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EXECUTIVE SUMMARY 

Over the last decade, the State of California via the Surface Water Ambient Monitoring Program 

(SWAMP) has invested in monitoring of contaminants of emerging concern (CECs) in waterways 

across California. Surface water samples were collected at twenty-six sites within the Santa Ana 

Region during dry and wet seasons, and screened for estrogenic, glucocorticoid dioxin-like 

bioactivities using three commercial cell bioassays. A subset of samples collected during the 

wet season were also analyzed for individual chemicals recommended for investigative 

monitoring by the State of California’s Expert Panel for CEC Monitoring in Aquatic Ecosystems.  

The study objectives were to 1) determine the range of bioscreening responses within the 

Santa Ana Region during the dry and wet seasons; 2) measure the presence of select known 

chemicals; and 3) evaluate the relationship between cell bioassay responses and known CECs 

prioritized by the California CEC Expert Panel. The study was limited to assessing contaminants 

impacts in aqueous samples from lakes, reservoirs, and streams within the Region. No sediment 

or fish tissue samples were collected. Known CEC point sources were not targeted. All water 

samples were collected, processed, and analyzed in accordance with quality assurance/quality 

control (QA/QC) guidelines for statewide pilot monitoring studies of unregulated chemicals in 

ambient water, which may differ from the QA/QC required as part of the Recycled Water Policy.  

Bioanalytical equivalent concentrations for estrogens (ERα-BEQs) and glucocorticoids (GR-BEQs) 

were typically below detection limits. For both bioassays, the few sites with bioactivity were 

relatively low and found during only one of the two sampling events. Dioxin-like bioactivity 

(AhR-BEQs) was detected more frequently in ~60% of the sites at levels close to detection 

limits. Of the 22 individual CECs targeted, only per- and polyfluorinated substances (PFAS) were 

detected in over 50% of the water samples. Estrogenic hormones and select pharmaceuticals 

were detected in ~one third to half of the sites. Fipronil was the only pesticide detected in one 

out of the 15 samples analyzed. 

Comparisons between the estrogenic chemicals prioritized by the CEC Expert Panel (e.g., 

hormones, bisphenols) and the ERα-BEQs showed a good agreement between the two sets of 

data. The only site with measurable ERα bioactivity also had the highest levels of 17β-estradiol 

and estrone, indicating that the ERα bioassay is a good screen for known estrogenic chemicals. 

Comparisons between GR-BEQs and target chemicals were not possible as GR active chemicals 

(e.g., asthma, eczema, and arthritis medications) are not routinely monitored in aquatic 

habitats. Thus, GR cell bioassay provided information not currently available by analytical 

chemistry. AhR-BEQs could not be explained either. This is because AhR active (i.e. dioxin-like) 

chemicals are an extremely broad class of legacy chemicals and unregulated CECs which would 

require extensive chemical analyses of hundreds of chemicals.  
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This study showed evidence of select CEC classes occurring in aqueous samples from the Santa 

Ana region and highlighted the value of cell bioassays for water quality assessment. ERα 

bioassay proved useful to prioritize samples needing further analysis of known CECs and/or 

toxicological investigations. GR and AhR bioassays served to expand monitoring for chemical 

classes for which there is insufficient exposure data and poor understanding of their toxicity. 

Our findings suggest that there is little potential for toxicity via waterborne exposure. Future 

investigations should consider analyzing water as well as sediment which are known sinks for 

several contaminants, using an expanded list of cell bioassays and targeted chemical analyses 

to better understand impact of CECs in aquatic habitats. 
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INTRODUCTION  

Chemical risk assessment is a key component of water quality programs, and various pollutants 

are routinely measured in discharges and receiving waters (e.g., rivers, lakes, estuaries). 

Traditional approaches rely on chemical-by-chemical analysis and risk assessment for a small 

fraction of the chemicals found in the environment. While insightful, these approaches are 

limited as they do not consider the impact of unexpected chemicals, nor do they address the 

risks of real environmental mixtures on human and ecological health. Emerging contaminants 

(or contaminants of emerging concern; CECs) encompass a variety of chemicals including 

pharmaceuticals and personal care products, industrial chemicals, pesticides, as well as 

metabolites and transformation products, that are not regulated or routinely monitored. 

However, investigative studies have shown that CECs can persist in the aquatic environment, 

and some can also bioaccumulate in tissues (Bradley et al. 2017, EPA 2013, Kolpin et al. 2002, 

Maruya et al. 2022). Managing CECs is challenging for environmental quality managers as CECs 

represent a moving target due to the increasing number of chemicals that are manufactured 

and detected in the aquatic environment each year (Wang 2019). Moreover, CECs typically lack 

standardized analytical methods and/or toxicity thresholds. To help evaluate CECs occurrence 

and impacts in California aquatic ecosystems, the state convened two Expert Panels that 

identified a list of CECs to monitor (Anderson et al. 2012) and subsequently developed a 

framework to evaluate new CECs (Drewes et al. 2023). While insightful, the Panel recognized 

that the approach only focuses on known contaminants and other tools are needed to better 

bridge the gap between individual chemical analyses and the toxicity of chemical mixtures 

(Maruya et al. 2014).  

