked using a gradient with water
as mobile phase A and ethanol as mobile phase B. A
linear increase from 5% to 90% B with a flow rate of
0.4 mL/min at 30°C during 60 min was witnessed. This
experience results in a maximum pressure of 305 bar
for 50% B. The flow rate was then fixed to 0.4 mL/min
in order not to exceed the pressure limit value of a con-
ventional HPLC. The chromatographic methods for the
analysis of 3TC, AZT and NVP described in the literature
use acetate or phosphate buffer as mobile phases. Here,
we use acetate buffer for its greener properties. We
compare different ionic strength (0.05, 0.075 and
0.1 M) of the ammonium acetate buffer (pH 4.5). The
0.1 M ammonium acetate buffer was retained as the
mobile phase A for the next optimization because finer
peaks and better resolution were obtained. Different
gradients were tested (from 4% to 80% EtOH) with a
column temperature of 30 °C and a mobile phase flow
rate of 0.4 mL/min. The resolutions were the criteria
used to choose the best gradient slope. Table 1 shows
that steeper slopes correlated with smaller resolutions.
The resolution between thymidine and 3TC was similar
between the slope of 1.4 and the slope 1.2 (R = 4.4 and
4.5, respectively). However, the slope of 1.4 was selected
based on the retention time diminution of the last peak
(NVP) which changed from 28.8 min to 25.8 min. An iso-
cratic step of 3 min was added before the gradient to
facilitate the method of transfer between different lab-
oratories because the dwell volume may differ, as no
two instruments are alike. Next, the influence of temp-
erature was studied at 25°C, 30°C and 35°C. A good sep-
aration with a reduction of analysis times was obtained
at 35 °C (Table 1).

Table 1. Development results: Retention times (RT) of three APIs
and resolutions (R) between thymidine [1] and 3TC [2], AZT [3]
and AZT imp EP B [4], NVP imp EP B [5] and NVP [6].

Chromatographic conditions

RT (min) R

3TC AZT NVP [1–2] [3–4] [5–6]

Slope 1.2, 30 °C 9.9 17.1 28.8 4.5 5.6 5.2
Slope 1.4, 30 °C 9.5 15.9 25.8 4.4 5.3 4.7
Slope 2.0, 30 °C 9.0 14.0 21.1 4.1 4.8 3.8
Slope 2.5, 30 °C 8.6 12.8 18.5 3.8 4.4 3.2
Isoa 3 min, Slope 1.4, 25 °C 12.1 19.2 29.2 4.5 5.4 4.0
Isoa 3 min, Slope 1.4, 30 °C 11.8 18.9 28.9 4.5 5.2 4.3
Isoa 3 min, Slope 1.4, 35 °C 11.2 18.2 28.3 4.8 5.4 5.6
aIso: isocratic part.
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Method validation

Specificity
The specificity was studied with respect to related sub-
stances and the excipients present in the tablet forms.
Five standards of related substances, described in Ph.
Int., were analysed: 3TC imp EP E (cytosine), AZT imp
EP C (thymine), AZT imp EP E (thymidine), AZT imp EP
B and NVP imp EP B. To complete the list of related sub-
stances, additional related substances were injected: sta-
vudine (AZT imp EP A), salicylic acid (3TC imp EP C) and
EDQM solutions allowed us to identify retention times
for NVP imp EP A, NVP imp EP C and AZT imp EP G
(Figure 3). The chromatograms show an excellent separ-
ation between APIs and all impurities injected (resol-
utions > 1.5, Table 2).

Tablets for adult and child use from several manufac-
turers (Mylan, Strides, Cipla and Hetero) were analysed in
order to verify the specificity form for different excipient
compositions of 3TC-AZT-NVP. The chromatographic
profiles bore a number of similarities from one manufac-
turer to another. However, in the case of Mylan 30 mg
3TC tablets, two peaks (E1 and E2) potentially corre-
sponding to excipients, were observable (Figure 4).

In order to verify this hypothesis, LC-MS was per-
formed. Full scan in negative mode allows us to high-
light that the (E1) and (E2) peaks correspond to

acesulfame potassium and aspartame – excipients indi-
cated in the patient notice of this manufacturer –
respectively (Figure 5). A posteriori, these two excipients
have been injected and the retention times fit with LC-
MS results. Resolutions between APIs and each peak
were up to 1.5 (Table 2).

