
 

 
 
 
 
 
 
 

 

ABSTRACT 

 
High-Throughput Analytical Methods 

for Persistent Organic Pollutants in High-Lipid Matrices 
 

Eleanor M. Robinson, Ph.D. 
 

Mentor: Sascha Usenko, Ph.D. 
 
 

Persistent organic pollutant (POP) trends and profiles reconstructed from 

environmental matrices, such as mammal tissues, have provided a wealth of information 

regarding contaminant behavior and environmental fate. These POP trends and profiles 

are unique and often irreplaceable due to difficulties in obtaining marine mammal 

samples. Historically, sample preparation methods for lipid-rich marine mammal 

matrices require an extraction followed by multiple cleanup and concentration steps. Due 

to the volatility of select POPs, during sample preparation steps (traditional packed 

column and GPC cleanup steps followed by a concentration step via nitrogen) there are 

possibilities for analyte loss and contamination. The goal of sample preparation methods 

for POPs should seek to reduce the overall number of steps. Selective pressurized liquid 

extractions (SPLE; an analytical technique that combines PLE with sorbent cleanup) has 

reduced and/or eliminated the number of cleanup steps associated with organic pollutants 

extraction and cleanup. SPLE methods for lipid-rich matrices were developed and 



 

improved for the trace analysis of multiple classes of organic pollutants (organochlorine 

pesticides, polychlorinated biphenyls, and polybrominated diphenyl ethers).  

Analytical methods for lipid-rich matrices, such as marine mammal blubber 

(Weddell seal Leptonychotes weddelli and bowhead whale blubber Balaena mysticetus) 

and whale earwax (blue whale Balaenoptera musculus), were developed and emphasized 

improvements on sample preparation for the analysis of organic pollutants. Marine 

mammal blubber methods utilizing SPLE followed by GPC were developed (Chapter II; 

Weddell seal blubber tissue), and improved to eliminate all post-extraction (i.e. GPC) 

cleanup steps (Chapter III; bowhead whale blubber tissue). An SPLE method for whale 

earwax with no post-extraction cleanup was also developed (Chapter IV). These methods 

were applied to environmental samples and utilized to generate irreplaceable data including 

the first identification of PBDEs in Antarctica’s Weddell seals (Chapter II) as well as in 

Arctic bowhead whales (Chapter III), and the first identification (Chapter IV) and 

reconstruction (Chapter V) of contaminant profiles in whale earplugs. 
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CHAPTER ONE 

 
Introduction 

 
 

Organic Pollutants in High-lipid Matrices 
 
Many persistent organic pollutants (POPs) are lipophilic, persistent, semi-volatile 

chemicals that bioaccumulate and move through the food web. Pesticides, such as 

organochlorine pesticides (OCPs), and other industrial chemicals, polychlorinated 

biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs), have been classified as 

POPs (Ritter et al., 1995; Stockholm Convention, 2011). These anthropogenic pollutants 

are considered to be ubiquitous in the environment (de Wit et al., 2010; Simonich and 

Hites, 1995; Wania and Dugani, 2003). OCPs have been widely used to improve crop 

yields and to control vectors for disease. Their widespread use began in 1940s and 1950s, 

however due to their persistent and bioaccumulative properties many OCPs were banned 

or heavily restricted in 1970s-80s in the US. Many OCPs can cause immunosuppression, 

developmental toxicity, reproductive system toxicity, and can affect the central nervous 

system (Sweet et al., 2006; Greenlee et al., 1999) and have been observed as high risk 

factors for Parkinson’s disease (Seidler et al., 1999). PCBs were used as an insulating 

fluid and lubricant, and were banned in 1979 in the US . It was estimated that between 

1929 and 1979 about 700,000 tons of PCBs were manufactured in the United States 

before production was banned (Alaee et al., 2003). PCBs have been shown to cause 

reproductive, neurological, and endocrine disruption in mammals (Loch-Caruso, 2002; 

Schantz et al., 2003; Portigal et al. 2002). Widespread use of PBDEs, a class of  
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brominated flame retardants, began in 1972 and were used as flame retardants in 

plastics, textiles, furnishings, foams, and electronic circuit boards. PBDEs are primarily 

manufactured in three commercial formulations (penta-, octa-, and deca-) (Alaee et al., 

2003; Rahman, 2001). Estimates from 2001 suggest that total PBDE production  since the 

1970s exceeds two million tons (Shaw, 2009). Penta-, octa-, and deca- PBDE 

formulations have been banned or phased out in the US (US EPA PBDE Action Plan 

Summary, 2014). PBDE toxicity studies have shown that PBDEs disrupt endogenous 

thyroid and steroid hormones (Meerts et al., 2001; Meerts et al. 2000; Tjarnlund et al. 

1998). OCP, PCB, and PBDE toxicological concerns suggest that these compounds 

should be monitored in the environment.  

 
 

                    

 

    OCP                PCBs   PBDEs 

Figure 1.1 Structures of select POPs 
 

 
Select POPs have been observed to undergo long-range atmospheric transport to 

remote polar regions, such as Antarctica and Alaska (Hoekstra et al., 2002; Vetter et al., 

2003). Historic-use organic pollutants, such as OCPs and PCBs, have been identified in 

marine mammals particularly with high trophic positions including polar bears (Ursus 

maritimus) (Gebbink et al., 2008), bowhead whales (Balaena mysticetus) (Hoekstra et al., 
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2002), and Weddell seals (Leptonychotes weddellii) (Luckas et al., 1990). PBDEs have 

been identified in beluga whales (Delphinapterus leucas) blubber (LeBeuf et al., 2004) as 

well as ringed seals (Pusa hispida) blubber (Kelly et al., 2008). However, PBDEs had not 

yet been identified in Alaskan Arctic bowhead whales or Antarctica Weddell seals. 

Analytical methods to extract and identify POPs in environmental matrices, such 

as marine mammal tissue and blubber, often consist of two steps 1) sample preparation 

and 2) analysis. Sample preparation includes sample pre-treatment, extraction, and 

cleanup/analyte fractionation. Sample pre-treatment typically includes homogenization 

utilizing sodium sulfate and/or diatomaceous earth. Extraction steps may involve 

soxhlet/glass columns or sonication techniques; however, this dissertation will emphasize 

pressurized liquid extraction (PLE) and selective pressurized liquid extraction (SPLE) 

using an accelerated solvent extractor (ASE). Cleanup may utilize traditional sorbent 

column and/or a size-exclusion chromatography to separate interferences from the 

analytes of interest. POPs are often analyzed with a gas chromatograph coupled to a mass 

spectrometer (GC-MSn) and/or a liquid chromatograph coupled to a mass spectrometer  

(LC-MSn) (Lagalante and Oswald, 2008; Nunez and Galceran, 2005; Stockin et al. 2010). 
 
 

PLE Extraction 
 
PLE is considered an exhaustive extraction technique that utilizes an organic 

solvent at high pressures and temperatures to extract analytes of interest from solid 

matrices. One type of PLE system is an accelerated solvent extraction system (ASETM), a 

term coined by Dionex, who developed the first ASE model in 1995 (Richter et al., 

1996). An ASE utilizes several adjustable parameters including multiple solvents, high 

pressures (500–3000 psi), varied temperatures (40–200 °C), multiple extraction cycles,  
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and static times (holding times). Depending on the ASE model (e.g. 100, 150, 200, 300,  

or 350), select parameters can be optimized for extractions (Sun et al., 2012).  
 
 

Cleanup Steps 
 
After extraction, cleanup strategies have been employed to remove potential 

interferences from environmental sample extracts. Traditionally, sorbent column cleanup, 

such as silica , alumina, Florisil®, and graphitized carbon black (CarbopackTM) packed 

columns, have been utilized. Sample extracts are passed through one or more packed 

sorbent columns; select interferences are retained by the column and analytes of interest 

are present in the eluent. Eluents are concentrated down between each cleanup step 

(Scantz et al. 1995).  

Gel permeation chromatography (GPC) is a size-exclusion chromatographic 

technique that has been utilized as a cleanup step for high-lipid matrices. Molecules are 

separated based on their hydrodynamic volume within a specific solvent using stationary 

phases that discriminate analytes based on the stationary phase’s pore size. Large 

molecular interferences, such as fatty acids, are fractionated from smaller molecules 

(often the analytes of interest) since large molecules will be excluded from the pores and 

elute first while smaller molecules will penetrate the stationary phase pores (Miller, 

1988). GPC can be coupled with a detector, such as ultra violet- visible spectroscopy 

(Yang et al., 2009), but can be utilized as a cleanup technique for high-lipid 

environmental matrices (Sloan et al., 2005; Subedi and Usenko, 2012; Rantalainen et al.  

2000). 
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SPLE: New Simultaneous Extraction and Cleanup Approach 
 
SPLE is the next generation of PLE; it incorporates and layers adsorbent(s) within 

the extraction cell beneath sample homogenates (Bjorklund et al., 2001; Subedi et al., 

2011; Sporring et al. 2006; Ghosh et al., 2011). SPLE has also been called enhanced 

pressurized liquid extraction (ePLE) or simultaneous extraction and cleanup of target 

analytes (Subedi and Usenko, 2012). SPLE can utilize single or multiple cleanup 

adsorbent(s) with a diverse range of physical-chemical properties, especially polarities. 

Polar adsorbents include silica gel and alumina, which have been utilized for both biotic 

and abiotic matrices in SPLE (Cocco et al., 2011; Peterson et al. 2011; Draisci et al., 

1998; de la Cal et al. 2003). Non-polar adsorbents, such as Florisil and CarbopakTM, are 

also commonly used for SPLE to remove lipids (Ghosh et al., 2011; Subedi and Usenko, 

2012; Bjorklund et al., 2001; Haglund et al., 2007). 

The objective of this dissertation is to improve and develop high-throughput 

SPLE (extraction and cleanup) methods to enhance our ability to measure POPs in high-

lipid matrices associated with marine mammals, thereby expanding our understanding of 

the environmental fate, transport, and impact of anthropogenic organic pollutants in 

marine ecosystems. SPLE techniques can be designed to reduce analyte loss and 

contamination as well as reduce time, labor, consumables, and chemical exposure. 

Further investigation into SPLE intricacies, such as sorbent selection, adsorbent to 

sample ratios (in select studies also referred to as fat-to-fat retainer (FFR) ratios), and 

layering order of multiple adsorbents are investigated. These high-throughput methods 

are validated using standard reference materials, application to high-lipid marine  

mammal samples, and comparison to previous measurements. 
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CHAPTER TWO 

 
Assessment of legacy and emerging persistent organic pollutants in Weddell seal tissue 

(Leptonychotes weddellii) near McMurdo Sound, Antarctica 
 

Sections of this chapter published as: Stephen J. Trumble, Eleanor M. Robinson, Shawn 
R. Noren, Sascha Usenko, Jay Davis, Shane B. Kanatous .Assessment of legacy and 

emerging persistent organic pollutants in Weddell seal tissue (Leptonychotes weddellii) 
near McMurdo Sound, Antarctica. Sci. Total Environ. 2012, 439, 275-283. 

 
The abstract is reprinted in its entirety; however, only blubber tissue methodologies and 
blubber POP concentrations are discussed in this dissertation. Muscle tissue POP data 

and analysis have been omitted. 
 
 

Abstract 
 

Muscle samples were collected from pup, juvenile and adult Weddell seals 
(Leptonychotes weddellii) near McMurdo Sound, Antarctica during the austral 
summer of 2006. Blubber samples were collected from juvenile and adult seals. 
Samples were analyzed for emerging and legacy persistent organic pollutants 
(POPs) including current and historic-use organochlorine pesticides, 
polychlorinated biphenyls (PCBs), and polybrominated diphenyl ethers (PBDEs). 
Of the 41 target analytes, 28 contaminants were recovered from the Weddell seal 
blubber, in this order of prevalence: p,p′-DDE, p,p′-DDT, trans-nonachlor, mirex, 
cis-nonachlor, PCB 153, PCB 138, dieldrin, heptachlor epoxide, nonachlor III, 
PCB 187, oxychlordane, cis-chlordane, PCB 118, PBDE 47, PCB 156, PCB 149, 
PCB 180, PCB 101, PCB 170, PCB 105, o,p′-DDT, PCB 99, trans-chlordane, 
PCB 157, PCB 167, PCB 189, and PCB 114. Fewer POPs were found in the 
muscle samples, but were similar in the order of prevalence to that of the blubber: 
p,p′-DDE, o,p′-DDT, trans-nonachlor, nonachlor III, oxychlordane, p,p′-DDT, 
dieldrin, mirex, cis-nonachlor, PCB 138, and PCB 105. Besides differences in 
toxicant concentrations reported between the muscle and blubber, we found 
differences in POP levels according to age class and suggest that differences in 
blubber storage and/or mobilization of lipids result in age class differences in 
POPs. To our knowledge, such ontogenetic associations are novel. Importantly, 
data from this study suggest that p,p′-DDT is becoming less prevalent temporally, 
resulting in an increased proportion of its metabolite p,p′-DDE in the tissues of 
this top predator. In addition, this study is among the first to identify a PBDE 
congener in Weddell seals near the McMurdo Station. This may provide evidence 
of increased PBDE transport and encroachment in Antarctic wildlife. 
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Introduction 
 

The use of select persistent organic pollutants (POPs) has gone from high 
production volumes (> 454 t/yr in USA or > 1000 t/yr globally) to severe 
restriction or elimination through regional or global conventions such as the 
Stockholm Convention of 2001 (Muir et al., 1988). Indeed the Stockholm 
Convention, a global treaty designed to protect human health and our environment 
against the most hazardous and toxic POPs (Stockholm Convention, 2011; U.S. 
Environmental Protection Agency, 2011), has called for the elimination of twelve 
“historic” or “legacy” POPs, including dichlorodiphenyltrichloroethanes (DDTs) 
and polychlorinated biphenyls (PCBs). In 2009, it was amended to also include 
nine new or emerging POPs, including many brominated flame retardants, such as 
commercial mixtures of penta- and octa-polybrominated diphenyl ethers (PBDEs) 
and hexabromobiphenyl (U.S. Environmental Protection Agency, 2011). 

Regardless of these efforts, the long environmental half-lives of many 
legacy POPs and their ability to undergo long-range atmospheric transport and 
accumulation in cold environments through cold condensation sustain their 
persistence in the ecosystem, and result in a bioaccumulation up the food chain 
(Simonich and Hites, 1995 and Wania and Dugani, 2003) such that they can be 
measured at toxicologically relevant concentrations all over the world 
(Ballschmiter et al., 2002). As a result, many POPs and their degradation products 
are considered ubiquitous in the environment, especially in high trophic polar 
predators (de Wit and Muir, 2010, Muir and de Wit, 2010 and Wania and 
Mackay, 1996). Indeed, most newer emergent POPs have already been identified 
in the Arctic although point sources do not exist in the region (de Wit and Muir, 
2010). The extent of these chemicals' transport and accumulation in many top 
predators, especially for new or emerging POPs, is still uncertain (Gaden et al., 
2009 and Macdonald et al., 2005). 

Apex predators are routinely regarded as sentinel or indicator species for 
environmental perturbations (Moore and Huntington, 2008) especially since 
lipophilic POPs accumulate in fat deposits. Species with poor metabolic and 
excretory capabilities for these pollutants, such as marine mammals, make ideal 
models for the study of POPs (Moore and Huntington, 2008, Tanabe et al., 
1988 and Tanabe, 2002). For example, polar bears (Ursus maritimus) (Focardi et 
al., 1995) and ringed seals (Phoca hispida) (Muir et al., 2000) have become 
reliable sentinel species for the study of POPs in remote polar environs. The 
accumulation of these compounds in the body is not insignificant; for example, 
p,p′-DDT and its metabolites along with PCBs have been shown to cause 
hormonal and immunological dysfunctions in captive seals (Deswart et al., 
1995 and Reijnders, 1994), while semi-volatile organochlorine compounds have 
been linked with reproductive disorders and endocrine disruption among marine 
mammals (Chiu et al., 2000 and Goldstein et al., 2009). Moreover, recent reports 
have discovered relationships between stress hormones and various POPs, such as 
PCBs, DDTs, and oxychlordane, in Arctic mammals and seabirds (Letcher et al., 
2010). As a result, population declines, such as those observed in ringed, grey 
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(Halichoerus grypus), and harbor (Phoca vitulina) seals, may be attributed to a 
decrease in reproduction rates associated with toxicant loads (Reijnders, 1994). 

The lipid-centric existence of the Antarctic-based Weddell seal (Castellini 
et al., 2009) could be very sensitive and vulnerable to the bioaccumulation of 
POPs. Previous toxicant reports from Antarctic-based seals span nearly three 
decades identifying numerous historic contaminants (George and Frear, 
1966 and Schiavone et al., 2009), mainly from blubber samples, confirming 
widespread global distribution of POPs. However, while most animals/samples 
originated from the Antarctic Peninsula region, there is evidence of POP 
accumulation in Weddell seals inhabiting the Ross Sea region (Focardi et al., 
1995). Additional research is warranted to provide simultaneous reports on legacy 
and emerging POPs in Weddell seals found in McMurdo Sound.  
 
