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 16 

Abstract: The present work describes the optimization and validation of a highly selective and 17 
sensitive analytical method using solid phase extraction and liquid chromatography tandem mass 18 
spectrometry (SPE LC-MS/MS) for the determination of some frequently prescribed 19 
pharmaceuticals in urban wastewater received and treated by Sharjah sewage treatment plant 20 
(STP). The extraction efficiency of different SPE cartridges was tested and the simultaneous 21 
extraction of pharmaceuticals was successfully accomplished using hydrophilic-lipophilic-22 
balanced reversed phase Waters® Oasis HLB cartridge (200 mg/ 6 mL) at pH 3. The analytes were 23 
separated on an Aquity BEH C18 column (1.7 µm, 2.1 mm x 150 mm) using gradient elution and the 24 
mass spectrometric analysis were performed in multiple reactions monitoring (MRM) selecting 25 
two precursor ions to produce ion transition for each pharmaceutical using positive electrospray 26 
ionization (+ESI) mode. The correlation coefficient values in the linear calibration plot for each 27 
target compound exceeded 0.99 and the recovery percentages of the investigated pharmaceuticals 28 
were more than 84%. Limit of detection (LOD) varied between 0.1-1.5 ng/L and limit of 29 
quantification (LOQ) was 0.3-5 ng/L for all analytes. The precision of the method was calculated as 30 
the relative standard deviation (RSD%) of replicate measurements and was found to be in the 31 
ranges of 2.2% to 7.7% and 2.2% to 8.6% for inter and intra-day analysis, respectively. All of the 32 
obtained validation parameters satisfied the requirements and guidelines of analytical method 33 
validation. 34 

Keywords: Liquid chromatography–tandem mass spectrometry; Pharmaceuticals; wastewater 35 
analysis; solid phase extraction 36 
 37 

1. Introduction 38 

As population growth rate escalates, greater demand is being placed on securing adequate 39 
water supplies, and greater challenges arise in purifying wastewaters for reuse. The accumulation 40 
of commonly used pharmaceuticals such as antibiotics, analgesics, and antidepressants in water 41 
resources highlights the importance of investigating this type of contaminant [ 1-4]. The presence of 42 
these contaminants in waters, especially in drinking water, has become a major subject of world-43 
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wide growing concern, as such contaminants endanger human health safety and quality of water 44 
recourses [5-8]. 45 

One approach to augment available water supplies is through the use of treated wastewater for 46 
irrigation. However, local wastewater reuse regulations focus on conventional contaminants, such 47 
as biochemical oxygen demand (BOD5), chemical oxygen demand (COD), total suspended solids 48 
(TSS), nitrogen (N), phosphorus (P), total dissolved solids (TDS), and pathogens, but neglect 49 
emerging contaminants of concern (ECC) [ 9]. This necessitates the need to determine the behavior 50 
and regulate the concentrations of pharmaceutical contaminants during water recycling and reuse 51 
to safeguard public health and the environment as well as to reduce impediments to public 52 
acceptance of such alternative water management strategies. The possible presence of ECC, such as 53 
pharmaceuticals, illicit drugs, human hormones and personal care products, in reclaimed municipal 54 
wastewater is a growing challenge faced by developed and developing countries.  Emerging 55 
contaminants raised concerns in recent years because of their potential chronic toxicity and 56 
development of bacterial pathogen resistance in humans and ecosystems [10, 11]. Significant 57 
concentrations of ECC have been detected in sewage effluents worldwide as many of these 58 
compounds may pass through conventional treatment systems without removal [12, 13]. Treated 59 
wastewater reuse is a commonly practiced water management strategy in United Arab Emirates 60 
(UAE) to alleviate the country’s water shortage standing. The assessment of environmental and 61 
human risk of ECC in UAE is not well-established. Low concentration of pharmaceuticals (ng/L-62 
µg/L) are considered as environmental contaminants, and their incomplete removal from 63 
wastewater by the treatment system represents a trigger for environmental and health risks [14, 15]. 64 
Thus, there is a local uncertainty over the risk of human exposure and environmental 65 
contamination from ECC in wastewater reuse as well as the efficiency of existing wastewater 66 
treatment technologies for ECC removal.  67 

The simultaneous determination of pharmaceuticals in wastewater is a challenging task due to 68 
the variation in their physicochemical properties, their low concentrations, and the complexity of 69 
the environmental matrices [16-21]. A range of commonly prescribed pharmaceuticals including 70 
antibiotics, β-Blocker, Sulfa drugs, analgesics and antipsychotic were investigated in this study and 71 
their physicochemical properties are summarized in Table 1.  Different analytical techniques have 72 
been used to investigate the presence of pharmaceuticals in wastewater indicating levels of 73 
contamination in the range of ng/L-µg/L [22, 23]. Previous studies employed solid phase extraction 74 
[24] and liquid-liquid extraction [25] prior to separation of the target compounds to minimize 75 
matrix interferences that might affect the detection and quantification. Some reported detection 76 
methods for pharmaceuticals include U.V [26-28] and fluorescence detection [29]. However, the 77 
majority of previous related studies have employed liquid chromatography coupled to tandem 78 
mass spectrometry (LC-MS/MS) [30-37]  and/or gas chromatography with tandem mass 79 
spectrometry [38, 39] which are classified as most powerful analytical techniques in term of 80 
sensitivity and selectivity compared with other commonly employed analytical techniques, 81 
allowing the detection and quantification of contaminants in wastewaters at levels of ng/L. 82 

Table1. Physicochemical properties and chemical structures of the pharmaceuticals under 83 
investigation. 84 

Compound Therapeutic class Chemical structure pKa log P Reference 

Acetaminophen Analgesic/antipyretic 

 

9.38 0.46 50 

Sulfapyridine Antibacterial agent 

 

8.43 0.35 51 
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Sulfadiazine Antibacterial agent 

 

6.36 -0.09 51 

Sulfamethoxazole Antibacterial agent 

 

6.16 0.89 51 

Metoprolol Beta blocker 

 

9.4 1.88 51 

Sulfamethazine Antibacterial agent 

 

7.59 0.89 52 

Ciprofloxacin Antibacterial agent 

 

6.09 0.28 
 53 

Ofloxacin Antibacterial agent 

 

5.97 -0.39 51 

Risperidone Antipsychotic 

 

8.76 3.27 54 

Erythromycin Antibacterial agent 

 