The green analytical method is specific for ten related
substances and two excipients in pharmaceutical forms.

Figure 3. Chromatograms of APIs and related substances. (A) Blank, (B) EDQM, AZT for system suitability CRS1 solution, (C) EDQM, NVP
for peak identification solution, (D) System suitability solution (The intensities vary from 0 to 1000 mAU except for AZT in (B)
chromatogram).

Table 2. Retention times for APIs, excipients and some related
substances: TRR of related substances calculated with respect
to associated API (3TCa, AZTb, NVPc).
Compounds TR (min) TRR (min) Resolution

Cytosine (3TC imp EP E) 3.6 0.32a N/A
Acesulfame K (excipient) 6.1 N/A 13.6
Thymine (AZT imp EP C) 6.8 0.37b 1.7
Thymidine (AZT imp EP E or USP RC D) 10.1 0.55b 5.8
3TC 11.1 1.00a 2.4
Stavudine (AZT imp EP A) 12.7 0.70b 6.1
Salicylic acid (3TC imp EP C) 15.2 1.37a 11.2
AZT 18.2 1.00b 13.1
AZT imp EP B 19.4 1.07b 5.5
Aspartame (excipient) 21.4 N/A 9.0
AZT imp EP G 24.7 1.36b 14.2
NVP imp EP B 27.1 0.95c 10.3
NVP 28.4 1.00c 5.8
NVP imp EP A 30.7 1.08c 9.0
NVP imp EP C 34.1 1.20c 13.1

N/A: not applicable.
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Figure 4. Chromatogram for tablets of Mylan 30 mg 3TC. (The intensities vary from 0 to 950 mAU).

Figure 5. LC-MS analysis of Mylan 30 mg 3TC tablets: (A) Full scan chromatogram, (B, D) Extracted ion chromatogram m/z 162 and
spectrum, (C, E) Extracted ion chromatogram m/z 293 and spectrum. UHPLC system Ultimate 3000 RSLC equipped with MS system Orbi-
trap Q-Exactive (ThermoScientific) with parameters (-) ESI full scan mode, sheath gas N2 flow rate 50 AU, Sweep gas N2 flow rate 3 AU, Aux.
gas N2 flow rate 13 AU, discharge voltage −3.0 kV, capillary temperature 320°C, Aux. gas temperature 425°C, resolution 35000, AGC target
1e6; scan range 65–750 m/z).
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Linearity
Linearity was evaluated by preparing five standard sol-
utions in the range from 80% to 120% of nominal con-
centration (37.5 µg/mL for 3TC, 75.0 µg/mL for AZT
and 50.0 µg/mL for NVP) (17). Each solution was injected
in duplicate and three sets were performed (n = 6 for
each level). Response functions: area = f (theoretical con-
centrations) were determinate for each API. Data were
analysed with least squares linear regression (Table 3).
All correlation coefficients (r) were greater than 0.999
for each API. To validate linearity relations for each API,
the measured concentration was expressed as a function
of the theoretical concentration. Slopes were all close to
1, therefore, the method is linear on the range 80%-
120% for each API.

The ratio between intercept and area of 100% for
each API were evaluated. The ratios were less than
0.5%, allowing the use of one-point calibration at
100% for quantification as in pharmacopoeia methods.
This type of calibration fits with green analytical chem-
istry by preparing less solution and therefore consuming
less solvent and less standard.

Limit of quantitation (LOQ) and limit of detection
(LOD)
The limit of detection (LOD) and the limit of quantitation
(LOQ) (Table 4) were calculated by the equations: LOQ =
10 Sa/b and LOD = 3.3 Sa/b, where Sa is the standard
deviation of the intercept of the calibration curve and
b is the slope of the calibration curve.

