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a b s t r a c t

The wastewater treatment process, besides discharging pharmaceuticals into the environment, has been
found to result in the formation of a variety of undescribed compounds. Here we investigate the labo-
ratory scale chlorination of the commonly used anti-HIV drug Nevirapine, characterise its disinfection
transformation products (DTPs), and using liquid chromatography with high resolution mass spec-
trometry, screen environmental surface water for these DTPs. Chlorination of Nevirapine was scaled up,
fractioned by preparative chromatography and the fractions were tested in vitro for toxicity and anti-HIV
activity. Nevirapine was found to be resistant to degradation at relevant chlorination levels, which may
partially explain its ubiquitous presence in South African surface water. During simulated chlorination, a
variety of DTPs with varying properties were formed, some of which were detected in the environment,
close to wastewater treatment plants. Interestingly, some of these compounds, although not as toxic as
Nevirapine, retained antiviral activity. Further purification and synthesis is required to fully characterise
these novel molecules.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past two decades researchers have shown that phar-
maceuticals and personal care products (PPCP) are released into
water courses as a result of human use (Ternes et al., 2001; Peng
et al., 2014). The effect these compounds, at low concentrations,
have on human health or aquatic fauna and flora have yet to be
determined fully (Petrie et al., 2014; Roden et al., 2015). Further-
more, the development and promotion of drug resistance in bac-
terial populations has been postulated (Kümmerer, 2009).

Besides releasing pharmaceuticals into the environment, these
compounds have also been found to be modified as a result of
wastewater treatment. The resulting disinfection transformation
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products (DTPs), many of which are undescribed, are then released
into the environment, which further complicates the impact of
PPCPs on the environment. The mechanism and type of trans-
formation product formation is dependent on the type of disin-
fection utilised. It has been found that pharmaceuticals may be
modified by ozonation (Zimmermann et al., 2011), chloramination
(Zhai et al., 2014) and chlorination (He et al., 2013; Bulloch et al.,
2015). Chlorination is one of the more popular methods used to
disinfect wastewater and has therefore received the most attention
in the literature. In South Africa water disinfection is commonly
achieved using chlorine gas. The Department of Water Affairs and
Forestry (DWAF) requires that discharged wastewater should
contain zero faecal coliforms per 100 mL with the caveat that re-
sidual chlorine may not be higher than 0.25 mg/mL (Leopold and
Freese, 2009).

Chlorination, as a mechanism to treat wastewater and drinking
water, has been the method of choice for a long time since it is a
cost effective and broad spectrum method of disinfection. In
addition to this, chloramination of treated water ensures a longer

mailto:timw@protechnik.co.za
mailto:adriaanb@nicd.ac.za
mailto:corneliaduv@mtnloaded.co.za
mailto:egmont.rohwer@up.ac.za
mailto:egmont.rohwer@up.ac.za
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2016.08.038&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
http://dx.doi.org/10.1016/j.watres.2016.08.038
http://dx.doi.org/10.1016/j.watres.2016.08.038
http://dx.doi.org/10.1016/j.watres.2016.08.038


T.P. Wood et al. / Water Research 104 (2016) 349e360350
duration of disinfection as chloramines have a longer half-life than
free residual chlorine (Leopold and Freese, 2009).

Unfortunately chlorination has a number of drawbacks, such as
the formation of disinfection by-products during the disinfection
process. A large number of toxic compounds may be formed
through the interaction between chlorine and dissolved organic
matter. Compounds such as the trihalomethanes and the haloacetic
acids have been identified in previous decades and are now strictly
regulated (Richardson et al., 2007).

Very little is known about the chemical characteristics of
pharmaceutical DTPs and their toxicity profiles cannot always be
based on those of the parent compound. This was shown in the case
of the chlorination of acetaminophen, which resulted in the pro-
duction of the toxic compounds 1,4- benzoquinone and N-acetyl-p-
benzoquinone imine (Bedner and MacCrehan, 2006).

Besides adding complexity to the potential toxicity profile, the
biological activities of many of the degradation products are not
known. The degradation products of antivirals or antibiotics may
retain antimicrobial properties or even gain additional activities.
Inroads into understanding the transformation of antibiotics are
beingmade by various researchers and it has been found that while
most antibiotics lose their activity during water disinfection, a few
do form biologically active transformation products (Dodd et al.,
2009; Escher and Fenner, 2011; Mestankova et al., 2012; Keen
and Linden, 2013). In addition to understanding the chemistry
behind their transformation, various technologies are in develop-
ment to effectively remove pharmaceuticals and their disinfection
transformation products from wastewater (Prasse et al., 2015).
These technologies are however in their infancy and have yet to be
adopted widely in “first world countries”, let alone in developing
countries such as South Africa.

Recent research on the prevalence of HIV-1 antiretroviral com-
pounds (ARVs) in South African surface water has shown that Ne-
virapine occurs ubiquitously in the environment (Wood et al.,
2015). The drug is a non-nucleoside reverse transcriptase inhibi-
tor (NNRTI) that is commonly used to prevent mother to child
transmission of HIV and features as a first-line regimen for treat-
ment of HIV-1 infection (Mofenson, 2010; Coovadia et al., 2012).
Prasse and colleagues have shown that the compound also occurs
in European surface water and its presence is attributable to inef-
ficient removal during wastewater treatment (Prasse et al., 2010).

Vankova and co-workers showed that Nevirapine has low
biodegradability in a closed bottle system (Vankov�a et al., 2010).
Although this theoretical finding addresses the compound's ubiq-
uitous presence in South African surface water (Wood et al., 2015),
it does not describe how the compound reacts during wastewater
treatment, if at all.

