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ARTICLE INFO ABSTRACT

This work is focused on the simultaneous determination of different nucleosides (lamivudine, abacavir, zido-
vudine) and non-nucleoside (nevirapine, efavirenz) reverse transcriptase inhibitors (antiretrovirals) in river, tap
PKa and well water by pH-gradient flow-injection analysis with diode-array detection (FIA-DAD) and further mul-
Quantitation tivariate curve resolution-alternating least square (MCR-ALS) processing. Previous to the development of the
FIA-DAD . . s . .
MCRALS analytical method with quantitative purpose, the acid-base characterization was conducted for all the analytes
Environmental samples by determination of the experimental pK,. The pK, values, obtained by UV spectrometric titration coupled to
MCR-ALS data modeling, were in agreement with those found in the literature, and, interestingly, a non-reported
PK, of 12.27 was identified for nevirapine. Eventually, the analytical method was developed and its performance
on the quantitation of the antiretrovirals was evaluated through its application to validation and environmental
samples. The recovery studies showed values between 85 and 115% with relative errors of prediction below
10%. The figures of merit were satisfactory for all the studied drugs, with limits of detection between 25 and
40 ug L™, Therefore, the proposed method, which is based on the generation of high-throughput data, is a
simple and suitable alternative to determine the concentration of antiretroviral drugs in complex matrices,
without pre-concentration or extraction steps. Additionally, MCR-ALS demonstrated to be a useful tool for
solving mixtures of analytes with high spectral overlapping, in the presence of unknown interferences.

Keywords:
Antiretroviral

1. Introduction due to the lack of regulations [4]. Although these drugs are generally

present at rather low levels (from ng L™ 'to ug L™ 1Y) in wastewater and

The acquired immune deficiency syndrome (AIDS) caused by the
human immunodeficiency virus (HIV) is one of the greatest lethal dis-
eases in the world. It is estimated that causes about 1 million deaths per
year worldwide [1,2]. The most widely used treatment, known as
highly active antiretroviral therapy, combines at least two nucleoside
analogue reverse transcriptase inhibitors, such as lamivudine (3TC),
abacavir (ABC) or zidovudine (AZT), with one non-nucleoside reverse
transcriptase inhibitor, such as nevirapine (NVP) or efavirenz (EFV), in
a fixed dose combination [3]. The synergistic action provided by this
therapy has allowed reducing both mortality and morbidity rates
among HIV-infected people, improving their life quality.

Antiretroviral drugs are considered emerging contaminants since
they were found in the environment and can cause adverse ecological
and/or human health effects. However, they are not usually monitored

surface waters [5-7], the continuous input can increase the con-
centrations bringing potential negative effects on the environment, e.g.,
antimicrobial resistance and toxicity to sensitive aquatic organisms.
Their simultaneous determination in environmental samples, as well as
in pharmaceutical dosage, biological fluids, animal tissue, synthetic
mixtures, has been performed by near-infrared spectroscopy [8], high
performance liquid chromatography with diode array detection (HPLC-
DAD) [9], U-HPLC with tandem mass spectrometry detection (MS/MS)
[10] and pH-gradient flow injection analysis (FIA) with DAD [11].
The aforementioned antiretrovirals (3TC, ABC, AZT, NVP and EFV)
exhibit acid-base properties that cause UV spectral changes when var-
iations in the pH of the medium are produced. It is known that the pK,
of the analytes plays an important role from an analytical point of view.
Therefore, prior to the development of a pH-gradient with spectral
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Table 1
Summary and brief description of published works with experimental apparent pK, values of antiretroviral drugs.
Pharmaceutical drug Method Experimental procedure pKa Ref.
pH range T (°C) I (molL™Y)
3TC - - - - 4.3 [31]
Capillary electrophoresis 2-11 25 0.05 (NaCl) 4.24 [14]
UV spectroscopy 2-13 25 0.06 (KCD) 4.19 (2)* [This work]
ABC - - - - 5.1 [31]
Capillary electrophoresis 2-11 25 0.05 (NaCl) 5.04 [14]
UV spectroscopy 2-13 25 0.06 (KCD) 5.20 (1) * [This work]
AZT - - - - 9.7 [31]
FIA-DAD 3.5-10.5 - - 9.55 [23]
Potentiometry - - - 9.85 [13]
Differential scanning potentiometry - 25 - 9.42 [12]
UV spectroscopy 2-13 25 0.06 (KCI) 9.90 (1) ® [This work]
NVP - - - - 2.8 [31]
Solubility 1-6 25 - 2.65 [32,33]
UV spectroscopy 2-13 25 0.06 (KCI) 2.85 (1)* [This work]
12.27 (2)%,12.27 (3)°
EFV - - - - 10.2 [31]
Solubility 1-13 - - 10.1 [15]
UV spectroscopy 1-13 - 0.15 10.2¢
UV spectroscopy 2-13 25 0.06 (KCD) 10.11 (2)* [This work]