Precision
The inter-assay precision study was performed on three
days, by two analysts and on three different column
batches per day. Three levels of standard concentrations
were prepared in duplicate per day. This represents six
replicates per level. To assess the variability found in a
quality control laboratory, the R.S.D (%) was determined.
The inter-assay R.S.D should not exceed 2.0%

The intra-assay precision study was performed on the
same day by injecting two independent solutions of
each level two times. This represents four replicates
per level. R.S.D (%) calculated on these results represents
the overall variability of the method (from sample prep-
aration to acquisition). The intra-assay R.S.D should not
exceed 2.0%.

Table 5 shows intra and inter-assay precision results
obtained on standard solutions for each API. Intra-day
precision and inter-day R.S.D (%) are all not greater
than 0.5% and 0.8% respectively. These results, not
greater than 2%, confirm the precision of the developed
method.

Accuracy
The accuracy of the method was determined using the
standard solutions. Quantities of standard solution, cor-
responding to 80%, 100% and 120% of the target con-
centrations, were prepared for each API. Three
solutions for each level were prepared and analysed
twice. Recoveries were calculated for each level and
each API ((found concentration/introduced concen-
tration) × 100). Mean recoveries should be between
98% and 102% (20, 21). For each level, mean recoveries
ranged from 99.95% and 100.27% (Table 6). These
results indicate that the method ensures high accuracy
for the analysis of these APIs in tablets.

Robustness
Robustness of the method was evaluated by controlled
variation in chromatographic conditions including pH
of buffer from 4.3 to 4.7, column oven temperature
from 33 to 37°C and percentage of water in ethanol
(95% EtOH to absolute EtOH). For this study, a system
suitability solution was injected. Coefficients of variation
on API areas were not more than 1.7% and deviations of
retention time were not more than 2.8% for each con-
dition. Whatever the variations tested, resolutions for
each API were no less than 3.4 between Thymidine
and 3TC, 5.3 between AZT and AZT imp EP B and 5.1
between NVP and NVP imp EP B. This method remains
effective over the range of conditions tested.

Applications to pharmaceutical forms
The developed and validated green analytical method
was applied to quantify 3TC, AZT and NVP in tablets
for both adult and child use from 4 manufacturers.
Table 7 shows the recovery results of each API based
on the theoretical quantity (mg) per tablet. All results
obtained were included in the specification range
90%-110% of Ph. Int. (7). This green method, being appli-
cable to different tablets, could be used in QC
laboratories.

Assessment of greenness of analytical HPLC
method
Three green metrics tools were used to calculate the
greenness of the analytical method compared against
the official method described in Ph. Int. (7). The first cal-
culation was performed with the method published by
Galuszka et al. (22). The authors proposed a semi-quan-
titative tool for evaluating the greenness of analytical
methods called the Eco-Scale, which is based on the
attribution of penalty points according to amount and
hazard of chemical compound, energy used and waste
generated. The total of penalty points is subtracted
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from the value of 100, which corresponds to the ideal
green analysis. Any score above 75 is said to be an excel-
lent green standard. Scores between 50 and 75 are said
to be acceptable. This study is based on criteria such as
solvents, instrumentation and waste volume.

Table 8 shows the score obtained by both the Ph. Int.
method and the green analytical method. The scores
obtained were 63 and 75, respectively. The eco-scale
tool highlights that the new method is greener than
that described in Ph. Int.

The Analytical GREEnness calculator tools developed
by Pena-Pereira et al. (23) take into consideration the
12 principles of green analytical chemistry and
propose and scale from 0−1 points. The results obtained
for the proposed method and the Ph. Int. method are
shown in Figure 6.

An excellent score was obtained for criterion 7, which
evaluates the volume of waste generated. The reduction
of the column’s diameter allows for a decreased flow
rate thereby reducing solvent waste through consuming
less mobile phase (24). Moreover, the proposed green
HPLC method has an analysis time gain of 8 min by
injections compared to the Ph. Int. method (7). The
sample treatment was optimised and the concentration
of the stock solutions was reduced, but the final solution
concentration was maintained. The solvent volume was

then reduced by a factor of 8, contributing to the gener-
ation of less waste. The quantity of standards was
divided by a factor of 16, reducing both the cost and
the environmental impact of analyses.

