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Doxazosin (DOX), a selective alpha blocker, is widely used in medical therapy

Jo

as an effective antihypertensive agent. It is a frequently prescribed drug and for this
reason, environmental and ecotoxicological research is of great importance in terms
of exposure and risk for both aquatic species and humans. In this study we focused
on photolytic and TiO2 photocatalytic degradation processes of doxazosin under
different simulated conditions, with the emphasis on identification of degradation
products. Photolytic (without TiO2) experiments were performed in the presence and
absence of oxygen, while photocatalytic degradation of doxazosin aqueous solution
has been carried out under constant oxygen flow. DOX degradation was more

1
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efficient in the TiO2/UVA photocatalytic experiment than during photolytic processes
(UVA and UVC, UVC-N2).
LC-HRMS analyses with electrospray ionization allowed observing the
formation of several major degradation products depending on the reaction conditions
(presence or absence of oxygen, photocatalysis). The transformation products were
identified

based

on

exact

mass

measurements,

isotopic

distribution,

and

of

fragmentation pattern. Among them, dominated C17H21N5O3 and C17H23N5O4

-p

degradation pathway has been proposed.

ro

(cleavage of the dioxane cycle), and C23H25N5O7 (hydroxylation). The detailed

re

Toxicity testing with V. fischeri luminescent bacteria revealed higher toxicity of
samples in photolytic rather than photocatalytic experiments which might be attributed

na

lP

to the formation of different products.

Jo

ur

Keywords: doxazosin, photolysis, photocatalysis, LC-MS, toxicity
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1. Introduction
A large number of anthropogenic chemicals at trace levels are constantly
releasing into the environment and their presence and implication for the
environment's integrity are of special concern for the past decade. Emerging organic
contaminants (EOCs) are some of those contaminants that are not commonly
monitored in the environment (Stuart et al., 2012; Lebedev, 2013, Meffe et al., 2014,

of

Richardson and Trnes, 2018). EOCs include disinfection by-products, industrials,

ro

pharmaceuticals, detergents and personal care products. The maximum permissible

-p

concentrations for some of these substances in the environment are not specified, but

re

nevertheless even at low concentrations they affect living organisms. The number of
compounds that are currently regulated by legislation is growing due to new studies

lP

related to toxicity and environmental impacts (Bavcon Kralj et al. 2007; Bielen et al.

na

2017; Bull et al., 2011; Jones et al., 2007, Klatte et al., 2017). This is especially the
case for pharmaceutical preparations and their active ingredients used in human and

ur

veterinary medicine in large quantities for the treatment and prevention of diseases in
humans and animals. Despite the fact that thousands of pharmaceuticals have been

Jo

1.

approved for use, their presence and fate in the environment has only been tested for
a small fraction of them. Therefore, the need to deeper understanding the behaviour
and occurrence of pharmaceuticals and their degradation products in the environment
is crucial.
Due to high stability of pharmaceuticals in water and incomplete removal
during conventional wastewater treatment processes (Wang et al., 2016; Santos et
al., 2010) some pharmaceuticals end up in the environment, mainly in surface waters,
groundwater and also in drinking water (Wang et al., 2012, der Beek et al., 2016,
3
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Ikehataet al., 2006). In this research heterogeneous TiO2 photocatalysis (Žabar et al.
2012; Bavcon Kralj et al., 2007) being a version of Advanced Oxidation Processes
(AOPs), as promising method for pharmaceutical removal (Klavarioti et al. 2009;
Kanakaraju 2018; Karpinska et al. 2019, Tong et al. 2011) have been applied.
Doxazosin (DOX), a selective alpha blocker, was chosen for this study due to its
widespread use in medical therapy as an effective antihypertensive agent. It is

of

frequently prescribed drug. The concentrations of DOX in raw water was found to be

ro

lower than 10 ng/L (Huerta-Fontela et al., 2011). Although this concentration is very

-p

low, DOX and its metabolites may present a potential hazard for humans and aquatic

re

species. There are several studies dealing with stress decomposition of DOX (Ojha et
al., 2003), fragmentation pathway of DOX under electron ionization conditions (El-

lP

Desawy et al. 2017) and DOX chemical behaviour under sunlight irradiation

na

(Karpinska et al., 2019). Nevertheless, to the best of our knowledge the complete
degradation scenario of DOX under TiO2 photocatalytic conditions together with the

ur

degradation mechanism and toxicity of photoproducts have not been studied yet.