2 pK, value calculated by MCR-ALS. Experimental standard deviation in the last significant figure in parentheses.
b pK, value calculated by sigmoidal curve fitting using the wavelength of maximum absorbance corresponding to the acid species. Experimental standard deviation

in the last significant figure in parentheses.
¢ Thermodynamic pK,.

detection method, an in-depth bibliographic search related to the pK,
values of the five herein analyzed drugs was conducted and summar-
ized in Table 1. It is clear that the available information is scarce or
incomplete, especially due to the lack of description of the experimental
conditions in which they were determined.

Analytical methods used for pK, determinations of several drugs
include potentiometry [12,13], capillary electrophoresis (CE) with DAD
[14], UV-Vis spectroscopy [15] and FIA-DAD [11], among others. The
most commonly used estimator for the pK, is the well-known Hen-
derson-Hasselbalch equation [16], whereas chemometric resolution of
spectrophotometric second-order data constitutes an alternative way of
calculation. In this sense, MCR-ALS [17-19] has been widely applied to
calculate pK, from second-order data gathered by different in-
strumentations in several research fields, i.e. UV spectroscopy [20,21],
FIA-DAD [22,23], CE-DAD [24] and fluorescence spectroscopy [20,25].

In this work, the apparent pK, values of 3TC, ABC, AZT, NVP and
EFV were determined by spectrophotometric titrations and chemo-
metric data analysis. Then, based on this physicochemical information,
a FIA-DAD method with MCR-ALS modeling for the simultaneous
quantitation of these five drugs in aqueous environmental samples was
developed.

2. Materials and methods
2.1. Reagents and solutions

3TC, ABC, AZT, NVP and EFV were kindly supplied by Laboratorio
DOSA S.A (Buenos Aires, Argentina). Potassium chloride (KCl) was
purchased from Merck (New York, USA). Hydrochloric acid (37%, HC),
potassium hydroxide (KOH), sodium hydroxide (NaOH), phosphoric
acid (85%, H3zPO,4) and sodium phosphate dibasic (Na,HPO,) were
purchased from Anedra (San Fernando, Argentina). All reagents were of
analytical grade. HPLC grade methanol (MeOH) was purchased from
Biopack (Buenos Aires, Argentina). Ultrapure water was obtained from
a Millipore system (Bedford, USA).

Five 1000 ug mL ™! stock solutions were prepared by dissolving the
appropriate amounts of 3TC and ABC in ultrapure water and NVP, AZT
and EFV in MeOH. Stock solutions were stored in the darkness at 4 °C.
The working solutions were prepared by adequate dilution of the stock
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solution in the corresponding solvent to reach a final concentration of
100 ugmL ™. The 0.2mol L.~ ! phosphate carrier solution was prepared
by transferring the suitable aliquot of H3PO,4 to a 500.0 mL volumetric
flask, adjusting the pH to 2.45 with 8.0 mol L.~ ! NaOH, and completing
to the mark with ultrapure water. The 1.0 mol L ™! sample buffer was
prepared by dissolving g the appropriate amount of Na,HPO, in ul-
trapure water, adjusting the pH to 11.00 with 1.0 mol L™! NaOH, and
completing to 100.0 mL with ultrapure water.