The improved scores for criteria 10 (reagents
obtained from renewable), 11 (toxic reagents) and 12

Table 3. Validation of linearity.
API 3TC AZT NVP

Range (µg/mL) 30.0-45.0 60.0-90.0 40.0-60.0
Linear response function: peak area = f (theor. conc.)
Regression equation
Y = ax+b

Y = 124259x
+4.951

Y = 103645x
−16.998

Y = 76240x
+6.372

R2 0.9994 0.9995 0.9994
R 0.9997 0.9997 0.9997
(a/peak area at
100%)×100

0.1% 0.2% 0.2%

Table 4. Limit of detection (LOD) and the limit of quantitation
(LOQ).
API 3TC AZT NVP

LOQ(µg/mL) 1.83 3.58 6.18
LOD (µg/mL) 0.60 1.18 2.04

Table 5. Precision of standard solutions.

API Level (%) Target conc. (µg/mL)

Intra-assay precision (n = 4/level) Inter-assay precision (n = 6/level)

Mean conc. (µg/mL) Standard deviation R.S.D (%) Mean conc. (µg/mL) Standard deviation R.S.D (%)

3TC 80 30.00 29.96 0.07 0.24 29.92 0.19 0.65
100 37.50 37.60 0.12 0.32 37.39 0.13 0.36
120 45.00 45.11 0.12 0.26 45.05 0.22 0.49

AZT 80 60.00 59.99 0.18 0.29 59.97 0.35 0.59
100 75.00 75.06 0.09 0.13 74.75 0.45 0.60
120 90.00 90.30 0.26 0.29 90.09 0.57 0.64

NVP 80 40.00 39.83 0.17 0.43 40.19 0.07 0.17
100 50.00 50.13 0.05 0.09 49.79 0.37 0.74
120 60.00 60.43 0.17 0.28 60.04 0.45 0.75

Table 6. Accuracy of standard solutions (n = 6/level).
API Level (%) Mean recovery (%) R.S.D (%)

3TC 80 99.95 0.26
100 100.07 0.27
120 100.18 0.32

AZT 80 100.14 0.24
100 99.97 0.14
120 100.25 0.36

NVP 80 100.24 0.28
100 100.00 0.24
120 100.27 0.35

Table 7. Results obtained by green analytical method.
Recoveries (%) of 3TC, AZT and NVP for tablets from different
manufacturers (n = 2).

Sample
3TC
(%)

(%)
R.S.D

AZT
(%)

(%)
R.S.D

NVP
(%)

(%)
R.S.D

Mylan 30 mg
3TC

98.29 1.0 97.97 0.4 95.34 0.8

Cipla 30 mg
3TC

99.96 0.5 99.47 0.1 98.33 0.1

Strides 30 mg
3TC

97.83 0.2 98.11 0.2 96.27 0.2

Mylan 150 mg
3TC

98.84 0.2 99.16 3.9 94.25 1.7

Cipla 150 mg
3TC

97.78 0.6 98.65 0.3 97.81 0.3

Strides 150 mg
3TC

99.47 1.3 100.18 0.8 98.40 1.3

Hetero 150 mg
3TC

98.54 0.6 97.83 1.3 95.25 0.6

Table 8. Eco-scale comparison between proposed method and
Ph. Int method (7), based on calculation outlined by Galuszka
et al. (22).

HPLC
Method

Solvent
sample

preparation
Mobile
phase Instrument Penalty

Eco-
scale
total
score

Ph. Int. 12 16 9 38 63
Proposed
method

8 8 9 26 75
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(operator’s safety), are associated to the use of ethanol.
Ethanol was used effectively as an organic mobile
phase without compromising separation performance,
and employed a typical HPLC pump (< 400 bar pressure).
This solvent is included in the class 3 of ICH Q3C guide-
line (R8) (9) characterized by a low toxic potential and a
lower risk to human health in comparison to methanol,
which is a solvent that has to be limited in pharma-
ceutical products because of its inherent toxicity (class
2).

The greenness score obtained with the Analytical
Method Greenness Score (AMGS) tool from Hicks et al.
(25) was 152.47 and 235.80 for the proposed method
and the Ph. Int method, respectively. Smaller scores
are associated with safer and more environmentally
friendly methods. The main difference was for the
solvent energy and environmental health safety (EHS)
scores (5.98 vs 19.41 and 32 vs 79.01). Once again, the
greenness gain was represented through the use of
ethanol, the reduction in the time required for analysis
and a far smaller consumption of solvents.

