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ABSTRACT 10 

The impacts of water chemistry properties including pH and dissolved organic carbon (DOC) on 11 

the ecotoxicity of active pharmaceutical ingredients (APIs) are increasingly evident. These 12 

impacts are a result of alterations in API bioavailability: pH regulates the bioavailability of many 13 

ionizable APIs via chemical speciation, whereas DOC interacts with several APIs to inhibit the 14 

APIs from traversing the membrane system of organisms. In this study, we examined the 15 

influences of pH and DOC on the bioavailability of ampicillin (AMP) and clarithromycin (CLA) 16 

with the help of a bioavailability model. The effects on bioavailability were quantified by 17 

ecotoxicity observed in cyanobacteria growth inhibition tests with Microcystis aeruginosa 18 

PCC7806. The median effect concentration (96h-EC50total) of AMP increased by 5-fold when pH 19 

raised from 7.4 to 9.0, suggesting the zwitterionic AMP+/- species being higher in bioavailability 20 

than the negatively charged AMP- species. CLA ecotoxicity showed no significant pH-21 

dependency, suggesting CLA+ and CLA0 species to be equally bioavailable, albeit it correlated 22 

significantly with M. aeruginosa growth rate in negative controls. In addition, DOC demonstrated 23 

no significant effects on the ecotoxicity of AMP or CLA. Overall, together with earlier results on 24 

ciprofloxacin, our data show that bioavailability relations with pH and DOC are variable among 25 

different antibiotics. Factors other than chemical speciation alone could play a role in their 26 

bioavailability, such as their molecular size and polarity. 27 
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1. INTRODUCTION  37 

The occurrence of active pharmaceutical ingredients (APIs) in surface water has raised 38 

concerns about their potential adverse effects on aquatic organisms and the spread of 39 

antimicrobial resistance (AMR)1. In water bodies, the ecotoxicity of an API is associated not only 40 

with its occurrence, e.g., total measured concentration, but also with its bioavailability. Water 41 

chemistry factors such as pH, water hardness, and dissolved organic carbon (DOC) are well-42 

known regulators of the bioavailability of heavy metals2. Recently, the influence of environmental 43 

factors on the bioavailability of APIs has also become increasingly evident. pH-dependent toxic 44 

effects were reported for three antihistamines dimethindene, doxylamine, ketotifen, on zebrafish 45 

3. Water browning, which is related to concentrations of light-absorbing DOC compounds, was 46 

also found to increase the tolerance of a microalgae population to a mixture of 12 pharmaceutical 47 

and personal care products (PPCPs)4.  48 

The influence of pH on bioavailability is often linked to its effects on the chemical speciation 49 

of ionizable compounds. Ionizable chemicals are estimated to account for > 60% of 50 

pharmaceutical drugs5,6. Consequently, local pH conditions of natural waterbodies can determine 51 

the ionization status of many APIs, which might affect how the API molecules traverse the 52 

membrane system of aquatic organisms. The three major pathways for transmembrane transport, 53 

i.e., passive diffusion, facilitated diffusion, and active transport, differ in their energy demand7. 54 

Amongst them, passive diffusion allows chemicals to penetrate membranes following a 55 

concentration gradient without energy support (necessary for active transport) or carriers’ 56 

mediation (necessary for facilitated diffusion). According to the pH-partition hypothesis8, APIs 57 

in the neutral or zwitterionic states are more likely to take advantage of passive diffusion than 58 

APIs in charged states. As a result, the molecules carrying a zero net-charge might have a higher 59 

bioavailability and consequently higher ecotoxicity than their charged counterparts. This 60 

phenomenon has been observed in several studies, e.g., for cetirizine and ketotifen to Danio rerio 61 

embryo3, for sulfadiazine to Daphnia magna9, for propranolol to Scenedesmus vacuolatus11, and 62 

for ciprofloxacin to Microcystis aeruginosa11. 63 
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DOC are mainly reported to reduce the bioavailability of organic pollutants. The molecules 64 

that bind to DOC become less capable of traveling across the cell wall and cell membrane than 65 

their freely dissolved counterparts, because organic pollutant-DOC complexes are too large in 66 

terms of size12,13. Thus, the ecotoxicity of these organic pollutants decreases in the presence of 67 

DOC. The interaction between very hydrophobic organic substances (HOS) (i.e., octanol-water 68 

partitioning coefficient Kow > 105) and DOC is predictable using the hydrophobicity of chemicals, 69 

because the HOS-DOC interaction is driven by solvophobic partitioning14,15. For less hydrophobic 70 

chemicals including many APIs, however, their interactions with DOC are more complicated and 71 

affected by multiple mechanisms, such as cation exchange, van der Waals forces, electrostatic 72 

interactions, H-bonding, and complexation16,17. Thus, API-DOC interactions are more 73 

challenging to predict, because the interactions are affected by the physical-chemical properties 74 

of the APIs (i.e., Kow, molecular structure), the characteristics of the DOC (i.e., composition, 75 

molecular size), and the ionizing state of both the APIs and DOC16,18,19.  76 

In this study, we investigated the influence of pH and DOC on the bioavailability of two 77 

relatively hydrophilic antibiotic pharmaceuticals, i.e., ampicillin (AMP) and clarithromycin (CLA) 78 

(Figure S7). Our goal was to examine whether the effects of water chemistry, as earlier identified 79 

for ciprofloxacin11, can be generalized towards other antibiotics. The two compounds are 80 

associated with the spread of AMR resistance in aquatic environments19, 20 but have distinct 81 

physical-chemical properties and mode of action (MoA). AMP is a β-lactam penicillin. It inhibits 82 

cell wall synthesis and activates endogenous autolytic mechanisms21,22. CLA is a macrolide that 83 

is rapidly biotransformed into a microbiologically active metabolite and binds reversibly to the 84 

