
Louisiana State University Louisiana State University 

LSU Digital Commons LSU Digital Commons 

Faculty Publications Department of Chemistry 

1-1-2017 

Influence of surfactants and humic acids on Artemia Influence of surfactants and humic acids on Artemia 

Franciscana's embryonic phospho-metabolite profile as measured Franciscana's embryonic phospho-metabolite profile as measured 

by by 3131P NMR P NMR 

Rachel D. Deese 
Louisiana State University 

Thomas K. Weldeghiorghis 
Louisiana State University 

Benjamin J. Haywood 
Louisiana State University 

Robert L. Cook 
Louisiana State University 

Follow this and additional works at: https://digitalcommons.lsu.edu/chemistry_pubs 

Recommended Citation Recommended Citation 
Deese, R., Weldeghiorghis, T., Haywood, B., & Cook, R. (2017). Influence of surfactants and humic acids on 

Artemia Franciscana's embryonic phospho-metabolite profile as measured by 31P NMR. Aquatic 
Toxicology, 186, 188-195. https://doi.org/10.1016/j.aquatox.2017.02.026 

This Article is brought to you for free and open access by the Department of Chemistry at LSU Digital Commons. It 
has been accepted for inclusion in Faculty Publications by an authorized administrator of LSU Digital Commons. 
For more information, please contact ir@lsu.edu. 

https://digitalcommons.lsu.edu/
https://digitalcommons.lsu.edu/chemistry_pubs
https://digitalcommons.lsu.edu/chemistry
https://digitalcommons.lsu.edu/chemistry_pubs?utm_source=digitalcommons.lsu.edu%2Fchemistry_pubs%2F167&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1016/j.aquatox.2017.02.026
mailto:ir@lsu.edu


Surfactants and HAs influence on Artemia’s 31P NMR profile 
 

1 
 

Influence of surfactants and humic acids on Artemia Franciscana’s embryonic phospho- 

metabolite profile as measured by 
31

P NMR  

  
Rachel D. Deese

†
, Thomas K. Weldeghiorghis

†
, Benjamin J. Haywood

†
, Robert L. Cook

†‡
,  

 

 

  

Abstract  

 Surfactants, such as triton X-100 (Tx-100), cetylpyridinium chloride (CPC), and sodium  

dodecyl sulfate (SDS) are known to be toxic to Artemia Franciscana (Artemia) – an organism,  

frequently used to monitor the health of the aquatic environment. The phospho-metabolite profile  

of a living organism is often indicative of imbalances that may have been caused by  

environmental stressors, such as surfactants. This study utilizes in vivo 
31

P NMR to monitor  

temporal changes in the phospho-metabolite profile of Artemia caused by Tx-100, CPC, and  

SDS and the ability of humic acid (HA) to mitigate the toxicity of these surfactants. It was found  

that, while Tx-100 does not have any effect on the phospho-metabolite profile, both CPC and  

SDS cause a complete retardation in growth of the phosphodiester (PDE) peak in the 
31

P NMR  

spectrum, which is indicative of the inhibited cell replication. This growth inhibition was  

independently verified by the decreased guanosine triphosphate (GTP) concentration in the CPC  

and SDS-exposed Artemia. In addition, upon introduction of HA to the CPC and SDS-exposed  

Artemia, an increase of PDE peak over time is indicative of HA mitigating toxicity.   

  

Keywords: environmental, NMR, Artemia, surfactants, toxicity  
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1. Introduction 27 

Surfactants are amphiphilic water soluble compounds often classified as zwitterionic, 28 

nonionic, cationic, and anionic. Surfactants used in household and industrial applications are 29 

typically nonionic, cationic, or anionic (Ivanković and Hrenović 2010). Due to their heavy use, 30 

surfactants inevitably end up in the environment via run-off, waste water treatment plants, 31 

remediation treatments, and pesticide formulations (Deese et al. 2016). The potential toxicity of 32 

surfactants to aquatic organisms depends on the organism, the surfactant type, and surfactant 33 

structure. (Ivanković and Hrenović 2010). Surfactant toxicity has been a focus of many studies 34 

(Chen et al. 2014, Cserhati et al. 2002, Czarnota and Thomas 2013, Ivanković and Hrenović 35 

2010) with cationic surfactants being found to generally be more toxic than anionic surfactants 36 

and nonionic surfactants being the least toxic (Ivanković and Hrenović 2010).  37 

Furthermore, humic acids (HAs), which are omnipresent in the environment, have been 38 

shown to mitigate the toxicity of a range of pollutants, including surfactants (Deese et al. 2016, 39 

Koopal et al. 2004). HAs are complex heterogeneous organic molecular assemblies formed by 40 

the degradation of organic matter. They are amphiphilic and are made up of a variety of 41 

functional groups, mainly carbohydrates, aromatics, and lipids. HAs structure and functionality 42 

varies depending on their biogeochemical origin. HA-pollutant interactions can be caused by 43 

electrostatic or hydrophobic/hydrophilic interactions and by chemical binding (Stevenson 1994). 44 

These interactions are dependent on both the type of the HA and the pollutant. Previous Artemia 45 