Conclusion

A new green analytical method was optimized and vali-
dated to be easily applied in QC laboratories in less
economically developed countries. This method there-
fore emphasized in particular the choice of a classic
column that can be used on a traditional HPLC
system. The analytical method was developed by
decreasing the column diameter (3 mm instead of
4.6 mm) and reducing both the analysis time and the
solvent volume of the prepared solutions. A particular
strength of our findings was the successful use of

ethanol, a biodegradable and non-toxic solvent. This
method allows also enables the quantification of 3TC,
AZT and NVP. In addition to the three APIs, this one
method of analysis identified ten related substance
compounds (Cytosine, Thymine, Thymidine, Stavudine,
Salicylic acid, AZT imp EP B, AZT imp EP G, NVP imp
EP B, NVP imp EP A, NVP imp EP) and two excipients
(acesulfame K and aspartam).

Acknowledgements

The authors are grateful to the Conseil Régional Auvergne –
Rhône - Alpes for their financial support for this project (RD
BOOSTER 2018 – GREEN QC). The authors would like to thank
Dr. Chezal at the University Clermont Auvergne for his help
in revision and design of structures of molecules.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The authors are grateful to the Fonds Régional d’Innovation de
la Région Auvergne Rhône Alpes for their financial support for
this project (R&D BOOSTER 2018 – GREEN QC).

References

[1] Vitoria, M.; Rangaraj, A.; Ford, N.; Doherty, M. Current and
Future Priorities for the Development of Optimal HIV
Drugs. Curr. Opin. HIV AIDS 2019, 14 (2), 143–149.
doi:10.1097/COH.0000000000000527.

[2] WHO Model Lists of Essential Medicines https://list.
essentialmeds.org/ (accessed Jun 23, 2021).

[3] Saini Pawan, K.; Singh Raman, M.; Mathur Satish, C.; Singh
Gyanendra, N.; Jain Chhoten, L. A Rapid and Sensitive RP-

Figure 6. AGREE metric scores of (A) Ph. Int. method, and (B) proposed method.

GREEN CHEMISTRY LETTERS AND REVIEWS 703

https://doi.org/10.1097/COH.0000000000000527
https://list.essentialmeds.org/
https://list.essentialmeds.org/


UPLC Method for Simultaneous Determination of
Zidovudine, Lamivudine and Nevirapine in Tablet
Dosage Form. J. Pharmaceut. Res. 2010, 9 (2), 56. doi:10.
18579/jpcrkc/2010/9/2/79484.

[4] Joshi, A.; Adeyeye, M.C. Reversed Phase LC-UV Method
Development and Validation for Simultaneous
Determination of Three Antiretrovirals: Lamivudine,
Zidovudine, Nevirapine and Possible Degradants in a
Fixed Dose Pharmaceutical Product. J. Pharm. Technol.
Drug Res. 2012, 1 (1), 4. doi:10.7243/2050-120X-1-4.

[5] Prakash, K.; Ishaq, B.; Mohan, G. Validated RP-HPLC-PDA
Method for Simultaneous Determination of Zidovudine,
Lamivudine, and Nevirapine in Pharmaceutical
Formulation. Drug Dev. Ther. 2015, 6 (1), 27. doi:10.
4103/2394-2002.148890.

[6] Mondal, P.; Mahender, K.; Padmaja, B. A Novel UPLC-PDA
Method for the Simultaneous Determination of
Lamivudine, Zidovudine and Nevirapine in Bulk and
Tablet Dosage Form. Analyt. Chem. Lett. 2018, 8 (1),
131–138. doi:10.1080/22297928.2017.1400921.

[7] The international pharmacopoeia [electronic resource] -
10th ed. Geneva: World Health Organization; 2020.
Specific monograph: Zidovudine, lamivudine and nevira-
pine tablets. https://digicollections.net/phint/2020/index.
html#d/b.6.2.2.140. (accessed Sep 27, 2022).

[8] Hazardous Waste Listings. A User-Friendly Reference
Document. United States Environmental Protection
Agency (EPA), 2012.