50S ribosomal subunit of bacteria, eventually inhibiting protein synthesis23, although it is not 85 

efficient against gram-negative bacteria24.  86 

The ecotoxicity of AMP and CLA was examined in a range of pH (7.3-9.3) and DOC (0-20 87 

mg L-1) conditions using cyanobacteria growth inhibition experiments. The speciation of the two 88 

test compounds demonstrates opposite trends in the tested pH range: with increasing pH, AMP+/- 89 

gradually becomes negatively charged AMP-, whereas the neutral CLA0 overtakes the positively 90 

charged CLA+ to become the dominant species Figure S1). Based on our hypothesis that the 91 
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zwitterionic AMP+/- and the neutral CLA0 are more bioavailable than the charged AMP- and CLA+, 92 

we expected high ecotoxicity of AMP and CLA to appear at respectively the lower and the higher 93 

end of the tested pH range. The second hypothesis was that DOC reduces the bioavailability of 94 

both AMP and CLA via binding. Bioavailability models modified from a ciprofloxacin 95 

bioavailability model11 were employed to facilitate the data analysis.   96 

2. MATERIALS AND METHODS 97 

2.1 Toxicity test  98 

2.1.1 Test chemicals 99 

Ampicillin hydrochloride (C16H19N3O4S∙HCl, CAS 69-52-3, pharmaceutical EU standard 100 

grade) and clarithromycin (C38H69NO13, CAS 81103-11-9, pharmaceutical EU standard grade) 101 

were purchased from Sigma-Aldrich (Germancy). Stock solutions of AMP (50 mg L-1) and CLA 102 

(50 mg L-1) were prepared with deionized water immediately prior to toxicity tests. The DOC 103 

employed in the tests was Suwannee River natural organic matter (SRNOM, 2R101N), purchased 104 

from the International Humic Substances Society. The DOC stock (318.52 mg L-1) was prepared 105 

in Milli-Q water and preserved at 4 °C.  106 

2.1.2 Test organism and culture conditions 107 

The freshwater cyanobacterium Microcystis aeruginosa PCC7806 was obtained from the 108 

Pasteur Culture Collection of Cyanobacteria (PCC). M. aeruginosa was cultured in Wright Chu 109 

(WC) medium25 at 24 ± 1 °C with continuous illumination of 27.0 ± 2.7 µmol m-2 s-1. It is 110 

assumed that ethylenediaminetetraacetic acid (EDTA) in the WC culture medium has no influence 111 

on the bioavailability of test chemicals. 112 

2.1.3 Cyanobacteria growth inhibition test 113 

The cyanobacteria growth inhibition tests were adapted from the OECD guideline 20126 and 114 

were performed under the same conditions as the culture conditions described above. A 115 

modification was made to the duration of the toxicity test, which was extended from 72 hours to 116 
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96 hours. Inoculum cultures were prepared 4 days before the toxicity tests. The initial cell density 117 

of M. aeruginosa employed in the tests was 40,000 cell mL-1. This cell density level was chosen 118 

to ensure that M. aeruginosa was maintained in the exponential growth phase throughout the 119 

entire test period. During the test, cell density was measured every 24 hours by Beckmann Coulter 120 

Counter. The pH of the test cultures was adjusted manually twice a day by adding small volumes 121 

(10-30 µL) of sodium hydroxide solutions (0.1 M, 0.5 M) and hydrochloric acid solutions (0.1 M, 122 

0.5 M) to 50 mL of the test medium. No pH buffers were applied. The M. aeruginosa growth rate 123 

was calculated from the measured cell densities and employed as the endpoint. For the calculation 124 

of the cell growth rate in a treatment, cell density measurements were transformed using the 125 

natural-logarithm and plotted against time. The growth rate was defined as the slope of the 126 

regression line. 127 

2.1.4 Experimental design 128 

Four experiments were performed in this study. Exp I and II used AMP as the test chemical. 129 

In Exp I, pH was the independent variable (nominal pH = 7.4, 7.9, 8.4, 9.3), whereas both pH 130 

(nominal pH = 7.3, 9.3) and DOC (nominal DOC = 0, 10, 20 mg L-1) were independent variables 131 

in experiment II (full-factorial). Exp III and IV tested the toxicity of CLA. Exp III tested 5 pH 132 

levels (nominal pH = 7.2, 7.6, 8.1, 8.6, 9.3). Exp IV employed both pH (nominal pH = 7.3, 8.3, 133 

9.3) and DOC (nominal DOC = 0, 10, 20 mg L-1) as independent variables (full factorial). The 134 

pH and DOC concentration levels were selected to represent the common condition (90%) of 135 

natural waterbodies in Europe reported by the Forum of European Geological Surveys27.  136 

In the toxicity experiment, each test medium was subdivided into 6 groups, including 1 137 

control group (with 6 replicates) and 5 treatment groups (with 3 replicates). The control groups 138 

contained no test chemical. The nominal concentrations of test chemicals in the 5 treatment 139 

groups were arranged in a geometric series with a spacing factor of 2. In Exp I and II, the nominal 140 

concentrations of AMP in experiment were 1.1-18.1 µg L-1 at pH 7.3 and 7.4, 2.3-36.2 µg L-1 at 141 

pH 7.9, and 4.5-72.4 µg L-1 at pH 8.4 and 9.3 (Table S1). In Exp III, the nominal concentrations 142 
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of CLA were 1.5-24.0 µg L-1 at pH 7.3 and 7.5, 0.8-12.0 µg L-1 at pH 8.0, 8.5, and 9.3. In Exp IV, 143 

the nominal concentrations of CLA were 0.8-12.0 µg L-1 at pH 7.3, 8.3, and 9.3. 144 

In addition, a light exposure experiment (Exp V) was performed with AMP to study the 145 

degradation of AMP under the light condition employed by the toxicity test. AMP was dissolved 146 

in four types of modified WC media: A (nominal pH =7.4, no DOC, nominal AMP = 15 µg L-1), 147 

B (nominal pH =7.4, nominal DOC = 20 mg L-1, nominal AMP = 15 µg L-1), C (nominal pH =9.3, 148 

no DOC, nominal AMP = 50 µg L-1), D (pH =9.3, nominal DOC = 20 mg L-1, nominal AMP = 149 

50 µg L-1). The four AMP solutions were each divided into three aliquots and placed for 96 hours 150 

on the same lightbox as the one where toxicity experiments had been conducted. 151 