To expand the scope of water quality assessment and promote the identification of unexpected 

chemicals that may adversely impact ecological health, researchers are using effects-based tools 

that screen for bioactive chemicals in environmental mixtures before narrowing down the list of 

potential chemicals of concern and adverse outcomes, thus reducing the bias of the current 

approaches. One promising strategy is the use of cell-based assays (or bioanalytical screening 

tools) as rapid screening tools to assess the presence and biological impacts of known and 

unknown chemicals (Figure 1). These assays typically consist of vertebrate cell lines genetically 

modified to emit a semi-quantifiable light signal when chemicals bind to a specific cellular 

receptor (also referred herein as endpoint) and interfere with a key biological pathway (e.g., 

reproductive, developmental, or immune functions) (Table 1). Unlike the traditional toxicity 

bioassays routinely used for water quality, cell bioassay data can be quantified relative to a 

reference chemical and expressed as a bioanalytical equivalent concentration (BEQ in ng/L), 

thus improving the ability to relate chemical concentrations to toxicity response.  
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Figure 1. Effects-based monitoring strategy with cell bioassays as part of the first phase 
to inform (a) chemical analysis of known and unexpected chemicals (arrow pointing 
right), and (b) whole organism toxicity testing (arrow pointing down).  

 

 

 

Table 1. Example of cell bioassay endpoints for water quality screening. 

Endpoint Toxicity pathways  Bioactive analytes 

Aryl hydrocarbon 

receptor activation (AhR)  

Tissue damage, cancer Polycyclic aromatic hydrocarbons 

(PAHs), polychlorinated biphenyls 

(PCBs), dioxin-like chemicals 

Estrogen receptor alpha 

activation (ERα) 

Sexual development 

and reproduction 

Synthetic estrogens, bisphenols, 

alkylphenols 

Glucocorticoid receptor 

activation (GR) 

Immune functions Non-steroidal anti-inflammatory drugs  

Peroxisome proliferator 

activated receptor alpha 

activation (PPARα) 

Metabolic functions Lipid-lowering drugs 
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Cell bioassays are commonly used by the pharmaceutical and cosmetic industries to assess 

product safety while reducing the use of animal testing. In the context of water quality, they 

may be used as a cost-effective method to supplement chemical-by-chemical assessment and 

generate toxicological data on environmental chemical mixtures (Brack et al. 2019, Dingemans 

et al. 2019, Drewes et al. 2018). To facilitate implementation, cell bioassay guidelines have been 

developed to track performance (i.e., robustness, repeatability, contamination) and inter-

laboratory agreement (NWRI 2020, Mehinto et al. 2015, Neale et al. 2022). Numerous studies 

have shown that cell bioassays are valuable for comprehensive risk assessment of 

environmental matrices. Pilot evaluations of cell bioassays in California watersheds have 

conclude that (1) cell bioassay responses reflect water quality, (2) relationships between cell 

bioassay and whole organism responses exist (Mehinto et al. 2018, 2021), and (3) for many cell 

bioassay endpoints, only a small portion of priority pollutants can explain the responses 

(Harraka et al. 2021, Maruya et al. 2022, Mehinto et al. 2023). Other studies focusing on 

wastewater, advanced and drinking water treatment plants have shown that cell bioassay 

responses can be used as a surrogate measure of CECs occurrence and removal during 

treatment processes (Choi et al. 2023, Conley et al. 2017, Escher et al. 2014, Lundqvist et al. 

2019, Neale et al. 2020, Phan et al. 2021).  

The present investigative study aimed to supplement previous efforts in the Santa Ana Region 

and assess the presence and potential impacts of CECs in water samples from the Santa Ana 

River, Big Bear Lake, San Jacinto, and Newport Bay watersheds. Twenty-six sites were sampled 

within the region during the dry and wet seasons. It is important to note that this study was not 

intended to assess sources of pollutants. For this reason, no point source (e.g. wastewater 

discharge) or storm events were targeted. The two sampling events were selected to improve 

our understanding of the general conditions of the Santa Ana River watershed. Grab water 

samples were screened using three cell bioassays, estrogen receptor alpha (ERα), glucocorticoid 

receptor (GR), and aryl hydrocarbon receptor (AhR), considered good indicators of water quality 

in urban watersheds. A subset of samples collected during the wet season was also analyzed to 

quantify specific analytes of interest to the State of California (Anderson et al. 2012). The study 

objectives were to 1) determine the range of bioscreening responses within the watershed 

during the dry and wet seasons; 2) measure the presence of select known chemicals; and 3) 

evaluate the relationship between cell bioassay and targeted chemistry data for CECs prioritized 

by an Expert Panel. 
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MATERIALS AND METHODS 

Study Sites and Sample Collection 

The twenty-six sites were selected based on recommendations from the Santa Ana Regional 

Water Quality Control Board and members of the Santa Ana Watershed Project Authority 

(SAWPA) Emerging Contaminant Task Force (Figure 2 and Table 2). The study sites were selected 

to reflect varying water qualities and habitats in Region 8. It should be noted that this CEC 

monitoring phase was limited to analysis of aqueous samples. Subsequent investigations may 

include sediment and tissues where CECs can accumulate and cause toxicity. 