The aqueous environmental samples were obtained from different
regions of Argentina and stored at 4°C until the experiments were
performed. Well water and tap water samples were gathered from
Coronda City and Santa Fe City, respectively, both located at the pro-
vince of Santa Fe. Five river samples were collected from different
districts of the province of Santa Fe (Santa Fe River, Cuculucito River,
Colastiné River, Salado River and San Javier River) and three samples
were taken from different rivers located at San Luis, Entre Rios and
Buenos Aires provinces (Boca del Rio River, Gualeguay River and Lujan
River, respectively).

2.2. Spectrophotometric titrations

2.2.1. Apparatus

When performing the spectrophotometric titrations, the pH was
monitored with an Orion 410A (Massachusetts, USA) potentiometer
equipped with an Orion ROSS Ultra (Massachusetts, USA) combined
glass electrode. The absorption spectra were registered every 0.5 nm in
the spectral range of 200-400 nm using a Perkin Elmer Lambda 20
UV-Vis spectrophotometer (Massachusetts, USA) in a 1.00 cm-quartz
cuvette at a scan rate of 480 nm/min using 2 nm slit widths. The ma-
trices comprised 401 data points in the spectral dimension, while the
pH mode ranged from 25 to 32 depending on the experimental proce-
dure.

2.2.2. Data generation

All measurements were performed in solutions with 0.06 mol L™ *
initial ionic strength (given by KCl 3molL~") at 25 °C using a circu-
lating water bath to control the temperature. The spectrophotometric
titration experiments were conducted in acidified (pH~2) solutions
containing 10 ug mL ™! of each analyte. The general procedure involved
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Table 2

Determination of 3TC, ABC, AZT, NVP and EFV in validation samples by FIA-DAD.
Sample 3TC" ABC" AZT* NVP* EFV*

Nominal Predicted” Nominal Predicted” Nominal Predicted” Nominal Predicted” Nominal Predicted”

1 450 476 (9) [106] 350 381 (4) [109] 150 155 (4) [103] 250 234 (8) [94] 450 451 (2) [100]
2 350 345 (6) [99] 450 461 (5) [102] 250 275 (7) [110] 350 356 (3) [102] 150 140 (7) [93]
3 300 299 (7) [100] 300 301 (9) [100] 300 301 (7) [100] 300 302 (5) [101] 300 299 (6) [100]
4 250 247 (1) [99] 150 168 (9) [112] 350 316 (6) [90] 450 449 (9) [100] 250 264 (2) [106]
5 150 139 (5) [93] 250 250 (1) [100] 450 463 (6) [103] 150 163 (8) [109] 350 363 (4) [104]
REP%" 4.2 5.3 6.0 3.3 3.1

@ All the concentrations are given in pgL~'.

b All the values are expressed as the average of the corresponding replicates. Experimental standard deviations are shown in the last significant figure in par-

entheses, and the recoveries are in square brackets (%).
¢ REP%: relative error of prediction, REP = 100RMSE

c

the addition of small aliquots of 0.1molL™!, 1.0molL™' and
3.0 mol L. ™! KOH, as appropriate, to 50.0 mL of the stirred initially acid
solution, in order to obtain small pH increments. Once each pH value
was reached, the corresponding spectrum was acquired by extracting
2.0 mL of the solution from the vessel, which were then restored to the
original solution, until reaching pH~13. At the end of the titration, one
spectrum for each pH value was recorded.

For each analyte, reference absorption spectra of pure acid and basic
species were obtained from experiments done at selected pH conditions:
pH 2.0 and 13.0.

2.2.3 pK, determinations.

pK, determinations were conducted by MCR-ALS modeling of data
matrices built with the antiretroviral spectra recorded at each pH value.
MCR-ALS performs the bilinear decomposition of a D matrix according
to:

Dpy = Crov X Sk + Epg

(€Y

where D (I x J) is the measured data matrix that includes the experi-
mental UV spectra (J) at each pH value (I). C (I X N) comprises the
concentration profiles of the N species present in the system, and S*
(N x J) the associated spectra of each specie. E contains the residuals of
the model [26].