The antiretroviral class of compound has not been studied
extensively in surface water across the world. This is most likely
due to the regional prevalence of HIV. In addition to this, no
research, to our knowledge, concerning the transformation
behaviour of these drugs during the disinfection process has been
described.

South Africa utilises more ARVs per capita than any other
country in the world (WHO, 2013) which indicates that high
amounts of these compounds would enter wastewater treatment
works (WWTWs), that were not designed to remove pharmaceu-
ticals. In addition to ineffective WWTWs, improper sanitation and
illegal sewage release should also be considered. These factors, as
well as the reduced expected dilution, in awater scarce region such
as South Africa, lead one to expect that ARVs and their degradation
products should be prevalent in the environment.

Here the reactivity of the antiretroviral drug Nevirapine to
chlorine, in the form of sodium hypochlorite, is qualitatively stud-
ied. The degradation products that are formed as a result of
chlorination are described and related to environmental water
samples collected in South Africa. We proceed to show that
although these disinfection transformation products of Nevirapine
are not toxic, they may have the same or similar biological activity
as the parent molecule. The environmental impact of releasing
active, undescribed molecules from WWTWs has yet to be
determined.

2. Materials and methods

2.1. Chemical reagents

Nevirapine was purchased from the United States Pharmaco-
peia, through Industrial Analytical (Johannesburg, South Africa)
and stock solutions (1 mg/mL) were made up in methanol and
stored at �20 �C until use. LC-MS grade water, methanol and
dimethyl sulfoxide (DMSO) were purchased from Lab-Scan (Gli-
wice, Poland). Sodium hypochlorite from Merck (Johannesburg,
South Africa), 10e14%, was diluted in water to 0.4 M and the con-
centrationwas found to be stable over time by iodometric titration.
Monobasic and dibasic potassium phosphate (Merck) were used for
buffering Nevirapine and NaOCl solutions to a final concentration of
10 mM. Ammonium Chloride, sodium thiosulphate and ascorbic
acid were purchased from Radchem (Johannesburg, South Africa),
formic acid from Sigma-Aldrich (Johannesburg, South Africa) and
20 mL borosilicate amber vials with PTFE caps from Macherey-
Nagel (Düren, Germany). Pharmaceutical Nevirapine was ob-
tained from Aspen (Johannesburg, South Africa) and utilised for
large scale experimentation to reduce costs. Water and acetonitrile,
each with 0.1% formic acid were obtained from Burdick & Jackson
(Muskegon, USA). All buffers and reagents were formulated using
LC-MS grade water (non-South African origin).

2.2. Chlorination reactions

Nevirapine (20 mg/mL) diluted in either LC-MS grade water,
10 mM phosphate buffer pH 5.8 or 10 mM phosphate buffer pH 8
was combined in equal volumes with NaOCl diluted in either of the
aforementioned solvents (to yield 50, 100, 200 or 500 mM NaOCl)
and stirred at room temperature (20 �C þ �1 �C). Aliquots were
taken from the reaction at 1, 5, 10, 20, 30, 60 and 120 min and then
again at 24 h. Aliquots were analysed by HPLC-UV, UHPLC-QqQ and
UHPLC-QTOF.

To identify an effective quenching agent, sample fractions (1mL)
for each time course were added to either sodium thiosulphate,
ascorbic acid or ammonium chloride to yield a twofold molar
excess (compared to NaOCl concentration), analysed by LC-MS plug
injection and compared to unquenched data. In order to generate
the most accurate data for a particular time point, unquenched
reactions were incubated in the LC autosampler. Plug injections
were performed using an Agilent 1290 series UHPLC coupled to an
Agilent 6460 triple quadrupole (Agilent). Mobile phases consisted
of water (A) and acetonitrile (B) both with 0.1% formic acid, held at
50% B at a flow rate of 0.4 mL/min. Sequential 15 mL plug injections
(no column) of a sample incubated on the LC-MS autosampler, held
at (20 �C þ �1 �C), were analysed by mass spectrometry in MS2
scan mode by positive electrospray ionisation. Source conditions:
gas temperature, 250 �C; gas flow, 8 L/min; nebulizer, 35 psi; sheath
gas temperature, 300 �C; sheath gas flow, 10 L/min; capillary
voltage, 3000 V and nozzle voltage, 0 V.

For kinetics studies Nevirapine (4 mM) diluted in either LC-MS
grade water, 10 mM phosphate buffer pH 5.8, 10 mM phosphate
buffer pH 8 or WWTW effluent from the Zeekoegat plant was
combined in equal volumes with NaOCl diluted in either of the
aforementioned solvents (to yield 2 mM Nevirapine and 20 mM
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NaOCl) and stirred at room temperature (20 �C þ �1 �C). Aliquots
were taken from the reaction at 10 s intervals and combined with
NH4Cl to give a two-fold molar excess with respect to NaOCl.
Samples were analysed by UHPLC-QTOF immediately after the last
time course was sampled. An external 6 point calibration of Nevi-
rapine in the matching reaction solvent was utilised for quantita-
tive purposes and analysed in MassHunter Quant (Agilent).

2.3. LC-UV analysis of chlorination reactions

The LC-UV system consisted of an Agilent 1100 series binary
pump LC coupled to an Agilent diode array detector (254 nm with
400 nm reference). A 1.8 mm Zorbax Eclipse Plus C18, 2.1 � 50 mm,
column was used to separate a 15 mL injection of the reaction
products at a flow rate of 0.2 mL/min at room temperature. Mobile
phase A consisted of water with 0.1% formic acid and mobile phase
B was acetonitrile with 0.1% formic acid. The gradient was as fol-
lows: 0 min, 5% B; 20 min, 95%B; 22 min 95% B; 30 min, 5% B;
40 min, 5%B.