 

Figure 2. Map of study sites sampled during the dry (May-Sept 2021) and wet (Nov 2021-
Feb 2022) seasons. Sites are numbered using the SiteCode in Table 2 below. 
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Table 2. Description of the study sites. Additional information on the study sites can be 
found in the CEDEN station lookup tables. LookUp list information: 
http://ceden.org/CEDEN_Checker/Checker/DisplayCEDENLookUp.php?List=StationLook
Up  

SiteCode StationCode SiteNamea County Waterbody 

1 801SDCxxx San Diego Creek at Campus Dr Orange Stream 

2 801RB8549 
Santa Ana-Delhi Channel 

Reach 1 
Orange Stream 

3 801S15677 Cucamonga Creek Riverside Stream 

4 802S29064 San Jacinto River, North Fork Riverside Stream 

5 802S35837 San Jacinto River Reach 7 Riverside Stream 

6 801SJWP01 San Jacinto Wildlife Preserve Riverside Wetland 

7 801PFB019 Santa Ana River Reach 3 Riverside Stream 

8 802S11394 Strawberry Creek Riverside Stream 

9 801RB8400 Temescal Creek Reach 2 Riverside Stream 

10 801S18169 Temescal Creek Reach 1a Riverside Stream 

11 801WE1008 Barton Creek San Bernardino Stream 

12 801BBL552 Big Bear Lake San Bernardino Reservoir 

13 801BBL673 Big Bear Lake East San Bernardino Reservoir 

14 801BBL678 Big Bear Lake West San Bernardino Reservoir 

15 801M15584 Chino Creek, Reach 1B (A) San Bernardino Stream 

16 801M15560 Chino Creek, Reach 1B (B) San Bernardino Stream 

17 801M15576 Chino Creek, Reach 1B (C) San Bernardino Stream 

18 801M15565 Cypress Channel San Bernardino Channel 

19 801FDCCCR Fredalba Creek San Bernardino Stream 

20 801M15581 Little Chino Creek San Bernardino Stream 

21 801CE0152 Lower City Creek San Bernardino Stream 

22 801M15591 Mill Creek Canyon San Bernardino Stream 

23 801S00375 Plunge Creek San Bernardino Stream 

24 801S02059 Santa Ana River R4 San Bernardino Stream 

25 801S40887 Temescal Wash/Creek 2 San Bernardino Stream 

26 801WE0669 Bear Creek San Bernardino Stream 

http://ceden.org/CEDEN_Checker/Checker/DisplayCEDENLookUp.php?List=StationLookUp
http://ceden.org/CEDEN_Checker/Checker/DisplayCEDENLookUp.php?List=StationLookUp
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Most sites (19 out of 26) were sampled twice, during the dry season (May-Sept 2021) and wet 

season (Nov 2021-Feb 2022). Wet season sampling was never conducted during or immediately 

after a storm because water quality/chemistry measured during storm events is not 

representative of the typical conditions of the watershed. At each site, GPS coordinates, water 

temperature, dissolved oxygen, pH, and salinity were recorded. Six sites could only be sampled 

during the wet season as there was no flowing water during the dry season. One site was 

sampled during the dry season only and could not be accessed during the wet season.  

Grab water samples were collected in areas with good flow and minimal suspended solids by 

directly immerging the sampling container below the surface. In areas with reduced flow during 

the dry season, a collection vessel, previously cleaned with methanol and deionized water, was 

used to collect the samples. It should be noted that wet season samples were not collected 

during or soon after a storm event. For cell bioassays, 1-L water samples were collected in 

amber glass bottles containing ascorbic acid and sodium azide and stored at 4°C for up to 48 

hours before processing. Targeted chemical analysis was conducted on a subset of 15 sites 

randomly selected by the project team in consultation with the Regional Board. Grab water 

samples (0.25 to 1 L depending on the analytes of interest) were collected during the wet 

season only using sampling bottles provided by Eurofins Eaton Analytical Ltd, placed on ice in 

coolers and shipped to their laboratories. Field blanks, consisting of milli-Q water poured into 

the pre-cleaned amber glass sampling bottles on site, were collected at the frequency of one 

sample per 10 field samples. An additional field blank was collected at every site sampled for 

targeted chemistry for follow up PFAS analysis. 