 

Methods 
 
 
Animals 

 
Colorado State University approved protocols for blubber sampling. Briefly, 

Weddell seals were restrained with head bags near the pupping colony at Tent Island, 

McMurdo Sound from October to December 2006. Adult females sampled during this 

study were independent of the pups sampled. Seals were immobilized follow a protocol 

by Noren et al., 2008 utilizing an intravenous injection of telezol (in the dorsal sinus). 

Seals were detained for less than 1 hr and subsequently released full locomotion was  

regained (Trumble et al., 2012). 
 
 
Blubber sampling 

 
Blubber samples were collected using a 6 mm biopsy cannula and stored in glass 

containers (Teflon caps) and immediately frozen in liquid nitrogen. Samples were stored 

in nitrogen gas-filled vials at − 80 °C until analyzed. Blubber masses from a juvenile 

male 0.63 g (n = 1); adult female, 0.05 g (n = 1); and adult male 0.17 g (n = 1) were 
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available for POPs analysis. In accordance with permit protocol, blubber was not sampled 

from pups (Trumble et al., 2012). Adult female and male blubber samples were shipped  

to Baylor University for POPs analysis. 
 
 
Chemicals and materials 

All standards were purchased from Accustandard (New Haven, CT). 
PBDE standards were stored at room temperature, away from sunlight. PCB 
standards were stored at 4 °C. Standards were re-verified for their composition, 
purity and concentration. Solvents were of HPLC grade from J.T. Baker and 
Honeywell. 
 
 

Pressurized liquid extraction and cleanup 

Tissue samples were extracted using an accelerated solvent extractor (ASE 
350, Dionex, Sunnyvale, CA). Tissue samples were stored at − 80 °C prior to 
extraction. Samples were weighed out in a small mortar, then homogenized and 
dried with ~ 25 g of anhydrous sodium sulfate. The samples were transferred to 
an ASE cell (66 mL) containing ~ 12 g of pre-cleaned silica gel. The homogenate 
samples were spiked with isotopically labeled surrogates prior to extraction. 
Samples were extracted (2 cycles) with dichloromethane at 100 °C and 1500 psi 
and a flush volume of 100%. The ASE extract was concentrated to ~ 1.5 mL 
using a Turbo Vap II from Caliper. Large-molecule weight interferences, such as 
fatty acids, were chromatographically separated from target analytes using a gel 
permeation chromatograph (GPC) system (Waters Corporation, Milford, MA). 
The GPC system consisted of two analytical Envirogel GPC cleanup columns (a 
19 × 150 mm and a 19 × 300 mm column) with a protecting guard column 
(4.6 × 30 mm). Target analytes were collected in the 12 to 18 min fraction, 
concentrated to a final volume of ~ 300 μL, and spiked with isotopically labeled 
13C12-PCB 138 as the internal standard. 
 
 

Analysis 

The analysis of pesticides, PCBs, and PBDEs in adult male and female 
blubber was performed using an Agilent 7890 GC coupled to an Agilent 5975 MS 
in electron capture negative ionization (ECNI) and electron impact (EI) modes. 
Selective ion monitoring (SIM) was used for identification of all target analytes, 
surrogates and internal standards in both modes. For GC/ECNI-MS, 1 μL of an 
~ 300 microliter extract was injected using an Agilent 7683 injector in a pulsed 
splitless mode (pulse at 20 psi until 0.74 min). A DB-5 ms capillary column 
(Agilent, 30 m × 0.25 mm i.d.; 0.25 μm film thickness) was used for 
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chromatographic separation with a helium carrier gas (99.999%) at a flow rate of 
1 mL/min. The injection port was set to 300 °C. The oven temperature program 
for the ECNI mode was as follows: 120 °C held for 2 min, ramped at 4 °C/min to 
275 °C, ramped again at 6 °C/min to 320 °C and held for 5 min for a total run 
time of 52.25 min. The ECNI's ion source was set to 150 °C. Methane (99.999%) 
was used as the chemical ionization moderating gas. The quadrupole mass 
analyzer temperature was 150 °C. The ECNI surrogates were 13C6-δ-BHC, d4-
endosulfan I, d4-endosulfan II, 13C12-PCB 77, 13C12-PCB 126, 13C12-PCB 169, and 
13C12-PBDE 126, while 13C12-PCB 138 was the internal standard. For GC/EI-MS, 
the injection volume, injector port temperature, analytical column, and flow rates 
are as described above. The oven temperature program for the EI mode was as 
follows: 120 °C for 1 min, and then ramped at 4 °C/min to 250 °C for a total run 
time of 33.5 min. The EI source temperature was 230 °C. The quadrupole mass 
analyzer temperature was 150 °C. The EI surrogate and internal standards were 
13C12-p,p′-DDT and d10-phenanthrene, respectively. 

The GC/EI-MS analytes consisted of: p,p′-DDT, o,p′-DDT, p,p′-DDE, and 
o,p′-DDE. The GC/ECNI-MS target analytes consisted of pesticides 
(hexachlorocyclohexane (HCH)-alpha, HCH-beta, HCH-gamma, heptachlor, 
heptachlor epoxide, cis-chlordane, trans-chlordane, cis-nonachlor, trans-
nonachlor, endosulfan I, aldrin, dieldrin, and mirex), PCBs (PCB 105 (2,3,3′,4,4′-
PeCB), PCB 114 (2,3,4,4′,5-PeCB), PCB 118 (2,3′,4,4′,5-PeCB), PCB 138 
(2,2′,3,4,4′,5′-HxCB), PCB 153 (2,2′,4,4′,5,5′-HxCB), PCB 156 (2,3,3′,4,4′,5-
HxCB), PCB 157 (2,3,3′,4,4′,5′-HxCB), PCB 167 (2,3′,4,4′,5,5′-HxCB), PCB 169 
(3,3′,4,4′,5,5′-HxCB), PCB 187 (2,2′,3,4′,5,5′,6-HpCB), PCB 189 (2,3,3′,4,4′,5,5′-
HpCB)), and PBDEs (PBDE 28 (2,4,4′-TriBDE), PBDE 47 (2,2′,4,4′-TeBDE), 
PBDE 99 (2,2′,4,4′,5-PeBDE), PBDE 100 (2,2′,4,4′,6-PeBDE), PBDE 153 
(2,2′,4,4′,5,5′-HxBDE), PBDE 154 (2,2′,4,4′,5,6′-HxBDE), and PBDE 183 
(2,2′,3,4,4′,5′,6-HpBDE)). In addition, NOAA laboratories also using ECNI 
analyzed juvenile blubber tissue samples for oxychlordane, nonachlor III, PCB 99 
(2,2′,4,4′,5-PeCB), PCB 101 (2,2′,4,5,5′-PeCB), PCB 149 (2,2′,3,4′,5′,6-HxCB), 
PCB 170 (2,2′,3,3′,4,4′,5-HpCB), and PCB 180 (2,2′,3,4,4′,5,5′-HpCB). 
 
 

Quality control and quality assurance 

Quantification was performed using a calibration curve with isotopically 
labeled surrogates and internal standard. Surrogates were spiked before 
extraction, while the internal standard was spiked prior to analysis. Target analyte 
concentrations were corrected by their surrogate recovery factor for any loss 
during sample preparation. A calibration curve standard was run after every 4–16 
samples to validate the calibration curve. Blanks were run for every 5–7 samples. 
Surrogate recoveries ranged from 100 to 124%. 
 
This SPLE for blubber method was validated using National Institute of Standards 

and Technology Standard Reference Material (NIST SRM 1945; 0.5 g pilot whale 
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blubber; n = 3). Certified values for organochlorine pesticides, PCBs, and PBDEs 

analyzed with ECNI mode were within ±30% (excluding PCB 138, trans-chlordane, and 

trans-nonachlor). Low-range (160 pg/uL; n = 3) calibration curve reproducibility studies 

were performed utilizing bowhead whale blubber (1.5 g). Organochlorine pesticide, PCB, 

and PBDE recoveries from the reproducibility experiment averaged (with relative 

standard deviations) 86 ± 5%, 90 ± 3%, and 80 ± 3%, respectively. DDTs analysis was  

validated by NOAA laboratories.  
 

 
Results 

 
 

Blubber POPs 
Twenty-eight (28) out of 41 target analytes were detectable in the blubber 

(Table 2.1, Figure 2.1), with p,p′-DDE blubber concentrations being the highest 
detected concentrations for juvenile male, adult male, and adult female (81, 310 
and 660 ng/g, respectively). Blubber samples from the pup were not available for 
analysis. The juvenile seal blubber sample had the greatest overall number of 
POPs recovered when compared to other age classes (Table 2.1). Contaminants 
measured in juvenile blubber that were not measured in adult blubber samples 
were nonachlor III, oxychlordane, and PCBs 99, 101, 149, 170 and 180. Despite 
the overall increase in the number of contaminants found in the juvenile blubber, 
individual chemical concentrations were greater in adults (Table 2.1). For 
example, p,p′-DDE concentrations in the blubber were highest in adult 
females > adult males > juvenile males (Table 2.1). This pattern of p,p′-DDE, a 
metabolite of p,p′-DDT, as a percent of the overall contribution of contaminants 
in the blubber trended from females (92%), males (71%) to juvenile males (48%) 
(Figure 2.1). PBDE 47 was only detected in the blubber of the adult male 
(1.2 ng/g) and female (1.8 ng/g) (Table 2.1). 
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Discussions 
 
 

Blubber POPs 
 

Organochlorine pesticides have been used extensively in agriculture 
worldwide since the 1940s with DDTs as the first modern pesticide developed to 
combat mosquitoes spreading malaria, typhus, and other insect-borne human 
diseases. However, because of slow transport poleward, p,p′-DDT and its 

degradation products were not 
reported in key Antarctic predator 
species (Adelie penguin, Pygoscelis 
adeliae and crabeater seal, Lobodon 
carcinophagus) until the mid-1960s 
(Sladen et al., 1966). Nonetheless, 
concentrations of p,p′-DDT in the 
blubber of Weddell seals appear to 
mirror historic use patterns of 
Arctic-based vertebrates. Before 
1970, total DDT concentrations in 
the blubber of the Weddell seal 
ranged from 30 to 121 ng/g lipid 
(Sladen et al., 1966), with 
subsequent DDT values decreasing 
over time, such that by the 1980s 
and 1990s progressively lower 
concentrations of 30 ng/g lipid 
(Luckas et al., 1990) and 11 to 
19 μg/kg wwt (Vetter et al., 2003) 
were reported. A more recent study 
along the Antarctic Peninsula 
supports this trend; blubber 
sampled from southern elephant 
seals in 1999–2000 had a total DDT 
concentration of 5 ng/g lipid 
(Bianchini et al., 2009). 
Nonetheless, eleven (11) 
organochlorine pesticides were 
detected in the blubber of Weddell 
seals including cis-chlordane, trans-
chlordane, heptachlor epoxide, cis-
nonachlor, trans-nonachlor, 

nonachlor III, oxychlordane, dieldrin, mirex, p,p′-DDE, and p,p′-DDT. The 
relative trend of historic organochlorine pesticide concentrations measured in 
blubber (adult male) was ΣDDTs (p,p′-DDT, p,p′-DDE, o,p′-DDT, and o,p′-
DDE) > ΣCHLDs (cis- and trans-nonachlor and cis- and trans-

Table 2.1 POPs in Weddell seal 
blubber. Modified from Trumble et al. 

2012 
 

n.a. not on analyte list 
ND non-detect 
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chlordane) > mirex > ΣPCBs and was similar to that found previously for one 
adult male Weddell seal (Kawano et al., 1984 ). 

The two dominant congeners of PCBs recovered from Weddell seal 
blubber were PCB 138 (4.5–18 ng/g) and PCB 153 (4.8–20 ng/g). However, 
blubber analyzed during this study provided a greater number of congeners than 
documented by a previous study of Weddell seals sampled in the Weddell Sea 
region (Luckas et al., 1990). It is important to note that while this study recovered 
a greater number of congeners, the ΣPCB load (ng/g) was similar when 
comparing previous studies (Luckas et al., 1990, Corsolini et al., 2002 and Vetter 
et al., 2003). This is in contrast to a study of Weddell seals from 1995 sampled in 
Terra Nova Bay near the Italian Antarctic scientific station (350 km north from 
McMurdo Station) where ΣPCB concentrations in the blubber of Weddell seals 
ranged from 406 to 750 ng/g (mean 585 ng/g) (Focardi et al., 1995). While the 
cause of this discrepancy is unclear, recent data suggests historical dumping 
grounds at research stations may be linked to PCB disposal into local waters 
(Howe and Hageman, 2009). 

Although PCBs were recovered in the blubber of all age-classes 
(Table 2.1), males of both age classes had total PCB concentrations higher than 
that found in the adult females. It has been reported that male marine mammals 
tend to be more contaminated by highly lipophilic compounds than females (Muir 
et al., 2000). For example, male Arctic-based ringed seals had twice the PCB 
levels detected in females, and this sex difference is likely due to excretion of 
contaminants by females during lactation and gestation (Addison and Smith, 
1974). For marine mammals, blubber is mobilized during lactation, fasting, and 
activity (Castellini et al., 2009 and Wheatley et al., 2008), providing transport of 
lipophilic contaminants from the lipid to the blood and muscle. Indeed, the 
proportion of contaminants within the whole blood of bottlenose dolphins 
(Tursiops truncatus) increased as blubber lipid content decreased. In other words, 
as blubber lipid is utilized, POPs are redistributed into the blood and tissues 
(Yordy et al., 2010). 

In contrast to the PCB results discussed above, POP concentrations not 
only varied across sex but also across age class. While the sampling protocol 
negated pup blubber sampling, POP concentrations in the blubber were greatest in 
adults (females > males) followed by juvenile males (Table 2.1). Total POP 
concentrations in poorer diving juveniles (Burns et al., 2005) are potentially lower 
than adult levels because of a reduction in prey intake. This reduction in foraging 
efficiency reported in juveniles results in a lower proportion of blubber (% body 
mass) than observed in adult Weddell seals (Noren et al., 2008) and may result in 
a greater mobilization of fat stores than adults to meet energetic needs. This may 
preclude total POP bioaccumulation while resulting in greater numbers of POPs 
present in the blubber. 
 
Further comparisons to previous studies’ historic use pesticides and PCBs 

measurements in Weddell seals collected in 1982 (Luckas et al. 1990) and 1994 (Vetter et 



 

16 
 

al. 2003) provided updates to pesticide and PCB measurements over the past three 

decades. PCB 153 was identified in Luckas et al. (9 ng/g) and Vetter et al. (1.1 ng/g). Our 

PCB measurements (39 ng/g) were within one order of magnitude of the previous 

measurements. However, alpha-HCH was measured at <5 ng/g in the previous studies,  

and was not detected in Weddell seal blubber in this report. 
 
 

Flame retardants in Weddell seals 

Studies of chemical contamination in Antarctica have commonly focused 
on historic POPs. However, some emerging persistent pollutants, such as PBDEs, 
have been reported in sediment samples adjacent to McMurdo station, Antarctica 
(Hale et al., 2008). These compounds are used as flame retardants (Alaee, 2003) 
and are present in many modern polymer-containing products. Home/office 
furnishings and electronics are relatively resistant to biodegradation resulting in 
reported PBDEs in sediment samples which range from 43.6 to 1820 ng/g. It has 
been reported that PBDEs can affect thyroid function and cause 
neurodevelopmental disorders as well as estrogenic and hepatic effects in aquatic 
and terrestrial ecosystems (Staskal and Birnbaum, 2004 and ter Schure and 
Larsson, 2002). PBDE 209, the major constituent in commercial deca-PBDE 
products, was the dominant congener recovered in sludge and dust, as well as 
aquatic sediments collected near the McMurdo wastewater outfall (Howe and 
Hageman, 2009). These data indicate that reliance on wastewater maceration 
alone may permit the entry of substantial amounts of PBDEs into the Antarctic 
environment. 