The chemical rank of individual matrices was estimated by singular
value decomposition (SVD) [27]. The estimations needed to initialize
the ALS optimization were obtained by a procedure based on the
Simple-to-use Interactive Self-modeling Mixture Analysis (SIMPLISMA)
[28]. Decomposition of D was achieved by iterative least-squares
minimization of ||E||, under suitable constrained conditions, i.e. non-
negativity in spectral mode, and closure and non-negativity in con-
centration mode.

2.3. FIA-DAD procedure

2.3.1. Apparatus

The FI system was developed using an Agilent 1100 Series LC in-
strument (Waldbronn, Germany). The carrier solution consisted in
0.2mol L™ H;P0,/NaH,PO, (pH = 2.45) and the sample buffer was
0.1 molL~! NasPO,/Na,HPO, (pH = 11.00). The carrier solution was
pumped through an 800 mm length and 0.5 mm i.d. flexible mixing coil
flowing at 0.3 mL min ~'. The temperature was set at 25 °C. The spectra
were registered every 1 nm in the range of 230-400 nm during 1.9 min.
Thus, the data matrices were of size 143 X 171 for the temporal and
spectral dimensions, respectively.

2.3.2. Calibration and validation samples

For each analyte, a calibration set of six samples was prepared in
triplicate by transferring appropriate aliquots of the 100ugmL~*!
working solutions to 10.0 mL volumetric flasks. For AZT, NVP and EFV,
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, where ¢ is the mean calibration concentration and RMSE = \/ % Z{ (Crom — Cpred)2 for I = 13.

the transferred aliquots were dried with nitrogen flow to evaporate the
MeOH and sonicated with approximately 5mL of water for 10 min.
Then, 1.0mL of 1.0 mol L ™! sample buffer was added to the 10.0 mL
volumetric flasks, which were finally completed to the mark with ul-
trapure water. The final concentration of the calibration samples were
in the range of 50-500 ug L~ ! for each analyte. At last, 1.0 mL aliquots
of each sample were transferred to injection vials and 100.0 uL were
injected into the FI system.

A 5-sample validation set composed of mixtures of the five analytes
was built in duplicate, except for sample 3 which was prepared in
quintuplicate, considering concentrations different than those used in
the calibration and following a random design (Table 2).

2.3.3. Aqueous environmental samples

Environmental samples were prepared by spiking river, tap and well
water with each analyte in five different concentration levels (Table 3).
The solutions were centrifuged at 3000 rpm for 10 min and filtered
through 0.2 pm nylon membranes. The sample preparation was similar
to the above described, but completing to the mark with river, tap or
well water, as appropriate. This procedure was performed in duplicate.

2.4. Software

MCR-ALS was implemented in MATLAB 7.6 [29]. The algorithms for
applying MCR-ALS are available online at http://www.mcrals.info/.

3. Results and discussion
3.1. General considerations

It is well-known that the pK, strongly depends on the temperature,
ionic strength and dielectric constant of the solution [30]. Nevertheless,
some works reporting the determination of the pK, values of anti-
retroviral drugs avoid maintaining these parameters controlled during
the experiments (or did not informed them), as can be seen in Table 1. It
is worth noting that determinations at constant ionic strength require
the preparation of different solutions for each measurement, which is
impractical from experimental and financial points of view, mainly due
to the high solvent consumption, waste generation, analysis time and
introduction of systematic errors.

Considering that in this work the pK, determination was done fol-
lowing an analytical purpose, the experimental conditions were estab-
lished in view of the development of a quantitative method for anti-
retrovirals based on FIA-DAD. Therefore, in the present work, the
temperature was set at 25°C and kept constant during the titration
experiments, whereas an ionic strength of 0.06 mol L.~ * was established
for each sample solution at the beginning of the titrations.
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Table 3

Recovery study of 3TC, ABC, AZT, NVP and EFV in spiked environmental aqueous samples.
Sample 3TC* ABC" AZT* NVP* EFV*

Nominal Found"” Nominal Found"” Nominal Found” Nominal Found" Nominal Found”