8.88 3.06 55 

As the environmental and human health risks of ECC in UAE are not well established, the 85 
proposed research aims therefore to develop a validated, highly sensitive and selective UPLC-86 
MS/MS method based on solid phase extraction (SPE) to investigate the occurrence and amounts of 87 
antibiotics and other pharmaceuticals in wastewater plant in the city of Sharjah. Findings will be of 88 
significance towards supporting decisions to optimize wastewater treatment and reuse strategies, 89 
as well as safeguard public and environmental health. 90 

Outcomes from this study will be very vital for establishing a reliable and accurate analytical 91 
method for the detection and quantification of ECCs in wastewaters. The developed and optimized 92 
methodology will be highly applicable to complex wastewater types encountered in the City of 93 
Sharjah as the central wastewater treatment plant receives mainly domestic but also commercial 94 
and industrial wastewaters. It is of utmost importance to establish such a reliable methodology that 95 
can be adopted in local settings as to date, no studies were reported on the occurrence of ECCs in 96 
wastewaters generated in Sharjah although the practice of wastewater reuse is highly encouraged 97 
and implemented in the United Arab Emirates as an initiative towards sustainable use of resources 98 
as well as alleviation of the country’s water shortage standing. 99 

Development of analytical capabilities in the local settings will enable accurate measurements 100 
of ECCs in the UAE environment and obtained results will provide vital information for analyzing 101 
the local risks posed by such ECCs 102 
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2. Materials and methods 103 

2.1. Chemicals and reagents 104 

High purity (>98%) sulfapyridine, sulfadiazine, sulfamethoxazole, metoprolol, sulfamethazine, 105 
ciprofloxacin, ofloxacin, risperidone, erythromycin, and acetaminophen were purchased from  106 
Sigma-Aldrich (Darmstadt, Germany). Methanol (LC-MS Grade), acetone (HPLC-Grade), water 107 
(LC-MS grade water), formic acid (LC-MS Grade), ammonium formate 99%, and hydrochloric acid 108 
37%, were purchased from Sigma-Aldrich (Darmstadt, Germany). Wastewater samples were 109 
collected from the influent and effluent of Sharjah central STP. 110 

2.2 Sampling site and sample collection 111 

Composite samples from the influent and effluent wastewater of Sharjah STP were collected 112 
into dry amber glass bottles pre-rinsed with methanol and LC-MS grade water. Wastewater 113 
samples were collected every 90 minutes then composited to accommodate for variations in 114 
wastewater flows and ECC concentrations at varying sampling episodes; thus, providing samples 115 
with better representation. Sharjah STP employs primary (sedimentation), secondary (activated 116 
sludge) and sand filters as tertiary treatment, in addition to chlorination for disinfection. All 117 
collected samples were properly sealed and transferred to the lab by icebox. In the laboratory, the 118 
samples were filtered under vacuum through 0.7µm glass fiber filters and kept at 4 ˚C in the dark 119 
for a maximum period of 1 week until extraction.  120 

2.3. Solid phase extraction 121 

Literature surveys suggest that pre-concentration and purification of target pharmaceutical 122 
compounds from complex environmental matrices are usually achieved using off line SPE. Wide 123 
range of sorbents are commercially available and may be selected based on the degree of polarity of 124 
the analytes. The following solid phase extraction cartridges: Oasis HLB (6 mL, 200 mg) and, Oasis 125 
MAX (6 mL, 150 mg) were obtained from Waters (Milford, MA, USA) and Supelclean ENVI-C18 (6 126 
mL, 500 mg) was purchased from Sigma-Aldrich (Germany). Glass microfiber filters (0.7 µm pore 127 
size, 47 mm diameter) were obtained from LLG Labware (Meckenheim, Germany) and nylon 128 
membrane filters (0.45 µm pore size, 47 mm diameter) were from Whatman (Mainstone, UK). 129 

In order to optimize an efficient extraction method of the selected compounds, influent and 130 
effluent wastewater samples collected from Sharjah STP as well as analyte-free LC-MS grade water 131 
were used. The collected wastewater samples were filtered under vacuum using 0.45 µm 132 
membrane filters (Whatman, Mainstone, UK) while 0.7 µm membrane filters were used for LC-MS 133 
grade water. Filtrates were acidified using 1 M HCl to pH 3 as this pH level exhibited higher 134 
recoveries based on a pH optimization experimentation performed on wastewater samples at pH 3 135 
and 7, spiked with 100 ng/L solution of the standard pharmaceuticals. 136 

The performance efficiency of three different cartridges were tested, namely, Oasis HLB (6 mL, 137 
200 mg), a hydrophilic–lipophilic-balanced reversed phase sorbent; Oasis MAX (6 mL, 150 mg), a 138 
polymeric reversed phase sorbent with anion-exchange groups; and Supelclean ENVI-C18 (6 mL, 139 
500 mg), a polymeric reversed phase C18 endcapped, and the recovery results were assessed and 140 
compared.  141 

The SPE cartridges were pre-conditioned using 3 mL acetone, 3 mL mixed methanol and LC-142 
MS grade  (adjusted to pH 3 using 1 M HCl) at flow rate of 3 mL/min. The filtered samples were 143 
then passed through the cartridge at 15 mL/min using a vacuum manifold system (Waters) 144 
connected to a vacuum pump. SPE cartridges were then washed twice with a solution (5 mL) of LC-145 
MS grade water: methanol (ratio 95: 5) at flow rate of 2 mL/min. and dried under vacuum for 30 146 
min. The elution was then performed with 3 mL methanol three times followed by 3 mL methanol 147 
with 0.3% formic acid. The final extracts were mixed and dried using Genevac system (EZ-2 Plus), 148 
and then reconstituted in 1 mL of LC-MS grade water: ACN (90:10) prior to LC-MS/MS analysis. 149 
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2.4. Liquid chromatography and mass spectrometry conditions 150 

The compounds of interest were analyzed using Waters Acquity® UPLC H-Class-Xevo TQD 151 
(Triple Quadrupole Mass Spectrometer) system (MA, USA) equipped with electrospray ionization 152 
(ESI). Chromatographic separation of the target compounds was achieved on Acquity® BEH C18 153 
column (1.7 µm, 2.1 mm x150 mm) using gradient elution as following: Solvent A was methanol 154 
while Solvent B was 0.2% formic acid in 5 mM ammonium formate. The gradient was started with 155 
100% B (v/v) followed by a 15 min to 50% B; another 0.5 min gradient to 30% B; followed by a 4.5 156 
min gradient to 0% B; during 1 min, steep linear gradient to 100% B; and the column was 157 
equilibrated by 100% B for 2 min prior to the next analysis. The flow rate was 0.2 mL/min and the 158 
injection volume was 10 µL while the column was conditioned at 35 °C and the auto sampler 159 
performed at 4 °C.   160 