Cell Bioassay Screening 

Water samples (1 L) were filtered using glass fiber (grade GF/A) filters and processed by solid 

phase extraction (SPE) using Oasis HLB 6cc cartridges within 72 hours post collection, as 

described in Mehinto et al. 2016. Final extracts were prepared in 0.5 mL dimethylsulfoxide 

(DMSO) and stored in amber glass vials at -20°C until subsequent analyses. Cell bioassay 

screening was performed within 3 months of sample collection. ERα, GR, and AhR bioactivities 

were measured using GeneBLAzer™ bioassays (Life Technologies). These cellular receptors (i.e., 

endpoints) were selected based on their ability to screen for contaminants not routinely 

measured and/or of known toxicity. Briefly, division-arrested HEK 293T cells (for ERα, GR) or 

LS180 immortal cells (for AhR bioassay) were seeded into 96-well plates and exposed to serial 

dilutions of water extracts. After 16 h incubation at 37ᵒC and 5% CO2, LiveBLAzer-FRET loading 

substrate and PrestoBlue solution were added to each well, and bioassay data were collected 

using a Synergy H1 Hybrid plate reader (BioTek). Receptor bioactivity was measured at 409/460 

nm and 409/530 nm (excitation (Ex)/emission (Em) wavelength), and cell viability was assessed 
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at 560/590 nm. For each endpoint, assay-specific calibration curves were generated and used to 

convert the results in 17β-estradiol equivalent (ng E2/L) for ERα, dexamethasone equivalent (ng 

DEX/L) for GR, and 2,3,7,8-tetrachlorodibenzodioxin equivalent (ng TCDD/L) for AhR bioassays.  

Targeted Chemical Analysis  

Analytes prioritized by California’s Expert Panel and of interest to the Regional Board were 

measured by Eurofins Eaton Analytical Ltd (Monrovia, CA). The list of specific analytes is in Table 

3. In-house protocols were used for analysis of pharmaceuticals and personal care products by 

LC-MS-MS in positive and negative ionization modes, and for analysis of pyrethroids by GC-MS-

MS. EPA methods 537.1 and 539 were used to measure perfluorinated compounds and 

hormones, respectively.  

 

Table 3. List of target analytes measured in grab water samples collected during the wet 
season. 

Chemical class Analytes 

Hormones 17β-Estradiol, estriol, estrone, testosterone 

Industrial chemicals 

4-Nonylphenol, bisphenol A, perfluorooctanoic acid (PFOA), 

perfluorooctane sulfonate (PFOS), polybrominated diphenyl 

ethers (PBDE-47 and -99) 

Pharmaceuticals and 

personal care products 

17α-Ethinyl estradiol, carbamazepine, diclofenac, galaxolide, 

gemfibrozil, ibuprofen, naproxen, triclosan  

Pesticides, herbicides Bifenthrin, chlorpyrifos, fipronil, permethrin 

 

Quality Assurance/Quality Control (QA/QC)  

A performance-based QA/QC approach, adapted from the Statewide CEC Pilot Study Guidance 

(Dodder et al. 2015) was followed to ensure that bioanalytical data generated were of the 

highest quality. Data quality for cell bioassays were validated against criteria for calibration, 

blank, DMSO control, cytotoxicity (cell viability) and sample dose response. Matrix spikes were 

also prepared with a mixture of E2 and Dex to evaluate recovery of model chemicals. Due to 

poor recovery of TCDD in water, a TCDD-spiked sample was not included. It is important to note 

that a bioassay matrix-spike is different than a chemistry matrix-spike. Bioassays integrate the 

response of multiple bioactive chemicals, not E2, Dex or TCDD alone. Therefore, matrix spike 
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data are used as a general indicator of SPE procedure, and not an indicator of measurement 

accuracy. Instrumental methods for analysis of individual CECs were selected to meet minimum 

reporting limits (RLs) recommended by the State’s Expert Panel. Chemistry data were validated 

against criteria for instrument calibration, analysis of blanks, matrix spikes and duplicate 

samples. Concentrations reported were not blank- corrected. Response of blank samples are 

described in the Results and Discussion section below. 

 

RESULTS AND DISCUSSION 

Cell Bioassay Responses 

Quality assurance samples, including method blanks, field blanks and matrix spiked samples 

met acceptability criteria (Tables 4 and 5). No bioactivity was detected in any field blanks (n=4) 

or laboratory method blank (n=3) analyzed with the ER, GR and AhR bioassays, indicating that 

the collection and processing procedures did not introduce artifacts. Spiked samples had mean 

recovery efficiencies of 75% with the ERα bioassay and 60% with the GR bioassay. Recovery 

efficiency could not be calculated for the AhR bioassay because the reference chemical for this 

bioassay, TCDD, is poorly recovered using SPE methods. Future studies should include a known 

AhR active chemical, e.g. a PAH or PCB congener. 

