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. Abstract o I

n thns thesis, two studles were performed The purpose of the fi rst was to”
. 3 -g———’”"“"'
determme if the results of a dletary exposure experlment usrng rambow trout

’were consrstent wrth those predlcted usung a thermodynamrcally based

blomagmﬁcatlon model. To 30 this, adult ralnbow trout were ;exposed to -

2,2',4,4',6,6’ - hexachlorobiphenyl (HPCB) through their diet for a p'e;riod of 72
'~ days. At regular intervals during the experiment fish were euthanrzed and
analysis was done on fish tissue and chyme (dlgested food) from several,
! se¢t|ons of the gastro-rntestunal tract. Analysus was done for HPCB fugacrty
HPCB concentration, lipid content, organlc carbon content, chromium-ll-oxide .

(an indigestible internal rparker) content and sample mass

Experimental results ‘were consi}stentv vrith' a ‘therntodynamically based
" biomagnifi ication model Data showed a 1.8-fold increase in H:PCB.qugacity in the
anterior section of the mtestlne whlch occurred as a result of a 4-fo|d decrease -
- of the chyme HPCB fugaclty capaclty The decrease in fugaclty capacity
occurred concurrently with a 6-fold deaease in lipid contergt,i suggestnng that
although lipid content is the major determinant of gut-content fugacrtycapacrty it
is not the only determinant. This study suggests that undlgested non-lipid

organic carbon (OC) also contributes to the overall fugacity capacity of the



" chyme and presents a model descrlbrng the relatlve contnbutlon of l|p|d and

o non-lipld OC to the fugaclty capacity o I SRR

The justlf cation for pursulng the f rst study was to better understand the process . ”
of bromagnrf cation so that improvements could be made to exlstlng chemlcal ‘

4

mass transfer models used in proactlve envnronmental management

The second study tested ethylene vmyl acetate (VA) films as a “potential
’ technical |mprovement for measurlng the fugacnty of persistent organo-halides
VA f Ims were found to be an |mprovement over head-space analyS|s )for the
’ measurement of semi-volatile fugacities. They»wer‘e, typically mdre,;sensitive;and '
| had oetter accuracy than head-spaoe analysis. Uptake curves of PCBs and |
chlorobenZenes by VA frorn a- sp_iked vsample .r_evealed that ‘an equilibrium
(complete partitioning) can be achieved in a oouple of days. It was also shown
that the »tir:n'e to .equilibrium was a function of -both the VA film thﬂickness and the

molecular weight of POC being absorbed.

iv




© - Acknowledgments

s .
] C s . -

I would like to thank my senior oo-eupervi‘sor Erank Gobas for _hie continual -

support and insight dur'ing this degree I have Workedlfor Frank for the last4

L4

years and feeI fortunate to have been supervnsed by him,

lalso thank my other co-semor supervisor, Anthony Farretl for hlS creative
%

’ suggestlons bureaucratic savvy and hls msustence on stlcklng to a time table.

I thank Chrls Kennedy, my third supervisor, for provudlng a thorough révi ‘w of
| thls thesus ; V | ‘
| thank my wife, Susan, for her support and for puttlng up wuth me dunng this
degree And | thank my parents Jack and Enid, for thelr encouragement through

the years. Enld dled soon after | startedon my Masters degree. T

‘
»



~ Table of Cc ntents

Pl L
- L -
TITLEP. ’
AGE..... oveeeerrennee rerrrsveresesnnansnnnnessssines reeseraseesesiassreseesentareinssnntin ecvieencissasaseressesassssnn ieevieessesneesenons i
. .
APPROVAL...2.......cuveeeevereretresresssserssseseessesssssssssessenssssesnsinsassessestanasssessesssessensssssssessnesnsnm st seessmnsmsse s e ii
ABSTRACT .....ccveerreeeiveeseriseisssesresssnessessssiossissssssnssssssserssestosssasasssssanssssssessssssssssesssnssonssesnes Vaseersevorssrnasenans iid
" 1
" ACKNOWLEDGMENTS.... ' e : . - v
......................... e T T OOV LR 4