2.2 Instrumental analysis 152 

From Exp I-IV, samples were collected at the beginning and at the end of the tests to measure 153 

concentrations of the test antibiotics, DOC and Ca2+. The samples were filtered with 0.45 µm 154 

polyethersulfone (PES) membrane syringe filters. According to our preliminary test, the impact 155 

of the PES membrane filters on the concentration of AMP and CLA was below 5%. AMP and 156 

CLA samples were stored at -20 °C immediately after collection. From Exp V, AMP samples 157 

were collected at 0-, 24-, 48-, 72- and 96-hours of the test. DOC samples and acidified Ca2+ 158 

samples (1% formic acid) were stored at 4 °C. DOC samples were analyzed with a Total Organic 159 

Carbon Analyzer (Shimadzu TOC-L). The measured DOC concentration was corrected for the 160 

influence of EDTA present in the WC medium, by subtracting the background DOC concentration 161 

in the WC medium (2 mg L-1). Ca2+ samples were analyzed with Inductively Coupled Plasma 162 

Mass Spectrometry (ICAP 7000 Series). 163 

Samples for AMP and CLA measurements were processed and analyzed as described by 164 

Zhang et al11. Briefly, 3.0 mL samples were first added with 120 µL 25.0 g L-1 Na2EDTA.2H2O 165 

solution, before the pH of the samples was adjusted to 3.0 ± 0.1 by the addition of 42 µL 0.5 M 166 

HCl. Solid phase extraction (SPE) of the modified samples was performed on Oasis HLB 167 

cartridges (6 mL, 200 mg sorbent). The cartridges were first conditioned with 6.0 mL HPLC-168 

grade MeOH and 6.0 mL HPLC-grade H2O and then loaded with 3.0 mL samples. Cartridges 169 
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were each washed with 18.0 mL HPLC-grade H2O and eluted with 5.0 mL MeOH/ACN (50/50, 170 

v/v %). Extracts were dried with a gentle nitrogen flux and dissolved again in 1.0 mL reconstitute 171 

solvent (methanol/HPLC-grade water = 10/90, v/v %, containing 0.1% (v/v%) formic acid and 172 

0.1 g L-1 Na2EDTA·2H2O). Instrumental analysis was performed on a reversed phase ultra‐high 173 

performance liquid chromatography system hyphenated with a Q-ExactiveTM high‐resolution 174 

Orbitrap mass spectrometer (Thermo Fisher Scientific). The calibration and quantification 175 

processes of the test chemicals are described in Section S4 in supplementary file.  176 

2.3 Bioavailability model 177 

2.3.1 Model structure 178 

In the bioavailability models, the different species of a test chemical, i.e., AMP+/- and AMP-, 179 

CLA+ and CLA0, were assumed to differ in their individual toxicity to reflect the differences in 180 

bioavailability. The total toxicity, being the result of toxic effects caused by both charged and 181 

non-charged species, was calculated using the CA concept. The following equations use AMP as 182 

an example to show the structure of the used bioavailability model. The corresponding equations 183 

for CLA (Eq. S1-S4) are listed in Section S1 in supplemental file. First, the chemical speciation 184 

of AMP is simulated by the Henderson–Hasselbalch equation. 185 

log!"
[$%&!/#]
[$%&!]

= pK$%&,)! − pH	             Eq. 1 186 

log!"
[$%&#]
[$%&!/#]

	= pK$%&,)* − pH            Eq. 2 187 

where pKAMP,a1 and pKAMP,a2 are the 1st (2.55) and 2nd (7.14) acid dissociation constant of 188 

AMP. Chemical speciation is assumed to reach an immediate equilibrium in the aqueous phase.  189 

Based on the second hypothesis, DOC-AMP interaction is simulated as a binding process 190 

(Eq. 3), which quantifies the strength of the binding using a binding potency KAMP
x (x = +/-, -). 191 

[DOC − AMP] 	= 	 [DOC]	x	(K$%&+ 	x	[AMP+] 	+	K$%&
+/- 	x	[AMP+/-] +	K$%&- 	x	[AMP-])	 Eq. 3 192 
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where [DOC–AMP] is the concentration of AMP bound to DOC (mol L-1); [AMP+], [AMP+/-] 193 

and [AMP-] are the aqueous concentrations of AMP+, AMP+/- and AMP- (mol L-1), respectively; 194 

[DOC] is the concentration of DOC (g L-1); and KAMP
+, KAMP

+/-, and KAMP
- are the binding potency 195 

(L g-1) between AMP+ and DOC, between AMP+/- and DOC, and between AMP- and DOC, 196 

respectively.  197 

The toxic potency of the different species of AMP is described by their individual median 198 

effect concentration, e.g., EC50(AMP+), EC50(AMP+/-), EC50(AMP-). The overall toxicity 199 

(EC50total) of the test chemical (referring to the total concentration of all AMP species together) 200 

is calculated using the concentration additive (CA) concept11 (Eq. 4).  201 

!
./0"$%$&'($%&)

= 3$%&!

./0"($%&!)
+ 3$%&!/#

./0"($%&!/#)
+ 3$%&#

./0"($%&#)
        Eq. 4 202 

where EC50454)6 is the total median effect concentration in a specific environment (i.e., the 203 

sum of concentrations of all AMP species at 50% effect), fAMP+ = [AMP+]/[AMPtotal], fAMP- = 204 

[AMP-]/[AMPtotal], fAMP+/- = [AMP+/-]/[AMPtotal], EC50(AMP+), EC50(AMP+/-) and 205 

EC50(AMP-) are the median effect concentrations of AMP+, AMP+/- and AMP-, respectively. The 206 

AMP molecules bound to DOC are assumed to be not bioavailable and thus, do not contribute to 207 

EC50total. 208 

2.3.2 Model calibration and selection 209 

The bioavailability model described above was calibrated with the toxicity data obtained 210 

from experiments, using function ‘optim’ in RStudio30. Because fAMP+ and fCLA- are < 1% in 211 

the tested pH range, EC50(AMP+) and EC50(CLA-) were excluded from the calibration process. 212 

The calibration was performed for each test chemical, based on three different model assumptions: 213 