Franciscana (Artemia) hatching assays have shown that surfactant toxicity can be mitigated by 46 

HAs and that mitigation is based on electrostatic interactions, π-π interactions, and the 47 

amphiphilic functionality of the HA (Deese et al. 2016).  48 
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Artemia, commonly known as brine shrimp, are aquatic crustaceans that are often used in 49 

toxicological studies. Pollutant toxicity to Artemia has been studied for a range of toxicants, 50 

including (but not limited to) surfactants (Deese et al. 2016), oil dispersants (Rodd et al. 2014), 51 

pharmaceuticals (Nunes et al. 2005), pesticides (Venkateswara Rao et al. 2007), metals (Kokkali 52 

et al. 2011), and nanoparticles (Arulvasu et al. 2014, Rajabi et al. 2015). Adverse conditions, 53 

such as a polluted environment, can cause significant changes and inhibitions of an embryo’s 54 

development as well as retard growth after hatching.  The common approaches utilize Artemia to 55 

monitor hatching ability, short-term mortality (≤ 48 h), and long-term mortality (> 48 h). 56 

Decreased hatching ability under toxic conditions suggests either i) death of the embryos or ii) a 57 

delay of the processes required to hatch. Mortality assays measure the response of Artemia to a 58 

toxic condition after they have hatched. Although these methods can provide information on the 59 

toxicity of pollutants, they do not provide any mechanistic insight on the causes of toxicity.  60 

 Because of the limited information obtained by Artemia hatching assays and the 61 

extensive sample preparation required for metabolite extraction, an in vivo method for analyzing 62 

embryo development under a variety of conditions is desired. Nuclear magnetic resonance 63 

spectroscopy (NMR) is an almost ideal technique for in vivo experiments because of its non-64 

invasive nature. Phosphorous-31 (
31

P) NMR is of particular interest because 
31

P is a highly 65 

receptive and biologically selective nucleus. Notably, important metabolites containing 66 

phosphorus include i) adenosine triphosphate (ATP), ii) adenosine diphosphate (ADP), iii) 67 

inorganic phosphate (Pi), iv) sugar phosphates, such as glucose-1-phosphate and nicotinamide 68 

adenine dinucleotide phosphate (NADPH), v) phosphodiester bonds (PDE), and vi) 69 

phosphocreatine (PCr). The health of the organism in question can be monitored by in vivo 
31

P 70 
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NMR by tracking the changes in concentration of these important phospho-metabolites (Busa et 71 

al. 1982, Covi et al. 2005, Viant et al. 2002).  72 

It was previously found that triton X-100 (Tx-100) causes mortality after hatching, 73 

cetylpyridinium chloride (CPC) and sodium dodecyl sulfate (SDS) inhibit hatching, and HAs can 74 

mitigate these toxic effects (Deese et al. 2016); however, questions remained in regards to the 75 

toxicity mechanism of CPC and SDS and whether toxicity could be measured in real time. In this 76 

study, we utilized 
31

P NMR to address the following questions: 1) can surfactants measurably 77 

change the phospho-metabolite profile of the Artemia embryos, 2) can these changes be 78 

measured in real time, 3) are the toxicity mechanisms based on membrane disruption or a growth 79 

inhibition, and 4) can the toxicity mitigation by HA be measured by 
31

P NMR? 80 

2. Materials and Methods 81 

 The surfactants Tx-100, CPC and SDS, as well as the sodium chloride, sodium hydrogen 82 

carbonate, and guanosine 5’-triphosphate sodium standard, the perchloric acid, the phosphoric 83 

acid, HPLC-grade methanol and the deuterium oxide were purchased from Sigma Aldrich 84 

(Piscataway, NJ, USA). Sterile 18 MΩ deionized water was sourced from a US filter water 85 

purification system. Artemia Franciscana were purchased from Brine Shrimp Direct (Ogdon, 86 

UT, USA). The Leonardite humic acid reference material was purchased from the International 87 

Humic Substances Society (IHSS, MN, USA) The Perista Pump SJ 1220 peristaltic pump was 88 

manufactured by the ATTO Corporation (Tokyo, Japan). Silicone tubing for the peristaltic pump 89 

(0.64 mm inner diameter, 1.27 mm outer diameter, 15.3 m length and 1.47 mm inner diameter, 90 

1.97 mm outer diameter, 15.3 m length) was purchased from Fisher Scientific (Pittsburg, PA, 91 

USA). 92 

2.1 Experimental Design 93 
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 In addition to Artemia Franciscana being a well-studied model organism for toxicity 94 

studies, it was chosen for the in vivo 
31

P NMR studies because its phospho-metabolite profile is 95 

readily monitored by 
31

P NMR, its preparation for NMR studies is simple, and its embryogenesis 96 

has been well characterized. The ability of Artemia to go into a diapause state, i.e., suspension of 97 

development or dormancy, makes them ideal candidates for laboratory studies as they can be 98 

stored for long periods of time. Optimal conditions for Artemia involve a saline environment (20 99 