2.4. Large scale preparation of nevirapine chlorination reaction
products

1.8 g of pharmaceutical Nevirapine (Aspen) tablets were crushed
and resuspended in 25% HCl. The solution was clarified by centri-
fugation (3000 rpm for 30 min) and the supernatant containing
approximately 1 g of Nevirapinewas collected. The yield of this acid
extraction was determined by UHPLC-QTOF analysis as compared
to an external calibration curve.

Acid extracted Nevirapine was diluted in either 100 mM phos-
phate buffer (pH 8) or 10 mM Phosphate buffer (pH 5.8) to 1.5 mg/
mL, 0.4 M NaOCl was added daily for a period of four days and the
reactions were monitored by UHPLC-QTOF analysis. Upon reaching
the maximum diversity of reaction products, the mixtures were
dried by rotary evaporation (Buchi, Switzerland) at 40 �C under
vacuum. The total basic and acidic reactions were diluted in
dimethyl sulphoxide to 1 mg/mL for toxicity studies.

The dried and crushed acidic reaction mixture was dissolved in
water and fractioned by centrifugation into aqueous and non-
aqueous fractions. These were dried, as before, and diluted in
dimethyl sulphoxide to 1 mg/mL for toxicity studies.

Both the acidic and basic reactions were separated using pre-
parative chromatography. 100 mg of each reaction in water
(100 mg/mL) was loaded onto a Biotage SNAP Ultra C18 (12 g)
column and separated on a gradient of acetonitrile and water (both
with 0.1% formic acid) over 30 min at a flow rate of 10 mL/min.
Fractions were collected and dried by vacuum centrifugation
(Martin Christ RVC 2-33IR) at 2 mBar, 40 �C, 900 rpm for 12 h. Dried
fractions were resuspended in DMSO (1 mg/mL) and subjected to
toxicity and activity screening.

2.5. Environmental sample collection and extraction

Grab samples were collected from all the major rivers and lakes
(man-made) in South Africa as part of a multi-year water quality
study. Samples were collected in “virgin” borosilicate Schott bottles
and transported to the laboratory at room temperature. Sampling
locations were chosen based on proximities to wastewater treat-
ment works (WWTW) and human settlements. To provide a
comprehensive picture of a specific body of water, multiple samples
were taken from different locations in a sampling site. Samples
were stored at �20 �C until extraction after which extracts were
stored at �20 �C until analysis.

500 mL of each environmental sample was filtered using a 1 mm
glass-fibre syringe driven filter (Pall) and extracted using the Smart
Prep Extraction (Horizon, Salem, USA); an automated offline solid
phase extraction instrument. Briefly 6 cc Oasis HLB, 500 mg (Wa-
ters) cartridges were conditioned with 4 mL methanol followed by
6 mL of HPLC Grade water. 500 mL of sample was then introduced
at a flow rate of 10 mL/min after which cartridges were dried under
nitrogen for three minutes. Cartridges were then eluted twice with
5 mL of methanol and dried under a gentle stream of nitrogen to
500 mL. All extractions were performed at 18 �C (þ-2 �C).

2.6. UHPLC QTOF analysis

Environmental concentrations of Nevirapine were reported
previously and national samples were analysed by UHPLC-QTOF in
full scan, “auto MS” and “all ions” mode. Similarly, chlorination
reactions of Nevirapine at varying concentrations of NaOCl and pH
(after 1 min) were analysed in order to characterise the resulting
reaction products. In addition to these, the large scale chlorination
reactions were monitored by UHPLC-QTOF.

1 mL of each sample was separated on an Agilent 1290 UHPLC
using an HPH 2.1 � 100 mm Poroshell column (Agilent) with water
and acetonitrile (both with 0.1% formic acid) as mobile phases at a
flow rate of 0.5 mL/min. The gradient was as follows: 3 min, 2% B
(organic); 22 min 100%; 25 min, 100%; 27 min, 2% and 30 min, 2%.

Eluting compounds were analysed by positive electrospray
QTOF fitted with an iFunnel source. Source conditions: gas tem-
perature, 200 �C; gas flow, 15 L/min; nebulizer, 40 psi; sheath gas
temperature, 400 �C; sheath gas flow, 12 L/min; capillary voltage,
3500 V, nozzle voltage, 500 V and fragmentor, 365 eV.

Data obtained from full scan and auto-MS analysis of Nevirapine
reactions were manually inspected using MassHunter Qual (Agi-
lent) and exported to Mass Profiler (Agilent) for analysis. Features
present in the control reactions (Nevirapine without NaOCl and
NaOCl without Nevirapine) and blank injections were subtracted
from the reaction data sets to determine unique reaction products.
These features were inspected manually and exported to Mass-
Hunter PCDL Manager (Agilent) to create a database containing
information on each reaction product's accurate mass, retention
time and MS/MS behaviour. This database was then applied to
environmental samples to determine the presence of reaction
products in the environment.

Molecular Structure Correlator (Agilent) was used to calculate
precursor and fragment formulas and correlate actual MS/MS
spectra with theoretical fragments of proposed structures. The
structures were proposed (manually) for each of the major reaction
products.

2.7. In vitro toxicity and antiviral activity

The CellTiter 96 AQueous One Solution Cell Proliferation Assay
System (Promega, Madison, USA) was used to determine the
toxicity (Barltrop et al., 1991) of Nevirapine chlorination reaction
product fractions in 293T cells (Graham et al., 1977). This was
compared to the toxicity of pharmaceutical grade as well as
analytical grade Nevirapine. Sample toxicity, as reflected by cell
viability, was measured by the bioreduction of a MTS tetrazolium
compound (MTS) to a coloured formazan product in the culture
medium. The formazan product was spectrophotometrically
quantified with a VesraMax microplate reader (Molecular Devices,
Sunnyvale, USA). The degree of sample toxicity was related to the
MTS-to-formazan conversion by the cells.