During the present study, PBDE 47 was measured in adult Weddell seal 
blubber (1.8 and 1.2 ng/g; Table 2.1) with concentrations several times that of 
previously reported values from penguin eggs collected 10 years prior to this 
study (0.29 ng/g lipid) (Focardi et al., 1995). While this is not the first report of 
PBDEs recovered from Antarctic marine mammals (Orsinus orca; Krahn et al., 
2008), we believe this constitutes the farthest southward PBDEs have been 
detected in a vertebrate. This may provide evidence of increased PBDE transport 
and encroachment in Antarctic wildlife. While the Weddell seal blubber samples 
had relatively increased PBDE concentrations when compared to the penguin 
eggs sampled in 1996, studies conducted in Arctic-based marine mammals 
sampled at approximately the same period show much more elevated 
concentrations (Rotander et al., 2012). Specifically, the median ΣPBDE  
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Figure 2.1 Percent contribution of major classes of POPs recovered from Weddell seals’ blubber captured near McMurdo 
Station, Antarctica 2006. Figure modified from Trumble et al. 2012
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concentration in ringed seal blubber from East Greenland ranged from 20 ng/g 
(1984) to 34 ng/g (1998) whereas higher PBDE concentrations (38 ng/g and 
148 ng/g) were found in the hooded seals sampled in the same area (Rotander et 
al., 2012). It is speculated that differences between the Polar Regions may be a 
function of spatial transport whereas differences among the Arctic species 
sampled appear to be related to migration patterns and exposure to wastewater 
outfall (Wolkers et al., 2004). Interestingly, the first PBDE recorded in an Arctic 
marine mammal was documented in ringed seals in 1981 (Letcher et al., 2010), 
approximately 25 years earlier than our Weddell seal data. While consistent data 
have not been collected from Antarctic-based mammals, a study conducted in 
2001 did not detect PBDEs in Weddell seals (Vetter et al., 2003). As with PCBs, 
long-range atmospheric transport may not be the only source of PBDEs in 
Antarctic marine ecosystems. 

 
 

Conclusions 
 
Utilizing the SPLE blubber method described in this report, ultra-trace POP 

concentrations were measured in low masses (<0.2 g) of adult male and female Weddell 

seal blubber collected in 2006 in McMurdo Sound, Antarctica. Adult male and female 

seal blubber had similar POP profiles but varied POP loads. The SPLE method utilized in 

this study combined extraction and adsorbent cleanup for the simultaneous extraction of 

organochlorine pesticides, PCBs, and PBDEs from Weddell seal blubber followed by a 

GPC cleanup step. The combined extraction and adsorbent cleanup reduced the number 

of steps necessary for sample preparation (extraction and cleanup) and overall method 

time by ~0.5 to 1 hr. Further investigation into potential sorbent and/or sorbent 

combinations to incorporate into SPLE to all eliminate post-extraction cleanup steps (i.e. 

GPC) should be pursued in order to improve the high-throughput nature of SPLE  

methods for high-lipid matrices. 
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CHAPTER THREE 

 
High throughput extraction and cleanup methods for halogenated pollutants in marine 

mammal blubber (a high-lipid matrix) 
 

Eleanor M. Robinson, Mo Jia, Stephen J. Trumble, Sascha Usenko 
 

 
Abstract 

 
 Analytical methods for unique and rare samples, such as marine mammal tissue, 

strive to reduce possibilities for analyte loss and contamination. Historically, analytical 

methodologies for blubber require an extraction followed by multiple cleanup and 

concentration steps, which increase the opportunity for analyte loss and sample 

contamination. Selective pressurized liquid extractions (SPLE; an analytical technique 

that combines PLE with in-cell adsorbent cleanup) has the potential to reduce and/or 

eliminate the number of cleanup steps. A SPLE method was developed for the 

simultaneous extraction of polybrominated diphenyl ethers (PBDEs), polychlorinated 

biphenyls (PCBs), and organochlorine pesticides (OCPs) from bowhead whale blubber. 

This SPLE utilized acidic silica with a fat-to-fat retainer ratio of 0.02 as well as neutral 

silica as an acid buffer, and eliminated post-extraction cleanup steps, such as size-

exclusion chromatography step. Analysis was performed using gas chromatography/mass 

spectrometry in electron capture negative ionization mode. PBDE, PCB and OCP 

triplicate recoveries averaged 84 ± 1%, 83 ± 3%, and 76 ± 11%, respectively. Overall, 

measurements of NIST Whale Blubber standard reference material 1945 were within ± 

30% of certified values. PBDEs were measured for the first time in Bowhead whale 

blubber; average concentrations ranged from 0.2 to 1.4 ng g-1. Average OCPs and PCBs 
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concentrations ranged from 0.4 to 37 ng g-1 and 0.1 to 3.0 ng g-1, respectively, and were 

within one order of magnitude of concentrations reported in bowhead whale blubber  

previous studies. 
 
 

Introduction 
 
Persistent organic pollutants (POPs), such as polybrominated diphenyl ethers 

(PBDEs), polychlorinated biphenyls (PCBs), and organochlorine pesticides (OCPs), 

undergo long-range atmospheric transport and bioaccumulate due to their physical-

chemical properties in lipid rich biological matrices, such as marine mammal blubber 

(Hoekstra et al. 2002; Kucklick et al. 2002; Trumble et al. 2012; Law et al. 2010). POP 

trends and profiles from marine mammal matrices have provided valuable information 

regarding contaminant behavior and environmental fate (Hoekstra et al. 2002; Lebeuf et 

al. 2004; Muir et al. 1996; de Wit et al. 2006). POP trends and profiles are generated 

from marine mammal samples are often unique and irreplaceable due to the difficulty of 

obtaining marine mammal samples.  

Historically, sample preparation methods for POP extraction from high-lipid 

matrices (i.e. >30% lipid) utilized multiple steps: soxhlet or pressurized liquid extraction 

(PLE) followed by traditional column cleanup, acid digestion, and gel permeation 

chromatography (GPC) (Hoekstra et al. 2002; Schantz et al. 1995; Sloan et al. 2005) (Fig. 

3.1 and 3.S1). However, due to the volatility of select POPs, during each preparation step 

(traditional packed column and GPC cleanup, each cleanup step is followed by a 

concentration step via nitrogen) there are possibilities for analyte loss and contamination. 

The goal of extraction methods for POPs should seek to reduce the overall number of 

steps. 
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One solution to reduce the number of sample preparation steps for POPs analysis 

is selective pressurized liquid extraction (SPLE), a technique that combines pressurized 

liquid extraction with cleanup adsorbent/s (Robinson et al. 2013; Subedi et al. 2012;  

Bjorklund et al. 2006; Ghosh et al. 2012). By reducing the number of sample preparation 

steps, SPLE has the potential to also reduce possibilities for analyte loss and sample 

contamination. One of the recent analytical challenges of extracting POPs from high-lipid 

matrices is the optimization of SPLE methods that eliminate traditionally required post-

extraction cleanup steps.  Trumble et al. extracted PBDEs, PCBs, and OCPs from 

Weddell seal (Leptonychotes weddelli) blubber using SPLE that incorporated neutral 

silica into the extraction cell and required GPC as post-extraction cleanup (Fig. 3.1B) 

(Trumble et al. 2012). However, other adsorbents have been incorporated into SPLE and 

eliminated additional cleanup steps for high-lipid matrices. For example, Florisil was 

incorporated in SPLE, and eliminated additional cleanup steps, for the extraction of: 

PCBs from dried spoonbill eggs (42% lipid) (Gomez-Aria et al. 2002), PBDEs from 

whale blubber standard reference material (SRM) 1945 (72%) (Losada et al. 2009), and 

PBDEs, PCBs, and OCPs from a unique high-lipid matrix, whale earwax [10]. Similarly, 

acidic silica was incorporated into SPLE and eliminated additional cleanup steps for the 

extraction of: PCBs from pure lard (fat) (Bjorklund et al. 2001) and PCBs and PBDEs 

from sheep liver (31% lipid) (Zhang et al. 2011).  

The objective of this study was to develop a SPLE of PBDEs, PCBs, and OCPs 

from a high-lipid matrix (>70% lipid), bowhead whale blubber, that eliminates post-

extraction cleanup steps. In the literature, blubber masses ranging from 0.03 to 5 g have 

been utilized for POP analysis (Trumble et al. 2012; Gundersen et al. 2013; Wu et al. 
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2013; Waugh et al. 2014). This method was designed to extract analytes from matrices 

with 1.5 g blubber (>1 g of lipid) within a single PLE extraction cell. This study 

expanded on previous high-lipid SPLE research by using acidic silica (Bjorklund et al. 

2001) for the simultaneous extraction of PBDEs, PCBs, and OCPs from a high-lipid 

matrix and elimination of additional cleanup steps as compared to previous marine 

mammal blubber methods (Trumble et al. 2012; Sloan et al. 2005). This method was 

validated using National Institute of Standards and Technology standard reference 

material (NIST SRM) blubber 1945 and compared to previously published bowhead 

whale (Balaena mysticetus) blubber OCP and PCB measurements (Hoekstra et al. 2002).  

PBDE measurements in bowhead whale blubber were reported for the first time. 
 

 
Materials and Methods 

 
Chemicals were purchased commercially at reagent grade or better and stored in 

accordance with the manufacturer’s recommendations. The majority of chemical 

specifications have been described previously (Robinson et al. 2013). Sulfuric acid of 95-

98% purity was purchased from EMD (Darmstadt, Germany). Acidic silica was prepared 

in accordance with Bjorklund et al. 2001 and Muller et al. 2001 (2:3 w/w sulfuric acid to 

neutral silica ratio; 40% sulfuric acid silica gel) by adding 200 g of sulfuric acid to 300 g 

of previously baked neutral silica (baked at 200 °C for 12 h and allowed to cool). The 

acidified silica was mixed overnight on an Orbital Shaking Incubator (VWR, Model: 

1575R, Radnor, PA, USA) (Bjorklund et al. 2001; Muller et al. 2001). The analyte list 

consisted of 30 analytes of interest and 7 isotopically-labeled quantification standards 

including OCPs, PCBs, and PBDEs (Supplementary Content). Bowhead whale blubber  
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sample collected in 1999-2001 from Barrow and Kahtovik, AK (n = 6; two from each  

year). Samples were stored at -80 °C until analysis. 
 
 
Selective pressurized liquid extraction 

 
For this study, PBDEs, PCBs, and OCPs were extracted from blubber 

homogenates using SPLE, which combined PLE with acidic silica cleanup techniques 

into a single automated technique. SPLE was performed using an accelerated solvent 

extractor (ASE; ASE 350, Thermo Scientific DionexTM, Salt Lake City, UT, USA) with 

100 mL extraction cells. First, an aliquot of ~1.5 g ww bowhead whale blubber (>1 g 

lipid; blubber samples were gravimetrically determined to have an average of 70% lipid, 

ranging from 64-83% lipid) was homogenized with anhydrous sodium sulfate to remove 

water. Sodium sulfate was previously baked at 500 °C for 12 h and allowed to cool. 

Blubber homogenates were placed on top of adsorbents in the following order from top to 

bottom: acidic silica (55 g) and baked neutral silica (5 g; Fig. 3.1C). To correct for 

analyte loss during sample preparation, blubber homogenates were fortified with 

isotopically-labeled surrogate standards and were allowed to equilibrate for 1 h prior to 

extraction. Briefly, the ASE parameters were 100 °C, 1500 psi, 2 cycles (5 min each), and 

100% rinse volume with n-hexane as the extraction solvent. Blubber extracts were 

concentrated to ~0.3 mL using a Turbo Vap II from Caliper (Hopkinton, MA), then 

transferred to a gas chromatography (GC) vial and spiked with isotopically-labeled 

internal standards prior to analysis using gas chromatography/mass spectrometry  

(GC/MS; analysis parameters described previously (Robinson et al. 2013). 
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Figure 3.1: Progression of extraction methods for blubber samples from PLE to SPLE based on A) Sloan et al. 2004, B) 
Trumble et al. 2012, and C) this report, 2014. 
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Sorbent and sorbent mass (fat to fat retainer ratio) selection 
 
Sorbents were selected based on their ability to remove interferences, densities, 

and not retain analytes of interest. SPLE studies have shown that Florisil and treated 

sorbents (i.e. acidic silica and basic and acidic alumina) can successfully retain potential 

interferences present in high-lipid matrices (Bjorklund et al. 2006) and reduce 

chromatogram baselines (Robinson et al. 2013). In the literature, use of alumina has 

resulted in high variability for PBDEs (relative standard deviation (RSD) >30 (Losada et 

al. 2009) and select organosulfide pesticides (RSD >56%) (Robinson et al. 2013). 

Initially, sorbent mass was selected based on an optimized fat to fat retainer (FFR) ratio 

of 1:40 or 0.025 for complete fat removal from lard (fat) extracts by Bjorklund et al. 

2001. Florisil and acidic silica were examined at a 1:40 FFR (0.025) ratio. FFR ratios 

using acidic silica gel were optimized to 0.02 in order to incorporate larger masses of 

acidic silica (fat retaining sorbent) to accommodate larger masses of lipid in a 100 mL 

extraction cell. 

When using acidic silica, a layer of neutral silica was placed beneath acidic silica 

to prevent acid from exiting the extraction cell and contaminating and potentially 

damaging instrumentation. To minimize total sorbent volume in the extraction cell and 

allow for greater masses of blubber homogenate, the ratio of neutral silica to acidic silica 

to buffer the acid from exiting the extraction cell was examined. A black discolored 

extraction cellulose filter indicated acid had reached the filter (Fig. 3.1). Muller et al. 

utilized a 1 g neutral silica layer below 10 g acid impregnated silica (1:10) to successfully 

prevent acid breakthrough (Muller et al. 2001). Our SPLE method utilizes 55 g acid 

silica, so the neutral silica layer was examined at 1:10, 1:15, 1:20, 1:30, 1:40, 1:50, and 
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1:60 ratios (neutral to acidic silica). Five grams acidic silica with no neutral silica layer 

was also examined.  

Solvent selection was based on the sorbent selected. Based on high-lipid SPLE 

literature reviews, use of acidic silica utilizes n-hexane as an extraction solvent 

(Bjorklund et al. 2001) in order to reduce the amount of co-extracted material and 

potential interferences (i.e. acid-modified silica degradable material) that may be 

extracted when using dichloromethane (DCM) (Bjorklund et al. 2006). Also based on 

literature reviews of SPLE incorporating Florisil suggested a combination of DCM and n-

hexane to optimize POP recoveries (Bjorklund et al. 2006; Ghosh et al. 2012; Gomez-

Aria et al. 2002; Losada et al. 2009; Bjorklund et al. 2001; Zhang et al. 2011). 

 
 
Reproducibility studies, method detection limits (MDLs), and method validation 

 
Protocols for reproducibility studies have been previously described (Robinson et 

al. 2013). Low- (total average 160 pg uL-1; n = 7) and mid- (total average 225 pg uL-1; n 

= 3) range calibration curve reproducibility studies were performed. Statistically derived 

MDLs were determined by analyzing seven ~1.5 g ww aliquots of a bowhead whale 

blubber sample spiked with analytes at concentrations corresponding to the penultimate 

calibration point (total average 7 pg uL-1) (CFR Title 40). This method was validated  

using NIST SRM 1945 (~ 1.5 g pilot whale blubber; n = 3). 
 
 

Application to environmental samples 
 
This method was used to extract PBDEs, PCBs, and OCPs from blubber samples 

from two whale species, bowhead whale and SRM pilot whale (Globicephala melaena). 

Bowhead whale blubber (~1.5 g; n = 6) was analyzed for PBDEs, PCBs, and OCPs. The 
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OCP and PCB concentrations were compared to concentrations previously reported by 

Hoekstra et al. 2002 (Table 3.1). However, for this report the selection of acidic silica as 

a sorbent would result in unsuccessful extraction of several OCPs (Supplementary 

Content) since select OCPs may be degraded by use of sulfuric acid (from the acidic  

silica) (Hernández Hernández et al. 1987). 
 

 
Results and Discussions 

 
 

Sorbent and sorbent mass selection 
 
Our analysis determined that layered acidic silica (55 g) and neutral silica (5 g; 

Fig. 3.1C; FFR = 0.02) were appropriate sorbents for the simultaneous SPLE of PBDEs, 

PCBs, and select OCPs. Acidic silica was selected based on: its ability to remove 

interferences (i.e. lipids), higher density compared to Florisil, and ability for successful 

extraction of analytes of interest (analyte recoveries). Neutral silica (placed below acidic 

silica) was selected to act as a buffer to prevent acid from exiting the extraction cell and 

help remove potential polar interferences as well as its ability to not retain analytes of 

interest. 

Acidic silica and Florisil removed interferences from blubber SPLE; however due 

to limited extraction cell volumes, acidic silica, the sorbent with higher density in the 

extraction cell, was selected. Currently, the largest commercially available ASE 

extraction cells is 100 mL. Without homogenate, the maximum individual mass of 

Florisil and acidic silica that can be placed in a single 100 mL extraction cell is 50 g and 

80 g, respectively. For a 1:40 FFR ratio, blubber homogenate and 45 g of Florisil 

exceeded the volume of a 100 mL extraction cell. Forty-five grams of neutral silica (the 
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in-cell sorbent utilized in Trumble et al.’s method) and blubber homogenate also 

exceeded the extraction cell volume. Florisil and neutral silica, commercially purchased 

sorbents, have 60-100 and 70-230 mesh sizes, respectively. Acidic silica (55 g), neutral 

silica (5 g), and blubber homogenate (21.5 g) were within the volume of the 100 mL 

extraction cell.  