(1) both the neutral or zwitterionic and the charged species are toxic, (2) only the neutral or 214 

zwitterionic (AMP+/-, CLA0) species are toxic, and (3) only the charged species (AMP-, CLA+) 215 

are toxic. 216 

Calibration employed the sum of squared errors (SSE) between the EC50total observed in 217 

experiments and that predicted by the bioavailability models to describe the ‘goodness of fit’ of 218 
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parameter values. The parameter values giving the lowest SSE were reported as ‘optim’. The 219 

performance of the three models was evaluated using the Pearson’s correlation analysis between 220 

EC50total predictions and observations. Details on the parameterization process and results can be 221 

found in Section S4 in supplementary data.  222 

2.4 Statistical analysis 223 

Data analyses were performed with RStudio Version 1.3.95928 and Microsoft Excel. The 224 

analyses employed the mean of measured pH, the mean of measured DOC concentration, and the 225 

nominal concentrations of AMP and CLA as input. To obtain a dose-response relationship 226 

between the test chemical and the response of M. aeruginosa, a 3-parameter log-logistic dose-227 

response relationship (Eq. 3) was fitted to the cell growth rate (rGr) using package drc29 in RStudio. 228 

Negative growth rates (indicating cell death), when appeared, were removed from the analysis. 229 

The full 3-parameter dose-response curves of the test chemicals in Exp I-IV are shown in Figure 230 

S2-S5. 231 

r78,489)4:9;4 =	
8(),+&,

!+< [.]
012	4.56=

𝐬	              Eq. 5 232 

where rGr,treatment is the cell growth rate of M. aeruginosa (day-1) in a treatment group, rGr,max 233 

is the cell growth rate of M. aeruginosa (day-1) in the control, [C] is the concentration of test 234 

chemical in the exposure vessel, 96h EC50 is the 50% effect concentration obtained from a 96-235 

hour toxicity test, and s is the slope factor (-) in the dose-response relationship.  236 

3. RESULTS 237 

3.1 Water chemistry 238 

In the four toxicity experiments, pH was maintained within ± 0.4 the nominal pH levels 239 

(Table 1; Table S1), which are the target pH levels of the test media. In Exp II and IV, DOC was 240 

within the nominal DOC level ± 2.0 mg L-1. In Exp V, the mean pH was 7.4 ± 0.2 in media A 241 

and B, and 9.0 ± 0.2 in media C and D. The mean DOC concentration was 18.1 ± 0.2 mg.L-1 242 

in media B and D. 243 
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The measured CLA concentration in the control groups was below the LOQ (0.17 µg L-1) 244 

(Table S4). In the rest groups, the average deviation between the nominal and the measured CLA 245 

concentration was 25%. Out of the 20 samples selected for analysis, 16 samples had a deviation 246 

below 30%. The average loss of CLA during the toxicity tests was 19%. Overall, CLA 247 

concentrations in the exposure vessels were in good agreement with the nominal concentrations. 248 

Hence, data analysis employed the nominal concentrations of CLA. 249 

The measured AMP concentration in the control groups was below the quantification limit 250 

(LOQ = 4.42 µg L-1) (Table S4). The average deviation between the measured and the nominal 251 

AMP concentration was 17%, and 25 of 29 samples showed a deviation < 30%. The average loss 252 

of AMP during the 96-hour toxicity tests was 38%. Thus, Exp V was conducted to give more 253 

information about AMP degradation in the absence of M. aeruginosa. The degradation of AMP 254 

in Exp V showed no pH-dependency, albeit it appeared to be faster in the presence of DOC. When 255 

DOC was absent, the loss of AMP during the 96-hour experiment was below 10% (Table S5), but 256 

in the presence of 20 mg L-1 DOC, the loss of AMP exceeded 40%, suggesting an average 257 

degradation rate constant of 0.15 day-1 when quantified as a first order degradation process. With 258 

the above information, we decided to use the nominal concentration of AMP for representing the 259 

AMP concentration to which the test organisms were exposed to at the start of the experiment. 260 

The potential impact introduced by DOC on the degradation of AMP is discussed in the 261 

Discussion.  262 

3.2 Ecotoxicity of the test chemicals and correlation analysis 263 

The 96h EC50total of AMP showed a clear pH-dependency. In Exp I, it increased from 10.7 264 

µg L-1 at pH 7.5 to 51.3 µg L-1 at pH 9.0 (Figure 1, Table 1), correlating positively (R = 1.0, p-265 

value < 0.05, Pearson’s correlation) with pH (Table S2). A similar pattern can be observed in Exp 266 

II, in which the 96h EC50total of AMP at pH 9.0 (58.8 µg L-1) quadrupled compared to that at pH 267 

7.5 (16.4 µg L-1), when no SRNOM was present. In general, AMP toxicity decreased with 268 

increasing pH, as AMP+/- transforms to AMP-, which agreed with our first hypothesis. 269 
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In Exp III, the EC50total of CLA was between 3.7 µg L-1 and 5.1 µg L-1 in the pH range 7.3-270 

9.0. The EC50total of CLA was the lowest at pH 8.5. No significant linear correlation was identified 271 

between CLA toxicity and pH using Pearson’s correlation (Table S2), which conflicted our first 272 

hypothesis. The EC50total of CLA in Exp IV in media without SRNOM was close to those found 273 

in Exp III, but it was higher at pH 7.4 (8.3 µg L-1) than at pH 8.3 (3.4 µg L-1) or pH 9.0 (4.9 µg L-274 

1). 275 

Comparing the EC50total observations in the test media with different levels of DOC, in Exp 276 

II and IV, neither the toxicity of AMP nor that of CLA was influenced by changes in DOC 277 

concentration (Figure 1). Correlation analysis identified no significant relationships between the 278 

EC50total of AMP and DOC concentration, or between the EC50total of CLA and DOC 279 

concentration (Table S2). In summary, DOC showed insignificant impact on AMP toxicity and 280 

CLA toxicity, which rejected our second hypothesis. 281 

3.3 Bioavailability model simulation 282 

Because DOC showed no influence on the EC50total of the test chemicals, equations in the 283 

bioavailability model relating to API-DOC binding were excluded from calibration. Data 284 

collected from Exp I and III were employed to parameterize the bioavailability model. 285 