Well water® 150 172 (3) [115] 250 274 (8) [109] 450 471 (9) [105] 150 142 (2) [95] 350 326 (8) [93]
Tap water? 450 453 (1) [101] 350 314 (8) [90] 150 171 (6) [114] 250 284 (4) [114] 450 469 (7) [104]
River water® 450 445 (3) [99] 350 343 (1) [98] 150 155 (4) [103] 250 278 (8) [111] 450 439 (6) [98]
River water 300 282 (3) [94] 300 296 (4) [99] 300 277 (2) [93] 300 285 (3) [95] 300 332 (1) [111]
River water® 250 247 (1) [99] 150 137 (2) [92] 350 356 (4) [102] 450 457 (6) [102] 250 230 (6) [92]
River water” 350 313 (9) [89] 450 473 (4) [105] 250 283 (7) [113] 350 349 (6) [100] 150 158 (4) [105]
River water' 300 289 (6) [96] 300 289 (2) [97] 300 290 (1) [97] 300 307 (1) [102] 300 304 (6) [101]
River water’ 250 244 (7) [98] 150 171 (4) [114] 350 345 (1) [99] 450 383 (6) [85] 250 245 (1) [98]
River water" 450 449 (4) [100] 350 364 (8) [104] 150 145 (6) [96] 250 228 (2) [91] 450 448 (7) [99]
River water' 350 331 (2) [95] 450 461 (8) [103] 250 219 (5) [88] 350 307 (4) [88] 150 162 (1) [108]
REP%™ 5.1 6.1 7.3 9.8 5.5

@ All the concentrations are given in pg L™,

b All the values are expressed as the average of the duplicates. Experimental standard deviations are shown in the last significant figure, in parentheses, and the

recoveries are in square brackets (%).
¢ From Coronda City (Santa Fe, Argentina).
4 Santa Fe City (Santa Fe, Argentina).
¢ Boca del Rio River (San Luis, Argentina).
f Santa Fe River (Santa Fe, Argentina).
& Cuculucito River (Santa Fe, Argentina).
" Ualeguay River (Entre Rios, Argentina).
i Lujan River (Buenos Aires, Argentina).
J San Javier River (Santa Fe, Argentina).
K Colastiné River (Santa Fe, Argentina).

! Salado River (Santa Fe, Argentina).
RMSE

™ REP%: relative error of prediction, REP = 100——, where ¢ is the mean calibration concentration and RMSE = 1 ZI (Chom — Cpreq)* for I = 20.
c 1 &1 P

3.2. Spectrophotometric titrations

The absorption spectra of 3TC, ABC, AZT, NVP and EFV in aqueous
solution as a function of the pH are shown in Fig. 1. Notable pH-de-
pendent spectral variations can be observed for all analytes. For ex-
ample, 3TC at acid pH presents maximum absorbance at 280 nm but
there is a hypsochromic shift to 271 nm at basic pH with a prominent
decrease in intensity (Fig. 1A). The main spectral variation for ABC is
observed from 295nm to 285nm when varying from acid to basic
conditions (Fig. 1B). AZT shows a unique maximum absorbance at
266 nm, which only changes in intensity, being the major absorbance
values at acid pH (Fig. 1C). For the particular case of NVP, different
isosbestic points emerge with raising pH values, which are correlated
with the fact that different acid-base equilibriums are evolving as the
pH changes. These observations suggest the presence of different acid-
base equilibriums and, in consequence, the existence of different pKa
values, even though only one is reported in the literature [31-33]
(Fig. 1D). EFV exhibits an intense maximum absorption band at 247 nm
in acid conditions which decreases with pH increments and, at the same
time, a new band arises at 266 nm (Fig. 1E).

3.3. pK, determinations

The chemometric resolution of the generated absorbance-pH data
was performed for each analyte. The first step in the MCR resolution
was the estimation of the number of components involved in the sys-
tems. In this sense, the number of factors estimated using SVD were
three for NVP and two for 3TC, ABC, AZT and EFV. In order to optimize
the data matrix resolution and obtain final solutions with chemical
meaning, constraints such as non-negativity and closure, which assures
the mass balance of the species involved in the equilibrium, were ap-
plied.