To prevent potential instrumentation damage from acid contamination, a 

recommended ratio of neutral to acidic silica is 0.1. Black discoloration of the total filter 

was observed with 5 g of acidic silica when no neutral layer was present. One gram of 

neutral silica formed a thin layer over the top of the cellulose ASE filter (3 cm dia.) and 

prevented discoloration of the total filter when utilizing up to 60 g of acidic silica (1:60 

ratio). In select experiments (1:30 and 1:60 neutral to acidic silica ratios) the thin neutral 

silica layer may have shifted within the extraction cell allowing acid to reach the edges of 

the cellulose filter causing partial black discoloration. As a precaution for potential 

shifting and mixing of neutral and acidic layers, a 5 g neutral silica layer was used as a 

buffer and placed below 55 g of acidic silica.  

The selection of n-hexane as the extraction solvent was based upon the use of 

acidic silica. Previous studies for PCB and PBDE analysis using acidic silica SPLE for 

sheep liver have optimized recoveries by examining solvent ratios of DCM and iso-

hexanes (Zhang et al. 2011). However, this study determined for high-lipid matrices 

utilizing n-hexane (without DCM) as an extraction solvent and a layer of neutral silica 

beneath the acid modified silica resulted in reproducible recoveries (Fig. 3.2) and  

measurements of PBDEs, PCBs, and OCPs in SRM Whale Blubber 1945 (Fig. 3.3). 
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Reproducibility, MDLs, and method validation  
 
Low- (160 pg uL-1) and mid- (225 pg uL-1) range calibration curve reproducibility 

studies were performed. Low-range calibration curve reproducibility experiments had 

PBDE, PCB, and OCP total average percent recoveries with average RSD of 86 ± 3% 

(ranging from 69 to 110%), 93 ± 4% (ranging from 89 to 98%), and 74 ± 11% (ranging 

from 41 to 110%) , respectively (Fig. 3.3). The mid-range calibration curve 

reproducibility experiments for PBDEs, PCBs, and OCPs had similar average percent 

recoveries with RSD of 84 ± 1% (ranging from 58 to 105%), 86 ± 3% (ranging from 79 

to 102%), and 76 ± 11% (ranging from 72 to 93%), respectively. MDLS for OCPs, PCBs, 

and PBDE ranged from 0.27 to 8.3 ng g-1, 0.06 to 0.93 ng g-1, to 0.21 to 1.9 ng g-1, 

respectively (Supplementary Content). The analytical method was validated using SRM 

1945 (n = 3). PBDE and OCP measurements were within ±30% of certified values 

(excluding cis- and trans-chlordane); PCB measurements were within ±10% of certified  

values (Fig. 3.3). 
 
 

 
Figure 3.2: Reproducibility Study: Triplicate Spike and Recovery with RSD 
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Figure 3.3:  Comparison of SRM measurements (n=3; mean with standard deviations) to 
SRM Certified Values. *Error bars represent the uncertainties reported by NIST for 
certified values 

 
 
Application to environmental samples 

 
PBDEs were measured for the first time along with OCPs and PCBs in bowhead 

whale blubber collected from Barrow and Kahtovik, AK from 1999-2001. BDE 28 and 

47 were measured and BDE 99 was detected in two blubber samples collected in 1999 

(~3 g blubber aliquots). Seven OCPs (α-HCH, β-HCH, γ-HCH, cis- and trans- chlordane, 

cis- and trans-nonachlor) and seven PCBs (PCB 105, 118, 138, 153, 156, 167, and 187) 

were quantified in six bowhead whale blubber samples collected from Barrow and 

Kahtovik, AK from 1999-2001 (Table 3.1). Mirex, PCBs 114, 126, 157, and 169 were 

identified below MDLs. To the best of our knowledge, no studies have reported OCP and 

PCB data from bowhead whale blubber samples collected in 2001.  

Seven OCPs and four PCBs measured in bowhead blubber with this method have 

been previously measured by Hoeksta et al. 2002 (samples collected in 1997-2000; Table 
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1). For the overlapping analytes from this report and Hoekstra et al., our OCP and PCB 

measurements were within one order of magnitude of Hoekstra et al.’s previous 

measurements. For overlapping quantified analytes, this report’s average OCP and PCB 

concentrations ranged from 0.4 to 37 ng g-1 and 0.1 to 3 ng g-1, respectively; Hoekstra et 

al. geometric mean OCP and PCB concentrations ranged from 16 to 114 ng g-1 and 2.8 to 

14 ng g-1, respectively (Table 3.1). Three PCBs (PCB 114, 156, and 167) were detected 

and/or measured in this report that were not detected in Hoekstra et al. (Table 3.1). One 

explanation for the identification of these three additional PCBs may have been due to the 

reduction in the number of nitrogen blow down steps (due to elimination of GPC). In 

addition to the three identified PBDEs, five additional POPs (mirex, PCB 126, 157, 169, 

and 187) were identified in this report that were not previously identified by Hoekstra et 

al. (not on their analyte list). Also, one noteworthy point is Hoekstra et al. reported 

dieldrin concentrations in bowhead blubber; however, dieldrin cannot be successfully 

measured using the method in this report due to use of sulfuric acid. 

PBDE concentrations observed in this report are dominated by BDE 28 followed 

by BDE 47 and BDE 99. Since PBDE 28 is not a major constituent of commercial PBDE 

mixtures (penta-PBDES), its presence may be due to degradation (i.e. debromination in 

the atmosphere or metabolism) of higher brominated PBDEs. The loss of a single 

bromine via debromination or metabolism would transform BDE 47 to 28 as well as BDE 

99 to 47 (Usenko et al. 2013). Our observation of lower brominated PBDE dominance is 

similar to a study by Quakenbush, 2007 in four species of seal blubber (n = 20; 15 g 

aliquots) collected from Little Diomede and Hooper Bay, AK in 2003 (Quakenbush et al. 

2007). Quakenbush observed a PBDE profile with BDE 30 as the dominate congener 
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followed by BDE 28. BDE 30 was not on this report’s analyte list. Quakenbush 

hypothesized that the lower brominated PBDE profile was caused by debromination 

during the transport over longer distances to the Bering Sea from anthropogenic PBDE 

sources, suggesting that PBDEs degraded before entering the Bowhead’s food web 

(Quakenbush et al. 2007). A study by Wania and Dugani 2003 also suggests that the 

presence of lower brominated PBDEs in remote regions may be expected due to their 

high long range transport potential. To the best of our knowledge there have been no 

reports on PBDE debromination and metabolism in bowhead whales; however, PBDE 

metabolism from BDE 47 to 28  has been observed in heptatic microsomes of a beluga 

whale (Delphinapterus leucas) from the Arviat area (western Hudson Bay) of the 

Canadian Arctic (McKinney et al. 2006). The exact mechanism of PBDE transformation 

identified in these bowhead whale profiles is beyond the scope of this report; however, 

the dominance of BDE 28 concentrations suggests degradation via 

atmospheric/environmental degradation and/or metabolism has occurred. 

Typically, POPs data are correlated to metadata to perform further biological and 

geographical assessments of the marine mammals’ exposure (i.e. females due to maternal 

offloading have lower contaminant loads than males). For select blubber samples, the 

gender datum was not available. Therefore, blubber tissue was used to determine the 

genders of the bowhead whale samples using polymerase chain reaction (Supplementary 

Content). There was no statistically significant difference (two sided student t-test; n = 6; 

p > 0.05) between POP load and gender likely due to our limited sample size (n = 6). 

This gender determination technique was also utilized to determine unknown genders of 



 

38 
 

bowhead whale fetus samples (n = 3); OCPs and PCBs were detected in the fetus samples 

(using a previous SPLE method, Trumble et al.; Figure 3.1B) but were below MDLs. 

SPLE incorporating acidic silica or Florisil in single extraction cells may be 

appropriate for POPs analysis in blubber, depending on the desired blubber mass. 

Theoretically, <0.3 g of lipid (or 0.4 g of blubber assuming 75% lipid) could be extracted 

for PBDEs, PCBs, and OCPs using previously published Florisil SPLE methods in a 

single 100 mL extraction cell [13]. Select OCPs eliminated from this report’s analyte list 

due to use of acidic silica may be incorporated into a Florisil SPLE method. However for 

extractions of >0.3 g lipid, utilization of multiple extraction cells and extractions utilizing 

a Florisil SPLE methods may be necessary. This would increase the overall time and 

amount of consumables utilized for the extraction. The method in this report was 

designed for a single SPLE extraction PBDEs, PCBs, and OCPs from high-lipid matrices  

with >1 g lipid in the sample, therefore, acidic silica is recommended at a 1:40 FFR ratio. 
 
 

Conclusions 
 
An SPLE utilizing layered acidic and neutral silica for simultaneous extraction of 

PBDEs, PCBs, and OCPs with no post-extraction cleanup steps in a high-lipid matrix 

(marine mammal blubber) was determined. This single extraction allows PBDEs, PCBs, 

and OCPs to be successfully extracted from a blubber sample containing >1 g of lipid 

using a 100 mL extraction cell. This study highlights the importance of high-density 

sorbents. Further investigation of polar and non-polar solvent combinations with high-

density sorbents may provide more information on how to increase FFRs and utilize less 

extraction cell volume allowing single extraction cell SPLE of samples containing high 

masses of lipid. 
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Table 3.1 POP concentrations in bowhead whale blubber 
 

OCPs and 
PBDEs 

 
Acidic Silica SPLE a 

 
Hoekstra et al. 2002 b 

PCBs 

 
Acidic Silica SPLE a 

 
Hoekstra et al. 2002 b 

AVG conc (ng g-1 
ww) ± SD  

Geometric mean  
(ng g-1 ww) ± 1 SE 

AVG conc (ng g-1 ww) ± SD 
Geometric mean  

(ng g-1 ww) ± 1 SE 

alpha-HCH 37 ± 2 114 ± 11 PCB 105 0.5 ± 0.004 2.8 ± 0.2 
beta-HCH 33 ± 3 57 ± 2.9 PCB 114 0.08 ± 0.01* nd 
gamma-HCH 10 ± 1 29 ± 2.6 PCB 118 2 ± 0.03 14 ± 1.2 
cis-chlordane 11 ± 1 23 ± 3.0 PCB 126 0.01 ± 0.004* – 
trans-chlordane 0.4 ± 0.06 27 ± 2.5 PCB 138 3 ± 1 12 ± 0.7 
cis-nonachlor 4 ± 0.3 16 ± 1.2 PCB 153 3 ± 0.1 13 ± 1.5 
trans-nonachlor 37 ± 4 34 ± 1.8 PCB 156 0.1 ± 0.002 nd 
mirex 0.2 ± 0.01* – PCB 157 0.03 ± 0.003* – 
PBDE 28 1.4 ± 0.6 – PCB 167 0.08 ± 0.002 nd 
PBDE 47 0.19 ± 0.04 – PCB 169 0.01 ± 0.004* – 
PBDE 99 0.12 ± 0.01* – PCB 187 0.7 ± 0.1 – 

a Average concentrations (± std dev) using method described in this report ( n=6; nd not included calculations; samples from 1999–2001) 
b Geometric mean concentrations (± 1 SE) from Hoekstra et al., 2002 (n = 72; samples from 1997–2000) 
* below MDL 
nd not detected 
– not on method’s analyte list 
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Supplementary Content 

 
 
Analyte List 

The analyte list consisted of 30 POPs including organochlorine pesticides (OCPs), 

polychlorinated biphenyls (PCBs), and polybrominated diphenyl ethers (PBDEs). OCP 

analytes included: α-hexachlorocyclohexane (HCH), β-HCH, δ-HCH, γ-HCH, trans-

chlordane, cis-chlordane, trans-nonachlor, cis-nonachlor, and mirex. Heptachlor, 

heptachlor epoxide, aldrin, dieldrin, endrin, endrin ketone, endrin aldehyde, endosulfan I, 

and II were also examined but were removed from the target analyte list due to poor 

recoveries. PCB analytes consisted of PCB 77, 81, 105, 114, 118, 123, 126, 138, 153, 

156, 167, 169, 187, and 189. PBDE analytes were BDE 28, 47, 99, 100, 153, 154, and 

183. POP analytes were selected based upon their persistent and bioaccumulative 

properties as well as reported concentrations in blubber of multiple whale species 

(Metcalfe et al. 2004; Mackay et al. 1992; Varanasi et al. 1994). The isotopically-labeled 

surrogates were 13C6-δ-HCH, 13C12-PCB 77, 13C12-PCB 126, 13C12-PCB 169, and 13C12-

PBDE 126. The isotopically-labeled internal standards were 13C12-PCB 138 and 13C12-

PBDE 139. 
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Whale gender determination by DNA extraction and polymerase chain reaction 

Blubber samples including attached skins were sectioned into different layers and 

kept frozen in sealed polyethylene bags at -80 ºC until DNA was extracted. Four samples 

with known gender information were used as positive controls (Budge et al. 2008). All 

individual samples were run in triplicate. DNA from skin and blubber tissues was 

extracted using DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) according to 

manufacturer’s instructions: Tissue samples of ~200 mg were mixed thoroughly with 

lysis buffer and Proteinase K (Qiagen, Valencia, CA), followed by an overnight 

incubation at 56 ºC with shaking. DNA was spin-column purified and dissolved in TE 

buffer (10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0). The quality and quantity of the DNA 

samples were determined by a NanoDrop ND-1000 UV/Vis spectrophotometer 

(NanoDrop Technologies, Wilmington, DE) before PCR amplification.  

PCR amplification was performed according to Shaw et al. with minor 

modification (Shaw et al. 2003). A 50 µl reaction system was used and it consisted of 100 

ng of template DNA, 1x Taq buffer with 1.5 mM Mg2+, 0.2 mM of each nucleotide 

triphosphate, 0.4 µM of each primer, 1 unit of Taq polymerase (Kapa Biosystems, 

Woburn, MA) and 2% DMSO (v/v, Thermo Fisher Scientific, Lafayette, CO).  The 

primer sequences used to identify the Zfx and Zfy intron polymorphisms were LGL331 

5’-CAAATCATGCAAGGATAGAC and LGL335 5’-

AGACCTGATTCCAGACAGTACCA (Cathey et al. 1998). The PCR conditions were 

optimized to 2 min at 95 ºC, followed by 45 cycles of 30 s at 95 ºC, 30 s at 55 ºC, 2 min 

at 72 ºC and a final extension of 2 min at 72 ºC. 
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The PCR products were examined by agarose gel electrophoresis (1.0% agarose 

with ethidium bromide, 1x TAE buffer, 120V for 40 min) (ISC BioExpress, Kaysville, 

UT). Each gel included a negative control without template DNA and a 100 base pair 

Ladder DNA marker (Axygen Biosciences, Union City, CA) as a size standard. Gels 

were visualized using the Ultra-Lum UV gel imaging system and UltraQuant 6.0 

software (Ultra-Lum Incorporated, Claremont, CA). Gender determination was made 

based on the number of bands appeared on the gel for a given sample. There was only 

one band that corresponded to the intron on both X chromosomes for female samples, 

whereas there were two bands for male samples, each representing an intron from X or Y  

chromosome.  
 
 
 Supplementary Figures 

 
Figure 3.S1: Soxhlet blubber methodologies adapted from Schantz et al. 
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Table 3.S1 Individual analyte method detection limits for this report 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

Method Detection Limits 
Analytes ng/g Analytes ng/g Analytes ng/g 

alpha-HCH 8.18 PBDE 28 0.64 PCB 77 0.06 
beta-HCH 8.30 PBDE 47 0.21 PCB 81 0.16 

gamma-HCH 3.86 PBDE 99 0.99 PCB 105 0.19 
delta-HCH 0.65 PBDE 100 0.79 PCB 114 0.13 

trans-chlordane 0.27 PBDE 153 0.69 PCB 118 0.64 
cis-chlordane 1.51 PBDE 154 1.32 PCB 123 0.19 
trans-nonaclor 3.89 PBDE 183 1.89 PCB 126 0.10 
cis-nonaclor 0.30     PCB 138 0.93 

mirex 1.94     PCB 153 0.86 
      PCB 156 0.08 

      PCB 157 0.07 
      PCB 167 0.06 
      PCB 169 0.09 
      PCB 187 0.19 
      PCB 189 0.14 
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CHAPTER FOUR 

 
Selective pressurized liquid extraction of pesticides, polychlorinated biphenyls, and 
polybrominated diphenyl ethers in a whale earplug (earwax): A novel method for 

analyzing organic contaminants in lipid-rich matrices 
 

This chapter published as: Eleanor M. Robinson, Stephen J. Trumble, Bikram 
Subedi, Rebel Sanders, and Sascha Usenko Selective pressurized liquid extraction of 
pesticides, polychlorinated biphenyls and polybrominated diphenyl ethers in a whale 
earplug (earwax): A novel method for analyzing organic contaminants in lipid-rich 

matrices. J. Chromatogr. A 2013, 1319, 14-20. 
 