Jo

In this study we have focused on DOX photostability under different irradiating
conditions in aqueous solution and identification of forming products with LC-MS/MS
tool. On this basis, the degradation pathway was proposed. Additionally, the study
was upgraded with the TiO2 photocatalytic study, as one of promising AOPs method,
and products identification, as well as evaluation in terms of toxicity assessment.

2. Experimental

2.1. Materials
4
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Doxazosin mesylate (DOX), analytical standard, was provided by Sigma-Aldrich ( 97
%, HPLC). Aeroxide® P25 TiO2 was provided by Sigma Aldrich. Chemicals for HPLCDAD analyses were as follows: acetic acid glacial 100 % p.a. from Merck, ammonium
acetate from Sigma-Aldrich, acetonitrile, Chromasolv for HPLC, from Sigma Aldrich
Company Ltd. and double deionised water (< 18 MΩ cm) was prepared through the

of

NANOpure water system (Barnstead, USA). Chemicals for TOC analyses were;

ro

potassium hydrogen phthalate (Nacalai Tesque Inc Kyoto, Japan), potassium nitrate

-p

(Sigma Aldrich Company), hydrochloric acid 37 % puriss. p.a. from Sigma Aldrich

re

Company Ltd. Chemicals for ion chromatography were; sodium carbonate from Fluka,
sodium bicarbonate from Fluka and Multivalent Ion chromatography Standard solution

na

lP

from Fluka.

ur

2.2. Photolytic and photocatalytic studies

Jo

The experiments were conducted in a stirred cylindrical quartz reactor with a working
volume of 0.1 L and an inner diameter of 40 mm. The reactor was placed in the
middle of a closed cabinet allowing to use up to 12 lamps inside as a light source. In
our case, two types of light sources, UVA and UVC lamps were used corresponding
to 4 15 W-UVA lamps (Philips Cleo; broad maximum at 355 nm) and 4 18W-UVC
lamps (Philips special, TL-D, 254 nm). The temperature was kept constant during the
experiment at 28 ± 2 °C. Aqueous solutions of DOX were prepared daily in double
deionised water in concentrations 10.0 ± 0.71 mg L-1 for photolysis and

5
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photocatalysis. The experiments were carried out in ultrapure water to allow the
identification of products formed exclusively from degradation of DOX and not from
the reactions of DOX with other substances present in the environment.
Photocatalytic experiments were performed by addition 4 mg of TiO2 to 100 mL of
aqueous solution of DOX and stirred for 15 minutes in dark to ensure total adsorption
/ desorption equilibrium of DOX onto TiO2 surface (efficiency ± 10 %). In the case of

of

photolytic experiments, DOX aqueous solution was irradiated for fixed periods of time

ro

under oxy- (atmospheric conditions, UVA and UVC) and anoxy- conditions (N2 flow,

-p

UVC), while photocatalytic degradation (UVA-TiO2) of DOX aqueous solution has

re

been carried out under constant oxygen flow (1.5-2 mL/min) and stirring during the
reaction. The aliquots of about 1.0 mL were taken periodically (0, 5, 10, 20, 30, 45,

lP

60, 90, 120 min) and for photocatalytic measurements filtered through a membrane

na

filter of 0.45 µm pore size. The samples were further analysed with HPLC-DAD (UV
Vis), UV–Vis spectrophotometer, TOC analyzer and ion chromatography. The pH was

Jo

ur

monitored using pH meter Hanna Instruments HI 8417 and its value was around 5.9.

2.3. Analytical procedures

2.3.1. HPLC-DAD (UV-Vis) measurements and UV-Vis spectrometry

Aqueous solutions of DOX (20 µL) were analyzed by HPLC-DAD (UV-Vis) consisting
of a Hewlett Packard 1100 Series chromatograph, coupled with a DAD detector
operating in the UV-Vis range. The separation was achieved using Supelco C18
column (15 cm x 4.6 mm, particle size 5 μm). The column thermostat was maintained
6
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at 25 °C and the injection volume was 20 μL. The eluents consisted of 50 %
acetonitrile (A) and 50 % ammonium acetate (2.5 mM, pH 4) (B); flow rate was 0.5
mL min-1 and the monitored wavelengths were 247 nm and 330 nm. The retention
time for DOX was 3.02 min.
The absorption spectra of DOX within irradiation time were recorded in the
wavelength range of 200-800 nm with the UV-Vis spectrophotometer, Hewlett

ro

of

Packard 8453.