Sample titration into complete Dulbecco's Modified Eagle Me-
dium (DMEM) (Life Technologies, Johannesburg, South Africa)
supplemented with fetal bovine serum (Hyclone, GE, Little Chal-
font, UK), 1 M HEPES (Life Technologies, Johannesburg, South Af-
rica) and 10 mg/mL Gentamicin (Sigma-Aldrich, Johannesburg,
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South Africa) provided a range of concentrations for toxicity testing.
Unexposed cells were used as a negative control. Incubation
commenced for 2 days at 37 �C under 5% CO2 in a humidified at-
mosphere. After the addition of the MTS reagent, plates were
incubated for 1.5 h after which spectrophometric absorbances were
read at 490 nm, with 690 nm as reference wavelength. A viability of
0% indicates total cell death while a viability of 100% indicates full
cell viability. Cytotoxic concentration-50 (CC50) values were
calculated and indicate the sample concentration at which 50% of
the cells are viable.

Anti-HIV activity was determined over non-toxic sample con-
centrations. Dilutions of each of the reaction product fractions were
titrated in 96-well culture plates as described above. After the
addition of cells and virus, the plates were incubated for 48 h at
37 �C under 5% CO2 in a humidified atmosphere. A standard HIV-1
subtype C isolate, MJ4, was used to screen for antiviral activity of
the samples. A medium control (cells, virus and growth medium)
was included. After incubation the Bright Glo™ Reagent (Promega)
was used to assay for the expression of firefly luciferase in the plate
wells (De Wet et al., 1987). Bioluminescence was quantified on a
Victor-3 1420 Multi Label Counter (Perkin Elmer). The medium
control was used as the uninhibited control. The percent viral ac-
tivity was calculated as the factor of the bioluminescence of the test
sample and that of the virus control.

A viral activity of 0% indicates complete viral inhibition while a
viral activity of 100% indicates no inhibition (full viral activity).
Inhibitory concentration-50 (IC50) values were calculated and
indicated the concentration of sample at which 50% of the viruses
were inhibited. During the activity screening, a decrease in lucif-
erase activity can be observed over toxic concentrations as a result
of compromised cell viability, and not as a result of inhibition of the
virus. An untreated cell control (media only) is used as a reference
for 100% cell viability (no toxicity).

3. Results and discussion

3.1. Chlorination reactions

Various chromatographic systems were utilised throughout this
research and although they differ by instrument type (UV detec-
tion, triple quadrupole and qTOF) a high level of correlation was
found between the data. Three concentrations of Nevirapine were
used in this research in order to represent environmental concen-
trations (low, 2 mM) as well as having concentrations high enough
to detect (medium, 37 mM) transformation products and purify
them (high, 5620 mM).

The efficacy of ammonium chloride, sodium thiosulfate and
citric acid as quenching agents was evaluated. Researchers (Bedner
and MacCrehan, 2006; Soufan et al., 2012) have warned of the
potential of sodium thiosulphate to reverse chlorination reactions,
and this was found to be the case for Nevirapine. This was found by
comparing quenched and unquenched LC-MS plug injection
spectra in which the ion intensity of the Nevirapine pseudomo-
lecular ion was compared. This highlights the fact that Nevirapine
oxidation by NaOCl may be reversed (with the addition of a
reducing agent such as sodium thiosulphate). Similarly, ascorbic
acid was found to reverse Nevirapine chlorination reactions.
Fortunately NH4Cl was found to halt the reaction while not
inducing additional reactions, as shown by the un-quenched con-
trol. Autosampler reactions (unquenched) and quenched stirred
reactions were found to be comparable when analysed by plug
injection, which indicates that the reaction is not adversely influ-
enced by an increase in volume. Thus, large scale (10 mL) stirred
reactions were utilised throughout in order to analyse identical
samples multiple times across a number of analytical platforms.
UV analysis of chlorination reactions (37 mM Nevirapine to 50,
100, 200 and 500 mM NaOCl) showed that the compound reacts
almost immediately (the earliest time course was one minute) and
then remains relatively constant over the time course up to 24 h. In
Fig. 1 the 1 min reaction of Nevirapine with NaOCl is overlaid with
the 24 h reaction (at pH 8). The peak area of Nevirapine remains
constant, whereas the reaction products show variability over time.
The dynamic range of Nevirapine detection was verified by injec-
tion of a calibration curve and was found to be linear across the
concentration range tested.

The reactivity of Nevirapine in the LC-UV data was validated by
monitoring the intensity of the extracted m/z 267 ion (Nevirapine
pseudomolecular ion) in LC-MS experiments and data were found
to be comparable to LC-UV results. The extent of reactionwas found
to be dependent on NaOCl concentration as well as pH. The 37 mM
Nevirapine was exhausted in as little as one minute when treated
with 500 mMNaOCl in the buffered as well as unbuffered reactions.
In the basic reaction (pH 8) with 200 mM NaOCl the Nevirapine is
undetectable at 1 min whereas it remains at a low level in the pH
5.8 and unbuffered reactions (Figure S1).

Although the reaction was found to be stable over time, it was
found that pH greatly affected the reaction's speed well as the
nature of the reaction products. LC-UV analysis (Figure S2) showed
that a variety of distinct products were formed under basic and
acidic conditions. In themid-range concentration reactions (37 mM)
Nevirapine was found to be resistant to degradation at the levels of
chlorine typically used in WWTWs with up to 50% of the Nevira-
pine remaining intact after 24 h when treated with a 5 fold molar
excess of NaOCl. The concentration of Nevirapine in the samples
were however much higher than what could be expected to be
found in the environment. The reactions were found to occur
fastest at pH 8, although all reactions occurred rapidly and stabi-
lised after one minute. It is also important to note that these ex-
periments were carried out in a buffer with no other organic
components.