[9] ICH guideline Q3C (R8) on impurities: guideline for
residual solvents setp 5 https://www.ema.europa.eu/en/
documents/regulatory-procedural-guideline/ich-
guideline-q3c-r8-impurities-guideline-residual-solvents-
step-5_en.pdf (accessed Feb 21, 2022).

[10] McConvey, I.F.; Woods, D.; Lewis, M.; Gan, Q.; Nancarrow,
P. The Importance of Acetonitrile in the Pharmaceutical
Industry and Opportunities for Its Recovery from Waste.
Org. Process. Res. Dev 2012, 16 (4), 612–624. doi:10.
1021/op2003503.

[11] Yabré, M.; Ferey, L.; Somé, I.; Gaudin, K. Greening
Reversed-Phase Liquid Chromatography Methods Using
Alternative Solvents for Pharmaceutical Analysis.
Molecules 2018, 23 (5), 1065. doi:10.3390/
molecules23051065.

[12] Hoellein, L.; Holzgrabe, U. Development of Simplified
HPLC Methods for the Detection of Counterfeit
Antimalarials in Resource-Restraint Environments.
J. Pharmaceut. Biomed. Anal. 2014, 98, 434–445. doi:10.
1016/j.jpba.2014.06.013.

[13] Prajapati, P.; Patel, A.; Shah, S. DoE-Based Analytical
Quality Risk Management for Enhanced AQbD
Approach to Economical and Eco-Friendly RP-HPLC
Method for Synchronous Estimation of Multiple FDC
Products of Antihypertensive Drugs. J. Chromatogr. Sci.,
2021. bmab123. doi:10.1093/chromsci/bmab123.

[14] Prajapati, P.B.; Radadiya, K.; Shah, S.A. Quality Risk
Management Based: Analytical Quality by Design
Approach to Eco-Friendly and Versatile
Chromatography Method for Simultaneous Estimation
of Multiple Fixed-Dose-Combination Products of Anti-
Diabetic Drugs. J. Pharm. Innov. 2022, 17 (1), 111–128.
doi:10.1007/s12247-020-09506-5.

[15] Prajapati, P.B.; Bodiwala, K.B.; Shah, S.A. Analytical Quality-
by-Design Approach for the Stability Study of
Thiocolchicoside by Eco-Friendly Chromatographic
Method. J. Planar Chromatogr. Modern TLC 2018, 31 (6),
477–487. doi:10.1556/1006.2018.31.6.8.

[16] Yabré, M.; Ferey, L.; Somé, T.I.; Mercier, O.; Gaudin, K. Green
Reversed-Phase HPLC Development Strategy: Application
to Artesunate and Amodiaquine Analysis. J. Sep. Sci. 2020,
43 (24), 4390–4404. doi:10.1002/jssc.202000732.

[17] ICH Guideline, Validation of analytical procedures: text
and methodology Q2(R1), Step 4 https://database.ich.
org/sites/default/files/Q2%28R1%29%20Guideline.pdf.

[18] Shaaban, H.; Górecki, T. Current Trends in Green Liquid
Chromatography for the Analysis of Pharmaceutically
Active Compounds in the Environmental Water
Compartments. Talanta 2015, 132, 739–752. doi:10.
1016/j.talanta.2014.09.050.

[19] Welch, C.J.; Brkovic, T.; Schafer, W.; Gong, X. Performance
to Burn? Re-Evaluating the Choice of Acetonitrile as the
Platform Solvent for Analytical HPLC. Green Chem. 2009,
11 (8), 1232. doi:10.1039/b906215g.

[20] Green, J.M. Peer Reviewed: A Practical Guide to Analytical
Method Validation. Anal. Chem 1996, 68 (9), 305A–309A.
doi:10.1021/ac961912f.

[21] Gustavo González, A.; Ángeles Herrador, M. A Practical
Guide to Analytical Method Validation, Including
Measurement Uncertainty and Accuracy Profiles. TrAC
Trends Analyt. Chem. 2007, 26 (3), 227–238. doi:10.1016/
j.trac.2007.01.009.