When assuming that both the charged and the neutral/zwitterionic species are toxic, the 286 

zwitterionic AMP+/- (EC50 = 3.97 µg L-1) was predicted to be 15 times more toxic than the 287 

negatively charged AMP- (EC50 = 59.9 µg L-1) (Table S6), whereas the toxicity of CLA0 (EC50 288 

= 4.22 µg L-1) and CLA+ (EC50 = 6.12 µg L-1) were predicted to be almost the same (Table S8). 289 

To simulate the situation in which all toxic effects are attributed to charged species, the EC50 of 290 

AMP+/- and CLA0 were set as 1015 µg L-1. In this case, the corresponding EC50 of AMP- and 291 

CLA+ were 23.4 µg L-1 and 3.69 µg L-1, respectively. When the molecules carrying zero net charge 292 

are assumed as the only contributor to the overall toxicity, the estimated EC50 of AMP+/- and 293 

CLA0 were predicted at 0.74 µg L-1and 0.30 µg L-1, respectively. 294 

The EC50total predictions made based on the different assumptions were compared with 295 

experimental observations (Figure 2). For AMP, the assumption that both the zwitterionic AMP+/- 296 
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and negatively charged AMP- are toxic can best simulate the actual changes in EC50total 297 

observations. Predictions based on this assumption were in good agreement (R = 1.0, p < 0.05, 298 

Pearson’s correlation) with the observed values (Table S6). For CLA, none of the three 299 

assumptions can completely reproduce the trend in the observed EC50total (p > 0.05). Nonetheless, 300 

predictions closest to the observations were made on the basis that both CLA + and CLA0 are toxic, 301 

and the estimated individual toxicity of the two species were similar (Table S8). 302 

4. DISCUSSION 303 

In this study, we used AMP and CLA as model molecules to investigate the influence of pH 304 

and DOC on the bioavailability and toxicity of penicillin and macrolide antibiotics in freshwater. 305 

pH has a strong impact on AMP toxicity that can be explained by speciation, whereas for CLA, 306 

the influence of pH is relatively small and cannot be related to its speciation. The toxicity of AMP 307 

or CLA is not affected by the presence of DOC. 308 

4.1 Regulating bioavailability via pH-driving chemical speciation 309 

The impact of pH on AMP bioavailability shows clear linkage with speciation. In order for 310 

AMP to function, it must first penetrate the outer layer of bacteria, the cell wall and the membrane 311 

system31. The test organism M. aeruginosa is a gram-negative bacterium. The cell membrane 312 

allows M. aeruginosa to maintain a stable intercellular pH regardless of variations in extracellular 313 

pH to a certain extent32. Meanwhile, the porin channels on the membrane allow certain molecules 314 

to go through the membrane barrier by passive diffusion via nonspecific porins33,34. Yet, whether 315 

or not a molecule can make use of the porin channels is affected by its molecular size and 316 

polarity33,34. For instance, a molecule with PSA > 140 Å2 is considered too polar to permeate the 317 

membrane of human cells35. Although the exact polarity boundary of the membrane of M. 318 

aeruginosa is unknown, AMP+/- is favored by the porin channels in some gram-negative bacteria 319 

and has a higher translocation rate than compounds with one or more negative charge(s), e.g., 320 

piperacillin34,36. Hence, when AMP+/- is the dominant species, the molecules are most bioavailable, 321 

and the highest ecotoxicity of AMP is observed.  322 
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Although CLA also shifts between the positively charged CLA+ and the neutral CLA0 in our 323 

tested pH range, changes in the total toxicity of CLA cannot be attributed to changes in speciation. 324 

The outer membrane of gram-negative bacteria is an effective barrier against CLA24. In addition, 325 

APIs known to be regulated by pH, e.g., ciprofloxacin11, fluoxetine37, sulfadiazine9, and 326 

triclosan38,39, and AMP in this study, often have a PSA < 140 Å². Compared to the APIs above, 327 

CLA has a higher PSA (183 Å²) and a large molecular size, which might restrict CLA from 328 

utilizing passive diffusion40. Thus, it is possible that CLA remains in the extracellular phase and 329 

affects M. aeruginosa by baseline toxicity instead of protein synthesis inhibition, or CLA might 330 

be taken by M. aeruginosa via facilitated or active transport rather than passive diffusion. In either 331 

case, the uptake of CLA by M. aeruginosa, and therefore the bioavailability of CLA, have limited 332 

dependency on the ionizing state. Generalizing the effect of pH-driving speciation on CLA 333 

bioavailability will result in an underestimation of the risk potentially caused by the chemical in 334 

aquatic environments. 335 

4.2 Absent DOC effects on ecotoxicity 336 

It is surprising to observe no influence of DOC on the ecotoxicity of either of the test 337 

chemicals, especially CLA. DOC has previously been associated with toxicity reduction of 338 

several compounds (Table 2), including erythromycin (ERY), a member of the macrolide family 339 

that shares a similar chemical structure and physical-chemical properties with CLA. Liu et al41 340 

found four types of DOC compounds, including Suwannee River fulvic acid (SRFA) and humic 341 

acid (SRHA), to pose inhibitory effects on the uptake of ERY by duckweed Lemna minor and 342 

adult zebrafish Danio rerio. The equilibrium concentration of ERY in the two organisms was 343 

lowered by respectively 11-26% in zebrafish and 28-41% in duckweed with the introduction of 344 

20 mg L-1 DOC into the culture media.  345 

In addition to ERY, DOC also affects the toxicity or bioavailability of chlorophenols to 346 

Chlorella vulgaris42,43, ciprofloxacin to Microcystis aeruginosa11,44, sertraline to Danio rerio37, 347 

triclosan to Danio rerio38 and Gammarus pulex45, and tetracycline to Escherichia coli46 (Table S3; 348 