-p

2.3.2. Identification of products by LC-HRMS/MS

re

All experiments were performed by liquid chromatography high-resolution mass
spectrometry using HPLC system LC-30 Nexera (Shimadzu, Japan) combined with

lP

quadrupole – time-of-flight (QTOF) mass spectrometer TripleTOF 5600+ (AB Sciex,

na

Canada). Samples for LC-HRMS/MS analysis have been concentrated 10 times in
order to detect reaction products. Chromatographic separation was performed on a

ur

Nucleodur PFP column (Macherey-Nagel, Germany), 150×2 mm, particle size 1.8

Jo

µm, packed with pentafluorophenyl stationary phase, in gradient mode. Eluent
composition: deionized high-purity Milli-Q water (with 0.1% formic acid) and
acetonitrile (with 0.1% formic acid), gradient profile: 0-1 min 10% - acetonitrile, 1-15
min - increase in acetonitrile content up to 100%, 15-25 min - 100% acetonitrile. Flow
rate - 0.25 mL min–1, column temperature 40ºC, injection volume 5 µL. Ion source
parameters: electrospray in positive mode (ESI+), Curtain gas pressure 30 psi,
nebulising and drying gases pressure 40 psi, temperature 300ºC, ESI capillary
voltage 5500 V, declustering potential 80 V. Non-targeted screening was performed in
Information Dependent Acquisition (IDA) mode. Mass range in TOF-MS mode (MS):
7
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100-1000 Da. Collision-induced dissociation (CID) was performed using collision
energy (CE) 40 eV with CE spread 20 eV. Mass range in MS/MS mode: 20-1000 Da.
Accurate mass measurements of the precursor and product ions allowed revealing
elemental composition of all the ionic species significantly simplifying structural
elucidation of the transformation products (Lebedev et al., 2013). Determination of
elemental compositions of detected products was performed using their accurate

of

masses (typical m/z error < 3 ppm) and isotopic distributions. Extracted ion

re

-p

obtained using mass window of 2.5 mDa.

ro

chromatograms (XIC) for compounds with particular elemental compositions were

lP

2.3.3. Ion chromatography

na

The anions were determined according to the method described in literature
(Moshoeshoe et al., 2018) on a Supelco C18 column (15 cm x 4.6 mm, particle size 5

ur

μm). The eluents consisted of 99.8 % H2O (A) and 0.2 % H2SO4 (B); with a flow rate

Jo

of 1 mL min-1. The injection volume was 10 µL. For quantification purposes a
calibration curve for nitrate was prepared, and the r2 value of the regression line was
0.998.

2.3.4. Statistical analysis

All experimental results were performed at least in triplicate (n ≥ 3) in order to
evaluate the reproducibility of measurements the data are expressed as means ± SD.

8

Journal Pre-proof
2.3.5. Toxicity experiments

The toxicity of DOX and its degradation by-products was determined using liquid
dried luminescent bacteria V. fischeri with system LUMIStox, Dr. Lange according to
ISO 11348-2 (International Organisation for Standardisation, 1998). The toxicity
endpoint was determined as reduced luminescence emission after incubation with the

of

presence of selected compound. pH of all tested aqueous samples was adjusted to

ro

pH 7 with hydrochloric acid or sodium hydroxide in order to avoid possible adverse

-p

effects due to incorrect pH value. An aliquot of V. fisheri was added to each vial in two

re

parallels and luminescence was measured immediately. Afterwards the selected
sample of DOX aqueous solution was added to the vial with bacteria and

lP

thermostated to 15 ± 1 °C. The luminescence of bacteria within the sample was

na

measured after 30 minutes of exposure. The inhibition of luminescence (with 95%
confidence limit) was calculated using a computer software-supported model

Jo

ur

LUMISsoft IV. The blank test was performed with 2%, w/v sodium chloride.