The tridimensional plot of a NVP data matrix and its MCR-ALS re-
solution is depicted in Fig. 2. It can be appreciated that the obtained
spectral profiles (Fig. 2B) are in agreement with the experimental pure
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spectra, indicating the good performance of MCR-ALS in the resolution
of this kind of data. In the case of the species distribution diagram
(Fig. 2C), a sigmoidal fit of the data and two pK, values, i.e. 2.85 and
12.27, were observed. It is important to highlight that the proposed
methodology allowed finding pK,. value for NVP, which was not pre-
viously reported in the literature. In order to confirm the value of new
pKay, a sigmoidal curve fitting of the measured absorbance, at a specific
wavelength, as function of pH was performed for the NVP acid species
followed by pK, calculation from the inflection point [34]. Both
methodologies provided the same calculated value of 12.27 (Table 1).
Therefore, the chemometric strategy proved to be a suitable tool in the
pK, determination of antiretroviral drugs. The calculated pK, values for
all the drugs are summarized in Table 1 together with those found in
the literature.

3.4. Quantitation of antiretrovirals by FIA-DAD

3.4.1. Validation samples

The quantitation of the analytes in validation and real samples was
done for each drug individually. The data processing was performed on
an augmented column-wise D data matrix that consisted in 385 x 121
data points for temporal and spectral dimensions, respectively. D ma-
trix was built by appending the matrix corresponding to a validation
sample, the calibration data matrices and one matrix corresponding to
the sample of each of the other analytes. Before performing MCR-ALS,
the determination of the number of components in the model was
carried out based on the previous knowledge of the system, i.e. twelve
factors were selected for the validation mixtures (two for each analytes
and two for the background). In addition, initial spectral estimations
were carried out by analysis of the purest spectra based on the SIMP-
LISMA methodology [28]. During the ALS optimization the following
constraints were applied: non-negativity in concentration and spectral
modes, and correspondence between common species in the different
matrices.

After MCR-ALS decomposition of D, the pseudo-univariate
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Fig. 1. UV absorption spectra of 10 ug mL~?! aqueous solutions of (A) 3TC, (B) ABC (C) AZT, (D) NVP and (E) EFV at different pH values.

regression of area against concentration for each analyte was built with
the concentration information of the calibration samples contained in
C. In all cases, the calculations were performed using the basic species,
due to their higher sensitivity in the whole concentration range.

Taking into account the high spectra overlapping between species in
the sample mixtures (Fig. 3), an appropriate chemometric resolution
that would allow the simultaneous quantitation of these drugs was
pursued. To evaluate the quality of the modeling, a comparison be-
tween the pure experimental spectra (s;) and MCR-ALS retrieved
spectral profile (s;) was carried out. To quantitate the degree of spectral
overlap (s1») the following expression was employed:

lIsTs, Il
12= 5
lIsq sl

(2

The value of s;, ranges from 0 to 1, corresponding to the extreme
situation of no overlapping and complete overlapping [35]. The s1,
figures obtained for basic and acid species were: 0.9972 and 0.9966 for
3TC; 0.9960 and 0.9909 for ABC; 0.9929 and 0.9937 for AZT; 0.9904
and 0.9760 for NVP and 0.9968 and 0.9962 for EFV. A high overlap
between normalized pure experimental spectra and the retrieved
spectral profiles were observed, except for NVP, probably because its
pKa1 (2.8) is very close to the pH of the carrier solution (2.45).

Table 2 summarizes the predicted concentrations for the validation
samples. As can be seen, satisfactory recovery values between 90 and

Fig. 2. (A) 3D plot for NVP data matrix, (B) spectral
profile achieved from MCR-ALS (solid lines) and
experimental pure spectra (dotted lines), and (C)
species distribution curves obtained by MCR-ALS
(the experimental values are indicated in circles and
the fitted curves are showed in blue, green and red
solid lines for acid, intermediate and basic forms,
respectively). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 3. UV spectra of acid (dotted lines) and basic species (solid lines) of 3TC
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pretation of the references to colour in this figure legend, the reader is referred
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Table 4
Analytical figures of merit.