– 40 ppt NaCl), pH 7.5 – 9, and temperatures between 25 and 30°C (Nunes et al. 2006, Warner et 100 

al. 1989, Neumeyer et al. 2015).  101 

 The surfactants chosen for the 
31

P NMR studies were Tx-100 (non-ionic), CPC (cationic) 102 

and SDS (anionic) as they cover the three common classes of surfactants, are extensively used in 103 

households and industries, and responses of the toxic effects of these surfactants on Artemia have 104 

been previously studied (Deese et al. 2016). Surfactant concentrations used in this work mirrors 105 

those previously established, whereby it was found that Tx-100 at 100 ppm causes 100 % 106 

Artemia mortality at 32 hours, while CPC and SDS concentrations of 5 ppm and 35 ppm, 107 

respectively, cause lower than 5% hatching success of Artemia.   108 

 Leonardite humic acid (LAHA) was chosen for this work because it shows similar trends 109 

as other HAs in surfactant toxicity reduction (Deese et al. 2016), is economically viable for the 110 

experiments discussed below (each individual in vivo 
31

P NMR requires between 5 and 35 mg of 111 

LAHA), and has been well characterized as well as extensively studied (Deese et al. 2015, 112 

IHSS). The chosen concentrations of LAHA provided the 1:1 ratio of LAHA to surfactant 113 

concentration by mass, as this ratio was previously shown to demonstrate maximum toxicity 114 

mitigation (Deese et al. 2016). 115 

2.2 Surfactant and humic acid stock solution preparation 116 
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 Stock solutions of the surfactants Tx-100, CPC, and SDS were prepared by dissolving 1 g 117 

of the surfactant into 100 mL of 18 MΩ water for a concentration of 10,000 ppm (1%). The stock 118 

solution of the LAHA was prepared fresh for each experiment by dissolving approximately 150 119 

mg of LAHA in 18 MΩ water. NaOH was added as necessary to dissolve the LAHA in water 120 

and the pH was adjusted to pH 7.8 using HCl and NaOH. The solution was diluted to 250 mL 121 

using 18 MΩ water, protected from light, and stirred overnight. The pH was checked and, if 122 

necessary, adjusted after the equilibration period. 123 

2.3 Exposure solutions 124 

Artemia exposures took place in a 35 ppt sodium chloride (NaCl) solution at pH 7.8. The 125 

35 ppt NaCl solution was prepared by dissolving 35 g of NaCl in 1 L of 18 MΩ water. Sodium 126 

hydrogen carbonate (NaHCO3) was added to the solution until pH 7.8 was reached. The 35 ppt 127 

NaCl solution without any pollutants or HA added was used for the control experiments. For 128 

surfactant exposure solutions, appropriate amounts of Tx-100, CPC, or SDS stock solutions were 129 

added to the 35 ppt NaCl solution for the final surfactant concentration of 100 ppm, 5 ppm, or 35 130 

ppm, respectively. Humic acid exposure solutions were prepared by adding the appropriate 131 

amount of the LAHA stock solution to the 35 ppt NaCl solution along with any desired 132 

surfactant. The final LAHA concentration of 35 ppm was used for the LAHA control as well as 133 

the SDS solution; a 5 ppm LAHA concentration was used for the CPC solution.  134 

2.4 Decapsulation of Artemia Franciscana embryos 135 

 Artemia were decapsulated using a bleaching method, as illustrated in Supplemental 136 

Material Figure S2 (Stottrup and McEvoy 2003). In preparation for the decapsulation, 137 

approximately 5 g of Artemia cysts were hydrated with 18 MΩ water in a 250 mL Erlenmeyer 138 

flask equipped with a bubbler for 1.5 h in an ice bath. The ice bath was used to keep the Artemia 139 
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cysts below 5 °C to prevent any premature development. After complete hydration, the cysts 140 

were filtered utilizing a nylon mesh fabric, placed back into the Erlenmeyer flask, and a 141 

hypochlorite solution (pure Clorox® bleach) was added with continued aeration.  142 

After ~35 s, when the Artemia embryos began to turn orange (see Supplemental 143 

Material), they were immediately filtered using the nylon mesh fabric, and rinsed with copious 144 

amounts of deionized (D.I.) water. For the NMR experiments, the Artemia embryos were packed 145 

into a 10 mm NMR tube. For the perchloric acid extraction step required for the high 146 

performance liquid chromatography (HPLC) analysis, the Artemia were transferred directly after 147 

decapsulation to their exposure solutions containing 35 ppt NaCl and the appropriate surfactant 148 

concentrations.  149 

2.5 In vivo 
31

P NMR 150 

A perfusion system was designed based on previous in vivo 
31

P NMR studies, see Figure 151 

S3 and S4 in Supplemental Material (Covi et al. 2005, Tjeerdema et al. 1993, Viant et al. 2006). 152 

The total length of each tube used for the NMR experiments was ~4 m. Decapsulated Artemia 153 

embryos were packed by gravity into a 10 mm NMR tube along with the pump’s tubing system. 154 