The mass spectrometric analysis was performed in multiple reaction monitoring (MRM) with 161 
positive and negative ionization modes. The MS parameters were as follows:  Dwell time was 0.02 s 162 
and nitrogen was used as a desolvation gas at a flow rate of 600 L/h. The ionization source 163 
conditions were as follows: desolvation temperature 350 °C; source temperature 150 °C; collision 164 
gas (argon) flow 0.1 mL/min; and capillary voltage 3.0 kV. Compound dependent parameters like 165 
parent ion, fragment ion, cone voltage and collision energy were set as shown in Table 2. The 166 
parameters of mass analyzer were set as follows: LM1 and HM1 resolution 15 and 15 respectively; 167 
ion energy 1; LM2 and HM2 resolution 15 and 15 respectively, and ion energy 2. 168 

The UPLC-MS/MS system control was performed by Lynx software (Version 4.1, SCN 882) and 169 
data was processed and analyzed using TargetLynx™ program. 170 

Table 2. MRM and MS parameters for all analyzed compounds. 171 

Pharmaceuticals Classification 
Precursor 
ion (m/z) 

Products ions 
(m/z) 

Retention 
time (min) CE (V) CV (V) 

Acetaminophen Analgesic 152 
110 

6.47 
22 

42 
65 26 

Sulfapyridine Antibacterial 250 
156 

8.13 
16 

27 
108 25 

Sulfadiazine Antibacterial 251 
92 

6.9 
27 

23 
156 15 

Sulfamethoxazole Antibacterial 254 
92 

11.31 
26 

27 
156 16 

Metoprolol β-blockers 268.2 
116 

13.06 
18 

30 
133 24 

Sulfamethazine Antibacterial 279.1 
186 

9.98 
16 

30 
92 28 

Ciprofloxacin Antibacterial 332.1 
314.1 

11.33 
22 

30 
288.1 18 

Ofloxacin Antibacterial 362.1 
318.1 

10.66 
26 

30 
261.1 20 

Risperidone Anti-depressant 411.2 
191 

14.98 
30 

40 
110 50 

Erythromycin Antibiotic 734.4 
158.1 

17.39 
32 

25 
576.3 40 

2.5. Method validation 172 

The optimized SPE LC-MS/MS method was validated for its selectivity, linearity, limit of 173 
detection (LOD), limit of quantification (LOQ), intra-and inter day precision, matrix effect, recovery 174 
and short time stability following the guidelines of the European Medicines Agency for 175 
bioanalytical method validation [40]. 176 
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The recoveries of the target pharmaceuticals were estimated using LC-MS grade water spiked 177 
with two different concentrations equivalent to 15 and 750 ng/L of the target analytes; the ratios of 178 
the concentrations before and after extraction were calculated.  179 

Since wastewater already includes the target compounds, the linearity of the proposed method 180 
was evaluated using LC-MS grade water spiked with five different concentration levels. Before 181 
injecting the standard solutions, the system was equilibrated for at least 20 min with the mobile 182 
phase. Five injections were carried out for each concentration level. The calibration curves were 183 
constructed using least square linear regression analysis method. The precision of the method was 184 
evaluated as inter and intra-day for five replicates (n= 5) on spiked LC-MS grade water at 185 
concentration levels equivalent to 15 and 750 ng/L of the target analytes. The relative standard 186 
deviation values (RSD %) were calculated to express the precision of the proposed method. Method 187 
LOD and LOQ were determined using the calibration curve of each target compound. The 188 
selectivity was determined by measuring two MRM transitions per analyte and calculating the 189 
specific ratio of the two product ions.  190 

2.6. Analysis of wastewater  191 

In order to investigate the presence of pharmaceuticals in urban wastewater received and 192 
treated at Sharjah STP, influent and effluent wastewater samples from the treatment plant under 193 
study were analyzed using the proposed SPE LC-MS/MS method. 194 

3. Results and discussion: 195 

3.1. Solid phase extraction 196 

All parameters; mainly the type of SPE cartridges and the pH of sample used to elute the 197 
pharmaceuticals under investigation were optimized to find the best extraction efficiencies for the 198 
target pharmaceuticals. Three different alternatives of SPE cartridges were tested including two 199 
polymeric sorbents (Oasis HLB and ENVI-C18) and a polymeric reversed phase sorbent with anion-200 
exchange groups (Oasis MAX); the extraction efficiency results of the Oasis MAX were better than ENVI-201 
C18 in all cases, however, the recovery results of the Oasis HLB were much better for the selected 202 
pharmaceuticals (Figure 1A & B). This hydrophilic–lipophilic-balanced reversed phase sorbent is suitable for 203 
the extraction of acidic, basic and neutral compounds and it works well at a pH range of 1–14. However, 204 
to find the optimal pH for sample analysis, a pH optimization study was performed to find out the 205 
recoveries at different pH values (pH 3 and 7). The extraction procedure described previously was 206 
applied to the wastewater samples at pH 3 and 7, spiked with the stock solution of the standard 207 
pharmaceuticals at 100 ng/L. The samples were then analyzed using LC-ESI-MS/MS, and the 208 
recoveries of analytes were calculated (Table 3). The obtained results showed that the optimum 209 
solid phase extraction for all the analytes of interest were found to be at pH 3 using Oasis HLB 210 
cartridges (Figure 1C). This may be explained by the fact that the basic analytes under investigation 211 
are completely ionized at pH 3 except acetaminophen, and this will avoid the coexistence of the 212 
ionized and unionized species at pH 7 which might affect their recoveries. The recovery results for 213 
all the compounds were higher than 84.7% as summarized in Table 3.  214 

Table 3. Recoveries of the selected pharmaceuticals using Oasis HLB, ENVI-C18 and Oasis MAX at 215 
two pH values (concentration 15 ng/L, n= 3). 216 

Compound % recovery at pH 3 (RSD %) % recovery at pH 7 (RSD %) 
 Oasis HLB ENVI-C18 Oasis MAX Oasis HLB ENVI-C18 Oasis MAX 