 

Abstract 
 
Lipid-rich matrices are often sinks for lipophilic contaminants, such as pesticides, 

polychlorinated biphenyls (PCBs), and polybrominated diphenyl ethers (PBDEs). 

Typically methods for contaminant extraction and cleanup for lipid-rich matrices require 

multiple cleanup steps; however, a selective pressurized liquid extraction (SPLE) 

technique requiring no additional cleanup has been developed for the simultaneous 

extraction and cleanup of whale earwax (cerumen; a lipid-rich matrix). Whale earwax 

accumulates in select whale species over their lifetime to form wax earplugs. Typically 

used as an aging technique in cetaceans, layers or laminae that comprise the earplug are 

thought to be associated with annual or semiannual migration and feeding patterns. 

Whale earplugs (earwax) represent a unique matrix capable of recording and archiving 

whales’ lifetime contaminant profiles. This study reports the first analytical method 

developed for identifying and quantifying lipophilic persistent organic pollutants (POPs) 

in a whale earplug including organochlorine pesticides, polychlorinated biphenyls 

(PCBs), and polybrominated diphenyl ethers (PBDEs). The analytical method was 
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developed using SPLE to extract contaminants from ∼0.25 to 0.5 g aliquots of each 

lamina of sectioned earplug. The SPLE was optimized for cleanup adsorbents (basic 

alumina, silica gel, and Florisil®), adsorbent to sample ratio, and adsorbent order. In the 

optimized SPLE method, the earwax homogenate was placed within the extraction cell on 

top of basic alumina (5 g), silica gel (15 g), and Florisil® (10 g) and the target analytes 

were extracted from the homogenate using 1:1 (v/v) dichloromethane:hexane. POPs were 

analyzed using gas chromatography–mass spectrometry with electron capture negative  

ionization and electron impact ionization. The average percent recoveries for the POPs 

were 91% (±6% relative standard deviation), while limits of detection and quantification 

ranged from 0.00057 to 0.96 ng g−1 and 0.0017 to 2.9 ng g−1, respectively. Pesticides, 

PCBs, and PBDEs, were measured in a single blue whale (Balaenoptera musculus)  

cerumen lamina at concentrations ranging from 0.11 to 150 ng g−1. 
 
 
1. Introduction 

 
Due to their life spans (up to 100+ years), trophic status, and relatively predictable 

migration patterns and home ranges, marine mammals including cetaceans (Order 

Mysticeti) have been identified as sentinels of environmental change [1-3]. These large 

mammals house enormous lipid stores (including blubber and liver tissue) which have 

been shown to act as sinks for anthropogenic lipophilic compounds, such as persistent 

organic pollutants (POPs) [4-9]. Whale cerumen (earwax), another lipid reservoir, is 

composed of wax and keratin and is secreted in an alternating light/dark pattern forming 

an earplug. Traditionally, earplugs are used as an aging proxy for baleen whales (Fig. 4.1) 

[10-13]. 
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Due to the unique nature of this lipophilic matrix and the range of polarities of the 

target analyte list (pesticides, polychlorinated biphenyls; PCBs, and polybrominated 

diphenyl ethers; PBDEs), no analytical methods have been developed for the extraction 

and quantification of pesticides, PCBs, and PBDEs in whale cerumen. Preliminary 

experiments attempting to analyze whale cerumen with previously developed methods for 

whale blubber, which utilized pressurized liquid extraction (PLE) silica adsorbent 

cleanup, and gel permeation chromatography were unsuccessful. Recent analytical 

advancements, such as selective pressurized liquid extraction (SPLE), have significantly 

improved the efficiency of contaminant extractions from complex matrices such as 

muscle and blubber tissues [14, 15]. SPLE techniques incorporate some or all of the 

necessary cleanup techniques (such as silica gel column chromatography) with PLE into 

a single automated extraction technique. SPLE has been used to extract PCBs and dioxins 

from fish oil and fish tissue [16, 17], pesticides, PCBs, and PBDEs from fish tissue [18], 

as well as dioxins and furans in soils and sediments [19]. In addition, SPLE has been used 

to extract personal care products and pharmaceuticals in fish tissue [20] and 

organochlorine pesticides from soil samples [21, 22]. These techniques utilize a wide 

range of adsorbents (placed underneath a homogenized environmental sample within the 

extraction cell), such as basic alumina, silica gel, and Florisil® to remove matrix 

interferences such as non-polar lipids [23]. SPLE have also been shown to reduce time, 

consumables, and training associated with sample preparation [24-28]. 

The objective of this study was to develop an analytical method capable of the 

trace analysis of multiple classes of organic contaminants (organochlorine pesticides, 

PCBs, and PBDEs) in a single lamina of whale earplug. Currently, there is a need for 
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SPLE methods for multiple classes of contaminants with a range of polarities, such as 

pesticides. This method incorporates PLE with all of the necessary cleanup techniques 

(e.g. basic alumina, silica gel, and Florisil®) into a single automated technique with no 

further cleanup. POPs were analyzed using gas chromatography-mass spectrometry in 

electron capture negative ionization and electron impact ionization (GC–MS ECNI and 

EI). Also reported for the first time is significance in the optimization of adsorbent order 

within the extraction cell. This manuscript reports significant analytical advancements for 

high-throughput methods for the analysis of lipid-rich matrices as well as highlights 

whale earplugs as a unique and valuable environmental matrix. 

 
 

 

Figure 4.1 Schematic diagram of a whale internal ear canal (based on Reysenbach de 
Haan (1956) and Lillie (1920) 
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2. Experimental 
 
 

2.1 Chemicals and materials 
 
Chemicals were purchased commercially at reagent grade or better and stored in 

accordance with the manufacturer's recommendations. Non-isotopically labeled pesticide 

standards and Celite® adsorbents (545AW-Reagent Grade) were purchased from Supelco 

(Bellefonte, PA). Non-isotopically labeled PCB and PBDE standards were purchased 

from Accustandard (New Haven, CT). Isotopically-labeled pesticide and PCB standards 

were purchased from Cambridge Isotope Laboratories (Andover, MA) and isotopically-

labeled PBDE standards were purchased from Wellington Laboratories (Ontario, 

Canada). All standards were ≥ 99.0% purity. The isotopically-labeled internal standards 

were 13C12-PCB 138, 13C12-PBDE 139, and d10-phenanthrene. Alumina (basic, activated, 

Brockmann I), alumina (acidic, standard grade, Brockmann I, 150 mesh, 58 Å), and 

Florisil® (60–100 mesh) were purchased from Sigma Aldrich (Saint Louis, MO). Silica 

gel (pore size 60 Å, 70–230 mesh) was purchased from BDH Chemicals (West Chester, 

PA). Sodium sulfate (granular 12–60 mesh), was purchased from J.T. Baker 

(Phillipsburg, NJ). The target analyte and surrogate list consisted of 42 POPs target 

analytes including organochlorine pesticides, PCBs, and PBDEs (Table 4.1 and  

Supplementary Content). 
 
 
2.2 Whale earplug samples 

 
Whale earplugs were donated by the Smithsonian Institution (Washington, DC) 

and the Santa Barbara Museum of Natural History (Santa Barbara, CA) under National 

Marine Fisheries Service permit No. 17157-00 issued to Stephen J. Trumble. A blue 
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whale earplug (25.4 cm) was harvested post-mortem in 2007 after a ship strike along the 

coast of California. This blue whale earplug was donated by Santa Barbara Museum of 

Natural History where it was preserved at −30 °C. The Smithsonian Institution donated 

three gray whale (Eshrichtius robustus) earplugs (two plugs ∼3 cm and one plug ∼6 cm) 

for analytical method development. The gray whale earplugs had been preserved in 

formalin at the Smithsonian Institution after being harvested from whales along the coast  

of California in 1969. 
 
 

2.3 Sectioning the whale earplugs 
 
Aliquots of each lamina of the frozen blue whale earplug were collected using a 

high-speed drill (Dremel 4000 High Performance Rotary Tool, Racine, WI). Frozen 

earplugs were sectioned longitudinally up to four times depending on its thickness using 

an ultra fine-toothed band saw (Vectrax Vertical Variable Speed Band Saw, MSC 

Industrial Supply Co., Melville, NY) operating from 350 to 1200 rpm. The frozen earplug 

was manually moved through the band saw at approximately 0.5–1 ft. per minute. Serial 

sections were labeled and stored at −80 °C. For lamina discrimination, each section was 

photographed using a high-resolution digital camera (12MP) and photographic software 

(Canon U.S.A®). Under 20× magnification, each lamina was removed from each 

longitudinal section. Lamina aliquots were placed into vials with polytetrafluoroethylene 

caps and stored under nitrogen at −30 °C. The gray whale earplugs were used to develop 

the POPs analytical method; as a result they were not sectioned using the same technique 

as the blue whale earplug. Individual aliquots (in chronological order) of cerumen were  

sampled from the gray whale earplug using a stainless steel spatula. 
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Table 4.1. POP Analyte log KOW triplicate recoveries, LOD, LOQ, and blue whale cerumen 
 

Analytes 
Log 
Kow

a 

Blue Whale 
Cerumen 
POP Conc 
(ng g-1  dry wt)

Cerumen 
Recoveries 
(n=3)  
(% ± RSD)

Cerumen 
LOD and 
LOQb 

(pg g-1)

Analytes 
Log 
Kow

a 

Blue Whale 
Cerumen 
POP Conc 
(ng g-1 dry wt)

Cerumen 
Recoveries 
(n=3)  
(% ± RSD)

Cerumen 
LOD and 
LOQb 

(pg g-1)
  LO LO LOD LO

Organochlorine Pesticides and Metabolites 
gamma-HCH 3.8 ND 92 ± 2.3 150 450 Dieldrin 5.5 ND 117 ± 4.5 780 2400 
alpha-HCH 3.8 ND 87 ± 2.0 100 300 Cis-chlordane 5.9 ND 92 ± 3.5 400 1200 
beta-HCH 4.0 ND 104 ± 5.0 110 330 Trans- 6.1 2.7 86 ± 5.5 18 54 
delta-HCH 4.1 ND 95 ±  0.76 370 1100 Trans- 6.1 ND 90 ± 4.2 23 71 
Heptachlor  4.6 ND 121 ± 7.0 440 1300 Cis-nonachlor 6.4 0.48 81 ± 3.7 5.9 18 
Endrin 5.2 ND 74 ± 24 960 2900 Aldrin 6.5 ND 85 ± 2.4 270 830 
Heptachlor 5.2 ND 121 ± 3.3 880 2700 p,p′-DDE 6.9 150 132 ± 19 680 2100 
Endrin Ketone 5.3 ND 71 ± 9.1 490 1500 Mirex 6.9 ND 86 ± 2.5 210 640 
o,p′-DDE 5.5 14 100 ± 21 320 970 p,p′-DDT 6.9 6.0 111 ± 3.9 220 670 
      ∑OC  170 93 ± 10† 360† 1100

Organochlorine Sulfide Pesticides and Metabolites 
Endosulfan I 4.7 ND 58 ± 56 500 150 Endosulfan II 4.8 ND 63 ± 16 17 52

Polychlorinated Biphenyls 
PCB 77 6.0 ND 94 ± 4.7 37 110 PCB 153 6.7 2.7 97 ± 2.8 0.57 1.7
PCB 81 6.0 ND 92 ± 4.0 20 61 PCB 156 6.7 0.18 95 ± 2.9 20 60 
PCB 105 6.3 0.43 95 ± 2.2 1.0 3.1 PCB 167 6.8 0.11 91 ± 2.5 6.8 20 
PCB 114 6.3 ND 97 ± 3.7 16 48 PCB 169 6.8 ND 99 ± 2.3 6.2 19 
PCB 123 6.4 ND 90 ± 4.8 13 38 PCB 157 7.2 0.068* 94 ± 2.8 4.5 14 
PCB 126 6.4 ND 95 ± 2.7 4.9 15 PCB 187 7.2 0.75 93 ± 3.1 5.4 16 
PCB 118 6.7 2.6 87 ± 5.2 7.8 24 PCB 189 7.2 ND 92 ± 3.8 3.9 12 
PCB 138 6.7 1.8 97 ± 2.6 3.5 10 ∑PCBs  8.6 93 ± 3.1† 10† 30† 

Polybrominated Diphenyl Ethers 
PBDE 28 5.9 ND 72 ± 2.1 26 80 PBDE 154 7.8 ND 96 ± 2.8 180 530
PBDE 47 6.8 0.55 76 ± 2.7 4.1 12 PBDE 153 7.9 ND 70 ± 4.4 61 190 
PBDE 100 7.2 1.3 73 ± 3.0 20 60 PBDE 183 8.4 ND 73 ± 3.2 20 59 
PBDE 99 7.3 2.5 72 ± 3.6 13 39 ∑PBDEs  4.4 76 ± 3.1† 46† 140† 
a Log Kow values from refs [35, 36] 
b Blue whale cerumen LODs and LOQs calculated from representative samples (n = 5) 
ND indicates the analyte was not detected 
† indicates the total average was calculated 
* indicates signal to noise ratio <10:1 
– indicates analysis not performed 
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Figure 4.2 Optimized SPLE: 66 mL ASE extraction cell with optimized adsorbents and 
adsorbent order for analysis of POPS in whale cerumen 
 
 
2.4 Selective pressurized liquid extraction 

 
For the final method, POPs were extracted from cerumen homogenates using 

SPLE, which combined PLE with adsorbent cleanup techniques into a single automated 

technique. SPLE was performed using an accelerated solvent extractor (ASE; ASE 350, 

Dionex, Salt Lake City, UT) with 66 mL ASE extraction cells. First, an aliquot of 

∼0.25 g whale cerumen was manually homogenized with anhydrous sodium sulfate 

(previously baked at 500 °C for 12 h and allowed to cool). The homogenates were placed 

on top of pre-cleaned adsorbents in the following order from top to bottom: basic alumina 

(5 g), silica gel (15 g), and Florisil® (10 g; Fig. 4.2). The adsorbents were pre-cleaned 

using 1:1 (v/v) dichloromethane:hexane (DCM:HEX) under the following ASE 

conditions: 100 °C, 1500 psi, 4 cycles (2 min each), and 50% rinse volume. To correct 

for target analyte loss during sample preparation, cerumen homogenates were fortified 
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with isotopically-labeled surrogate standards and were allowed to come to equilibrium 

for 1 h prior to extraction. Cerumen homogenates were extracted with DCM:HEX (1:1) 

under the same ASE conditions as described above except with 2 cycles (5 min each) and 

150% rinse volume. Cerumen extracts were concentrated to ∼0.3 mL using a Turbo Vap 

II from Caliper (Hopkinton, MA), then transferred to a GC vial and spiked with  

isotopically-labeled internal standards prior to analysis using GC–MS in ECNI and EI.  
 
 

2.5 Selective pressurized liquid extraction optimization 
 
 The SPLE optimization of extraction solvent, adsorbents, adsorbent to sample 

mass ratio, and adsorbent order was based upon multiple criteria: the observed removal of 

the bulk interferences characterized through visual inspection (wax-like precipitation), 

chromatographic peak shape, reduction of chromatogram baselines, analyte recoveries, 

and the frequency of instrument maintenance. Typically, wax-like precipitation was 

observed during the final concentration step, which prevented further analysis using GC–

MS indicating additional cleanup was required. Chromatographic peak shape and 

differences in baselines were monitored using GC–MS EI full scan and ECNI with 

selective ion monitoring (SIM; Figures 4.3 and 4.S1). Analyte recoveries were 

determined using GC–MS ECNI SIM scan (Section 2.6). The frequency of instrument 

maintenance was determined utilizing a continuous calibration verification (CCV; 

corresponding to the upper-middle point of the calibration curve) standard that examined 

the validity of the calibration curve (Section 2.7). 

Due to limited quantities of cerumen, the extraction solvent selection was based 

upon previous DCM extraction methods [14,29]. All method development and 

optimization experiments utilized the same ASE conditions as above (Section 2.4) except 
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using DCM as the extraction solvent with 100% rinse volume. Preliminary target analyte 

spike and recoveries comparing extraction solvents DCM and DCM:HEX (1:1; ASE 

conditions as stated in Section 2.4) provided mean recoveries of 83 and 87% (n = 1), 

respectively. All method validation experiments utilized DCM:HEX (1:1) as the 

extraction solvent as described in the final method (Section 2.4). DCM:HEX solvent 

combinations have also been used for the extraction of multiple classes of organic 

contaminants (halogenated pesticides, PCBs, and PBDEs) in fish tissue [18]. 

The adsorbents selected were basic alumina, acidic alumina, silica gel, Florisil®, 

and Celite® (Table 4.2 displays key experiments and findings). Adsorbent efficiency was 

examined individually (n = 1) at a 10 g adsorbent to 1 g sample ratio (this would be 

equivalent to a fat-to-fat retainer ratio (FFR) of 0.1). Extracts were analyzed using a GC–

MS EI full scan mode (Varian CP-3900 GC system coupled to a Saturn 2100T ion trap 

mass spectrometer; Fig. 3) and a GC–MS ECNI SIM scan (Figure 4.S1; Section 2.6). 