The 10 mm NMR tube was filled with D.I. water and the opening of the “in” tubing of the pump 155 

system was placed at the bottom of the NMR tube. Small aliquots of the Artemia embryos (< 0.5 156 

mL) were then added, allowing for settling between each aliquot. This multi-step gravity packing 157 

method assured that the Artemia embryos packed tightly in the NMR tube, which limited any 158 

movement once the liquid began to flow.  Once the Artemia filled ~4-5 cm of the NMR tube, 159 

glass wool was placed on top of the Artemia and gently pressed down to remove any air bubbles 160 

and increase packing efficiency, as illustrated in Supplemental Material Figure S5.  161 
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It was important not to over-fill the Artemia embryos as too many embryos would 162 

consume too much oxygen, leading to anoxia problems. The glass wool also acted as a “cap” to 163 

keep the embryos from being removed from the NMR tube via the “out” tubing, placed at the top 164 

of the glass wool “cap”. A bottom-to-top flow through the system was achieved by pumping 165 

fresh solution into the bottom of the NMR tube and then removing the solution from the top of 166 

the Artemia population. A peristaltic pump was utilized to pump in fresh, oxygen rich, 35 ppt 167 

NaCl exposure solution at pH 7.8 (adjusted with NaHCO3) to the Artemia through the tubing at a 168 

flow rate of 2 mL/min. The pump system was constantly monitored to verify that the “in” and 169 

“out” tubes were working properly throughout each 5 h long NMR experiment. 170 

 All 
31

P NMR experiments were performed on a Bruker AVIII HD 400 MHz NMR 171 

spectrometer at a controlled temperature of 298 K and equipped with a 10 mm broad band probe 172 

with a 
31

P operating frequency of 202.43 MHz. All spectra were baseline and phase corrected. 173 

The NMR spectral shift was calibrated using an 80% H3PO4/20%D2O solution, with the 174 

phosphate peak serving as the 0 ppm reference. A deuterium lock was not required. The Artemia 175 

embryo samples were interrogated in increments of 12 minutes with 3072 transients, 2048 data 176 

points, a spectral width of 82 ppm, a relaxation delay time of 0.1 s, a pulse power of –6 dB, and a 177 

pulse angle of 30°. Data were processed utilizing 25 Hz line-broadening prior to Fourier 178 

transformation. All experiments (5 h runs) were repeated in triplicate. 179 

To determine the “control” hatching success, Artemia embryos within the spectrometer’s 180 

detection window were gently removed from the NMR tube and placed into a 250 mL 181 

Erlenmeyer flask equipped with a bubbler that contained the 35 ppt NaCl hatching solution. The 182 

solution was aerated and hatching was observed after 24 h.  183 

2.6 Extraction of phosphorylated metabolites 184 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Surfactants and HAs influence on Artemia’s 31P NMR profile 
 

9 
 

The phosphorylated metabolites were extracted from the decapsulated embryos by a 185 

perchloric acid extraction method, as required for HPLC analysis, following Viant et al (Viant et 186 

al. 2006). After the Artemia were exposed to 35 ppt NaCl and pollutant solutions for 1 h and 5 h 187 

(n = 6), aliquots of the Artemia embryos were removed and flash frozen with liquid nitrogen. The 188 

frozen embryo samples were lyophilized overnight to remove all water, homogenized with a 189 

mortar and pestle, and weighed. All solutions used during the extraction procedure were kept at 190 

T ≤ 5 °C in an ice bath throughout the entire experiment. The dry tissue was extracted with ice-191 

cold 1.0 M perchloric acid, vortexed for 30 s, and then put into an ice bath for 10 min. The 192 

samples were centrifuged at 10,000 × g for 10 min. The supernatant was then removed and 193 

neutralized to pH 7.0 with ice-cold 1 M Na2CO3, kept on ice for 30 min, and then centrifuged 194 

again under the same conditions. The samples were diluted to 10 mL with 18 MΩ water and 195 

filtered with 0.45 μm polyvinylidene fluoride filters prior to HPLC analysis.  196 

2.7 High performance liquid chromatography 197 

All measurements were obtained utilizing an Agilent 1100 series HPLC with a Zorbax 198 

eclipse XDB-C18 column; 4.6 x 150 mm, 5 um column. The HPLC method used to detect 199 

guanosine triphosphate (GTP) from the perchloric acid extraction was developed by Veciana-200 

Nogues et al. (Veciana-Nogues et al. 1997) with UV detection at 254 nm. A 24 min gradient was 201 

used for each sample. The mobile phase A was 0.05 M phosphate buffer and mobile phase B was 202 

HPLC-grade methanol. The flow rate was 1 mL/min. The gradient was as follows: 0-9 min 100% 203 

A, 0% B; 9-14 min 70% A, 30% B 14-24 min 100% A, 0% B. Peak assignment was confirmed 204 

with the use of standards. A calibration curve for GTP was created with 1, 5, 10, 20, and 30 ppm 205 

GTP standard and a R
2
 = 0.99 was obtained.  206 

3. Results 207 
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The 
31

P NMR profile of Artemia obtained in this study is similar to previous Artemia 208 

studies. It is also similar to the phospholipid profile of medaka embryos (Busa et al. 1982, Covi 209 

et al. 2005, Kwast et al. 1995, Viant et al. 2006). The detectable peaks (see Figure 1A) are 210 

identified here as a phosphomonoester (PME, sugar phosphate; 3.7-4.2 ppm) peak, an inorganic 211 

phosphate (Pi; 2.5-3.5 ppm) peak, a phosphodiester (PDE, DNA backbone; 1.2-1.8 ppm) peak, a 212 

phosphocreatine (PCr; 0-1 ppm) peak, adenosine triphosphate (ATP; –19.0 - –18.6 ppm) peak, 213 

and two peaks attributed to both ATP and adenosine diphosphate (ADP; –11.8 - –9.8 ppm and –214 