Acetaminophen 97.2 (5.7) 62.4 (3.4) 80.4 (1.3) 82.1 (2.2) 61.4 (4.4) 78.1 (3.9) 
Sulfapyridine 87.3 (6.2) 58.5 (2.3) 64.8 (5.6) 78.3 (3.2) 51.1 (6.1) 57.3 (2.7) 

Sulfamethazine 92.7 (7.3) 60.1 (1.2) 67.7 (3.2) 84.6 (4.1) 53.9 (4.5) 61.4 (3.3) 
Sulfadiazine 90.8 (3.5) 57.2 (3.3) 63.4 (4.2) 82.2 (5.3) 51.8 (5.3) 57.3 (3.6) 

Sulfamethoxazole 88.4 (5.4) 54.6 (4.3) 78.1 (4.1) 78.7 (3.4) 58.7 (2.1) 72.1 (4.5) 
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Ciprofloxacin 86.9 (4.2) 61.7 (5.1) 81.2 (4.5) 80.8 (4.3) 77.4 (1.8) 74.7 (3.6) 
Ofloxacin 91.5 (7.4) 55.5 (1.6) 76.4 (4.3) 84.4 (4.2) 64.5 (2.6) 72.9 (2.1) 

Erythromycin 93.3 (4.6) 52.3 (3.2) 73.2 (4.2) 85.3 (2.4) 50.3 (3.7) 68.3 (3.3) 
Metoprolol 86.1 (1.8) 53.2 (2.4) 69.8 (2.4) 73.6 (2.2) 68.2 (2.8) 65.4 (4.7) 
Risperidone 84.7 (5.6) 58.3 (4.3) 72.2 (3.2) 73.1 (3.5) 52.1 (3.8) 63.5 (4.8) 

 217 
Figure 1. Graph bars showing the effect of pH on the % recoveries of the selected pharmaceuticals at 218 
A) pH 3 using Oasis HLB, ENVI-C18 and Oasis MAX cartridges. B) pH 7 using Oasis HLB, ENVI-219 
C18 and Oasis MAX cartridges C) comparison of the recoveries at pH 3 and 7 using HLB oasis 220 
cartridge using Oasis HLB, ENVI-C18 and Oasis MAX at two pH values (n= 3). 221 

  222 
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3.2. Optimization of liquid chromatography and mass spectrometry conditions 223 

To optimize the chromatographic separation of the target compounds, several 224 
chromatographic conditions were tried including variation of stationary as well as mobile phases.  225 
Mixtures of organic solvents such as acetonitrile and methanol along with acidified water (with 226 
formic acid) were tried. Different concentrations (0.05-0.2 %) of formic acid were used to promote 227 
protonation of the compounds and generate better peak symmetry.  However, none of the obtained 228 
chromatograms satisfied the criteria of good separation in term of peaks symmetry and resolution 229 
using isocratic elution. The best condition for the separation of compounds of interest was achieved 230 
by gradient elution, using methanol (mobile phase A) and 5 mM ammonium formate buffer with % 231 
0.2 formic acid (mobile phase B). 232 

Figure 2 shows the separation of the selected pharmaceuticals using the optimized 233 
chromatographic conditions, providing symmetrical peaks and adequate resolution allowing 234 
quantitative measurements.  235 

 236 
Figure 2. Chromatogram showing the separation of the selected pharmaceuticals using the 237 
optimized chromatographic conditions. a. Acetaminophen, b. Sulfadiazine, c. Sulfapyridine, d. 238 
Sulfamethazine, e. Ofloxacin, f. (Sulfamethoxazole and ciprofloxacin), g. Metoprolol, h. Resperidone, 239 
and i. Erythromycin. 240 

The selected compounds were detected by tandem mass spectrometry MRM. Two precursor 241 
ions were selected to produce ion transition for each pharmaceutical using positive electrospray 242 
ionization mode (+ESI). MS parameters and data acquisition software system specifications were 243 
detailed previously and summarized in Table 2. The MRM LC-MS/MS chromatograms resulting 244 
from analysis of pharmaceuticals of interest by positive ionization mode in wastewater samples are 245 
depicted in Figure 3.  246 
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 247 

Figure 3. MRM LC-MS/MS chromatograms of the target compounds analyzed by positive ionization 248 
mode. 249 

3.3. Linearity and recovery. 250 

The linearity of the proposed method was investigated using LC-MS grade  water spiked with 251 
five different concentrations of the target compounds by plotting the peak areas of the target 252 
pharmaceuticals against their relative concentrations using the linear least square regression 253 
method.  Attained correlation coefficients were all greater than 0.992.  254 

Recovery (RE) was calculated by comparing the signal intensities of a pre and post SPE spiked 255 
samples. The matrix effect (ME) was calculated by comparing the signal intensity of the post SPE 256 
spiked samples with a convenient probe prepared in a mixture of solvent A (LC-MS grade  water) 257 
and solvent B (Methanol) (90/10 v/v). This was done for LC-MS grade  water on  spiking levels of 15 258 
and 750 ng/L. Table 4 summarizes the linearity ranges, LOQs, LODs and recovery percentages. The 259 
generated calibration curves suggest that the linearity, LOQs, LODs and recoveries of the proposed 260 
LC-MS/MS method satisfy the acceptance criteria of analytical methods for all pharmaceuticals 261 
under investigation [40].  262 
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Table 4. Linearity ranges, LOQs, LODs and % recoveries of the selected compounds. 263 

Analyte Linearity range 
(ng/L) Correlation coefficient (r2) LOD 

 (ng/L) 
LOQ 
(ng/L) 

Recovery ± RSD% (n=5) 
15 ng/l 750 ng/l 

Acetaminophen 5-2500 0.9976 0.1 0.3 97.2 ± 5.7 94.4± 2.4 
Sulfapyridine 5-1000 0.9968 0.4 1.2 87.3 ± 6.2 92.1± 3.2 

Sulfamethazine 5-1000 0.9975 0.9 2.9 92.7 ± 7.3 89.9± 4.5 
Sulfadiazine 5-1000 0.9943 1.3 3.7 90.8 ± 3.5 87.5± 3.1 

Sulfamethoxazole 5-1000 0.9923 1.4 2.1 88.4 ± 5.4 85.2± 3.5 
Ciprofloxacin 5-1000 0.9993 1.5 4 86.9 ± 4.2 88.6±2.8 

Ofloxacin 5 -1000 0.9996 1.1 3.6 91.5 ± 7.4 86.3±4.7 
Erythromycin 5 -1000 0.9989 1.5 5.0 93.3 ± 4.6 91.1±2.7 