The target analyte affinity to individual adsorbents (specifically basic alumina, 

silica gel, and Florisil®) was examined with target analyte spike and recoveries 

experiments (n = 1). A target analyte mixture was spiked (average mass of 50 ng per 

analyte) into baked sodium sulfate placed above varying amounts (5–30 g) of pre-cleaned 

adsorbent and was allowed to equilibrate for 1 h prior to extraction. In addition, adsorbent 

to sample mass ratios were examined using single adsorbents and combination of 

adsorbents at ratios ranging from 10:1 to 60:1 (FFRs ranging from 0.1 to 0.02). Extracts 

from both series of experiments were examined using both GC–MS EI (full scan) and/or 

ECNI (SIM scan) (Table 4.2). 



 

54 
 

Adsorbent order was optimized using the following adsorbents and masses: basic 

alumina (5 g), silica gel (15 g), and Florisil® (10 g; Table 4.2). Adsorbent order in the 

extraction cell was examined using spike and recovery experiments by spiking the target 

analyte mixture into baked sodium sulfate above pre-cleaned adsorbents. The optimal 

order for basic alumina and silica gel was examined with 5 g basic alumina below 15 g 

silica gel (n = 4) and 5 g basic alumina above 15 g silica gel (n = 4). The placement of 

Florisil® in the extraction cell was optimized using the previously optimized order of 

basic alumina above silica gel (Section 3.1.3). Ten grams of Florisil® was added to the 

extraction cells for an adsorbent order of Florisil®, basic alumina, and silica gel (top to 

bottom; n = 4) and an adsorbent order of basic alumina, silica gel, and Florisil® (top to  

bottom; n = 3). 
 
 

 

Figure 4.3 Representative time frame of overlaid full scan total ion chromatogram using 
GC-MS EI from five individually examined adsorbents (basic alumina, acidic alumina, 
silica gel, Florisil®, and Celite®) at 10:1 adsorbent to gray whale cerumen mass ratio 
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2.6 Analysis 

The analysis of pesticides, PCBs, and PBDEs was performed using an Agilent 

Technologies 7890 GC coupled to a 5975 MS (Santa Clara, CA) in either ECNI or EI 

mode and has been previously described [30]. GC–MS EI was used in the analysis of 

p,p′-dichlorodiphenyltrichloroethane (DDT), p,p′-dichlorodiphenyldichloroethylene 

(DDE), and o,p′-DDE, while all other target analytes were analyzed using GC–MS ECNI. 

 
 

Table 4.2. SPLE adsorbent experiments 
 

 
 
 
2.7 Quality assurance and quality control (QA/QC) 

Target analytes were identified based on retention times (±0.05 min) as well as a 

quantitative to qualitative ion response ratio (±20%). Ion responses ratios were 

determined using continuous calibration curve (CCV) verification standards analyzed 

prior to sample analysis. All target analytes were identified using a single quantitative ion 

Adsorbent Experiments 
Adsorbent(s) 

mass (g) 
Sample 
mass (g)

Total adsorbent 
to sample ratio 

Fortification 
solution 

Analysis 

Cleanup efficiencya      
 basic alumina 10 1 10 to 1 -- EIb, ECNIc 
 acidic alumina 10 1 10 to 1 -- EIb, ECNIc 
 silica gel 10 1 10 to 1 -- EIb, ECNIc 
 Florisil® 10 1 10 to 1 -- EIb, ECNIc 
 Celite® 10 1 10 to 1 -- EIb, ECNIc 
 basic alumina, silica gel, Florisil® 5, 15, 5 0.5 50 to 1 Surrogate Precipitationd

 basic alumina, silica gel, Florisil® 5, 15, 8 0.5 56 to 1 Surrogate Precipitationd

 basic alumina, silica gel, Florisil® 5, 15, 10 0.5 60 to 1 Surrogate ECNIc 
Adsorbent ordera      
 basic alumina, silica gel 5,  15 -- -- Target Analytes ECNIc 
 silica gel, basic alumina 15,  5 -- -- Target Analytes ECNIc 
 basic alumina, silica gel, Florisil® 5, 15, 10 -- -- Target Analytes ECNIc 
 Florisil®, basic alumina, silica gel 10, 5,  15 -- -- Target Analytes ECNIc 
a Adsorbent order in ASE cell is as written (top to bottom) 
b GC–MS EI (full scan) 
c GC–MS ECNI (SIM scan) 
d Formation of precipitation prevented further analysis  
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and two qualitative ions, except for p,p′-DDT, which had one quantitative ion and one 

qualitative ion. 

Target analyte concentrations were determined using a calibration curve with at 

least seven points ranging several orders of magnitude. Target analyte calibration curves 

plotted the response-dependent concentration factor of the target analyte (concentration 

of target analyte divided by the concentration of its surrogate standard) versus the 

concentration-dependent response factor of the surrogate standard (response of the target 

analyte divided by the response of its surrogate standard). Target analyte calibration 

curves were linear and forced through the origin, and had coefficients of determination 

(R2) of at least 0.99. Surrogate recoveries were quantified using internal standards spiked 

prior to analysis. 

CCVs were examined before and after each sample batch to validate the integrity 

of the calibration curve. Calibration curves and CCVs were prepared simultaneously. 

CCV concentrations not within ±30% of the prepared concentration resulted in  

instrument maintenance and subsequent re-analyzing of the sample batch. 
 
 

2.8 Triplicate recoveries, limit of detection, and limit of quantification experiments 

The entire analytical method was validated with triplicate spike and recovery 

experiments. Blue whale cerumen composites (∼0.5 g; n = 3) were fortified prior to 

SPLE with target analytes at an average target analyte concentration that corresponded to 

the mid-point of the calibration curves. Surrogate and internal standards solutions were 

spiked prior to analysis. Cerumen background concentrations were determined in an 

additional cerumen composite sample by spiking only surrogate solutions prior to SPLE. 
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Samples were extracted and analyzed using the optimized analytical method with final 

analyte recoveries background corrected. 

The limits of detection and quantification (LOD and LOQ) were based on the 

standard deviation of the background noise responses from five representative blue whale 

cerumen samples as well as the slopes of the target analytes calibration curves [31]. 

Background noise was determined at or near analyte retention times (±0.05 min), which 

were determined using standard solutions. LODs were calculated by multiplying the 

standard deviation of the responses by 3.3 divided by the calibration curve slope. LOQs  

were calculated using a multiplier of 10 in place of 3.3 [31, 32]. 
 
 
2.9 Application to environmental samples 

An individual blue whale earplug lamina was sampled from a 25.4 cm blue whale 

earplug. An aliquot from this single lamina were used for the analysis of POPs (0.25 g). 

The POP analytical method was validated for 20 organochlorine pesticides, 15 PCBs, and 

7 PBDEs using blue whale cerumen. US EPA 1631 and enzyme immunoassay (EIA) kits 

were also validated for total mercury and hormones (cortisol and testosterone), 

respectively (Supplementary Content). 
 
 

3. Results and Discussions 
 
 

3.1 POP selective pressurized liquid extraction optimization 
 
 
3.1.1 Adsorbent optimization. The SPLE cleanup efficiencies of individual 

adsorbents were examined utilizing the following criteria: cleanup of the bulk 

interferences (no observed precipitate formation), chromatographic peak shape (GC–MS 
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ECNI SIM scans), reduction of chromatogram baselines (GC–MS EI full scans), analyte 

recoveries (GC–MS ECNI SIM scans), and the frequency of instrument maintenance 

(Section 2.5). Wax-like precipitation was observed in all five individual adsorbent SPLE 

experiments (10:1 adsorbent to sample ratio) after extracts were concentrated <1 mL (a 

final cerumen extract volume <0.5 mL was utilized for detection limits; Table 4.2). 

Analysis of the individual adsorbent SPLE extracts using GC–MS ECNI SIM scan and 

GC–MS EI full scan provided information regarding individual adsorbents’ cleanup 

capabilities (Table 4.2). Individual SPLE experiments for basic alumina, acidic alumina, 

and Florisil® displayed noticeable reductions in the GC–MS EI full scan baselines 

compared to Celite® and silica gel baselines (Fig. 4.3). In addition, individual SPLE 

adsorbent experiments utilizing basic alumina, acidic alumina, and silica gel provided 

greater response abundance and sharper peak shape than that of Celite® and Florisil® 

extracts (Fig. 4.S3A–E; GC–MS ECNI SIM scans). 

Individual adsorbent SPLE experiments suggested that SPLE utilizing a 

combination of multiple adsorbents may be employed for the routine analysis of POPs in 

whale cerumen. Basic and acidic alumina were the only two adsorbents that individually 

had favorable performances in both GC–MS EI full scans and ECNI SIM scans (Fig. 4.3 

and Fig. 4.S1A, B). However, to prevent formation of hydrochloric acid and ASE 

extraction cell corrosion, acidic alumina was excluded from further method development. 

In addition, Celite® provided overall poor peak shape as well as increased 

chromatographic baseline as compared to other adsorbents examined. As a result, Celite® 

was not considered in further adsorbent optimization experiments (Figures 4.3 and 
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4.S1E). Based on these preliminary results, experiments utilizing multiple adsorbents 

focused on basic alumina, silica gel, and Florisil®. 

SPLE combinations of multiple adsorbents (basic alumina, silica gel, and 

Florisil®) provided substantial cleanup improvements as compared to individual 

adsorbents based on the above criteria (i.e. no precipitate, improved peak shape, and 

decreased chromatographic baseline was observed; Section 2.5). SPLE experiments 

combining basic alumina, silica gel, and Florisil® (60:1 absorbent to sample ratio; 

FFR = 0.017) allowed for routine POPs analysis in blue whale cerumen extracts without  

additional cleanup (Fig. 4.S1F; GC–MS ECNI SIM scans). 
 
 

3.1.2 Adsorbent to sample ratio optimization. The final blue whale cerumen SPLE 

adsorbent to sample ratio was 60:1 (5 g basic alumina, 15 g silica gel, and 10 g Florisil® 

per 0.5 g of cerumen). Experiments examining target analyte affinity to individual 

adsorbents determined that ∼10 g basic alumina oxide resulted in analyte recoveries 

<60% for endosulfan I and II, endrin, endrin aldehyde, and endrin ketone (data not 

shown). It was determined that decreasing the mass of basic alumina to 5 g was required 

to improve the previously mentioned pesticide analytes’ recoveries to >70%, excluding 

the recovery of endrin aldehyde. Therefore, to improve the recoveries of the 

aforementioned pesticide analytes, the mass of basic alumina was reduced to 5 g. The 

reduction of basic alumina to 5 g, resulted in the formation of wax-like precipitation 

during the concentration step (which prevented GC–MS analysis). To offset the reduction 

in basic alumina, Florisil® was added to help reduce potential bulk matric interferences  

(i.e. help reduce chromatographic baselines; Fig. 4.3). 
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3.1.3 Adsorbent order. The mass of Florisil® was examined at 5, 8, and 10 g to 

offset the reduction of basic alumina. During these experiments, basic alumina, silica gel, 

and blue whale cerumen mass were held constant at 5, 15, and 0.5 g, respectively. 

Therefore, the total adsorbent to sample ratio examined were 50:1, 56:1 and 60:1 (FFR 

ranging from 0.02 to 0.017). Precipitation was observed in blue whale cerumen extracts 

using <10 g of Florisil® (Table 4.2). As a result, 10 g of Florisil® was used in the final 

SPLE method. Adsorbent order within the ASE extraction cell was first examined with 

basic alumina and silica gel. When basic alumina was placed above silica gel in the ASE 

extraction cell, target analyte recoveries were statistically higher (one-sided student t-test, 

n = 4, p < 0.05) for 4 of 20 pesticides (δ-HCH, endosulfan II, endrin ketone, mirex), 7 of 

15 PCBs (PCB 77, 81, 126, 138, 153, 167, and 187), and 6 of 7 PBDEs (PBDE 28, 47, 

99, 100, 154, and 183). When basic alumina was placed below silica gel, endrin aldehyde 

was the only target analyte that was statistically higher (one-sided student t-test, n = 4, 

p < 0.01). o,p′-DDE recoveries were not examined in SPLE adsorbent order experiments. 

Further adsorbent order experiments examined the placement of Florisil® within the ASE 

cell with respect to the previously optimized order of basic alumina above silica gel 

(Table 4.2). The finalized adsorbent order resulted in poor recoveries (<50%) for endrin 

aldehyde. As a result, endrin aldehyde was removed from the methods final target analyte 

list. 

Two experiments examined the placement of Florisil®: (1) Florisil®, basic 

alumina, and silica gel (top to bottom) and (2) basic alumina, silica gel, and Florisil® (top 

to bottom). Overall, pesticide, PCB, and PBDE recoveries between the two experiments 
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were not statistically different (two-sided student t-test, n = 4, p > 0.05). The final 

adsorbent order consisted of basic alumina, silica gel, and Florisil® (top to bottom;  

Fig. 4.2). 
 
 
3.2 Triplicate recoveries, LODs, and LOQs 

 
Triplicate recovery experiments with blue whale cerumen composites (∼0.5 g 

cerumen) fortified with target analytes were used to validate the POPs analytical method. 

Pesticide, PCB, and PBDE triplicate recovery means were 93% with a relative standard 

deviation (RSD) ± 9.8%, 94% (RSD ± 3.1%), and 76% (RSD ± 3.1%), respectively 

(Table 4.1; Fig. 4.S2). The blue whale cerumen triplicate surrogate recoveries averaged 

117% (RSD ± 12%). Organochlorine pesticide, PCB, and PBDE LODs and LOQs mean 

values were 360 and 1100 pg g−1, 10 and 30 pg g−1, and 46 and 140 pg g−1, respectively 

(Table 4.1).  

3.3 Application to environmental samples: analysis of whale cerumen 

Using the analytical method described above, a single cerumen lamina of a blue 

whale earplug harvested in 2007 was analyzed for 42 POPs. Sixteen POPs were measured 

in blue whale cerumen with log Kow values ranging from 5.5 to 7.3. POP concentrations 

are reported in ng g−1 dry weight (Table 4.1). Five historic-use pesticides (cis- and trans-

nonachlor, o,p′-DDE, p,p′-DDE, and p,p′-DDT) were measured in cerumen at 

concentrations ranging from 0.48 to 150 ng g−1. The highest POP concentration was p,p′-

DDE at 150 ng g−1. In addition, a wide range of PCBs were also measured in whale 

cerumen including PCB 105, 118, 138, 153, 156, 157, 167, and 187. PCB concentrations 

ranged from 0.11 to 2.7 ng g−1. PBDE 47, 99, and 100 were also measured in blue whale 

cerumen at concentrations ranging from 0.55 to 2.5 ng g−1. The surrogate recoveries 
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ranged from 80 to 127%. Using existing US EPA methods and EIA techniques, mercury, 

cortisol, and testosterone were also measured within that same lamina of blue whale 

cerumen at concentrations of 16, 0.13, and 0.58 ng g−1, respectively (Supplementary 

Content). Data reported here indicate that contaminants that routinely accumulate in  

whale blubber also accumulate in whale earplugs at measurable concentrations [4,33]. 
 
 

4. Conclusions 
 

 An analytical method was developed and utilized to measure pesticides, PCBs, 

and PBDEs in whale cerumen (lipid-rich matrix). POPs have been measured in earplug 

samples preserved at −30 °C (blue whale) as well as in formalin (gray whale cerumen; 

Supplementary Content). This SPLE method incorporated all of the necessary cleanup 

techniques into a single automated step. Extracts were analyzed using GC–MS ECNI and 

EI. The optimized SPLE adsorbent order consisted of basic alumina, silica gel, and 

Florisil® (top to bottom) in an ASE extraction cell. Based on this method's SPLE 

parameters, optimizing the position of basic alumina relative to the silica gel within the 

extraction cell statistically improved the recoveries of ∼40% of the target analytes (17 of 

42). Overall, the placement of Florisil® did not significant improve analyte recoveries. 