5.5 - –4.5 ppm) that are indistinguishable from each other (further discussion on these peaks can 215 

be found in the Supplemental Material).   216 

 217 

 218 
Figure 1. A) Representative 

31
P NMR spectrum of live Artemia Franciscana. Peak identities are 219 

1) phosphomonoesters (PME; 3.7-4.2 ppm), 2) inorganic phosphate (Pi; 2.5-3.5 ppm), 3) 220 

phosphodiesters (PDE; 1.2-1.8 ppm), 4) phosphocreatine (PCR; 0-1 ppm), 5, 6, 7, and 8) α-221 

adenosine triphosphate (ATP)/α-adenosine diphosphate (ADP), β-ATP (–5.5 - –4.5 ppm; –11.8 - 222 
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–9.8 ppm) 9) γ-ATP/β-ATP (–19.0 - –18.6 ppm) and B)
31

P NMR example spectrum of dead 223 

Artemia embryos (embryo’s death was induced on purpose for illustrative purposes by leaving 224 

the embryos in the hypochlorite solution for too long).  225 

 226 

Figure 1B illustrates an example of the 
31

P NMR profile of dead Artemia embryos  227 

3.1 
 31

P NMR of Artemia in
 
35 ppt NaCl solution – Control conditions   228 

Representative spectra of the control can be seen in Figure 2.A. The PME, PCr, and 229 

ATP/ADP peaks showed some insignificant changes over the course of 5 h and are attributed to 230 

the constant variation in the PME, PCr, and ATP/ADP concentrations as the embryos begin to 231 

develop. The Artemia’s PDE peak for the controls significantly increased after ~150 min and 232 

continued to increase over the course of the experiment. 233 

3.2 Tx-100 234 

31
P NMR spectra were collected for the Artemia with 100 ppm Tx-100 in 35 ppt NaCl. 235 

As can be seen in Figure 2B, there was a slight decrease in the [ATP] (specifically peaks at 236 

approximately –10.4 ppm and –19 ppm) over the entire course of the 5 h experiment. This 237 

decrease in [ATP] is greater than that seen for the control and other surfactant conditions, as can 238 

be seen in the data presented in Figure 2 (see Supplemental Material for more detailed 
31

P NMR 239 

spectral representations). Although a significant and steady decrease in [ATP] is indicative of a 240 

stressed system, in the case of Tx-100, it is attributable to anoxia rather than stress by the 241 

surfactant as it was not possible to fully aerate the Tx-100 solution due to a “foaming” issue, 242 

causing the solution to overflow with bubbles. This “foaming” issue did not occur with the other 243 

surfactant solutions during aeration and thus, the Artemia did not exhibit anoxia-related 244 

problems, as illustrated in Supplemental Material Figure S6. The PCr and PME peaks exhibited 245 

no significant changes over the time course of the experiment. Similar to the control Artemia 246 

spectra, the PDE peak increased significantly over time after ~150 min.  247 
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 248 

 249 
Figure 2. Stacked representative 

31
P NMR spectra for Artemia franciscana embryos in A) 35 ppt 250 

NaCl, B)100 ppm Tx-100, C) 5 ppm CPC and D) 35 ppm SDS  251 

  252 

3.3 CPC and SDS 253 

The signals of the ATP peaks in the CPC and SDS spectra were similar to those of the 254 

control 
31

P NMR spectra. Some anticipated fluctuation occurred in the [ATP] over time; 255 

however, the increase in [PDE] was significantly lower for the CPC- and SDS-exposed Artemia 256 

compared to the control and the Tx-100-exposed Artemia. These solutions were constantly 257 
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aerated to eliminate, or minimize, the effects of anoxia, as illustrated in Supplemental Material 258 

Figure S7. 259 

 The in vivo 
31

P NMR intensities were used to calculate a PDE/Pi ratio for each time point 260 

obtained. The moving average (n = 3, interval = 2) of the PDE/Pi ratios are shown, with standard 261 

error bars in Figure 3.  The PDE/Pi increased consistently over time after ~150 min for both the 262 

control and Tx-100 solutions.  263 

 264 

Figure 3. 
31

P NMR intensities of PDE/Pi of Artemia Franciscana embryos with 35 ppt NaCl, 5 265 

ppm CPC in 35 ppt NaCl, 35 ppm SDS in 35 ppt NaCl, and 100 ppm Tx-100 in 35 ppt NaCl. 266 

 267 

 After ~150 min, the PDE/Pi ratio was significantly lower for CPC and SDS-exposed 268 

Artemia compared to the control and Tx-100-exposed Artemia. The PDE/Pi ratio remained below 269 