Metoprolol 5-1000 0.9969 1.0 3.2 86.1 ± 1.8 88.4±3.3 
Risperidone 5 -2500 0.9984 1.2 3.6 84.7 ± 5.6 86.2±2.6 

3.4. Precision 264 

The precision of the method was determined by the repeated intra-day (n = 5) and inter-day 265 
(n=15) analysis of spiked LC-MS grade  water at concentrations levels of 15 and 750 ng/L.  The 266 
precision of the method was expressed as the relative standard deviation (RSD%) of replicate 267 
measurements and calculated  intra- and inter-day precision data are summarized in Table 5. 268 

To ensure that the analytes are stable during the analysis period, a volume of LC-MS grade  269 
water was spiked to achieve analyte concentrations of  15 and 750 ng/L, stored overnight at 4 °C in a 270 
glass bottle, and analyzed after 7 days. Furthermore, the stability of the sample in the extracted 271 
solvent was tested for additional 5 days in an auto sampler at 4 °C, to ensure that the analytes 272 
remain stable during the analysis. 273 

Table 5. The intra- and inter-day precision of the optimized method. 274 

Analyte 
Intra-day RSD % (n = 5) Intra-day RSD % (n = 15) 

15 ng/L 750 ng/L 15 ng/L 750 ng/L 
Acetaminophen 4.2 4.4 6.1 6.7 

Sulfapyridine 3.2 4.3 4.7 5.3 
Sulfamethazine 4.3 2.6 8.6 6.4 

Sulfadiazine 2.2 4.2 6.8 4.7 
Sulfamethoxazole 3.8 3.5 7.5 4.2 

Ciprofloxacin 5.1 3.7 7.7 5.4 
Ofloxacin 3.6 2.2 6.2 2.6 

Erythromycin 2.4 4.2 3.2 4.9 
Metoprolol 3.9 2.4 5.3 3.2 
Risperidone 4.5 3.9 5.5 4.6 

3.5. Determination of target pharmaceuticals in wastewater samples 275 

Composite influent and effluent wastewater samples, collected from Sharjah STP were 276 
analyzed to assess the occurrence of pharmaceuticals and their concentrations. Each sample was 277 
analyzed five times utilizing the optimized SPE-LC-MS/MS method. A total of ten pharmaceuticals 278 
of different drug classes were detected and quantified at significant concentrations. Concentrations 279 
of the selected pharmaceuticals were calculated using the linear regression equations of the relative 280 
calibration curves. Table 6 summarizes the concentrations of target analytes in influent and effluent 281 
wastewater samples as well as the achieved percent removals of pharmaceuticals in the STP under 282 
study. 283 

Generally, removal of organic pollutants at STPs is a complex process with many plausible 284 
mechanisms. Pharmaceuticals concentration in the environment are governed by biotic and abiotic 285 
(sorption, photo-degradation and hydrolysis) factors and their removal patterns and mechanisms in 286 
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STPs may be affected either by the specific treatment process employed or by their individual 287 
physicochemical properties such as water solubility, volatilization tendency, adsorption kinetics, 288 
and degradation potential [41]. In the conventional activated sludge process, Pharmaceuticals and 289 
personal care products (PPCP) removals are mainly attributed to two mechanisms, namely sorption 290 
onto the particulate phase and biodegradation. During wastewater treatment, PPCPs and their 291 
metabolites can partition between the solid/particulate phase and the aqueous phase depending on 292 
their hydrophobicity. Generally, hydrophilic and water-soluble PPCPs show less tendency to sorb 293 
onto the solid/particulate phase and are not likely to be detected in sludge. On the other hand, 294 
PPCPs with low hydrophobicity, expressed as the octanol–water partition coefficient (Kow), are 295 
likely to be present in treated effluents of STP if they are resistant to microbial degradation. Several 296 
studies have exhibited that in general compounds with log Kow <3.0 are not expected to be adsorbed 297 
significantly to the particles thus displaying low removal efficiencies in STPs [42]. On the other 298 
hand, compounds with relatively higher log Kow values are expected to exhibit higher removal 299 
efficiencies [41, 43-44]. 300 

For the STP under study, pharmaceutical removals ranged from 31 – 96 percent. 301 
Acetaminophen level was measured at the highest concentration of 145,250 and 5,235 ng/L in the 302 
influent and effluent samples, respectively, which may be attributed to the frequent prescription of 303 
acetaminophen for its antipyretic and analgesic activity. However, a high elimination percentage 304 
(96%) of this pharmaceutical was achieved in the treatment system similar to previously published 305 
studies [45-48]. Although Acetaminophen exhibits a low log Kow value (0.46), yet it was shown to be 306 
quickly photodegraded in STP effluents [49].  307 

A total of seven antibiotics including four sulfa-drugs, two fluoroquinolones and one 308 
macrolide were detected in the influent and effluent samples.  Among the antibiotics, 309 
fluoroquinolone (ciprofloxacin) exhibited the highest concentration with a treatment efficiency of 310 
37%. For sulfa-drugs, the concentration of sulfadiazine was the highest with a partial elimination 311 
rate of 40%. The antipsychotic drug, risperidone was detected at concentration of 13 ng/L in the 312 
effluent samples, with a significant elimination rate of 95%, potentially attributed to its log Kow 313 
value of 3.27.  Finally, the macrolide antibiotic, erythromycin, and the β-blocker metoprolol were 314 
detected at concentrations equivalent to 541 and 62 ng/L in the effluent, respectively, showing the 315 
lowest elimination rates (≤32%) of the treatment system.  316 

Table 6. Concentrations of target contaminants in influent and effluent wastewaters of Sharjah STP 317 
and their removal efficiencies. 318 

Analyte 
Mean concentration (ng/l) (n = 5) 
Influent Effluent Removal 

Acetaminophen 145250 5235 96 
Sulfapyridine 252 99.9 60 

Sulfamethazine 24.0 11.0 53 
Sulfadiazine 720 433 40 

Sulfamethoxazole 161 75.0 54 
Ciprofloxacin 863 543 37 

Ofloxacin 846 511 40 
Erythromycin 785 541 31 

Metoprolol 92 62.0 32 
Risperidone 245 13.0 95 

4. Conclusions 319 

In this study, a highly sensitive and selective SPE UPLC- MS/MS analytical method was 320 
developed and validated for the simultaneous determination of the commonly prescribed 321 
pharmaceuticals in urban wastewater. The optimized method allowed the simultaneous extraction 322 
of 10 pharmaceuticals with different physicochemical properties in one single step using 323 
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hydrophilic–lipophilic-balanced reversed phase sorbent (Oasis HLB), and the subsequent 324 
separation on an Aquity BEH C18 column using gradient elution in multiple reactions monitoring 325 
(MRM) mode. The developed method was successfully applied to investigate the occurrence and 326 
quantify the amounts of antibiotics and other pharmaceuticals in various wastewater streams of 327 
Sharjah STP with a LOD varying between 0.1-4.5 ng/L and LOQ ranging between 0.3 and 12 ng/L.  328 