Further research on adsorbent order may provide information on improving target analyte 

recoveries when utilizing SPLE with multiple adsorbents. This analytical method, a 

single automated step for the simultaneous extraction and cleanup of lipid-rich (fatty) 

matrices for the analysis of pesticides, PCBs, and PBDEs, has potential use for analysis 

of other lipid-rich matrices. The environmental and food industries requiring rapid 

contaminant analysis of fatty samples (animal fats or organs e.g. livers) may also utilize 
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this technique. Utilizing this method it is now possible to measure POPs in individual 

earplug lamina thereby allowing scientist to reconstruct chemical profiles in a whale  

earplug [34]. 
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1. Materials and Method  
 

Pesticide analytes included historic and current-use pesticides as well as select 

metabolites: α-hexachlorocyclohexane (HCH), β-HCH, δ-HCH, γ-HCH, heptachlor, 

heptachlor epoxide, trans-chlordane, cis-chlordane, trans-nonachlor, cis-nonachlor, 

aldrin, dieldrin, endrin, endrin ketone, mirex, endosulfan I, and II, p,p′- 

dichlorodiphenyltrichloroethane (DDT), p,p′- dichlorodiphenyldichloroethylene (DDE), 

and o,p′-DDE. PCB analytes consisted of PCB 77, 81, 105, 114, 118, 123, 126, 138, 153, 

156, 157, 167, 169, 187, and 189. PBDE analytes were PBDE 28, 47, 99, 100, 153, 154, 

and 183. POP analytes were selected based upon their persistent and bioaccumulative 

properties as well as reported concentrations in multiple whale species including gray and 

blue whales [1-4]. The isotopically-labeled surrogates were 13C6-δ-hexachlorobenzene, 

13C12-PCB 77, 13C12-PCB 126, 13C12-PCB 169, 13C12-PBDE 126, and 13C12- p,p′-DDT. 

The isotopically-labeled internal standards were 13C12-PCB 138, 13C12-PBDE 139, and  

d10-phenanthrene. 
 
 
2. POPs: preliminary experiments  

Utilizing a preliminary SPLE analytical method, whale cerumen homogenate was 

extracted with dichloromethane (2 cycles at 5 min each) with 100% rinse volume. 

Cerumen homogenates (1 g) were placed above pre-cleaned basic alumina (20 g) and 
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silica gel (20 g; without Florisil®) in the ASE extraction cell for a sample to sorbent ratio 

of 40:1 (FFR = 0.025). Cerumen extracts were concentrated to ~1.0 mL using a Turbo 

Vap II from Caliper (Hopkinton, MA), then transferred to a GC vial and spiked with 

isotopically-labeled internal standards prior to analysis using GC–MS in EI and ECNI. 

Seven historic-use pesticides (cis- and trans-chlordane, cis- and trans-nonachlor, 

o,p′-DDE, p,p′-DDE, and p,p′-DDT; range = 1.4 to 2.7 ng g-1) and seven PCBs (PCB 105, 

118, 138, 153, 156, 167, and 187; range = 0.41 to 1.0 ng g-1) were detected and 

tentatively measured in a single lamina of gray whale cerumen (data not shown). The 

mass of basic alumina utilized in this preliminary method may have resulted in poor 

recoveries of select pesticides (including endosulfan I and II, and endrin ketone; Fig. S3).  

Therefore, pesticide analytes reported in gray whale cerumen may represent a limited 

pesticide profile. As expected, PBDEs were not detected in the gray whale cerumen.  

This is most likely a result of the gray whale harvest date (1969), which preceded the 

widespread use of PBDE as a brominated flame retardant (1970s to 2010s).   

Due to the poor recoveries of select pesticides (endosulfan I, II, and sulfate as 

well as endrin ketone) in initial whale cerumen experiments, individual sorbent target 

analyte spike and recovery experiments were performed. Basic alumina (10 g; n = 1) 

target analyte spike and recovery experiments (n = 1) resulted in poor recoveries (<60%) 

for select pesticides (endosulfan I, II, and sulfate as well as heptachlor, and alpha-HCH; 

Fig. S3). Target analyte recoveries were >70% for experiments utilizing silica gel and 

Florisil® with masses up to 15 and 10 g (Fig. S3). 
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Additional experiments reduced the mass of basic alumina to 5 g; however, in 

order to maintain an adsorbent to sample ratio of 40:1 (FFR = 0.025), the mass of silica 

gel was increased to 15 g. The resulting pesticide, PCB, and PBDE spike and recovery  

means were 92%, 83%, and 72%, respectively (Fig. S3). These preliminary experiments  

did not utilize the final surrogate standard list utilized in the main text. 
 
 
3. Mercury and hormone analysis in a whale earplug 

 
 
3.1 Mercury digestions and analysis. Total mercury in cerumen was determined 

using US EPA Analytical Method 1631 dual pre-concentration method [5,6]. Briefly, 

~0.1 g of cerumen was digested overnight in a 20 mL mixture of HNO3 and H2SO4 (7:3 

v/v). The digestate was diluted and oxidized at ambient temperature using freshly-

prepared 0.02 N BrCl. The resulting solution was diluted 10× with reagent water (18 

MΩ). One-hundred and fifty microliters of hydroxylamine hydrochloride solution was 

spiked into the diluted digestate to reduce free halogens. Batches of cerumen samples 

each were analyzed for total mercury utilizing a Tekran Instrument Model 2600 cold 

vapor atomic fluorescence spectroscopy Mercury Analysis System equipped with Tekran 

Model 2610 Pump Module and Tekran 2621/AIM 3200 Auto-sampler (Tekran® 

Instruments Corporation, Toronto, ON). Stannous chloride solution was used to reduce 

Hg (II) to volatile Hg (0). All glassware, including digesting flasks and sample vials, 

were certified for trace metal analysis and cleaned according to US EPA Method 1631. 

Mean mercury triplicate recovery was 102% (RSD ± 10%). Mercury method blanks were 

analyzed before and after each sample batch at <0.5 ng L-1. The mercury concentration  

within the same lamina of blue whale earplug was 16 ng g-1. 
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3.2 Hormone assays. In preparation for cortisol and testosterone assays, cerumen 

subsamples (~0.3 and ~0.03 g, respectively) were homogenized to a finely ground 

powder with a mortar and pestle. Cortisol and testosterone were analyzed individually; 

however, their methodologies followed similar protocols. Cerumen homogenates were 

added to 3 mL of phosphate buffered saline (PBS; pH 7.0) and vortexed for 60 s using a 

VWR VX-2500 Multi-Tube Vortex Mixer (VWR International, Radnor, PA). Five 

milliliters of diethyl ether was added to the solution and vortexed for an additional 60 s. 

Cerumen samples were capped under nitrogen and frozen for 2 h at -20 °C. The resulting 

liquid portion of the extract was decanted off and dried under a gentle stream of nitrogen 

for ~2 h. The resulting extracts were stored at -20 °C until analysis. Prior to analysis, 250 

µL of assay buffer was added to cerumen extract and vortexed for 30 s (3×) to ensure 

mixing. Cortisol and testosterone levels were measured in 100 µL aliquots using their 

respective commercially-available enzyme immunoassay kits (EIA). Correlate- enzyme 

immunoassay (EIA) cortisol (ADI-900-071) and testosterone (ADI-900-065) EIA kits 

were purchased from Enzo Life Sciences (Farmingdale, NY). The amount of antibody-

bound hormone was assessed against standard calibration curves prepared using serial 

dilutions. The entire analytical method was validated for total mercury in blue whale 

cerumen using spike and recovery experiments. The entire analytical method was 

validated for cortisol and testosterone in blue whale cerumen using spike and recovery 

experiments. Mean cortisol and testosterone duplicate recoveries were 113% (RSD ± 

14.5%) and 88.7% (RSD ± 16.5%), respectively. Cortisol and testosterone were also 

measured within a lamina of blue whale cerumen at concentrations of 0.13 and 0.58 ng g-

1, respectively. 
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4. Supplementary Figures 

 
Figure 4.S1. SIM chromatograms (GC–MS ECNI) of adsorbent to sample ratios using 
whale cerumen (A) 10:1 basic alumina to gray whale cerumen, (B) 10:1 acidic alumina to 
gray whale cerumen, (C) 10:1  silica gel to gray whale cerumen, (D) 10:1 Florisil® to 
gray whale cerumen, (E) 10:1 Celite® to gray whale cerumen, (F) 60:1 adsorbent (5 g 
basic alumina, 15 g silica gel, and 10 g Florisil®) to blue whale cerumen 
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Figure 4.S2 Spike and recovery experiments (n =3) for blue whale cerumen composites 
with relative standard deviations 

 
 

 
Figure 4.S3 Target analyte spike and recovery experiments 
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CHAPTER FIVE 

 
Blue whale earplug reveals lifetime contaminant exposure profiles 

 
This chapter published as: Stephen J. Trumble, Eleanor M. Robinson, Michelle 

Berman-Kowalewski, Charles W. Potter, and Sascha Usenko. Blue whale earplug reveals 
lifetime contaminant exposure and hormone profiles. PNAS. 2013, Vol. 110, No. 42 

 
 

Abstract 
 
Lifetime contaminant and hormonal profiles have been reconstructed for an 

individual male blue whale (Balaenoptera musculus, Linnaeus 1758) using the earplug as 

a natural aging matrix that is also capable of archiving and preserving lipophilic 

compounds.  These unprecedented lifetime profiles (i.e. birth to death) were 

reconstructed with 6-month resolution for a wide range of analytes including cortisol 

(stress hormone), testosterone (developmental hormone), organic contaminants (e.g. 

pesticides and flame retardants), and mercury. Cortisol lifetime profiles revealed a 

doubling of cortisol levels over baseline utilization.  Testosterone profiles suggest that 

this male blue whale reached sexual maturity at ca. ten years of age, which corresponds 

well with and improves on previous estimates.  Early periods of the reconstructed 

contaminant profiles for pesticides (such as DDTs and chlordanes), PCBs and PBDEs 

demonstrate significant maternal transfer occurred at 0-12 months.  The total lifetime 

organic contaminant burden measured between the earplug (sum of contaminants in 

laminae layers) and blubber samples from the same organism were similar. Total mercury 

profiles revealed reduced maternal transfer and two distinct pulse events as compared to 

organic contaminants. The use of a whale earplug to reconstruct lifetime chemical 
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profiles will allow for a more comprehensive examination of stress, development, and 

contaminant exposure, as well as improve the assessment of contaminant use/emission,  

environmental noise, ship traffic, and climate change on these important marine sentinels.  
  
 

Introduction 
 

 The blue whale (Balaenoptera musculus) is the largest animal on earth and is 

listed as “endangered” (International Union for Conservation of Nature Red List of 

Threatened Species) primarily due to drastic reduction in population during the whaling 

era and a slow post-whaling recovery (1, 2). Besides whaling activities, well-known 

anthropogenic activities including fishery entanglement, chemical use/emission, 

environmental noise, ship strikes, and climate change are impacting whales, with 

evidence found through morphological or epidemiological analysis as well as chemical 

profiles from tissue, fecal, and exhalation samples (3-6). However, we are currently 

unable to monitor and therefore assess the lifetime impacts of such anthropogenic 

pollution/activities on whales.  

Many anthropogenic contaminants and biogenic physiological markers (i.e. 

hormones) are routinely measured in lipid-rich matrices such as blubber.  Fatty tissues act 

as natural sinks for lipophilic compounds such as historic-use pesticides, polychlorinated 

biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), methyl mercury, and 

hormones (7-9).  While biogenic compounds are produced by life processes, many 

anthropogenic compounds arrive in these tissues through long-range transport and 

bioaccumulation through the food web (10-12). 

Many large baleen whale (family Balaenopteridae) species are known to 

accumulate layers of cerumen (i.e. ear wax) from birth in the ear canal, yielding an 
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earplug (13-16). This waxy plug is comprised of lipids, waxes, and keratin and 

accumulates in a continuous fashion producing alternating dark- and light-colored 

laminae, or layers, which have been shown to be associated with periods of feeding or 

migration (17).  Historically, the analysis of earplugs has enabled the accurate estimation 

of age in a manner that is similar to counting growth rings in trees (13-18).  

Increasing global contaminant emissions, environmental noise, and shipping 

combined with changing climatic conditions make it imperative to improve our ability to 

reconstruct, evaluate, and interpret chemical profiles in sentinel species and their 

ecosystems. The objective of this study was to use a male blue whale earplug to age and 

reconstruct lifetime profiles (i.e. birth to death) of a wide range of hormones, persistent 

organic pollutants (POPs), and mercury. Profiles were reconstructed using known aging 

techniques (lamina counts (13-18)) and novel analytical methods (19). Our investigations 

demonstrate that contaminants and hormones that routinely accumulate in whale blubber 

also accumulate in whale earplugs at quantifiable concentrations. In addition, our 

investigation reconstructed previously unknown lifetime contaminant and hormone 

profiles. For a majority of the species on the planet, lifetime profiles such as these are  

simply unattainable.   
 
 

Results 
 
Following a ship strike resulting in mortality, a 25.4 cm earplug was harvested 

from a 21.2 m male blue whale in 2007 near Santa Barbara, California (Fig. 1). The 

sectioned earplug yielded twenty-four discrete laminae providing an estimated age of 

death at 12 years ± 6 months (Fig. 1D). This was validated with length-to-age estimates 
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Figure 5.1 Illustration of a blue whale earplug. (A) Schematic diagram showing the 
location of the earplug within the ear canal: (a) whale skull, (b) tympanic bulla, (c) pars 
flaccida/tympanic membrane (“glove finger”), (d) cerumen (earplug), (e) external 
auditory meastus, (f) auditory canal, (g) muscle tissue, (h) blubber tissue, and (i) 
epidermis. (B) Extracted blue whale earplug; total length 25.4 cm. (C) Earplug 
longitudinal cross-section. (D) View (20×) of earplug cross-section showing discrete 
laminae. 
 
 
commonly used to estimate the age of whales (20). The length-sexual maturity 

relationship of the blue whale sampled during this study (21.2 m) agrees with previous 

findings of the larger subspecies Antarctic blue whale (B. m. intermedia). In a seminal 

paper by Mackintosh and Wheeler (1929), Antarctic blue whale sexual maturity was 

estimated by plotting lengths of hundreds of whales, estimating growth rates and 
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correlating with reproductive maturity (21). Key findings from this research concluded 

the mean length of sexual maturity of female Antarctic blue whales to be 23.7 m whereas 

the males were estimated to reach sexual maturity at 22.6 m. Cortisol (stress-related), 

testosterone (development), POPs, and mercury lifetime profiles were reconstructed from 

the twenty-four discrete laminae (lamina 1 being the oldest). 

Mean cortisol concentrations doubled over the male blue whale 12-year lifespan 

(p <0.05; Fig. 2a). Overall mean cortisol concentration measured in the laminae was ~150 

pg g-1 and ranged from 45-420 pg g-1.  The lowest cortisol concentrations (i.e. baseline) 

found in the second lamina (age 6-12 months; was measured below the MDL of 65 pg g-

1) and the highest found in lamina 22 (age 126-132 months; Fig. 2a). Cortisol levels 

peaked at 420 pg g-1 which corresponds to a ~800% increase over baseline at 126-132 

months of age (lamina 22).  

Testosterone concentrations suggest sexual maturity was reached at 114-126 

months (Fig. 2a). Baseline testosterone levels (230 pg g-1) were measured in the terminal 

(24) lamina. Testosterone levels increased from birth to approximately three years of age 

(2500 pg g-1) where levels declined (530 pg g-1) until age 114-126 months, whereupon 

levels increased over baseline by approximately two orders of magnitude, to a maximum 

of 93,000 pg g-1 (Fig. 2a). 

Cerumen samples were analyzed for 42 POPs including 20 historic-use pesticides 

and metabolites, 15 PCBs, and 7 PBDEs. Sixteen of the 42 POPs were measured at trace 

levels in blue whale cerumen.  The sum of pesticides (cis- and trans-nonachlor, o,p′-

DDE, p,p′-DDE, and p,p′-DDT) were measured in earplug laminae ranged in 

concentrations of 120-830 ng g-1. p,p′-DDE, a metabolite of p,p′-DDT, had the highest 
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concentration at 660 ng g-1.  Eight of the 15 PCBs (~53%) were also measured in whale 

cerumen including PCB 105, 118, 138, 153, 156, 157, 167, and 187.  ∑PCB 

concentrations ranged from 5.9-30 ng g-1.  In addition, three PBDEs (47, 99, and 100) 

were also measured in blue whale laminae. ∑PBDE concentrations ranged from 0.19 to 

5.9 ng g-1.   The total organic chemical burden in the laminae ranged from 160 to 860 ng 

g-1. Ninety-six percent of the total organic burden was comprised of four historic-use 

pesticides and their metabolites and one PCB: p,p´-DDE (80% burden) > o,p´-DDE 

(9.5%), > p,p´-DDT (3.9%) > trans-nonachlor (1.5%) > PCB 153 (1.4%).  The mean ratio 

of p,p´-DDE to p,p´-DDT was 24 ± 10 and increased over the animal’s lifetime to reach a 

maximum ratio of 54 in the last lamina (slope of 0.93 and a R2 of 0.44). 

All POP earplug concentrations spiked at 0-6 months of age (Fig. 2b-d). The 

mean mass of POPs measured in the first 6 months represented ~20% of the total POPs 

burden measured throughout the earplug. This percentage decreased as function of age. 

The continual accumulation of POPs recorded in the cerumen throughout the animal’s 

lifetime was relatively linear and reached a maximum of 5200 ng g-1 (Fig. 2e).  This 

maximum represents an estimate of the total reconstructed lifetime POPs burden (sum of 

POPs concentrations measured in all laminae).  