3. Results and discussion

3.1. Kinetic studies - photolysis under UVC irradiation

Photolytic degradation of DOX (10 mg L-1) under various irradiation conditions (UVC –
presence and absence of oxygen, UVA) is presented in Figure 1. The plot ln(c/c0)
versus irradiation time in the case of UVA irradiation resulted in a linear relationship
indicating that we are dealing with a pseudo first-order degradation kinetics. The
9
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calculated disappearance rate constant for UVC photolysis was k = (5.0 x 10-2 ±
0.001) min-1 with a half life time of 13.9 min. Therefore, under UVC irradiation the
concentration of DOX after 90 min reached 0.5 % of the initial concentration. The
degradation was faster in the case on anoxic conditions (without oxygen) resulting in
the formation of several degradation products (compounds 2 and 5, presented in
Table S1 in the Supplement). In the presence of oxygen some additional products,

of

compounds 6-9 in Table S1 were formed. On the other side, the degradation rate

ro

under UVA irradiation conditions was much slower as within 120 min only 22 % of

re

-p

initial doxazosin was degraded.

Figure 1

lP

Figure 1. A disappearance curves for DOX in aqueous solution via photochemical

na

reactions under UVC-N2, UVC and UVA irradiation conditions.

ur

Figure 2 illustrates the evolution of UV-Vis absorption spectra for the DOX aqueous

Jo

solution upon UVC irradiation for 120 minutes. A decrease of absorbance in the
whole recorded range can be clearly seen. It indicates transformation of DOX into
other compounds. The photolytic spectra of DOX have shown a decrease of
absorbance in the range 225-270 nm and 300-360 nm together with a slight increase
of absorbance within the wavelength range 256-320 nm, which could be attributed to
newly formed by-products.

Figure 2
Figure 2. UV-Vis absorbance spectra of DOX aqueous solution during 120 min of
10
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UVC irradiation.

3.2. Kinetic study - photocatalysis

The photocatalytic degradation of the DOX aqueous solution with addition of TiO2
resulted in the first-order degradation reaction. The observed rate constant was k =

ro

of

0.127 ± 0.006 min-1 and a half-life time t½ = 5.45 min (Figure 3).

The first-order disappearance curve for DOX aqueous solution via

re

Figure 3.

-p

Figure 3

lP

photocatalysis with TiO2

na

3.3. Identification of products by LC-ESI/MS

ur

All the products formed under different experimental conditions (photolysis and

Jo

photocatalysis) and identified by LC-ESI/MS/MS are listed in Table S1. The
degradation pathways are presented in Schemes 1 and 2.

Scheme 1
Scheme 1. The degradation pathway of DOX under UVC irradiation

Under UVC irradiation oxidation starts with the hydroxylation of the benzene ring
attached to the dioxane moiety. One or two hydroxyls may penetrate that ring before
the further reactions take place. Three pronounced peaks with close RT values
11
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appear at the XIC chromatogram (Fig. 4) based on the ion current of m/z 468.1874
characteristic for the monohydroxylated DOX species (compounds 8). Actually,
hydroxylation of the benzodioxane moiety should bring to four isomers. Maybe the
fourth one forms in trace levels being hidden in the noise with RT 6.0-6.7 (Fig. 4a).
Addition of nitrogen flow to the reaction mixture leads to disappearance of the isomer

of

with RT 6.92 min (Fig. 4b)

ro

Figure 4

-p

Figure 4. Extracted ion chromatograms (m/z 468.1874) for monohydroxylated DOX

re

(compound 8) obtained under UVC (a) UVC-N2 (b) irradiation

lP

Possible isomers of compound 9 contain two OH-groups in that ring. Theoretically 6

na

dixydroxylated isomers of that type may be formed. Since there is only one peak at
the corresponding mass chromatogram, either one isomer completely dominates or

ur

the RT of these isomers are very close. The exact structure is not obvious as all four

moiety.

Jo

available for hydroxylation carbon atoms are activated by oxygen atoms of dioxane

The further stages of transformation of compounds 9 involve both oxidized benzene
and dioxane rings, resulting in formation of products 3,4,6. It is worth mentioning that
three other cycles of the initial DOX molecule remain stable as we did not detect any
alternative transformation. That issue is quite interesting as dimethoxylated benzene
ring should be quite reactive due to electron donating effect of the substitutes.
Intermediate product 7 demonstrates elimination of CO2 molecule from its MH+ ion
Fig. 5a). Two possible structures reasonably rationalizing the fragmentation pattern
12
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are demonstrated below (Fig. 5b). Based on the CID spectrum it is difficult to select
the single one.