As is the case with the chlorination of many pharmaceuticals,
the kinetics of the Nevirapine reaction are first order with respect
to each reactant, with second order overall (Deborde and von
Gunten, 2008). Low Nevirapine (2 mM) concentrations treated
with 10 fold free available chlorine (FAC) were utilised to simulate
realistic environmental conditions and determine reaction kinetics.
The reactions started within 10 s (the earliest measurement) and
proceeded to completion with the assumption that free available
chlorine (FAC) was in excess. The reaction of Nevirapine (NVP) with
NaOCl as FAC can be described by the following equations,

d½NVP�
dt

¼ �k½FAC�½NVP� (1)

d½NVP�
dt

¼ �kobs$½NVP� (2)

ln
�½NVP�t
½NVP�0

�
¼ �kobs$t (3)

where [NVP] is the total concentration of Nevirapine and [FAC] is
the concentration of free available chlorine (in excess). k is the
second-order rate constant and the observed pseudo first-order
rate constant is kobs, which was calculated based the slope of the
linear component of the graph of Equation (3); with kobs ¼ k [FAC]
and [FAC] ¼ [FAC]0. The rates at various pH conditions at NaOCl
concentrations similar to WWTW are shown in Table 1 as lower
limit second order rate constants, as the reactions occurred too
rapidly to measure in a batch format.



Fig. 1. Overlaid LC-UV trace (254 nm) of 10 mg/mL Nevirapine (37 mm), indicated by an arrow, reacted with 100 mM NaOCl (pH 8) after one minute (blue trace) and 24 h (red trace).
The figure inset shows the LC-UV trace of unreacted Nevirapine (10 mg/mL in phosphate buffer). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Pseudo first order kobs and lower limit second-order rate constants, k (M-1.s-1), for nevirapine (2 mM) reacted with 20 mM free available chlorine from
NaOCl with phosphate buffer (pH 5.8 or 8) and without buffer.

Sample Pseudo first order kobs Second-order rate constants, k (M�1 s�1), 20 mM FAC

pH 5.8a 0.0008 4.0 � 101

pH 8 0.0204 1.02 � 103

Unbuffered 0.1175 5.88 � 103

a The Nevirapine is not consumed entirely in this reaction.
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The reaction occurred most rapidly in the unbuffered reactions,
followed by reactions at basic pH, in acidic buffer and in WWTW
effluent respectively. In the basic reaction the Nevirapine was
completely consumed after 90 s, whereas in the acidic reaction the
Nevirapine consumption ceases at 110 s, with up to 80% Nevirapine
remaining (Figure S3). The unbuffered reaction proceeds most
rapidly, with total Nevirapine consumption. This is most likely due
to the fact that the continued reactivity of the transformation
products is unencumbered by the buffer and its resulting effect on
compound speciation.

The wastewater matrix composition can greatly affect the effi-
cacy of pharmaceutical transformation due to the chlorine demand
exerted by dissolved organic molecules, nitrites and ammonia (Lee
and von Gunten, 2010). During wastewater treatment, Nevirapine
degradation would most likely be even less effective due to the
increased chlorine demand caused by these molecules in the
wastewater. Where, wastewater was used as a reaction matrix for
kinetics studies, it was found that 95% of the Nevirapine remained
intact when treated with a 10 fold molar excess of chlorine. A
second order rate constant could not be determined as the chlorine
did not remain in excess due to the demand placed on it by dis-
solved organic matter.

pH was found to significantly affect the extent of Nevirapine
degradation in all three reaction formats tested in this work, with
greater reactivity seen at a high pH than in acidic reactions. The
OCl� species dominates at a basic pH and is a weaker oxidizer than
HOCl. The increased reactivity of Nevirapine when OCl� is pre-
dominantmay therefore be as a result of the speciation (i.e. anionic,
cationic or neutral) of Nevirapine.
During wastewater treatment, chlorine is utilised as a disinfec-
tant; and optimal disinfection is achieved when the HOCl species
dominates (at low pH). As we have demonstrated these are the
exact opposite conditions required for effective Nevirapine
removal. The concept of reactivity related to pH is further
confounded, as it was found that some compounds are effectively
removed at low pH (e.g. sulfamethoxazole) while others (e.g. cip-
rofloxacin) are better removed at a high pH where the reaction is
dependent on reagent speciation (Li and Zhang, 2012). These data
provide credence to earlier research in that Nevirapine is one of the
most ubiquitously occurring ARVs in the environment (Wood et al.,
2015).

3.2. LC-qTOF analysis

Accurate masses generated from analyses of various chlorina-
tion reactions were used to generate formulae for each mass.
Formulae were then used to propose theoretical structures for the
most prominent reaction products using the Nevirapine skeleton as
a starting point (Table 2).

MS/MS spectra for each of these structures were then compared
to theoretical mass spectra generated using Molecular Structure
Correlator (MSC). When multiple proposed structures existed for a
compound, MSC scores were utilised to discriminate between
candidates. Only structures with scores greater than 98% (intact)
and 90% (for fragments) were accepted for further consideration.