Figure S7). These chemicals vary considerably in their chemical and physical properties. For 349 
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instance, their polar surface area (PSA, ranges from 12 to 194 Å²) and hydrophobicity (logP 350 

ranges from -1.73 to 5.51) cover a wide range of values (Table 2). This suggests that both 351 

electrostatic interactions and hydrophobic interactions may play a role in the interactions between 352 

DOC and the aforementioned chemicals. Indeed, at environmentally relevant pH (e.g., pH 6.0-353 

10.0), Suzuki and Shoji42 suggest that both types of interactions are relevant for the interactions 354 

between DOC and chlorophenols (logP = 3.06, 3.69), whereas Aristilde and Sposito47 show that 355 

various electrostatic forces such as hydrogen bonding, π-π stacking, ionic interactions, all 356 

contribute to the binding between ciprofloxacin (logP = -0.28) and DOC. Hence, no single 357 

property seems to act as a decisive predictor of the impact of DOC on bioavailability, but the 358 

whole set of physical-chemical properties of the ionizable chemicals such as hydrophobicity, 359 

ionizing states, and molecular structure, need to be taken into consideration when evaluating the 360 

role of DOC.  361 

For ERY, the primary force that binds the chemical and DOC is the interaction between 362 

ERY+ and deprotonated carboxylate groups COO- on DOC, which is facilitated by hydrophobic 363 

partitioning and hydrogen bonding41. CLA, along with other structurally similar macrolide 364 

antibiotics, have been suggested to share common binding sites on aquatic DOC as ERY41,48. CLA 365 

merely differs from ERY by the replacement of the 6-hydroxy group with a 6-methoxy group. It 366 

is, however, unclear, whether or not this difference is sufficient to reduce interaction strength of 367 

CLA with DOC sufficiently such that DOC does not affect CLA toxicity, as observed in the 368 

present study.  369 

The strength of DOC-CLA interactions is also influenced by pH and ionic strength, too. 370 

According to Sibley and Pedersen (2008)48, the binding between CLA and Elliot soil humic acid 371 

(ESHA) decreases with increasing ionic strength, whereas at a constant ionic strength, the CLA-372 

ESHA binding decreases with increasing pH when pH exceeds 6.548. Therefore, it cannot be ruled 373 

out that differences in pH and ionic strength play a role in the different effects of DOC on ERY 374 

toxicity versus CLA toxicity.  375 
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It is also noteworthy that the type of DOC can significantly affect DOC-API interactions. 376 

For instance, while the three different DOC compounds (coal-derived, autochthonous, terrigenous) 377 

investigated by Alsop and Wilson37 showed no influence on the ecotoxicity of ethinyl estradiol, 378 

Wu et al49 found Aldrich humic acid to interact strongly with ethinyl estradiol. Zhang et al44 also 379 

demonstrated that the binding potency of ciprofloxacin to humic acid (2022 L g-1) is nearly twice 380 

that of fulvic acid (1041 L g-1) extracted from the same source (Schwarzbach stream, 381 

Küchelscheid, Belgium). Nonetheless, we consider it not likely that the specific composition of 382 

the DOC used in the present study can account for the absence of DOC effect observed in our 383 

tests, because the carboxyl group charge densities of SRHA (9.59 meg g−1 C) and SRFA (11.17 384 

meg g−1 C) in Liu et al (2019)41, and SRNOM (11.21 meg g−1 C) in our study, are comparable 385 

(http://humic-substances.org/acidic-functional- groups-of-ihss-samples/). 386 

Furthermore, the different routes of uptake of Lemna minor, Danio rerio, and Microcystis 387 

aeruginosa, through the organism-water interface may also contribute to the absence of DOC 388 

effect. For instance, if the uptake pathway of CLA by M. aeruginosa is facilitated or active 389 

transport as discussed in the previous section, the concentration of free CLA may not be the 390 

determining factor that regulates CLA uptake. In this case, the strength of the CLA-DOC 391 

interactions could have limited impact on CLA ecotoxicity, as we observed in the present study.  392 

As for the AMP, there remains a lack of understanding of the interactions between DOC and 393 

β-lactams50. In previous studies conducted by Aristilde and Sposito (2010, 2013)51,52, it is shown 394 

that zwitterion ciprofloxacin (log P = -0.28) interacts with DOC via electrostatic interactions, such 395 

as van der Waals interactions. Considering the low hydrophobicity of AMP (log P = 1.35), 396 

electrostatic interactions may have a greater impact than hydrophobicity interactions on AMP-397 

DOC interactions as well. In the pH range examined in our study, the dominant forms of AMP 398 

are AMP+/- and AMP-. It is possible that these zwitterions and negatively charged anions interact 399 

only weakly with the deprotonated functional groups on DOC, which limits the effect of DOC on 400 

AMP ecotoxicity. 401 

4.3 Slower cell growth, milder toxic effect? 402 
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Rather than pH or DOC, the EC50total observations of CLA across Exp III and IV demonstrate 403 

a significant correlation with M. aeruginosa cell growth rate in the control (R = -0.88, p-value < 404 

0.05). Imperfect pH control and natural variations in M. aeruginosa occasionally resulted in 405 

comparatively slower cell growth in some test media, which allows us to identify the parallel 406 

changes in the environmental pH and the toxicity of CLA (Figure S6). In the test media with 407 

relatively low cell growth rate (0.5-0.6 day-1), the EC50total of CLA was two times higher than in 408 

test media with control cell growth rates between 0.7 and 0.8 day-1. The growth rate of M. 409 

aeruginosa might have an impact on CLA ecotoxicity, possibly by affecting cell membrane 410 

components and/or by regulating CLA uptake directly.   411 

4.4 Implications for toxicity testing of ionizable compounds 412 

Considering that pH is constantly changing in the toxicity test system, we imported two series 413 

of fluctuating pH (mean pH = 7.3 and 9.3) into the bioavailability model to simulate AMP EC50 414 

in Exp I. At the pH 7.3 scenario, an additional scenario where 20 mg L-1 DOC is present was 415 

added (pH 7.3 + DOC), in which AMP degrades at a rate constant of 0.15 day-1. In the other two 416 

scenarios, AMP degradation is not considered because the loss due to degradation is less than 10% 417 

in the absence of DOC. Figure 3A shows the pH input employed by model simulation. The input 418 

was based on the pH measured during Exp I and the assumption that pH changed linearly between 419 

the two measurements. Using the EC50 of AMP estimated for pH 7.3 (8.9 µg L-1) and 9.3 (55.2 420 