Most grab water samples (i.e., 41 out of 43) showed no measurable ERα bioactivity during both 

sampling events, with BEQs below the detection limit of 0.5 ng E2 eq/L (Tables 4 and 5). The 

only two sites with ERα bioactivity, Cypress Channel and Big Bear Lake West had relatively low 

levels of 0.8 and 1.1 ng E2 eq/L, respectively. Similarly, only 3 out of the 43 water samples 

collected had GR bioactivity. These three sites, Santa River R3, Chino Creek Reach 1B (A) and 

Chino Creek Reach 1B (B), had noticeably higher GR bioassay responses (between 30 and 40 ng 

Dex eq/L) during the wet season compared to the dry season (< detection limit; Table 5). 

Previous studies have shown that ERα and GR bioassays are useful screens for contaminants 

associated with treated wastewater effluents (Cavallin et al. 2021, Daniels et al. 2018, Mehinto 

et al. 2016, Neale et al. 2020). In the present study, none of the sites targeted were located 

within 200 m of wastewater outfalls, which could explain the lack of ERα and GR bioassay 

responses in most samples. Similar results were reported in a previous study that investigated 

31 streams across California (including four sites in the Santa Ana region) and showed that most 

sites exhibited little to no ERα and GR bioactivity (Mehinto et al. 2017). 

AhR responses were more frequently detected in the samples from the Santa Ana region. 

However, most BEQs were at or near detection limit. The highest AhR responses were 
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measured in the grab water samples from Temescal Creek Reach 1a (0.9 ng TCDD eq/L) and 

Cypress Channel (0.8 ng TCDD eq/L), collected during the dry season. During the wet season, all 

samples had low to no bioactivity (non-detect to 0.4 ng TCDD eq/L). AhR bioactive chemicals 

such as PAHs, PCBs, and other xenobiotics are commonly found in urban and industrialized 

areas (Mehinto et al. 2017). Thus, it is not surprising that AhR bioactivity was detected in most 

samples. However, many of these chemicals are hydrophobic and tend to accumulate in soils 

(Leskinen et al. 2008, Mehinto et al. 2023, Wang et al. 2014) which would explain the relatively 

low levels detected in aqueous samples.  

Altogether, bioscreening analysis showed no evidence of widespread occurrence of ERα, AhR 

and GR bioactive chemicals in the water samples. The relatively low levels detected suggest 

minimal potential for waterborne toxicity via the ERα, GR and AhR biological pathways. 

Additional analysis of the sediment at these sites is needed to definitively rule out the potential 

for toxicity, as several CECs are known to bioaccumulate in sediments and induce cell bioassay 

responses (Blanco et al. 2018, Maruya et al. 2022, Mehinto et al. 2023, Murk et al. 1996). 
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Table 4. Cell bioassay responses in grab water samples collected between May and 
September 2021 from Santa Ana Region 8. Bioanalytical equivalent concentrations (BEQ) 
are expressed as 17b-estradiol (E2) equivalents for ERα, tetrachlorodibenzodioxin 
(TCDD) equivalents for AhR, and dexamethasone (Dex) equivalents GR bioassays. 

Site Name 
ER BEQ  

(E2 ng/L) 

GR BEQ  

(Dex ng/L) 

AhR  

(TCDD ng/L) 

San Diego Creek at Campus 

Dr 
<0.5 <25 0.4 

Santa Ana Delhi Channel R1 <0.5 <25 0.2 

Cucamonga Creek <0.5 <25 0.4 

San Jacinto River North Fork <0.5 <25 <0.2 

San Jacinto River R7 <0.5 <25 <0.2 

Temescal Creek Reach 1a <0.5 <25 0.9 

Barton Creek <0.5 <25 <0.2 

Big Bear Lake  <0.5 <25 0.2 

Big Bear Lake West <0.5 <25 <0.2 

Chino Creek Reach 1B (A) <0.5 <25 0.6 

Chino Creek Reach 1B (B) <0.5 <25 0.4 

Chino Creek Reach 1B (C) <0.5 <25 0.6 

Cypress Channel 0.8 <25 0.8 

Fredalba Creek <0.5 <25 <0.2 

Lower City Creek <0.5 <25 <0.2 

Plunge Creek <0.5 <25 <0.2 

Santa Ana River R4 <0.5 <25 0.2 

Temescal Wash/Creek 2 <0.5 <25 0.3 

Bear Creek <0.5 <25 0.4 
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Table 4. Cell bioassay responses in grab water samples collected between May and 

September 2021 from Santa Ana Region 8 (continued). 

Site Name 
ER BEQ  
(E2 ng/L) 

GR BEQ  
(Dex ng/L) 

AhR  
(TCDD ng/L) 

Field Blank <0.5 <25 <0.2 

Field Blank <0.5 <25 <0.2 

Field Blank <0.5 <25 <0.2 

Lab blank <0.5 <25 <0.2 

Lab blank <0.5 <25 <0.2 

Matrix Spike 
4.8 

(73% recovery) 

72 

(57% recovery) 
- 

 

 

 

Table 5. Cell bioassay responses in grab water samples collected between November 
2021 and February 2022 from the Santa Ana Region 8. Bioanalytical equivalent 
concentrations (BEQ) are expressed as 17b-estradiol (E2) equivalents for the ERα 
bioassays, tetrachlorodibenzodioxin (TCDD) equivalents for the AhR bioassays, and 
dexamethasone (Dex) equivalents for the GR bioassays. 