Data from the large scale as well as the 1 min chlorination re-
actions were analysed to identify abundant and unique chemical
entities (not present in the system or controls). The compounds'



Table 2
Accurate mass measurements and proposed structures for the most prominent chlorination reaction products of Nevirapine. Theoretical
structures were compared to MS/MS data using Agilent Molecular Structure Correlator.
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masses, retention times, MS/MS spectra and proposed formulae
were collated into a searchable database containing 42 putative
compounds (Table S1), using PCDL Manager (Agilent). It was found
that several molecules yielding highly similar accurate mass mea-
surements existed that were only distinguishable by their retention
times. These are most likely stereoisomers as it was found that a
variety of potential nevirapine reaction products share the same
mass.
Although the chlorination of Nevirapine at chlorine levels

similar to those used in WWTWs yielded a wide variety of major
and minor reaction products, certain well described functional
groups within the molecule may be used to predict transformation.
Nevirapine contains a tertiary amine, a moiety which reacts with
chlorine as described in various studies (Prütz, 1998; Mitch and
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Schreiber, 2008; Shah et al., 2011; Selbes et al., 2012). Using these
models the loss of cyclopropane as seen in a number of the DTPs
may be explained (Fig. 2). Unfortunately though, this may not be
applied to all such compounds, as highlighted by Deborde and von
Gunten (2008) in which Ciprofloxacin and Enrofloxacin (both
contain a similar cyclopropane moeity) react preferentially with
chlorine at another amine.

The molecule m/z 226 was detected a number of times in the
analyses (of the chlorination reactions) but since it is one of the
major MS/MS and CID fragmentation products of Nevirapine and its
transformation products, its presence as a standalone molecule
could not be confirmed with confidence in environmental samples,
i.e. it may be a mass spectrometric fragmentation product and not
an intact molecule.

3.3. Detection of nevirapine and its chlorination products in the
environment

The SPE technique utilised here was chosen for its universality.
Unfortunately limits of detection and quantitation for the method
could not be performed as reaction mixtures consisting of multiple
components were used as standards. However, this work is largely
qualitative with a lower limit of detection defined as an amount
providing a signal to noise ratio of 3.

Samples from every major river and water body in South Africa
(Table S2) were screened against a database of the most ubiquitous
Nevirapine chlorination reaction products. From these data
(Table S3), positive identification in the environment was only
accepted if the mass of the pseudomolecular ion, the retention time
and MS/MS spectra matched to the compound present in the
in vitro chlorination reactions. As anticipated, the compounds were
only detected in samples taken close to WWTWs in dense human
settlements.

Full scan mass spectra provided a wealth of information
regarding a particular sample and intense ions were automatically
fragmented, in a separate injection, to provide MS/MS data. Frag-
mentation energy was set automatically based on the precursor's
mass. Many of the prominent chlorination products were detected
in the environment. As an example, at the Zeekoegat sampling site,
the compound with the m/z 203.0938 was detected (Fig. 3).

The QTOF operates in “auto MS/MS”mode inwhich intense ions
are selected during full scan mode for MS/MS fragmentation. The
instrument selects the collision energy to use on a case by case basis
depending on the particular ion's mass. Using this approach accu-
rate mass measurements of the intact species as well as the
resulting fragments (and their ratios) may be utilised to compare
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Fig. 2. Proposed scheme for the reaction of the Nevirapine tertiary amine during
chlorination.
samples to analytical standards; or even generate structures by
interpretation.

The MS/MS spectrum for this compound was predicted by the
Molecular Structure Correlator (Agilent) software (Table 3).
Although the software assumes that the pseudomolecular ion is
fragmented fully, when proposing the ions' nominal intensities, the
ratio between the fragment ions agrees with the measured stan-
dard (Fig. 4). Similarly, for this compound, and many like it, the ion
ratios measured in the environment, match the “standards”
generated in the laboratory.

It was found, and it is self-evident, that the DTPs are more
prevalent in highly populated areas that are near WWTWs. The
prevalence of these compounds could also be related to Nevirapine
concentration, in that samples that contained lower levels of Ne-
virapine were found to not contain detectable amounts of the DTPs.
The majority of the DTPs were detected in the Roodeplaat system
(Table 4), which is influenced by two of the three WWTWs that
were sampled in this research. The environmental prevalence
(Table S3), is therefore relatively low, compared to the ubiquitous
distribution of the parent molecule (30 locations across South Af-
rica were sampled and it was found that Nevirapine is detectable at
the majority of the sites).

The concept of the minimal criteria required for identification of
a compound by mass spectrometry is a widely discussed topic, as
inter-laboratory LC-MS comparison is not always fully possible.
This is because variability in instrumentation type and conditions
would lead to variability of data generated for identical compounds
(Rivier, 2003). Therefore in this work, even though DTP “standards”
were not isolated and characterised in pure form and only analysed
as a mixture, a positive identification of a DTP in the environment
was only accepted if: retention time matched within 0.1 min, MS/
MS spectra matched, the accurate mass difference was no greater
than 1 ppm and that the overall MassHunter match factor was
greater than 80% (a value that encompasses all of the aforemen-
tioned factors).

It is exceptionally important to bear in mind that the lower
molecular weight species described during the chlorination re-
actions and subsequently found in surface water, may not neces-
sarily originate from the degradation of Nevirapine. This is because
the probability of a shared feature between Nevirapine and another
molecule increases as the fragment size decreases.

3.4. Large scale preparation and separation of chlorination reaction
products

The small-scale chlorination studies could not be scaled-up to
maintain the molar ratio between nevirapine and NaOCl, as it
would have lead to very high volume reactions; and it was for this
reason that the products of the reactions differed significantly.
Compounds identified in the small scale reactions were not present
in the scaled-up versions and visa-versa. Similarly, a plethora of
novel compounds were found in the scaled-up reactions that were
not present in the small scale reactions. This phenomenon could be
attributed to not only the transience of some of the reaction
products, but also the low concentrations of the small scale re-
actions. This is important since many researchers utilise this small
scale in vitro approach to simulate an industrial process (waste-
water treatment); and it may not provide a true reflection of the
myriad of potential reactions that pharmaceuticals undergo in this
situation.