The lifetime mercury profile reconstructed from the 24 lamina showed different 

periods of peak exposure as compared to the organic contaminants. The mean mercury 

concentrations were 14.1 ± 2.6 ng g-1 and ranged from 10.6-20.8 ng g-1 (Fig. 2f). Two 

distinct peaks were identified in the mercury profile, which corresponded to 60-72 

months (20.8 ng g-1) and 120-126 months (18.7 ng g-1). Similar to the POPs, the continual 
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accumulation of mercury recorded in the cerumen throughout the animal’s lifetime was 

linear with a slope of 2.3, with a total reconstructed mercury burden of 340 ng g-1 (Fig.  

2f).   
 

 
Discussion 

 
Using the earplug from a single blue whale, we have been able to demonstrate 

that: 1) lipophilic compounds accumulate in cerumen, 2) contaminants and hormones that 

accumulate in the cerumen lamina are chronologically archived, 3) trace analysis 

techniques can be used to measure contaminants and hormones in individual lamina, and 

4) by combining chemical concentrations from individual lamina we now can reconstruct 

lifetime profiles for an individual whale (i.e. birth to death).  

This study reports lifetime cortisol profiles in a baleen whale for the first time 

(Fig. 2a). Cortisol is a biomarker of stress in mammals with concentrations directly 

associated with responses to a combination of environmental, physical, chemical, and 

social factors (22-25).  During this response, glucocorticoid steroid hormones are 

released into the blood stream with the amount reflecting the severity of the stressor (26).  

This cortisol profile highlights several prominent peaks as well as episodic variability 

over the animal’s lifetime.  Baseline cortisol concentrations were 45 pg g-1 (6-12 

months), while cortisol peaked at 420 pg g-1 (126-132 months).  This change in cortisol 

corresponds to a ~800% increase over the initial baseline. This peak in cortisol 

concentration immediately follows the largest peak in testosterone (114-126 months) 

(Fig. 2a). This suggests that the cortisol maximum was due to breeding competition or 

social bonds formed during sexual maturity (27).  Interestingly, the mean cortisol 

concentrations doubled over the life of this blue whale (Fig. 2a). The general 
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Figure 5.2 Reconstructed chemicals profiles measured in a blue whale earplug. Each 
measurement reflects the mean concentration during lamina production. (A) Cortisol 
levels increased with age, whereas testosterone peaked at 120 mo (~100x increase). (B) 
PBDE 47 profiles demonstrate considerable deputation from mother during periods of 
early development. (C) Historic-use patterns of DDT and metabolites and nonachlor 
compounds. (D) PCB profiles showed trends similar to the other pesticides with the 
highest levels measured in the first lamina. (E) Total mercury and organic contaminant 
deposition accumulation rate. (F) Life span mercury profile shows two unique peaks at 
60-72 and 120-126 mo.
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increase in cortisol over the animal’s lifetime could be associated with multitude of 

factors including weaning, development, sexual maturity, migration, food availability, 

environmental conditions, changes in social status, accumulated contaminant exposure, or 

environmental noise.  

The increase of androgens during postnatal development is a key factor defining 

sexual maturity in male mammals (28). The significant peak (400-fold over baseline) in 

testosterone observed during this study at approximately 114-126 months provides a 

strong indication of sexual maturity (Fig. 2a). This novel approach provides chemical 

verification of sexual maturity (via lifetime testosterone profiles) and offers improved 

resolution over historical methods such as age-length estimates (21, 29), ear plug lamina 

counts (14), and ovarian corpora counts-length data (30), which cumulatively has 

previously estimated sexual maturity of male blue whales to be between 60-180 months 

(31). Testosterone concentrations sequestered in the cerumen from this male blue whale 

ranged from approximately 230 to 93,000 pg g-1. The lifetime testosterone profile 

reported here from a single animal was in agreement with a study by Kjeld et al. who 

measured serum testosterone concentration in 278 male fin whales at varying ages, where 

testosterone concentration also ranged over 2 orders of magnitude (35 to 14,000 pg g-1¬ 

serum)(3).  Kjeld et al. utilized earplugs for aging, and histological and anatomical 

indices to determine the medium age of sexual maturity in male fin whales to be 120 

months (10 years).  

The reconstructed POPs profiles of this male blue whale demonstrate that a 

substantial maternal transfer occurred during gestation and/or lactation.  A review by 

Wagemann and Muir highlighted similar maternal transfer of contaminants in a large 
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number of marine mammals throughout the north hemisphere (32). The maternal transfer 

of POPs for this individual blue whale was equal to ~20% of its total lifetime burden. 

This substantiates previous hypotheses regarding the ability of organic contaminants to 

undergo maternal transfer during gestation and lactation in large marine mammals (33, 

34). Further, our lifetime POP burden measured in this blue whale are in agreement with 

the lifetime physiologically-based pharmacokinetic fugacity model developed by Hickie 

et al. (1999) (Fig. 2e) (33). In this study, the lifetime accumulative lipophilic 

contaminants burden describes the uptake, metabolism, and excretion of POPs by the 

organism over its entire lifetime.  The lifetime accumulative POPs burden was recorded 

in the lamina of the earplug and totaled 5200 ng g-1 lipid.  Blubber tissue collected from 

the same male blue whale provided a total POP burden of 4700 ng g-1 lipid or 90% of the 

total accumulative burden recorded in the earplug (Fig. 2e: red vertical line).  This 10% 

decrease may be due to differences in uptake, metabolism, and excretion process specific 

to blubber as compared to cerumen.  Regardless, under the assumption that both the 

whale blubber and earplug can provide estimates of accumulative contaminant burden, 

we see striking similarities between these two matrices.  Specifically, o,p′-DDE, p,p′-

DDE, p,p′-DDT, cis- and trans-nonachlor, PCB 105, 118, 138, 153, 156, and 187, as well 

as PBDE 47, 99, and 100 were identified in both blue whale earplug cerumen and blubber 

(Figure 3).  The major difference between the two matrices is that subcutaneous blubber 

cannot estimate when the exposure transpired, while earplugs provide lifetime 

accumulative contaminant burden with, in this case, 6-month resolution.         

The POP burden measured in each lamina suggests that contaminants are 

recirculating throughout the body during both periods of feeding and fasting.  The impact 
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from the chronic and acute POP exposure on baleen whales is largely unknown, but may 

potentially be positively correlated with cortisol. This relationship has been difficult to 

identify using inconsistent sampling strategies (35-37). Contaminant and hormone 

profiles reconstructed from this earplug suggest that there may be a weak positive 

correlation between contaminant burden and cortisol concentrations as a function of time, 

however, with a sample size of N = 1 this should be considered a tentative assessment.    

Anthropogenic mercury is ubiquitous in the environment and has received much 

attention among ecologists, environmental chemists, and toxicologists because of its 

ability to bioaccumulate,   and impairs neurological development.  Well-documented 

research involving humans reveal maternal transfer of mercury in utero and then to the 

neonate during lactation (38). Mercury profiles in this blue whale do not mirror maternal 

transfer to the same degree as the POPs (Figure 2f). The mercury profile also highlights 

two pulse events ranging from 60-72 months and 120-126 months. Since this blue whale 

appeared to routinely traverse the coast of California (ship strike near Santa Barbara, 

CA), we speculate that these pulse events may be associated with regional environmental 

and/or anthropogenic increases of mercury (39).  

This article highlights significant advantages and research opportunities in the 

fields of biology and chemistry, specifically the reconstruction of lifetime chemical 

profiles (i.e. birth to death) in baleen whales.  Lifetime profiles offers significant 

improvements over costly ship time and conventional intermittent sampling techniques 

that use blood (40), feces (41), blubber (42-44), morphometric measurements and/or 

exhalations (4) as well as conservation advantages in the reduction in the samples (blood, 

blubber, etc.) required to address a specific research question (3, 41). Using earplugs to 
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age and reconstruct lifetime chemical profiles allows for a more comprehensive 

examination of stress, development, and contaminants.  In addition, earplugs allow for 

the simultaneous assessment of multiple research questions (e.g. concerning 

contaminants and hormones) thereby expanding research opportunities to address more 

complex and integrated research questions, such as the impact of POP burden on the 

lifetime stress of an animal.  Finally, earplugs allow for examination of both persistent 

compounds (i.e. POPs) as well as compounds that are metabolized in the body (i.e. 

hormones).  Earplugs may provide a unique opportunity to reconstruct exposure profiles 

for compounds such as polycyclic aromatic hydrocarbons, which typically undergo rapid 

biodegradation in tissues such as liver and blubber (45).   

One of the most profound advantage offered by earplugs is the ability 

retrospectively examine critical issues through the analysis of archived museum samples, 

some of which were harvested in the1950s.  A comprehensive database could be derived 

by combining the analysis of multiple earplugs harvest over multiple generations.  

Further, this innovative tool increases the feasibility of accurately assessing 

anthropogenic impact on everything from an individual organism to marine ecosystems.  

Without such data, there is no context with which to interpret the biological significance 

or anthropogenic impact of individuals or populations. 
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Figure 5.3 Male blue whale blubber (left axis) and earplug (right axis) contaminant 
profiles. Blubber was sampled near muscle blubber interface and compared with the 
lamina corresponding to 72-78 mo in the earplug, which represents a midpoint in the 
organism lifespan 
 
 

Material and Methods 
 
Materials and methods have been described previously . Briefly, the blue whale 

earplug was sectioned longitudinally to improve accessibility to internal lamina using an 

ultrafine-toothed band saw. Under 20X magnification, individual lamina were removed 

from each longitudinal section and stored in nitrogen at -30 °C. Hormone determination 

was performed using their respective Enzo Life enzyme immunoassay kits (Farmingdale, 

NY). Total mercury determination in cerumen was in accordance with US EPA Method 

1631 dual pre-concentration method using a Tekran Instrument Model 2600 Cold Vapor 

Atomic Fluorescence Spectroscopy Mercury Analysis System (Tekran® Instruments 

Corporation, Toronto, ON). Organic contaminant determination in cerumen employed a 
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recently developed selective pressurized liquid extraction in-cell clean-up method with 

basic alumina, silica gel, and Florisil® adsorbents followed by analysis with an Agilent 

gas chromatograph 7890 coupled to a Agilent mass spectrometer 5975C in electron  

capture negative ionization and electron impact modes (Santa Clara, CA). 
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CHAPTER SIX 

 
Conclusions 

 
 
Three high-throughput SPLE (combined extraction and cleanup) methods for 

high-lipid matrices were developed and improved to enhance our ability to measure POPs 

in high-lipid matrices associated with marine mammals, thereby expanding our 

understanding of the environmental fate, transport, and impact of anthropogenic organic 

pollutants in marine ecosystems. Historically, sample preparation methods often utilized 

Soxhlet extraction (requiring 12 to 24 hours) followed by multiple cleanup steps, such as 

traditional column chromatography and GPC. This dissertation focused on improvement 

of sample preparation by utilizing SPLE, a high-throughput extraction technique. Chapter 

II discussed a SPLE incorporating neutral silica followed by GPC cleanup for extraction 

of OCPs, PCBs, and PBDEs in low masses of marine mammal blubber (Weddell seal 

blubber) from McMurdo Sound, Antarctica. Improving upon the SPLE discussed in 

Chapter II, Chapter III addressed the need for eliminating post-extraction cleanup (GPC) 

for SPLE for high-lipid matrices by utilizing a sorbent with a higher density, acidic silica. 

A SPLE incorporating acidic silica and neutral silica requiring no post-extraction cleanup 

for extraction of OCPs, PCBs, and PBDEs was developed for marine mammal blubber 

(bowhead whale blubber) from Barrow and Kahtovik, Alaska. Chapter III expands the 

utility of SPLE for high-lipid matrices also for extraction of OCPs, PCBs, and PBDEs to 

a novel matrix, whale earwax. SPLE for blue whale earwax incorporating basic alumina, 

neutral silica, and Florisil required no post-extraction cleanup.  
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The SPLE methods described in this dissertation built upon previous SPLE to 

contribute knowledge about select SPLE intricacies and optimization parameters (i.e. 

sorbent selection based on density, lack of analyte retention as well as cleanup ability; 

sorbent to sample ratios; and order for layering of multiple sorbents). Based on database 

searches using Scifinder, Chapter II describes the first SPLE (followed by GPC) for POPs 

in marine mammal blubber. Chapter III discusses the first SPLE with no post-extraction 

cleanup for POPs in marine mammal blubber. Chapter III highlights the elimination of 

post-extraction cleanup for SPLE of marine mammal blubber, which was achieved by 

optimizing sorbent selection for a higher density sorbent, acidic silica. The SPLE method 

developed in chapter IV is the first extraction method (also a SPLE) for POPs in whale 

earwax and requires no post-extraction cleanup. Chapter IV highlights a significant 

optimization step for layering order for basic alumina and neutral silica when 

incorporating of multiple sorbents in the extraction cell.  

The previously discussed SPLE methods were applied to marine mammal samples 

expanded our understanding of POP environmental fate and transport. Utilization of these 

SPLE methods provided the first identification of PBDEs in Antarctica’s Weddell seals 

(Chapter II) as well as in Alaskan Arctic bowhead whales (Chapter III), and the first 

identification (Chapter IV) and reconstruction (Chapter V) of chemical profiles in whale  

earplugs.  
 
 

Contributions to the Scientific Community 
 
The contribution of this work to the scientific community in the field of extraction 

methods for POPs is the optimization of criteria to consider for SPLE for high-lipid 

matrices including sorbent/s selection as well as layering order of multiple sorbents in the 
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extraction cell. SPLE, a technique for high-throughput extraction methods, is combining 

PLE and sorbent cleanup into a single simultaneous step. Currently one drawback for 

SPLE techniques is the limited volume of commercially available extraction cells. For 

high-lipid matrices (i.e. blubber sample containing >1 g of lipid), the mass of select 

sorbents with known capabilities for cleanup of high-lipid samples, such as Florisil, 

combined with sample homogenate utilizing previously published sample to sorbent or 

fat-to-fat retainer ratios would exceed the volume of the extraction cell. For SPLE 

extraction of samples with high masses of lipid (>1 g), the development of sorbents with 

higher densities combined with optimization of polar and non-polar solvent combinations 

would be the next logical step. Figure 3.1 represents the progression of PLE and SPLE 

techniques for high-lipid matrices expanding towards the development of high-density 

sorbents. 

To improve SPLE analyte recoveries, one of the additional contributions has been 

identification of a significant optimization step for selecting the position of sorbents 

within the extraction cell. The position of basic alumina relative to the silica gel within 

the extraction cell statistically improved the recoveries of ∼40% of the target analytes (17 

of 42). An additional observation was the placement of Florisil® with the use of basic 

alumina and silica did not significantly improve analyte recoveries.  

My contributions to the field of POP fate and transport are evidence of PBDE 

transport to Weddell seal and bowhead whale blubber as well as the first identification and 

reconstruction of POPs in whale earwax plugs. Evidence of PBDE 47 transport and 

accumulation in Weddell seals demonstrates an increasing impact and extent of POPs in 

remote environments. The observation of PBDE transport and variance in PBDE profiles 
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due to potential transformation or degradation (lower brominated congeners with the 

dominate concentration, PBDE 28) in bowhead whales from remote Arctic regions also 

demonstrated an increasing anthropogenic POP impact on marine environments. Based 

upon my contributions and perseverance, it is now possible for high-throughput extraction 

and analysis to measure trace concentrations of POPs in individual earplug lamina proving 

that POPs accumulate in whale cerumen. Further application of my SPLE methods allows 

scientist to reconstruct chemical profiles in a whale earplug indicating that accumulated  

POPs in the cerumen lamina are chronologically archived. 
 
 

Future Work 
 

Further investigation into developing higher density sorbents (for utilization in 

SPLE as well as other sorbent cleanup techniques) may enhance our ability to measure 

POPs in high-lipid matrices. Reducing the density and, therefore, the volume sorbents 

occupy in extraction cells will enable extraction of samples containing larger masses of 

lipid. Investigation of modifiers, such as sulfuric acid, to treat sorbents may reduce sorbent 

density. In the literature, acidic silica has been prepared by mixing sulfuric acid and neutral 

silica (w/w). Increasing the sulfuric acid percentage may be a potential solution. In the 

literature, the term “acidic silica” or “acid impregnated silica” has referred to varied ratios 

of sulfuric acid to neutral silica (Bjorklund et al., 2001; Zhang et al. 2011). Future SPLE 

work with increased ratios of sulfuric acid to neutral silica may increase the density of 

acidic silica. Possibly combined with use of Thermo Fischer Scientific DionexTM dionium 

extraction cells (acid resistant) and increasing the ratio of neutral silica placed below acidic 

silica as a buffer to prevent acid from exiting the cell, higher density acidic silica could be 

developed for SPLE of samples with higher masses of lipid. Another research route may 
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be the identification of other modifying chemicals to increase sorbent densities that do not 

retain or degrade analytes of interest. Sorbent parameters such as mesh and pore size as 

well as activity should also be considered. 
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