Site Name 
ER BEQ  

(E2 ng/L) 

GR BEQ  

(Dex ng/L) 

AhR  

(TCDD ng/L) 

San Diego Creek at Campus Dr <0.5 <25 - 

Santa Ana Delhi Channel R1 <0.5 <25 - 

Cucamonga Creek <0.5 <25 <0.2 

San Jacinto River North Fork <0.5 <25 <0.2 

San Jacinto River R7 <0.5 <25 <0.2 

San Jacinto Wildlife Preserve <0.5 <25 <0.2 

Santa Ana River R3 <0.5 30 <0.2 

Strawberry Creek <0.5 <25 <0.2 

Temescal Creek Reach 2 <0.5 <25 <0.2 

Temescal Creek Reach 1a <0.5 <25 0.2 

Barton Creek <0.5 <25 <0.2 
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Table 5. Cell bioassay responses in grab water samples collected between November 

2021 and February 2022 from the Santa Ana Region 8 (continued). 

Site Name ER BEQ  

(E2 ng/L) 

GR BEQ  

(Dex ng/L) 

AhR  

(TCDD ng/L) 

Big Bear Lake <0.5 <25 0.4 

Big Bear Lake East <0.5 <25 <0.2 

Big Bear Lake West 1.1 <25 0.4 

Chino Creek Reach 1B (A) <0.5 41 0.3 

Chino Creek Reach 1B (B) <0.5 36 <0.2 

Chino Creek Reach 1B (C) <0.5 <25 0.4 

Fredalba Creek <0.5 <25 <0.2 

Little Chino Creek <0.5 <25 <0.2 

Lower City Creek <0.5 <25 <0.2 

Mill Creek Canyon <0.5 <25 <0.2 

Plunge Creek <0.5 <25 <0.2 

Santa Ana River R4 <0.5 <25 0.2 

Temescal Wash/Creek 2 <0.5 - <0.2 

Field Blank <0.5 <25 <0.2 

Lab blank <0.5 <25 <0.2 

Matrix Spike 
4.9 

(76% recovery) 

79 

(65% recovery) 
- 
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Targeted Chemical Analysis 

Four field blanks and five laboratory blanks were analyzed. Bisphenol A (19 ng/L) and 4-

nonylphenol (58 ng/L) were detected, each in a separate field blank. These chemicals, however, 

were not detected in any of the samples collected and processed in the same batches. 

Testosterone was detected in trace levels in one of the laboratory blanks (0.06 ng/L), but 

samples processed with this batch were non-detect except one that had levels 40 times higher 

than the background contamination. All chemistry data for the blanks and field-collected water 

samples were submitted to the SWAMP data portal (ProjectName=RWB8_CEC-2021-2022).  

Of the 22 chemicals targeted, PFAS and PFOA were detected in over 70% of the sites sampled 

(Tables 6 and S4). Highest concentrations of PFOA and PFOS, 28 and 19 ng/L respectively, were 

found in the sample from Temescal Creek Reach 1a. The musk galaxolide was detected at 9 out 

of the 15 sites sampled, with the highest concentrations detected in samples from Cucamonga 

Creek and Santa Ana Delhi Channel. Pesticides chlorpyrifos, bifenthrin, and permethrin were 

not detected in any of the water samples collected, This is not surprising as pyrethroids often 

tend to bioaccumulate in sediment (Kuivila et al. 2012, Maruya et al. 2022). Fipronil was found 

above detection limit in only one sample. 

Among the hormones and pharmaceuticals measured, the female hormone estrone and the 

male hormone testosterone were detected in ~ 50% of the sites but the levels remained 

relatively low suggesting a low potential for endocrine disruption. Pharmaceuticals were 

detected in ≤ 20% of the samples. Similar findings were reported in a previous study that 

measured emerging contaminants including gemfibrozil, naproxen, and ibuprofen in the Santa 

Ana River watershed (SAWPA 2020). The study, which focused on wastewater discharges, a 

known pathway for release of pharmaceuticals in the aquatic environment, reported low 

frequency of pharmaceuticals detection (~ 15% of their samples). Therefore, it is not surprising 

that the few chemicals detected were detected at higher levels in the SAWPA study compared 

to the present study. Noteworthy, however, was the detection of 17-alpha-ethinyl estradiol 

(EE2) at 18 ng/L in the chemistry sample collected from Cucamonga Creek. Such high levels can 

be found in raw sewage but are typically 10 times lower in U.S. surface waters (Bradley et al. 

2017, Kolpin et al. 2002), suggesting possible contamination. The source of contamination was 

not determined. 
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Table 6. Summary of emerging contaminants measured in grab water samples from 
waterbodies within the Santa Ana region.  