The development of such a method would be highly helpful in the assessment and continuous 329 
monitoring of such emerging contaminants of concern in the City of Sharjah wastewaters with a 330 
high degree of accuracy. Findings will be of significance towards supporting decisions to optimize 331 
wastewater treatment and reuse strategies as well as safeguard public and ecological health. 332 

Acknowledgments: This work has been supported by the University of Sharjah (UoS) and the Sharjah 333 
Research Academy (SRA) under a special agreement (MoU) signed by the parties involved.  Special thanks to 334 
Prof. Hamid Al Naimiy, Chancellor of the UoS and Professor Amr Abdel-Hamid, Director General of SRA, for 335 
facilitating the study. 336 

Conflicts of Interest: There are no conflicts to declare. 337 

References: 338 

1- Daflon, S.; Guerra, I. Reynier, M.; Cerqueira, A.;  Botta, R.; Campos, J.  Toxicity identification and 339 
evaluation (TIE) of a petroleum refinery wastewater. J Environ. Sci Health A Tox Hazard Subst Environ Eng 340 
2017, 29, 842-848. 341 

2- Rivera-Jaimes, J. A.; Postigo, C.; Melgoza-Alemán, R.M.; Aceña, J.; Barceló, D.; López de Alda, M. Study 342 
of pharmaceuticals in surface and wastewater from Cuernavaca, Morelos, Mexico: Occurrence and 343 
environmental risk assessment. Sci Total Environ 2018, 613–614, 1263-1274. 344 

3-  Munoz, I.; Lopez-Doval, J.C.; Ricart, M.; Villagrasa, M.; Brix, R.; Geiszinger A. Bridging levels of 345 
pharmaceuticals in river water with biological community structure in the Llobregat River Basin 346 
(Northeast Spain). Environ Toxicol Chem 2009, 28, 2706–14. 347 

4- Vazquez-Roig, P.; Andreu, V.; Blasco, C.; Morillas, F.; Pico, Y. Spatial distribution of illicit drugs in 348 
surface waters of the natural park of Pego-Oliva Marsh (Valencia, Spain). Environ Sci Pollut Res 2012, 19, 349 
971–82. 350 

5- Vazquez-Roig, P.; Andreu, V.; Blasco, C.; Pico. ; Risk assessment on the presence of pharmaceuticals in 351 
sediments, soils and waters of the Pego-Oliva Marshlands (Valencia, eastern Spain). Sci. Total Environ 352 
2012, 440, 24–32. 353 

6- Boxall, A. B.; Rudd, M. A.; Brooks, B.W.; Caldwell, D. J.; Choi, K.; Hickmann, S. Pharmaceuticals and 354 
personal care products in the environment: what are the big questions?. Environ Health Perspect 2012, 120, 355 
1221–1229. 356 

7- Kosma, C. I.; Lambropoulou, D. A.; Albanis, T. A.; Investigation of PPCPs in wastewater treatment plants 357 
in Greece: Occurrence, removal and environmental risk assessment. Science of the Total Environment 2014, 358 
466–467, 421–438. 359 

8- Du, B.; Price, A.E.; Scott, W. C.; Kristofco, L.A., Ramirez, A.J.; Chambliss, C.K.; Comparison of 360 
contaminants of emerging concern removal, discharge, and water quality hazards among centralized and 361 
on-site wastewater treatment system effluents receiving common wastewater influent. Sci Total Environ 362 
2014, 466–467 () 976–84. 363 

9- Schaider, L.A.; Rudel, R. A., J. M. Ackerman, S. C. Dunagan, J. G. Brody, Pharmaceuticals, 364 
perfluorosurfactants, and other organic wastewater compounds in public drinking water wells in a 365 
shallow sand and gravel aquifer. Sci Total Environ 2014, 468–469, 384–93. 366 

10-  Zheng, Q.; Zhang, R.; Wang, Y.; Pan, X.; Tang, J.; Zhang, G. Occurrence and distribution of antibiotics in 367 
the Beibu Gulf, China: Impacts of river discharge and aquaculture activities. Mar Environ Res 2012, 78, 26-368 
33. 369 

11- Stasinakis, A.S.; Mermigka,,S.; Samaras, V.G.; Farmaki, E.; Thomaidis, N.S., Occurrence of endocrine 370 
disrupters and selected pharmaceuticals in Aisonas River (Greece) and environmental risk assessment 371 
using hazard indexes. Environ Sci Pollut Res Int 2012, 19, 1574-1583. 372 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2019                   doi:10.20944/preprints201902.0016.v1

Peer-reviewed version available at Molecules 2019, 24, 633; doi:10.3390/molecules24030633

http://dx.doi.org/10.20944/preprints201902.0016.v1
http://dx.doi.org/10.3390/molecules24030633


 13 of 15 

13 
 

12- Luo, Y.;  Guo, W.; Ngo, H. H.; Nghiem, L. D.; Hai, F. I.; Zhang , J., Liang , S.; Wang, X., A review on the 373 
occurrence of micropollutants in the aquatic environment and their fate and removal during wastewater 374 
treatment. Science of the Total Environment 2014, 473–474, 619–641. 375 

13- Avila, C.; Garcia J., Pharmaceuticals and personal care products (PPCPs) in the environment and their 376 
removal from wastewater through constructed wetlands. Comprehensive Analytical Chemistry 2015, 67, 195-377 
244. 378 

14- Verlicchi, P.; Al Aukidy, M.; Zambello, E., Occurrence of pharmaceutical com-pounds in urban 379 
wastewater: removal, mass load and environmental riskafter a secondary treatment—a review. Sci. Total 380 
Environ 2012, 429, 123–155. 381 

15- Bhattarai, B.; Muruganandham, M.;. Suri, R., Development of high efficiency silica coated β-cyclodextrin 382 
polymeric adsorbent for the removal of emerging contaminants of concern from water. J Hazard Mater 383 
2014, 273, 146–154. 384 