A total of 45 and 29 fractions were prepared for the basic and
acidic reactions, respectively. From UHPLC-QTOF analysis it was
found that each fraction containedmultiple compounds. This is due
to the high levels of similarity between them, as they all arose from
the same parent molecule. Chromatographic separation of these



Fig. 3. Full scan ESI spectrum (top) and ESI auto-MS/MS spectrum ofm/z 203.0941þ- 0.01 (bottom) of an SPE extract of water taken from the Zeekoegat WWTW discharge, analysed
by UHPLC-QTOF (retention time: 2.239 min). Red squares (top) indicate ions automatically chosen for MS/MS and the blue square (bottom) indicates the precursor ion, fragmented
at 16.2 eV. (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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highly similar compounds would therefore prove to be challenging.
Nevirapine was also present in a number of fractions and its pres-
ence was borne in mind when attributing antiviral activity to a
particular fraction.

Nevirapine, and subsequently the total chlorination reaction
was found to be highly insoluble in water and the majority of
commonly used laboratory solvents. The varying levels of solubility
of the reaction components further confounds chromatographic
purification.

3.5. In vitro toxicity and activity

The total and preparative chromatography samples of both
acidic and basic chlorination reactions of Nevirapine were sub-
jected to toxicity and activity studies, in vitro. The concentration at
which 50% of the cells' growth is inhibited (IC50), is inversely pro-
portional to the level of toxicity of a test compound. Thus, a low IC50
value is indicative of a high level of toxicity. This is determined by
comparing the spectrophotometric absorbance, generated through
the measurement of MTS, of the test sample to an untreated con-
trol. The ratio is then presented as a percentage to indicate cell
survival. The total reactions were much less toxic than Nevirapine
(Table 5) and none of the preparative fractions were found to be
more toxic than the parent molecule in 293T cells.

That is not to say however that the compounds would not
produce toxicity in another fashion (e.g. hepatotoxicity, carcino-
genicity etc.) or exhibit novel aspects of environmental toxicity.
This should be determined by further in vitro studies. But, this
provides a heartening indication that the chlorination products do
not represent yet another anthropogenic source of toxicity that is
being discharged into the environment.

The inhibition of viral replication was determined in a single
cycle of infection. Virus-like particles were used that contain HIV-1
subtype C reverse transcriptase, integrase and protease, as well as
the RNA transcript of the firefly luciferase protein. Once the virus
infects the cell, the firefly RNA is reverse transcribed by the HIV-1
reverse transcriptase to a complementary DNA (cDNA) and inte-
grated into the host cell's chromosomal DNA by HIV-1 integrase.
Upon integration, the firefly luciferase gene is expressed to produce
active firefly luciferase that can quantified by measuring its biolu-
minescence. In the absence of inhibitors, this signal is directly
proportional to the number of infectious virus particles present in
the initial inoculum. Since inhibitors (e.g. DTPs) decrease the
number of firefly luciferase gene copies that are integrated into the
host's genome, a decrease in the amount of bioluminescence will
also be observed. The bioluminescence ratio between an exposed
sample and an unexposed control is presented as a percentage to
indicate the effect of a test compound on viral activity.

During antiviral activity studies a number of the preparative
fractions (Tables S4 and S5) showed antiviral activity. The majority
of these however can be attributed to the presence of intact Nevi-
rapine. This is because many of the novel compounds share struc-
tural similarity with Nevirapine and because of Nevirapine's
insolubility, they could not be separated effectively by preparative
chromatography. This could be circumvented by comparing the
ratio of the UHPLC-QTOF extracted ion (m/z 267.1) peak area to the
antiviral activity intensity (Figure S4) between the fractions. The
fractions that had antiviral properties not attributed to Nevirapine
could then be identified as outliers (i.e. an increase in antiviral
activity not associated with an equivalent increase in Nevirapine
concentration).

Since many of these compounds either share the Nevirapine
“backbone” or are only slightly modified, it is reasonable to spec-
ulate that they would also share Nevirapine's structure activity
relationship. Nevirapine displayed an IC50 value of 0.03 mg/mL,
which is substantially lower than the levels at which the total
chlorination reaction showed antiviral properties. The various pu-
rified fractions however had wide ranging IC50 values (0.02e20 mg/
mL). Higher values may be due to reduced activity properties in the
particular molecules or due to the fact that the compounds were
not tested in pure form; thereby providing aberrant compound
mass-to-activity results.

Once these compounds are fully characterised by mass spec-
trometry (e.g. MSn studies) and Nuclear Magnetic Resonance
(NMR), theymay be synthesized in their pure form. This will lead to
a deeper understanding of their mechanism of action.

4. Conclusion

From kinetics studies, where chlorine was in excess, it was
found that Nevirapine would not be degraded effectively during
wastewater treatment because of: increased chlorine demand by



Table 3
Measured mass spectrum compared to theoretical fragmentation generated for the MS/MS of m/z 203.0941 by Molecular Structure Correlator (Agilent) with the difference
between measured and proposed masses and structures (grey text indicates fragmentation); for the 10 most intense ions.

Measured m/z Nominal intensity Proposed formula Mass difference (ppm) Proposed structure

163.0615 100 C7H7N4O �0.4

186.0664 83.11 C10H8N3O �1.1

161.071 83.09 C9H9N2O �0.4

121.0393 28.88 C6H5N2O 2.8

146.0353 22.62 C7H4N3O �2.8

162.0536 16.33 C7H6N4O 0.1

133.0756 11.41 C8H9N2 3.2

175.0609 7.87 C8H7N4O 3.1

(continued on next page)
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Table 3 (continued )

Measured m/z Nominal intensity Proposed formula Mass difference (ppm) Proposed structure

130.0397 7.53 C7H4N3 2.1

93.0441 5.26 C5H5N2 6.7

Fig. 4. ESI auto-MS/MS spectrum ofm/z 203.0941þ-0.01, from a 1 min chlorination reaction of Nevirapine, pH 8, 200 mMNaOCl; analysed by UHPLC-QTOF. The “standard” spectrum
was exported from PCDL Manager (Agilent).