µg L-1) as input, respectively, the time course of the relative effect (RE) of AMP on M. aeruginosa 421 

is shown in Figure 3B.  422 

The most drastic fluctuation in the pH input at both the lower range (pH 7.3) and the higher 423 

range (pH 9.3) reaches 0.7, but the actual course of impacts on M. aeruginosa cell growth rate 424 

caused by the pH variations differs by more than 2-fold. The 10.9 µg L-1 increase in AMP EC50 425 

(pH 7.2-7.9) leads to a decrease of RE from 58.6% to 8.6%, whereas the 12.5 µg L-1 decrease of 426 

AMP EC50 (pH 9.3-8.6) results in only 20.1% change in the relative response. Hence, the impact 427 

of pH on AMP ecotoxicity is more pronounced at a pH close to its pKa2 (7.14), than at a pH more 428 

distant from the pKa value, i.e., pH above 8.5. In the risk assessment of ionizable organic 429 
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chemicals, when the pKa of a chemical is close to the environmental pH, it becomes more 430 

important to consider the impact of pH.  431 

4.5 Implications from the DOC effect on AMP degradation 432 

DOC often has a negative influence on the photodegradation of chemicals, via weakening 433 

light penetration and scavenging radicals, e.g., ∙OH, both of which tend to slow down 434 

photodegradation53. However, phototransients derived from the photolysis of DOC compounds, 435 

e.g., DOC in excited triplet states, might also photosensitize the degradation of some organic 436 

chemicals54. An example is bisphenol A, the photodegradation of which is enhanced by the 437 

presence of Suwannee River fulvic acid55. Metal ions entering test media together with DOC 438 

might play a role, too. Cobalt (Co(II)), zinc (Zn(II)) and cadmium (Cd(II)) catalyze the hydrolysis 439 

of β-1actams56, and iron species (e.g., Fe(II) and Fe(III) decompose hydrogen peroxide (e.g., H2O2) 440 

via Fenton reactions to promote the photodegradation of β-1actams57,58. 441 

Theoretically, a reduction in AMP concentration reduces the toxic effects caused by the 442 

chemical. For instance, in our simulation (Figure 3B), AMP concentration decreases by 36% in 443 

3-day in the presence of DOC. As a result, the actual effect caused by AMP at pH 7.3 after 3 days 444 

is only 23%, less than half of that when no degradation occurs under the same conditions (59%). 445 

However, in our experiments, AMP ecotoxicity in test media at the same pH level remains steady 446 

despite differences in DOC concentration. A possibility is that AMP uptake by M. aeruginosa 447 

was fast and toxic effects were triggered before AMP degradation could have had a significant 448 

influence. In order to quantify the impact of degradation, the uptake and elimination rate of AMP 449 

by organisms are factors to consider in future toxicity experiments involving DOC.  450 

5. CONCLUSIONS 451 

Our findings show that pH is an important factor to consider in the risk assessment of certain 452 

ionizable chemicals, including AMP. At pH close to the acid dissociation constants of APIs, 453 

where drastic changes in speciation are expected, the influence of pH is especially pronounced. 454 

However, the impact of pH-driven speciation on bioavailability cannot be extrapolated and 455 

applied to ionizable antibiotics in general, as CLA ecotoxicity remains stable across the pH range 456 
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7.3-9.3. Neither can the influence of DOC be generalized. Both AMP and CLA toxicity appear to 457 

experience a significant impact from DOC in our tested pH range, whereas earlier work on 458 

ciprofloxacin clearly indicated an inhibitory effect of DOC on ciprofloxacin ecotoxicity across 459 

the pH range 7.2-9.0. Apart from speciation, other physical-chemical properties of the antibiotics 460 

– such as molecular size and polarity – may have a significant impact on the bioavailability of the 461 

chemicals, albeit the linkage awaits further exploration. For small, relatively non-polar molecules 462 

such as AMP, pH may be more likely to play a role in regulating bioavailability, but for chemicals 463 

with a large molecule size like CLA, bioavailability might be less relevant. 464 
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Table 1. Measured water chemistry factors (pH (n=5) and DOC (n=4)) and toxicity data: median 635 

effect concentration (EC50) with 95% confidence interval, slope of the 3-parameter dose-636 

response curve, and maximum cell growth rate (Grmax) of ampicillin (AMP) and clarithromycin 637 

(CLA). 638 

Experiment Chemical 
Mean pH ± SDa 

(-) 

DOC ± SD 

(mg L-1) 

96h EC50 

(µg L-1) 

Slope ± SD 

(-) 

Grmax ± SD 

(day-1) 