[22] Gałuszka, A.; Migaszewski, Z.M.; Konieczka, P.; Namieśnik,
J. Analytical Eco-Scale for Assessing the Greenness of
Analytical Procedures. TrAC Trends Analyt. Chem. 2012,
37, 61–72. doi:10.1016/j.trac.2012.03.013.

[23] Pena-Pereira, F.; Wojnowski, W.; Tobiszewski, M. AGREE—
Analytical GREEnness Metric Approach and Software.
Anal. Chem 2020, 92 (14), 10076–10082. doi:10.1021/
acs.analchem.0c01887.

[24] Welch, C.J.; Wu, N.; Biba, M.; Hartman, R.; Brkovic, T.; Gong,
X.; Helmy, R.; Schafer, W.; Cuff, J.; Pirzada, Z. Greening
Analytical Chromatography. TrAC Trends Analyt. Chem.
2010, 29 (7), 667–680. doi:10.1016/j.trac.2010.03.008.

[25] Hicks, M.B.; Farrell, W.; Aurigemma, C.; Lehmann, L.; Weisel,
L.; Nadeau, K.; Lee, H.; Moraff, C.; Wong, M., Huang, Y., et al.
Making the Move Towards Modernized Greener
Separations: Introduction of the Analytical Method
Greenness Score (AMGS) Calculator. Green Chem. 2019,
21 (7), 1816–1826. doi:10.1039/C8GC03875A.

704 L. VIEIRA-SELLAÏ ET AL.

https://doi.org/10.18579/jpcrkc/2010/9/2/79484
https://doi.org/10.18579/jpcrkc/2010/9/2/79484
https://doi.org/10.7243/2050-120X-1-4
https://doi.org/10.4103/2394-2002.148890
https://doi.org/10.4103/2394-2002.148890
https://doi.org/10.1080/22297928.2017.1400921
https://digicollections.net/phint/2020/index.html&num;d/b.6.2.2.140
https://digicollections.net/phint/2020/index.html&num;d/b.6.2.2.140
https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/ich-guideline-q3c-r8-impurities-guideline-residual-solvents-step-5_en.pdf
https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/ich-guideline-q3c-r8-impurities-guideline-residual-solvents-step-5_en.pdf
https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/ich-guideline-q3c-r8-impurities-guideline-residual-solvents-step-5_en.pdf
https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/ich-guideline-q3c-r8-impurities-guideline-residual-solvents-step-5_en.pdf
https://doi.org/10.1021/op2003503
https://doi.org/10.1021/op2003503
https://doi.org/10.3390/molecules23051065
https://doi.org/10.3390/molecules23051065
https://doi.org/10.1016/j.jpba.2014.06.013
https://doi.org/10.1016/j.jpba.2014.06.013
https://doi.org/10.1093/chromsci/bmab123
https://doi.org/10.1007/s12247-020-09506-5
https://doi.org/10.1556/1006.2018.31.6.8
https://doi.org/10.1002/jssc.202000732
https://database.ich.org/sites/default/files/Q2%28R1%29%20Guideline.pdf
https://database.ich.org/sites/default/files/Q2%28R1%29%20Guideline.pdf
https://doi.org/10.1016/j.talanta.2014.09.050
https://doi.org/10.1016/j.talanta.2014.09.050
https://doi.org/10.1039/b906215g
https://doi.org/10.1021/ac961912f
https://doi.org/10.1016/j.trac.2007.01.009
https://doi.org/10.1016/j.trac.2007.01.009
https://doi.org/10.1016/j.trac.2012.03.013
https://doi.org/10.1021/acs.analchem.0c01887
https://doi.org/10.1021/acs.analchem.0c01887
https://doi.org/10.1016/j.trac.2010.03.008
https://doi.org/10.1039/C8GC03875A

	Abstract
	Introduction
	Materials and methods
	Chemicals and reagents
	Instrumentation and separation conditions
	Sample preparation
	Standard solutions
	Assay solutions
	System suitability solution

	Method validation

	Results and discussion
	Method development
	Method validation
	Specificity
	Linearity
	Limit of quantitation (LOQ) and limit of detection (LOD)
	Precision
	Accuracy
	Robustness
	Applications to pharmaceutical forms
	Assessment of greenness of analytical HPLC method


	Conclusion
	Acknowledgements
	Disclosure statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