1 for the CPC and SDS-exposed Artemia. The PDE/Pi ratio easily exceeded 1.4 from the control 270 

and Tx-100-exposed Artemia, especially after 200 min.  271 

3.4 HPLC results 272 
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HPLC with UV detection was utilized to measure the concentration of guanosine 273 

triphosphate (GTP) in the Artemia embryos exposed to CPC, SDS, and Tx-100, as well as in the 274 

control (no surfactant exposure). The concentration of GTP was measured as its decrease is 275 

indicative of embryo growth inhibition, while an increase is generally indicative of growth, 276 

maturation, and cell replication. Figure 4 shows the HPLC results obtained for the Artemia 277 

embryo extracts as the change in μmol/mg of dry Artemia tissue over 5 h. For the Artemia 278 

embryos in the control and 100 ppm Tx-100 solutions, the GTP concentration increases, while 279 

for SDS and CPC solutions, the GTP concentration decreases. The CPC and SDS-induced 280 

changes in [GTP] were significantly different (p < 0.05) compared to the control sample. The 281 

HPLC results are in agreement with the 
31

P NMR results in that, unlike CPC and SDS, Tx-100 282 

does not appear to have a negative effect on cell replication. 283 

 284 

Figure 4. The changes in micromoles of guanosine triphosphate (GTP) per milligram of dry 285 

Artemia Franciscana tissue extracts for a 5h exposure to as measured by HPLC (*p < 0.05 286 

versus the control) 287 

 288 

3.5
 31

P NMR of Artemia with addition of LAHA   289 
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HAs have been shown to mitigate the toxic effects of surfactants to Artemia (Deese et al. 290 

2016). Specifically, LAHA was able to interact and reduce the bioavailability of CPC, SDS, and 291 

Tx-100, resulting in changes in the hatching or mortality rates of Artemia. Since CPC and SDS 292 

induced changes in the Artemia’s phospho-metabolite profile, LAHA was added to the CPC and 293 

SDS toxic solutions in order to determine if LAHA’s ability to mitigate the toxicity of these 294 

surfactants could be measured by in vivo 
31

P NMR, resulting in an improved understanding of 295 

the toxicity mitigation mechanism. 296 

 297 

Figure 5. 
31

P NMR intensities of PDE/Pi of Artemia Franciscana embryos under 35 ppt NaCl, 35 298 

ppm LAHA in 35 ppt NaCl, 5 ppm CPC in 35 ppt NaCl, and 5 ppm LAHA and 5 ppm CPC in 35 299 

ppt NaCl 300 

 301 

 The PDE/Pi ratios of the control, LAHA alone, CPC alone, and CPC plus LAHA were 302 

calculated from the 
31

P NMR data and plotted in Figure 5. These LAHA data closely mirror 303 

those for the control; this was expected as LAHA has been shown in the previous hatching 304 

assays to have no effect on the Artemia hatching ability (Deese et al. 2016). The data also show 305 
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that CPC is less toxic in the presence of LAHA, as illustrated by the increased PDE/Pi ratio 306 

versus that for the CPC alone.  307 

 308 

Figure 6. 
31

P NMR intensities of PDE/Pi of Artemia Franciscana embryos under 35 ppt NaCl, 35 309 

ppm LAHA in 35 ppt NaCl, 35 ppm SDS in 35 ppt NaCl, and 35 ppm LAHA and 35 ppm SDS 310 

in 35 ppt NaCl (*last three time points only repeated in duplicate). 311 

 312 

Table 1. PDE/Pi ratios of Artemia Franciscana embryos measured by in vivo 
31

P NMR 313 

 

Time 

(min) 

Exposure Solution 

35 ppt 

NaCl 

5 ppm 

CPC 

35 ppm 

SDS 

100 ppm 

Tx100 

35 ppm 

LAHA 

5 ppm 

LAHA + 5 

ppm CPC 

35 ppm 

LAHA + 

35 ppm 

SDS 

15 0.57±0.06 0.50±0.06 0.67±0.07 0.56± 0.03 0.66±0.01 0.58±0.04 0.60±0.05 

150 1.03±0.05 0.78±0.11 0.62±0.04* 0.66±0.02 0.91±0.08 0.61±0.03* 0.68±0.03 

200 1.34±0.10 0.90±0.04* 0.75±0.13* 1.24±0.09 1.48±0.15 1.04±0.06 1.11±0.09 

250 1.57±0.14 0.81±0.07* 0.82±0.12* 1.41±0.05 1.58±0.18 1.15±0.05
† 

1.20±0.08
†
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Values represent mean ± S.E.M. of three replicates. (*p < 0.05 at the same time point where null 314 

hypothesis = control. 
†
p < 0.05 at same time point where null hypothesis = the respective 315 

surfactant-only exposure). 316 
 317 

The PDE/Pi of Artemia with CPC and LAHA was above 1 but less than 1.4, falling 318 

directly in between the highest ratio obtained for the CPC-only solutions and the lowest ratio for 319 

the control solution. Similar results were obtained with SDS conditions, as shown in Figure 6. 320 

Based on the PDE/Pi ratio, LAHA mitigates SDS toxicity better than it mitigates the toxicity of 321 