I AMP 

7.5 ± 0.3 0.3 ± 0.1 10.7 (8.3, 11.8) 9.8± 7.7 0.75 ± 0.01 

8.0 ± 0.4 0.2 ± 0.1 24.7 (23.2, 26.3) 3.6 ± 0.3 0.75 ± 0.01 

8.4 ± 0.2 0.4 ± 0.2 33.6 (30.4, 36.8) 3.9 ± 0.7 0.72 ± 0.01 

9.0 ± 0.3 0.5 ± 0.6 51.3 (47.9, 54.7) 3.4 ± 0.3 0.72 ± 0.01 

II AMP 

7.5 ± 0.3 0.3 ± 0.2 16.4 (15.4, 17.3) 3.8 ± 0.4 0.76 ± 0.01 

7.4 ± 0.3 9.4 ± 0.4 14.5 (13.3, 15.7) 2.7 ± 0.3 0.81 ± 0.01 

7.4 ± 0.3 19.0 ± 0.5 14.7 (13.3, 16.0) 3.5 ± 0.4 0.81 ± 0.01 

9.0 ± 0.4 0.3 ± 0.1 58.8 (55.3, 62.3) 2.9 ± 0.2 0.79 ± 0.01 

9.1 ± 0.3 9.3 ± 0.1 52.9 (50.1, 55.8) 2.8 ± 0.2 0.82 ± 0.01 

9.1 ± 0.3 18.3 ± 0.4 55.2 (51.0, 59.5) 2.9 ± 0.3 0.82 ± 0.01 

III CLA 

7.3 ± 0.2 0.3 ± 0.4 4.6 (4.2, 5.1) 2.1 ± 0.2 0.77 ± 0.01 

7.5 ± 0.2 0.3 ± 0.3 4.3 (3.9, 4.6) 2.0 ± 0.2 0.75 ± 0.01 

7.9 ± 0.1 0.0 ± 0.1 4.0 (3.7, 4.3) 2.1 ± 0.1 0.75 ± 0.01 

8.5 ± 0.1 0.1 ± 0.0 3.7 (3.5, 4.0) 2.2 ± 0.1 0.73 ± 0.01 

9.0 ± 0.3 0.3 ± 0.2 5.1 (4.8, 5.3) 2.4 ± 0.1 0.73 ± 0.01 

IV CLA 

7.4 ± 0.1 0.2 ± 0.4 8.3 (7.5, 9.2) 2.0 ± 0.2 0.56 ± 0.01 

7.4 ± 0.1 9.2 ± 0.2 8.7 (8.3, 9.1) 2.8 ± 0.1 0.59 ± 0.00 

7.4 ± 0.1 19.2 ± 0.2 7.7 (7.0, 8.3) 2.5 ± 0.2 0.58 ± 0.01 

8.3 ± 0.2 0.2 ± 0.2 3.4 (3.1, 3.6) 2.8 ± 0.2 0.71 ± 0.01 

8.3 ± 0.2 9.4 ± 0.5 3.9 (3.6, 4.2) 2.3 ± 0.2 0.74 ± 0.01 

8.3 ± 0.2 19.2 ± 0.2 4.0 (3.7, 4.3) 1.8 ± 0.1 0.81 ± 0.01 

9.0 ± 0.3 0.2 ± 0.2 3.9 (3.7, 4.1) 2.5 ± 0.1 0.72 ± 0.01 

9.0 ± 0.3 9.0 ± 0.5 3.9 (3.7, 4.0) 2.1 ± 0.1 0.78 ± 0.01 

9.0 ± 0.3 19.1 ± 0.2 4.0 (3.9, 4.2) 2.2 ± 0.1 0.82 ± 0.01 
a SD= standard deviation  639 
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Table 2. The physical-chemical properties and toxicity information of the chemicals investigates by this study and ionizable chemicals that are known to be influenced 640 

by pH and dissolved organic carbon (DOC). More detailed toxicity data is listed in Table S3 in the supplemental file.  641 

Chemical Molar mass 
(g mol-1) 

pKa 
(-) 

Log P 
(-) 

Polar surface 
area (Å²) Organism Effect Impact of pH and DOC Reference 

Ampicillin 349.1 2.55, 7.14 1.35 138 Microcystis aeruginosa Growth inhibition pH-dependency This study 
Clarithromycin 748.0 8.99 3.16 183 Microcystis aeruginosa Growth inhibition pH-dependency This study 

Sulfadiazine 250.3 6.36 -0.09 106 Daphnia magna Immobilization pH-dependency [9] 
Fluoxetine 309.3 9.80 4.05 21 Danio rerio Survival pH-dependency [37] 

Erythromycin 733.9 8.88 3.06 194 
Lemna minor Uptake Inhibitory effect of DOC 

[41] 
Danio rerio Uptake Inhibitory effect of DOC 

2,4-dichlorophenol 163.0 7.89 3.06 20 
Chlorella vulgaris Growth inhibition pH-dependency 

Effect of DOC [42] 

Danio rerio Immobilization pH-dependency [43] 

2,4,6-trichlorophenol 197.4 6.23 3.69 20 
Chlorella vulgaris Growth inhibition pH-dependency 

Inhibitory effect of DOC [42] 

Danio rerio Immobilization pH-dependency [43] 
pentachlorophenol 266.3 4.70 5.12 20 Danio rerio Immobilization pH-dependency [43] 

Ciprofloxacin 331.4 6.95, 8.95 0.28 73 Microcystis aeruginosa Growth inhibition pH-dependency 
Inhibitory effect of DOC [11, 44] 

Sertraline 306.2 9.16 5.51 12 Danio rerio Survival pH-dependency 
Inhibitory effect of DOC [37] 

Triclosan 289.6 7.90 4.76 30 
Danio rerio Survival pH-dependency [45] 

Gammarus pulex Immobilisation pH-dependency 
Inhibitory effect of DOC [38] 

Tetracycline 444.4 3.3 -1.73 182 Escherichia coli Antibiotic resistance 
response  Inhibitory effect of DOC [46] 

aThe physical-chemical properties of the compounds were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov) and United State Environmental Protection Agency (https://www.epa.gov). 642 

https://pubchem.ncbi.nlm.nih.gov/
https://www.epa.gov/
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 643 

Figure 1. The 96-hour median effect concentration (EC50total) of ampicillin and clarithromycin 644 

plotted against the mean pH. Colour indicates the mean the concentration of dissolved organic 645 

carbon (DOC) measured in the test medium. 646 

 647 

Figure 2. The predicted EC50total of ampicillin (left) and clarithromycin (right) plotted against 648 

experimental observations. Predictions were based on three assumptions: (1) both charged and 649 

neutral/zwitterionic species are toxic, (2) only charged species are toxic, and (3) only the neutral 650 

species are toxic. Empty circles represent observed EC50total with 95% confidence interval. 651 
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 652 

Figure 3. Model simulation of AMP ecotoxicity in test media with no DOC in Exp I. (A) The pH 653 

input used in model simulation. (B) The predicted relative effect (RE) of Microcystis aeruginosa 654 

to the EC50 of AMP estimated based on pH input (Table 1). The subtitles indicate the nominal 655 

pH level employed in the experiment. Input parameters: slope factor of dose-response relationship 656 

= 3.3. The degradation rate constant of AMP is 0.15 day-1 in the presence of DOC and 0 day-1 in 657 

the absence of DOC. 658 