Figures of merit 3TC ABC AZT NVP EFV
Sensitivity (AUpg ™' L) 0.072 0.14 0.059 0.11 0.050
Analytical sensitivity (ug ™" L) 14 27 12 22 10
LOD* (ugL™h) 25 40 40 25 39
LOQ" (ugL™H 74 120 122 77 120

2 LOD: limit of detection calculated according to Ref [37].
> 1,0Q: limit of quantitation calculated as LOD x 10/3.3.

112%, and relative errors of prediction (REP %) below 10%, were ob-
tained. With the aim of proving that the recoveries were not different
than 100%, a statistical analysis was applied assuming a hypothesis
test: Ho: Rep = 100% and Hi: Ry, # 100%. The experimental tey, values
were estimated according to:
= o n
texp = 1100 — Ryl S 3
where R,y, is the average experimental recovery and sy the standard
deviation of the recoveries. The recoveries are considered statistically
different than 100% when t.,, value exceed the critical t (,,) value at
level a, v = n-1 grade of freedom and n samples [36]. For a 95%
confidence level, the experimental tcy, value for all drugs in the vali-
dation samples were lower than the critical value t¢ o25,12), thus, Hy is
accepted, indicating the accuracy of the method.

In analytical chemistry, figures of merit (FOMs) are numerical
parameters useful to compare the relative performances of different
analytical methodologies and to discriminate between their detection
capabilities. Table 4 summarizes the FOMs estimated according to
Bauza et al. [37]. As can be seen, acceptable values were obtained for
all the analytes with limits of detection (LOD) between 25 and
40 ug L1, and limits of quantitation (LOQ) between 74 and 122 ug L™ 1.
Usually, the levels of these drugs in environmental samples are in the
order of the ng L™, but recent studies report concentrations for 3TC in
wastewater and rivers of Kenya in the range of 30-60pugL~' and
167 ug L™ *, respectively [38]. Similar results have been reported for
AZT (6.9-53 ug L~ 1y and EFV (20-34 ugL™ 1) in wastewater collected in
South Africa by Abafe et al. [39]. In this sense, the proposed metho-
dology, which does not require pre-concentration steps, becomes a
suitable alternative to simultaneously monitor the levels of the five
antiretroviral drugs in environmental aqueous matrices by generation
of high-throughput spectroscopic data.

3.4.2. Environmental water samples
In order to evaluate the applicability of the developed methodology,
a recovery study was conducted for the determination of the five
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analytes on spiked environmental samples, which did not show evi-
dences of 3TC, ABC, AZT, NVP and EFV residues. The data matrices
were processed following the procedure applied for the validation set,
but considering one or two more components, as appropriate, asso-
ciated with the interferences present in the samples.

Table 3 displays the recoveries obtained for each drug in ten en-
vironment aqueous matrices from different regions of Argentina. The
experimental t,,, values are lower than the critical t(g g25,19) value for all
drugs; therefore, the recoveries are not statistically different than
100%, suggesting the proposed method is appropriate to simulta-
neously analyze the five antiretrovirals in environmental aqueous
samples.

4. Conclusions

The spectral behavior of the antiretroviral drugs against pH allowed
determining their pK, by spectrophotometric titration and MCR-ALS
analysis. All the pK, values were consistent with the literature data and
for the case of NVP a second pK, value, which was not previously re-
ported, was established.

Taking into account that the presence of emerging contaminants in
highly complex environmental samples is of current concern due to the
potential occurrence of adverse effects on humans and animals, a
method for the simultaneous determination of five antiretrovirals based
on the MCR-ALS modeling of FIA-DAD data was developed. It proved to
be an inexpensive and fast methodology capable of evaluating the
concentration of these drugs in complexes matrices at levels of pgL ™%,
without resorting to extraction or pre-concentration steps. MCR-ALS
second-order data modeling provided satisfactory qualitative and
quantitative results, which supported its application to the resolution of
highly overlapped spectra in the presence of unmodeled matrix com-
pounds.
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