Analyte Frequency of detection Reported range (ng/L) 

17α-Ethinyl estradiol 3/15 ND – 18 

17β-Estradiol 5/15 ND – 1.4 

4-Nonylphenol 3/15 ND – 160 

Bifenthrin 0/15 ND 

Bisphenol A 6/15 ND – 37 

Chlorpyrifos 0/15 ND 

Diclofenac 1/15 ND – 19 

Estriol 2/15 ND – 2.9 

Estrone 7/15 ND – 1.9 

Fipronil 1/15 ND – 5.7 

Galaxolide 9/15 ND – 590 

Gemfibrozil 3/ 15 ND – 45 

Ibuprofen 3/ 15 ND – 82 

Naproxen 4/ 15 ND – 16 

PBDE 047 0/15 ND 

PBDE 099 0/15 ND 

Permethrin, total 0/15 ND 

PFOA 10/15 ND – 28 

PFOS 11/15 ND – 19 

Testosterone 9/15 ND – 2.4 

Triclosan 0/15 ND 
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Relationship Between Cell Bioassay and Target CEC 

Data 

Cell bioassay technology informs the biological response of chemicals present in a sample. But 

unlike whole organism bioassays, cell bioassay provides unique data (i.e. bioanalytical 

equivalent concentrations) that can be directly compared to targeted chemistry data. Multiple 

studies have demonstrated that the ERα bioassay is an effective screening tool to prioritize 

ambient water samples (i.e., rivers, streams, recycled water, wastewater) requiring additional 

analysis (Leusch et al. 2014, Maruya et al. 2022, Sauer et al. 2023). Here, several of the targeted 

chemicals prioritized by the CEC Expert Panel had documented estrogenic potency relative to 

17β-estradiol using the GeneBLAzer assay (Finckh et al. 2022, Mehinto et al. 2015), including 

bisphenol A, estriol, estrone and 4-nonylphenol. Therefore, the relative estrogenic potency of 

the chemical mixtures was evaluated by comparing the chemical equivalent concentrations 

(CEQ, calculated as the sum of individual chemical concentrations multiplied by their relative 

potency) and bioanalytical equivalent concentrations (BEQs) (Table 7). Comparisons of the ERα 

cell bioassay and chemistry data showed good agreement. Big Bear Lake West sample had the 

only detectable ERα bioassay response during the wet season and the highest concentrations of 

17β-estradiol and estrone were measured in that sample. Comparisons of the CEQ and BEQ 

showed that targeted chemistry fully explained the level of bioactivity measured (CEQ of 1.4 

using quantitative measure vs BEQ of 1.1 using semi-quantitative bioassay). However, the 

source of pollution was not investigated. The other 13 water samples screened with the ERα 

bioassay had no detectable ERα bioactivity. Nine of these samples had detectable levels of 

estrogens, but the analytes most frequently detected in the water samples are considered weak 

estrogens with relative potencies at least 100 times lower than 17β-estradiol. It should be 

noted that the cell bioassay sample collected from Cucamonga Creek did not detect ER 

bioactivity, even though the highly potent EE2 was measured in the sample collected for 

chemical analysis, providing further evidence of possible contaminated. The results suggest that 

this bioscreening tool could be useful as part of a cost-efficient monitoring strategy to narrow 

down the number of samples to test for further toxicological impacts and quantification of 

known estrogens. 

The AhR bioassay is another promising bioindicator of water and sediment quality (Mehinto et 

al. 2017 and 2023, Rosenmai et al. 2018). However, explaining the responses has proven more 

challenging as this assay screens for a variety of emerging and legacy contaminants found in 

urban watersheds (König et al. 2017, Rosenmai et al. 2018). In the present study, AhR responses 

were detected in ~60% of the grab water samples at low levels (between 0.2 and 0.9 ng TCDD 

eq/L). However, none of the chemicals prioritized by the CEC Expert Panel and analyzed in the 

present study had strong or moderate AhR potency. Thus, no comparisons were made between 

the analytical chemistry and cell bioassay data. Similarly, GR-BEQ responses could not be 
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compared to target CECs as this class of chemicals was not prioritized by the CEC Panel. 

Moreover, there is currently no commercial laboratory in the State capable of quantifying GR 

active chemicals (e.g., hydrocortisone, dexamethasone, fluticasone propionate) in the low 10 - 

50 ng/L range. In the absence of glucocorticoids monitoring data, the GR provides new insights 

into their occurrence in waterways. 

It is important to note that PFASs, the most prevalent CEC in the samples analyzed, cannot be 

detected using the ERα, GR and AhR bioassays. The cell bioassay endpoints, peroxisome 

proliferator-activated receptors (PPARs) alpha and gamma, have been proposed as potential 

tools to screen for PFAS, including PFOA and PFOS (Evans et al. 2022). However, investigations 

into the potency of these chemicals using commercially available bioassays have shown that 

these chemicals exhibit relatively low potency at environmental concentrations (data not 

shown).  