Figure 5
Figure 5 a) CID spectrum of compound 7; b) Possible structures of the intermediate

of

UVC irradiation product No 7

ro

Another aspect worth mentioning involves formation of two products with the reduced

-p

carbonyl group of DOX. The corresponding compounds 2 and 5 detected in trace
levels in normal UVC experiment were over an order of magnitude more prominent in

re

conditions of UVC-N2 experiment. If compound 5 is just reduced DOX, product 2

lP

forms due to several consecutive processes. Besides losing two original cycles

na

(benzodioxane moiety) its both methoxy groups are hydrolyzed into hydroxyl
moieties. Compound 2 is the only product with hydrolyzed methoxy groups in UVC

ur

and UVC-N2 experiments. Possible intermediate products (5 → 2) were not detected

Jo

in the UVC reaction mixture.

Scheme 2

Scheme 2: Degradation pathway of DOX during UVA-TiO2 photocatalysis.

Two other hydrolyzed products were observed in photocatalytic conditions with TiO2.
Product 14 is reduced DOX 5 with hydrolyzed methoxy groups. It is an obvious
intermediate in the process (5 → 2), although not detected in UVC conditions.
Another unique hydrolyzed product (15) is the only compound, where penetration of
13
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the first hydroxyl moiety into the molecule involves the first benzene ring, remaining
benzodioxane moiety intact. Thus, that benzene ring contains three hydroxyl groups.
Actually, mass chromatogram (Fig. 6) demonstrates 6 peaks of isomeric
monohydroxylated doxazosin 8 forming in the applied reaction conditions. It means
that all four position of benzodioxane moiety and two position of dimethoxybenzene

of

moiety are involved.

ro

Figure 6

-p

Figure 6. Extracted ion chromatogram (m/z 468.1874) for monohydroxylated DOX

re

(compound 8) obtained under UVA-TiO2 irradiation.

lP

Compound 12 with carboxyl group demonstrates the cleaved dioxane ring. It

na

transforms further into compound 10. Compound 7 (see Fig. 5b) is formed in
photocatalytic conditions as well. Moreover, the closely related product 16, containing

ur

one oxygen atom less in the molecule, may be represented as an aldehyde version of

Jo

compound 7. Its presence makes 7a structure containing carboxyl group more
probable then the alternative 7b one (Fig. 5).
Two photocatalytic products (11 and 13) represent molecules with the oxidized
saturated diazine ring. Interesting that saturated ring appears to be more reactive
than the activated benzene ring with methoxy groups.
Special mentioning requires the fact that Schemes 1 and 2 represent tentative
structures elucidated exclusively using CID fragmentation pattern and accurate mass
measurements of the parent and product ions. Although some structures seem rather

14

Journal Pre-proof
obvious (e.g. 8 and 9) they were not confirmed by the analysis of the corresponding
standards.

3.4. Ion chromatography measurements

Although pronounced DOX degradation was achieved in UVA-TiO2 experiments, the

of

TOC and TN analysis of samples treated via photocatalysis for 120 minutes revealed

ro

26.97 ± 0.04 % mineralization (results not shown). Similar low mineralization has

-p

been reported for some beta blockers (Radjenović et al, 2009; De la Cruz 2013),

re

while the case where reaction intermediates were completely mineralized to CO 2 after
240 min of irradiation was reported by (Yang et al., 2010).

lP

Ion chromatography measurements have shown that nitrate concentration after 120

na

min of photocatalytic degradation reached approximately 0.5±0.1 mg L-1 (quantitative

ur

transformation would yield 5.66 mg L-1, which is less than 10 %).