16- Mirzaei, R.; Yunesian, M.; Nasseri, S.; Gholami, M.; Jalilzadeh, E.; Shoeibi, S.; Bidshahi, H. S.; 385 
Mesdaghinia, A., An optimized SPE-LC-MS/MS method for antibiotics residue analysis in ground, 386 
surface and treated water samples by response surface methodology- central composite design. J. Environ 387 
Health Sci. Eng 2017, 15 -21. 388 

17- Peysson, W.; Vulliet, E., Determination of 136 pharmaceuticals and hormones in sewage sludge using 389 
quick, easy, cheap, effective, rugged and safe extraction followed by analysis with liquid 390 
chromatography–time-of-flight-mass spectrometry. J Chromatogr A 2013, 1290, 46–61. 391 

18- Souza-Silva, É. A; Jiang, R.; Rodríguez-Lafuente, A.; Gionfriddo, E.; Pawliszyn, J., A critical review of the 392 
state of the art of solid-phase microextraction of complex matrices I. Environmental analysis. TrAC Trends 393 
in Analytical Chemistry 2015, 71, 224-235. 394 

19-  Aydin, E.; Talinli, I., Analysis, occurrence and fate of commonly used pharmaceuticals and hormones in 395 
the Buyukcekmece Watershed, Turkey. Chemosphere 2013, 90, 2004–2012. 396 

20- Migowska, N.; Caban, M.; Stepnowski, P.; Kumirska, J., Simultaneous analysis of non-steroidal anti-397 
inflammatory drugs and estrogenic hormones in water and wastewater samples using gas 398 
chromatography–mass spectrometry and gas chromatography with electron capture detection. Sci Total 399 
Environ 2012, 441, 77-88. 400 

21-   Luo, Y.; Xu, L.; Rysz, M.; Wang, Y.; Zhang, H.; Alvarez, P. J., Occurrence and Transport of Tetracycline, 401 
Sulfonamide, Quinolone, and Macrolide Antibiotics in the Haihe River Basin, China. Environ. Sci. Technol 402 
2011, 45, 1827–1833. 403 

22- Gros , M.; Petrović , M.; Barceló,  D., Development of a multi-residue analytical   404 
 methodology based on liquid chromatography-tandem mass spectrometry (LC-  405 
MS/MS) for screening and trace level determination of pharmaceuticals in surface and     406 
Wastewaters. Talanta 2006, 70,  678-90. 407 
23- Le-Minh, N.; M. Stuetz, R.; Khan, S. J., Determination of six sulfonamide antibiotics,    408 
two metabolites and trimethoprim in wastewater by isotope dilution liquid chromatography/tandem mass 409 

spectrometry. Talanta 2012, 89, 407-416. 410 
24- Huerta, B.; Jakimska, A.; Gros, M.; Rodríguez-Mozaz, S.; Barceló, D., Analysis of multi- 411 
class pharmaceuticals in fish tissues by ultra-high-performance liquid chromatography tandem mass 412 

spectrometry. J  Chromatogr A 2013, 1288, 63-72.  413 
25- Lucchetti, D.; Fabrizi, L.; Esposito, A.; Guandalini, E.; Pasquale, M. D.; Coni E.,     414 
 Simple confirmatory method for the determination of erythromycin residues in   415 
trout: a fast liquid–liquid extraction followed by liquid chromatography– tandem   416 
mass spectrometry. J. Agric. Food Chem 2005, 53,  9689–9694. 417 
26- Gibbons, S.E.; Wang, C.; Ma Y., Determination of pharmaceutical and personal care products in 418 

wastewater by capillary electrophoresis with UV detection. Talanta 2011, 84, 1163-1168.  419 
27-  Kay, P.; Blackwell, P.A.; Boxall, A., Column studies to investigate the fate of veterinary antibiotics in clay 420 

soils following slurry application to agricultural land.  Chemosphere 2005, 60, 497–507. 421 
28- Schubert, J.K.; Miekisch, W.; Fuchs, P.; Scherzer, N.;  Lord, H.; Pawliszyn, J.; Mundkowski, R.G., 422 

Determination of antibiotic drug concentrations in circulating human blood by means of solid phase 423 
micro-extraction. Clin Chim Acta 2007, 386, (1-2), 57-62. 424 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2019                   doi:10.20944/preprints201902.0016.v1

Peer-reviewed version available at Molecules 2019, 24, 633; doi:10.3390/molecules24030633

http://dx.doi.org/10.20944/preprints201902.0016.v1
http://dx.doi.org/10.3390/molecules24030633


 14 of 15 

14 
 

29- Patrolecco, L.; Ademollo, N.; Grenni, P.; Tolomei, A.; Caracciolo, A. B.; Capri, S., Simultaneous 425 
determination of human pharmaceuticals in water samples by solid phase extraction and HPLC with UV-426 
fluorescence detection. Microchemical Journal 2013, 107, 165-171. 427 

30- Wille, K.; Noppe, H.; Verheyden, K.; Bussche, J. V.; De Wulf, E.; Caeter, P. V.;. Janssen, C. R ; De 428 
Brabander, H. F.; Vanhaecke, L., Validation and application of an LC-MS/MS method for the 429 
simultaneous quantification of 13 pharmaceuticals in seawater. Analytical and Bioanalytical Chemistry 2010, 430 
397, 1797–1808. 431 

31- Rossmann, J.; Schubert, S.; Gurke, R.; Oertel, R.; Kirch, W., Simultaneous determination of most 432 
prescribed antibiotics in multiple urban wastewater by SPE-LC–MS/MS. J Chromatogr B 2014, 969, 162–433 
170. 434 

32- Muz, M.; Sonmez, M. S.; Komesli, O. T.; Bakırdere, S.; Gokcay, C. F., Determination of selected natural 435 
hormones and endocrine disrupting compounds in domestic wastewater treatment plants by liquid 436 
chromatography electrospray ionization tandem mass spectrometry after solid phase extraction. Analyst 437 
2012, 137, (4), 884-889. 438 

33- Tong, L.; Li, P.; Wang, Y.; Zhu, K., Analysis of veterinary antibiotic residues in swine wastewater and 439 
environmental water samples using optimized SPE-LC/MS/MS. Chemosphere 2009, 74, 1090–1097. 440 

34- Gurke, R.; Rossmann, J.; Schubert, S.; Sandmann, T.; Rößlerb, M.; Oertel, R.; Fauler, J., Development of a 441 
SPE-HPLC–MS/MS method for the determination ofmost prescribed pharmaceuticals and related 442 
metabolites in urbansewage samples. J Chromatogr B 2015, 990, 23–30. 443 