CPC. The data in Table 1 further illustrate these points and show that LAHA significantly (p < 322 

0.05) mitigates both CPC and SDS toxicity to Artemia.  323 

4. Discussion 324 

CPC, SDS, and Tx-100 are known to be toxic to Artemia, and HAs have the ability to 325 

mitigate the toxicity of these surfactants. This study examines whether these trends could be 326 

observed using in vivo methods, namely 
31

P NMR, and whether a better understanding of the 327 

toxicity mechanisms can be obtained. The major advantages of in vivo 
31

P NMR is that clean, 328 

simple, and directly interpretable data can be obtained in real time.  329 

The control 
31

P NMR spectra indicated some minor variation in [ATP] throughout the 330 

experiment. Although changes in [ATP] may indicate stress on an organism, [ATP] has also been 331 

shown to fluctuate greatly during embryogenesis in Artemia (Warner and Finamore 1967, Zhu et 332 

al. 2009) and other organisms (Moroz and Luzhin 1976).
 
Post-diapause development of Artemia 333 

is complex and most of the development events cause changes in energy usage and thus, changes 334 

in ATP demands by the embryo (Zhu et al. 2009). Since the degradation and synthesis of ATP is 335 

a cyclic process, the [ATP] can depend on the Artemia embryo’s point in the cycle at a particular 336 

time. Thus, the small fluctuations observed in the 
31

P NMR ATP/ADP peaks of the control can 337 

be attributed to normal fluctuations in energy demands.  338 
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The major change observed in the phospho-metabolite profile of Artemia in the control 339 

over time is an increase in [PDE] after ~150 min. Artemia embryos are known to stay in a 340 

diapause state until introduced to the proper hatching conditions, such as the right salinity, pH, 341 

and temperature (Stappen, 1996). Thus, the time between 0 and 150 min is likely the delay time 342 

between when the Artemia are introduced to the appropriate hatching conditions and when the 343 

embryos begin to develop. Increases of [PDE] have been shown to occur during tissue growth, 344 

maturation, and cell replication (Certaines et al. 1993) and decreases of [PDE] have been 345 

attributed to declining rates of cellular replication (Viant et al. 2006). The increase of [PDE] 346 

observed in the control spectra of the Artemia can be attributed to the significant cell replication 347 

occurring during embryonic development.  348 

The [PDE] increase observed in the Tx-100-exposed Artemia spectra indicates that there 349 

is still cell replication occurring under Tx-100 conditions. Because Tx-100 does not affect the 350 

Artemia hatching ability (Deese et al. 2016) and since normal processes still need to occur within 351 

the cell in order to hatch, it stands to reason that there should not be any significant differences in 352 

the phospho-metabolite profile of the Artemia embryos exposed to Tx-100 versus the control. 353 

This notion is confirmed by the data in Figures 2, 3, and 4, as well as Table 1.  354 

Because CPC and SDS only affect hatching rates and not mortality rates, it can be 355 

assumed that they either 1) disrupt the cellular membranes of the embryos and cause them to die 356 

before hatching or 2) inhibit growth of the embryos in some way. Surfactants can lyse cellular 357 

membranes and this ability has been considered to play a role in surfactant toxicity to cells 358 

(Partearroyo et al. 1990).  It has also been shown that cationic surfactants cause narcosis in 359 

aquatic organisms, which is a depression in biological activity typically caused by narcotics 360 

(Roberts and Costello 2003). Anionic surfactants have been shown to have similar ability as 361 
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cationic surfactants to depress biological functions by means of binding to bioactive 362 

macromolecules, such as peptides, enzymes, and DNA, causing conformational changes and 363 

dissociation (Cserháti et al. 2002).  364 

The presence of clear and stable ATP peaks indicates that CPC and SDS do not cause 365 

initial mortality of the embryos. If CPC or SDS disrupted the cell membranes and caused 366 

embryonic death, the resulting NMR spectrum would resemble that presented in Figure 1B. As 367 

this was not observed, as evidenced by the spectra in Figure 2C and D, the second toxicity 368 

mechanism presented above is more likely.  369 

While the Artemia’s PDE peak increased under CPC and SDS conditions, it remains 370 

greatly reduced versus that for the control condition, as illustrated by the 
31

P NMR data 371 

presented in Figure 3. Because the increase in [PDE] is indicative of cell replication and thus 372 

growth of the system, it is suggested that CPC and SDS inhibit cell replication.  373 

 Cationic and anionic surfactants have been shown to attack different components of cells; 374 

anionic surfactants bind to peptides and DNA, while cationic surfactants attack cytoplasmic 375 

membranes (Ivanković and Hrenović 2010, Ostroumov 2006). Although these two classes of 376 

surfactants may have different mechanisms of toxicity, it has been shown that both cause a 377 

decrease in biological activity or narcosis (Cserháti et al. 2002, Roberts and Costello 2003).  378 

To verify the in vivo 
31

P NMR findings in regards to the reduced [PDE], as induced by 379 

CPC and SDS, HPLC was utilized to measure [GTP] changes over time. Embryogenesis studies 380 

of Artemia have indicated that an increase in the [GTP] is a major indicator of embryo growth 381 