Table 4
An excerpt of Nevirapine chlorination products detected by positive ESI UHPLC-QTOF analysis of SPE extracts of surface water samples from the Roodeplaat Dam.

Sampling location (GPS coordinates) m/z RT RT Diff (Tgt)a Diff (DB, mDa)b Mass Proposed formulac

Roodeplaat Dam Outflow (�25.608244, 28.367231) 160.0854 3.222 0.006 0.45 159.0783 C9 H9 N3

Roodeplaat Dam (�25.623345, 28.349842) 160.087 3.18 �0.036 �0.84 159.0795 C9 H9 N3

Roodeplaat Dam (�25.626404, 28.345692) 160.0855 3.238 0.022 0.9 159.0778 C9 H9 N3

Roodeplaat Dam Outflow (�25.608244, 28.367231) 160.0858 3.225 0.009 1.4 159.0773 C9 H9 N3

Pienaars River (�25.678677, 28.357116) 188.0825 4.662 �0.061 �0.49 187.0756 C10 H9 N3 O
Roodeplaat Dam (�25.618238, 28.358642) 188.0822 4.673 �0.05 �1.69 187.0768 C10 H9 N3 O
Roodeplaat Dam (�25.618238, 28.358642) 188.0823 4.656 �0.067 �1.65 187.0767 C10 H9 N3 O
Pienaars River (�25.678677, 28.357116) 317.0813 7.234 �0.017 �1.13 316.0742 C15 H13 Cl N4 O2

Roodeplaat Dam (�25.618238, 28.358642) 203.0922 2.288 �0.007 1.15 202.084 C10 H10 N4 O
Roodeplaat Dam (�25.626404, 28.345692) 351.1577 5.312 �0.019 1.62 175.0737 C9 H9 N3 O
Zeekoegat WWTW Outflow (�25.624620, 28.341890) 319.1144 9.616 �0.026 2.42 296.1254 C16 H16 N4 O2

Roodeplaat Dam (�25.626404, 28.345692) 319.1142 9.632 �0.009 2.63 296.1252 C16 H16 N4 O2

a RT Diff (Tgt) e The difference between the measured retention time and that of the standard (minutes).
b Diff (DB, mDa) The difference between the measured mass and that of the true mass of the “standard”.
c Proposed formula, generated by MassHunter Qual (Agilent).
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dissolved organic matter and reduced degradation at the acidic pH
used in wastewater treatment. The latter is most likely due to the
speciation of the Nevirapine molecule. This serves to explain the
ubiquitous environmental prevalence in South African surface



Table 5
Inhibitory concentrations (mg/mL) at which 50% of 293T cells in vitro are killed,
as determined by MTS assay. The total chlorination reactions of Nevirapine (in
basic or acidic phosphate buffer; pH 8 or 5.8 respectively) as compared to a
Nevirapine control. Standard deviation presented in brackets.

Average IC50 (mg/mL)

Nevirapine basic reaction 73.7 (0.4)
Nevirapine acid reaction 34.1 (2.1)
Nevirapine control 0.03 (0.01)
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water, as shown in earlier research (Wood et al., 2015). Although
the molecule is relatively persistent, in this work it was shown that
Nevirapine is still subject to modification by chlorination, produc-
ing a number of DTPs, and degrades entirely at a basic pH.

Through a UHPLC-QTOF analysis of South African surface water
it was shown that the DTPs described from in vitro analysis are
present in the environment. But, the national prevalence of these
compounds is exceptionally low since the parent molecule is only
found in trace amounts. This is because only a small proportion of
an already low concentration of Nevirapine reacts to form these
compounds and the distribution is further limited due to the
dilution of WWTW discharge.

The chlorination reaction of Nevirapine was scaled up in order
to isolate the DTPs identified in nature and in the small-scale stirred
reactions; yet it was found that the scale of the reaction affects the
nature of the reaction products. This serves to highlight that labo-
ratory scale chlorination may not always be truly representative of
industrial wastewater treatment, in that compounds identified in
laboratory-scale reactions may not be present in wastewater puri-
fication scale reactions and vice versa. This is largely due to con-
centration differences between the two as well as the addition of a
number of uncontrollable variables (e.g. reactive chemicals) in
wastewater. With that said though, selected compounds that were
identified in the small scale reactions (lower total concentration of
both Nevirapine and NaOCl) were incorporated into a database and
subsequently detected in WWTW effluent.

Through in vitro toxicity and activity testing it was found that
none of the nevirapine DTPs are more toxic than the parent
molecule. It was however also found that antiviral activity is
retained in some of the isolated fractions. Whether this can be
attributed to a single molecule or through synergistic effects will
only be clarified once individual DTPs are isolated or synthesized.

It is important to consider the fact that pharmaceuticals may be
modified and still retain biological activity. It is therefore clear that
we need to consider the total impact of not only discharging
pharmaceuticals but also their reaction products into the environ-
ment. The wastewater treatment process should be scrutinized to
not only remove pharmaceuticals through chemical degradation
but also their resulting byproducts. Various authors have noted that
pharmaceuticals may form biologically active transformation
products during wastewater purification (Dodd et al., 2009; Escher
and Fenner, 2011; Mestankova et al., 2012; Keen and Linden, 2013).
Further investigation into the purification and characterization of
the reaction products identified in this work is required in order to
obtain a clear picture of how the disinfection of these types of
compounds affect the environment.
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