 

CONCLUSIONS 

Cell bioassay results indicated little to no occurrence of estrogenic chemicals, glucocorticoids 

and AhR active/dioxin-like chemicals in water samples from select sites within the Santa Ana 

Region. The frequency of detection of target CECs prioritized by the Expert Panel varied from 

0% (e.g., pyrethroids) to > 75% detection for PFAS and PFOS. In most cases, the measured CEC 

concentrations were relatively low suggesting a medium to low priority for future monitoring of 

water samples at these sites. The concordance of the analytical chemistry results for known 

estrogens (e.g., 17β-estradiol, estrone, and bisphenol A) with the ERα bioassay responses 

provided additional evidence to support the cell bioassay results. The findings indicate that cell 

bioassays are not prone to false positives, and these bioassays can be applied as first-tier 

screening tool to prioritize samples requiring follow-up chemical analyses.  

This screening study was limited to water sample analysis using a few commercially available 

bioassays and a limited list of target CECs. Thus, the study cannot definitively exclude the 

potential impact of CECs on aquatic organisms. Future investigations should include an 

expanded list of bioanalytical tools and target CECs to monitor both water and sediment in the 

Santa Ana Region. Such data are needed to fully assess presence and toxicity of CECs in these 

watersheds. 
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Table 7. Comparison of chemical equivalent concentrations (CEQs) and bioanalytical equivalent concentrations for the ERα 
bioassay (ERα-BEQs), both expressed in ng E2eq/L. 

  CEQs for estrogenic chemicals a 

Sum of 

CEQs  
ERα-BEQ  

Chemical Relative 

Potency  

E2 

1 

BPA 

0.000047 

E1 

0.015 

E3 

0.018 

EE2 

1.56 

4-NP 

<0.000001 

Big Bear Lake West 1.4  2.4    1.4 1.1 

Cucamonga Creek 0.23 22 0.81 2.9 18* 82 27* <0.5 

Little Chino Creek 0.17 26 0.41  0.12 69 0.4 <0.5 

Barton Creek     0.28  0.4 <0.5 

Big Bear Lake East 0.27  1.4    0.3 <0.5 

Santa Ana Delhi Channel 0.2 37 0.4 0.26   0.2 <0.5 

Temescal Creek Reach 1a  26 0.75   69 0.1 <0.5 

Chino Creek Reach 1 (A)  5.6    160 <0.01 <0.5 

Strawberry Creek  19     <0.01 <0.5 

San Jacinto Wildlife 

Preserve 
 12     <0.01 <0.5 

Temescal Reach 2   0.24    <0.01 <0.5 

Santa Ana River R4       - <0.5 

San Jacinto Riv., N. Fork       - <0.5 

Lower City Creek       - <0.5 

San Diego Crk. at Campus        - <0.5 

a E2= 17β-estradiol, BPA= bisphenol A, E1= estrone, E3= estriol, EE2=17α-ethinyl estradiol, 4NP= 4-nonylphenol
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APPENDIX  

Table S1. Summary of QA parameters for ERα cell bioassays. 

QA Parameter Acceptance Criteria Batch Range 

Calibration with 17b-estradiol (E2) (n=4) 

LogEC50 (M) -10.1 to -9.1 -9.3 to -9.9 

Slope 0.6 to 1.6 0.6 to 1.5 

Induction ratio ≥ 6 11 to 30 

LOD (ng/L) < 0.5 0.1 to 0.4 

Sample QA measurements 

Cytotoxicity ≥ 80% survival 80 to 100% 

Assay precision ≤ 30% RSD 1 to 23% 

 

 

 

Table S2. Summary of QA parameters for GR cell bioassays. 

QA Parameter Acceptance Criteria Batch Range 

Calibration with dexamethasone (n=8) 

LogEC50 (M) -9.0 to -8.0 -8.2 to -8.1 

Slope 1.9 to 2.5 1.6 to 2.1 

Induction ratio ≥ 4 14 to 40 

LOD (ng/L) < 25 11 to 25 

Sample QA measurements 

Cytotoxicity ≥ 80% survival 83 to 100% 

Assay precision ≤ 30% RSD 1 to 29% 
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Table S3. Summary of QA parameters for AhR cell bioassays. 

QA Parameter Acceptance Criteria Batch Range 

Calibration with tetrachlorodibenzodioxin (TCDD) (n=6) 

LogEC50 (M) -10.0 to -11.0 -10 to -10.9 

Slope 1.0 to 1.7 1.1 to 1.7 

Induction ratio ≥ 3 3.6 to 4.5 

LOD (ng/L) ≤ 0.1 0.05 to 0.1 

Sample QA measurements 

Cytotoxicity ≥ 80% survival 80 to 100% 

Assay precision ≤ 30% RSD 0.3 to 30% 

 

 

 

Table S4. Chemistry data from water samples collected during the wet season from Santa 
Ana Region 8 and submitted to the SWAMP data portal. (See Excel file) 
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