Jo

3.5. Toxicity measurements

Given the lack of data regarding the toxicity of DOX and photoproducts during
photolytic and photocatalytic processes it was essential to investigate a potential risk
of these compounds. The toxicity results, presented in Table 1, are as percentage of
luminescence inhibition at the certain irradiation time, taking into account that this way
of presenting the toxicity results is commonly adopted in the literature (Sakkas et al.,
2004; Dell’Arciprete et al., 2009, 2010; Kitsiou et al., 2009). In the case of 30 min
UVC photolysis in the presence of oxygen we observed certain decrease in toxicity
15
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which rises with time and reaches the final 81.11% after 120 min of irradiation. On the
contrary, in the case with irradiated samples purged with nitrogen, the toxicity slightly
increases with time of irradiation and reaches the value of 77.94 % after 120 minutes
of irradiation. It has to be stressed, that the toxicity of initial samples, involved in UVC
experiments, was quite high (67.48 %).

of

Table 1

ro

In the case of photocatalysis, the initial toxicity was lower (40.24 %) and comparable

-p

with the toxicity during irradiation with the final value of 42.1 % after 120 minutes of

re

UVA irradiation in the presence of TiO2. The differences in toxicity might be attributed
to different mixtures effect, formed within photolytic and photocatalytic degradation

lP

processes. Several studies have performed the evaluation of toxicity of beta-blockers

na

(atenolol and propranolol) (Yang et al., 2010), angiotensin converting enzyme
(captopril) (Freitas et al. 2017) and their degradation products formed during
and

photolysis

processes.

ur

photocatalysis

Nine

by-products

of

captotril

Jo

photodegradation were nontoxic to A. salina and HepG2 cells. According to Toolaram
et al. (2017) significant effects on bacterial luminescence of Vibrio fischeri was
observed since degradation products formed during photolysis were more cytotoxic
than

the

parent

compound,

atenolol.

However,

when

comparing

different

antihypertensives using toxicity prediction methods (ECOSAR) propranolol is
considered toxic, metoprolol is classified as harmful and atenolol as non-hazardous
compound (Quaresma et al., 2018).
Anyway, an issue worth emphasizing deals with the fact that similarly to our previous
studies involving snow (Polyakova et al., 2012), rain (Polyakova et al., 2018) or cloud
16

Journal Pre-proof
water (Lebedev et al. 2018) contaminants, as well as disinfection by-products
(Lebedev et al., 2020) or transformation products (Zabar et al., 2016), the toxicities of
the detected and tentatively identified compounds remain unknown.

4.Conclusions

of

The photolytic and TiO2 photocatalytic degradation of

DOX, one of the

ro

representatives of the group of antyhiperthensive drugs were performed in the

-p

present study. The obtained results indicated that DOX is relatively stable under UVA

re

light. Only 22 % of the initial compound degraded within 120 min. On the other hand,
UVC degradation was fast (after 90 min only 0.5 % of the initial DOX remained).

lP

Photocatalytic degradation with TiO2 demonstrates pseudo first-order kinetics with

na

relatively low level of mineralization (26,97 ± 0,04 % mineralization in 120 minutes).
Analyses of inorganic ions indicated 10 % transformation of nitrogen into nitrate and

ur

no presence of nitrite ions has been observed. The formation of different sets of

Jo

products in the presence or absence of oxygen with structures tentatively elucidated
with LC-ESI-HRMS/MS was revealed.
Toxicity testing with V. fischeri luminescent bacteria revealed high toxicity of samples
from photolytic experiments, when compared to samples treated in photocatalytic
experiments which might be attributed to the formation of different products.
Knowing the fact that cardiovascular diseases are leading cause of death nowadays
and that antihypertensive drugs represent frequently prescribed therapy for different
cardiac disorders, the possibility to detect them in aquatic environment is very high.
Therefore,

additional studies

focusing

on

degradation

kinetics

in

different
17
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environmental samples, identification of photoproducts, toxicity assessment of
potential interactions between pharmaceutical mixtures, including antihypertensives,
are extremely relevant.
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Table 1. Bioluminescence inhibition for V. fischeri of DOX in distilled water at 0 and
120 minutes under different reaction conditions
% of inhibition

DOX/H2O

67.48

120 min UVC

81.11

120 min UVC-N2

77.94

TiO2-DOX/H2O

40.24
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Sample
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120 min UVA-TiO2
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• Degradation of doxazosin was more effective under photocatalytic conditions than
photolytic;
• LC-MS/MS allowed identifying a number of doxazosin transformation products;
• Toxicity assessment was done for photolytic and photocatalytic degradation;
• Photocatalysis was evaluated in terms of nitrate formation;
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