(Warner and Finamore 1967), and a decrease in the [GTP] is indicative of stress on the system 382 

and lower hatching rates (Warner and Clegg 2001). When the [GTP] increases, the growth in the 383 

system is assumed; however, under CPC and SDS conditions, the [GTP] significantly (p < 0.05) 384 
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decreased, as shown in Figure 4, indicating an inhibition in the embryo’s growth. This decrease 385 

in the [GTP] corroborates the inhibition of Artemia embryo growth as seen in the in vivo 
31

P 386 

NMR spectra.  387 

In previous hatching assays, LAHA and, to a lesser extent, Florida Peak humic acid 388 

(FPHA) and Suwannee River humic acid (SRHA), were shown to have the ability to reduce the 389 

toxicity of Tx-100, CPC and SDS to Artemia (Deese et al. 2016). Although there was significant 390 

toxicity mitigation when these humic acids were present, some toxicity was still evident through 391 

slightly lower hatching rates. This phenomenon is clearly evident in the NMR data presented in 392 

Figures 5 and 6 for CPC and SDS, respectively. While the PDE/Pi ratio increases in time after 393 

150 min, it remains lower than in the controls in the presence of the surfactant and LAHA, 394 

indicating that LAHA does not fully mitigate the toxicity of either surfactant. LAHA’s ability to 395 

mitigate the toxicity of these surfactants is attributed to the interactions between LAHA and CPC 396 

or SDS which, in turn, reduce the bioavailability of these surfactants.  397 

As alluded to before, there are a number of components within environmental waters 398 

contaminated with surfactants other than simply the surfactant and water. Two such components 399 

are metal ions as well as suspended clay and oxide particles. Overall, the roles of metal ions and 400 

clays on surfactant binding (or availability from the opposite point of view) will vary depending 401 

on the surfactant’s ionic classification and can be explained by ionic and hydrophobic 402 

considerations, including the hydrophilicity of the sorbent’s surface (Ishiguro and Koopal 2016). 403 

In grosso modo terms, metal ions block the cationic sorption sites within or on clays, oxides, and 404 

natural organic matter, including HAs, and hence decrease the ability of HAs to sorb cationic 405 

surfactants, while inducing aggregation and precipitation of anionic surfactants. Depending on 406 

the structure and charge of a clay, similar rules to those for metal ions apply. Similarly, for oxide 407 
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particles, including density of hydroxide sites. In addition, surfactants can sorb either to the 408 

clay’s surface or interstitially. Finally, clay particles can also sorb different components of the 409 

HA, chemically editing it. It has been previously shown that the aliphatic molecular components 410 

of a HA sorb to clays (Feng et al. 2005). With this knowledge and our previous study on the role 411 

of HA chemical composition on its ability to sorb surfactants (Deese et al. 2016), it can be 412 

postulated that the presence of clay particles decreases the ability of a HA to sorb nonionic 413 

surfactants. 414 

6. Conclusions 415 

 Surfactants pose a threat to the overall health of the environment as they can be toxic to a 416 

variety of organisms; however, to fully evaluate this toxicity, deeper insight into the underlying 417 

mechanism(s) is needed and the role of other environmental constituents that are known to 418 

interact with pollutants, such as HA, must be considered. 419 

Previous hatching assays demonstrated that CPC and SDS surfactants caused Artemia 420 

hatching inhibitions; however, the question remained unanswered as to whether this inhibition 421 

was caused by membrane disruption or inhibition of development. In this study, an in vivo 
31

P 422 

NMR method was utilized to measure toxicity trends of surfactants and it was able to illustrate 423 

growth inhibition of the Artemia embryos in the presence of CPC and SDS. Over the course of 424 

time, the phospho-metabolite profile of the 35 ppt NaCl control and Tx-100 conditions, but not 425 

the CPC or SDS conditions, show a significant increase in the PDE/Pi ratio for the Artemia 426 

embryos. Our results demonstrate that CPC and SDS inhibit cell replication and that in vivo 
31

P 427 

NMR is a powerful, yet direct, tool that provides a noninvasive measure of the growth inhibition, 428 

and thus, toxicity, in real time. Additionally, the toxicity mitigation effects as a result of adding 429 

LAHA to the CPC and SDS solutions were investigated by in vivo 
31

P NMR measurements of 430 
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the PDE content of Artemia. A greater PDE/Pi ratio was obtained with the use of LAHA 431 

compared to that for the CPC or SDS alone. This work shows (i) the role of environmental 432 

matrix components, such as the natural organic matter and, in particular, HAs in mitigating the 433 

toxicity of pollutants, and (ii) the ability of in vivo 
31

P NMR spectroscopy to monitor the 434 

influence of these components. 435 

This study also illustrates a significant advantage of in vivo 
31

P NMR over other methods. 436 

In particular, by offering insights into the mechanisms by which toxicity processes may take 437 

place, in vivo, 
31

P NMR results are more informative than those from hatching assays. For real 438 

time systems, it also provides a suitable alternative method to metabolomics, which, by utilizing 439 

1
H NMR, requires extensive multivariate analysis and metabolite extractions, extensive sample 440 

preparation and time for analysis.   441 
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