35- Rabii, F. W.; Segura, P. A.; Fayad, P. B. ; Sauvé, S., Determination of six chemotherapeutic agents in 444 
municipal wastewater using online solid-phase extraction coupled to liquid chromatography-tandem 445 
mass spectrometry. Science of The Total Environment 2014, 487, 792-800. 446 

36- Dahane, S.; Galera, M. M.; Marchionni, M.E.; Viciana, M. S.; Derdour, A.; García, M.D.,  Mesoporous silica 447 
based MCM-41 as solid-phase extraction sorbent combined with micro-liquid chromatography–448 
quadrupole-mass spectrometry for the analysis of pharmaceuticals in waters. Talanta 2016, 152, 378-391. 449 

37. Tahrani, L.; Van Loco, J.; Ben Mansour, H.; Reyns, T., Occurrence of antibiotics in pharmaceutical 450 
industrial wastewater, wastewater treatment plant and sea waters in Tunisia. J Water Health 2016, 14, 208-451 
213. 452 

37- Hao, C.; Zhao, X.; Yang, P., GC-MS and HPLC-MS analysis of bioactive pharmaceuticals and personal-453 
care products in environmental matrices. TrAC Trends in Analytical Chemistry 2007, 26, 569-580. 454 

38- Yu, Y.; Wu, L., Analysis of endocrine disrupting compounds, pharmaceuticals and personal care products 455 
in sewage sludge by gas chromatography–mass spectrometry. Talanta 2012, 89, 258–263. 456 

39- European Medicines Agency: guideline on bioanalytical method validation. 457 
[http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2011/08/WC500109686.p458 
df]. 459 

40- Evengidou, E.N.; Konstantinou, I.K.; Lambropoulou, D.A., “Occurrence and removal of transformation 460 
products of PPCPs and illicit drugs in wastewaters: A review”. Science of the Total Environment 2015, 505, 461 
905-926. 462 

41- Behera, S.K.; Kim H.W.; Oh J.E.; Park H.S.; Occurrence and removal of antibiotics, hormones and several 463 
other pharmaceuticals in wastewater treatment plants of the largest industrial city of Korea, Sci Total 464 
Environ 2011,409, (20), 4351–460. 465 

42- Thomas P.M.; Foster G.D., Tracking acidic pharmaceuticals, caffeine, and triclosan through the 466 
wastewater treatment process. Environ Toxicol Chem 2005, 2, 25–30. 467 

43- Grandclément, C.; Seyssiecqet, I.; Piram, A.;  Wong-Wah Chung, P.; Vanot, G.; Tiliacos, N.; Roche, N.; 468 
Doumenq, P., “From the conventional biological wastewater treatment to hybrid processes, the 469 
evaluation of organic micro-pollutant removal: A review”. Water Research 2017, 111, 297-317. 470 

44- Gros, M.; Petrović, M.; Ginebreda, A.; Barceló, D., Removal of pharmaceuticals during wastewater 471 
treatment and environmental risk assessment using hazard indexes. Environ. Int 2010, 36, 15-26 472 

45- Lai, P.; Lin, Y.; Tung, H.; Lo and A. Lin, S., "Occurrence of pharmaceuticals and perfluorinated 473 
compounds and evaluation of the availability of reclaimed water in Kinmen". Emerging Contaminants 474 
2016, 2, 133 – 144.  475 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2019                   doi:10.20944/preprints201902.0016.v1

Peer-reviewed version available at Molecules 2019, 24, 633; doi:10.3390/molecules24030633

http://dx.doi.org/10.20944/preprints201902.0016.v1
http://dx.doi.org/10.3390/molecules24030633


 15 of 15 

15 
 

46- Mohapatra, S.; Huang, Ch.; Mukherji, S.; Padhyeab, L., "Occurrence and fate of pharmaceuticals in 476 
WWTPs in India and comparison with a similar study in the United States". Chemosphere 2016, 159, 526-477 
535.  478 

47- Blair, B.; Nikolaus, A.; Hedman, C.;. Klaper R.; Grundl, T., Evaluating the degradation, sorption, and 479 
negative mass balances of pharmaceuticals and personal care products during wastewater treatment. 480 
Chemosphere 2015, 134, 395-401.  481 

48- Liu, Y.; Tong, Y.; Liu, J., Photodegrading of acetaminophen in secondary effluent of sewage treatment 482 
plant under simulated sunlight irradiation,  International Conference on Bioinformatics and Biomedical 483 
Engineering, Bioinformatics and Biomedical Engineering (iCBBE), 2010 4th International Conference on 484 
DOI: 10.1109/ICBBE.2010.5517910 (2010). 485 

49- Sangster, J., A databank of evaluated octanol-water partition coefficients (LogP) on microcomputer 486 
diskette. Sangster Research Laboratories, Montreal, Quebec, Canada, 1994 487 

50- Hansch, D.; Hoekman, A.; Leo, L.; Zhang, P., The expanding role of quantitative structure-activity 488 
relationships (QSAR) in toxicology. Toxicology Letters 1995, 79, 45-53. 489 

51- Leo, A. J., Calculating log Poct from structures, Chemical Reviews 1993, 93, 1281-1306. 490 
52- Novák, K.T.; Józan, M., Lipophilicity of antibacterial fluoroquinolones. International Journal of 491 

Pharmaceutics 1992, 79, 89-96. 492 
53- http://www.hmdb.ca/metabolites/HMDB0005020 (accessed on 27 May 2018) 493 
54- McFarland, J. W.; Berger, C. M.; Froshauer, S. A.; Hayashi, S. F.; Hecker, S. J.; Jaynes, B. H.; Jefson, M. R.; 494 

Kamicker, B. J.; Lipinski, C. A.; Lundy, K. M.; Reese, C. P.; Vu, C. B., Quantitative Structure−Activity 495 
Relationships among Macrolide Antibacterial Agents:  In Vitro and in Vivo Potency against Pasteurella 496 
multocida. J. Med. Chem 1997, 40, 1340–1346. 497 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2019                   doi:10.20944/preprints201902.0016.v1

Peer-reviewed version available at Molecules 2019, 24, 633; doi:10.3390/molecules24030633

http://dx.doi.org/10.20944/preprints201902.0016.v1
http://dx.doi.org/10.3390/molecules24030633