1.3.14n Overview.............. R .......... 18j
132 Phys;ochemical Factors A _ﬂ'ectingAbsorptioq Efficiency eveemmeeeseseseeemeeseesssenens sererisssassinsssssennes 21
133 Physiolégical FactorsAﬂ'ecting‘vhbsorpﬁonRate..;..i.,..................: ............................................ 22
134 DietaryFacfor;Aﬂ'ecting PCB Absorption Rates......................... , ..................... 23
2. BIOMAGNIFICATION: THE UNDERLYING MECHANISM.............. eeee26
21 ABS’I'RACT ......................................................................................................................................... 26
2.2 INTRODUCTION .......c.coiuiremruereeiiyerncsssnnasasssssssssesssssssasssssssssssssssssssessnsnssssssonee ‘ .......................... 27
| 2.4 DATA ANALYSIS AND STATISTICS. .. ......cocvrmemmennreestreseiseasseresassastasassessssosssessssesstsssorsssssasstssssassosensesse 39
25 RESULTS ......oeoveetinicteeeetet e sstssssesess s s sstes Eusae s e s ss s s ansesessessesessassossssmtsnentesesenesesesesensessnsarensene 45
&
i Vi

PRt



3.3.1 Stainless steel rod dip meihodology ........ Stttenaetrresetsein bt ns et ensns g eanatrernaaessnas sreresTiecraerereenesansnne 83

3.3.2 High speed cover slip spin rﬁethodology ........ , — eseoramssvererrsarseseraraspasssseesentessasens 87
34 DATAA]Z:ALYSIS&AN]) STAT[sncs............f ......................... rereererantaetensatatersaaesarertesnanranes eeerossenens ....89
35 Rasuus ....................................... .................. breesnesrersresnissesasnessessaessstosetsessesssrtersansassenseates 90
3.6 DISCUSSION ........ooveeeuimireuereuetauristsueresststesasesesssesatssssastesstsssssssessstsssesasstassabsssnssssasesessassesessarsnens .99
3.7 SUMMARY.. ..................................................................................................................................... 109
4. APPENDIX 1: FACTORS WHICH MAY DETERMINE THE EXTENT OF
BIOMAGNIFICATION. ..osovoeverienesoen — 12
4.1 DIGESTION/ABSORPTION OF LIPIDS BY THE GI TRACT ..ccvcevvvevemmmrecsssensssssssssssssssssssssssssssansssssssssas 112

4.1.1 Gastric Lipid Partitioning.................................... O U — 113

4.1.2 Emulsification /Hydroly.i‘isf ............................ I e 114

' J vii



' 4.1.3 Micelle formation ........... OO SO IPRRIIUEs ) ” S
414Absoipnon 116
4.1.5 Cytosolic Transport of lipid metabolites and TG ReSYRIRESIS.............wvvrisvisssississimsssmssssnnssnss 1197 - 1
4.1.6 Cylomicron/LDLP SYNthesis and TraRSPOTt ............preesimeersssivsiesseessonsivmssessnee —7 N
417 BiIeAcidReabsofpﬁon and Enterohepatic Circulation........................ccocu.... ’ 122
4.1.8 A Physiological Comparison of Fish and Mammals Relating to LipidAbsorpﬁqn.......; ........ w123
" 4.2 SOME FURTHER IMPLICATIONS OF DIGESTION AND DIET TYPE ON POC ABSORPTION: ....ccvvnreresissn. 127 -
,‘ o 4.2.1 Lipid Digestion as a parameter of the ﬁlgacnygrad:ent127
" 4.2.2 Lipid digestibility / GbSOTPHION.......ccovvevrsrsrsesrsese S S .. B
i 423 Fugacity CaPACIEY Of lPId IYPES .........e.eceeeveeereeeerererereriesisrineesessesssssnanns T AR 130
S. APPENDIX 2: DATA USED IN FIGURES. s cbrorsisssenirnen SR £ Y S
. ‘ . \ 2 . . .
6. LITERATURE CITED I e essenssrssosss 136
- ’-.’
) A .
E 4
- 7 viii



- "/r / : ‘ -
. ! / 19 4
List of Figures |
FIGURE 1: CHEMICAL Smucwm-: oF Som: COMMoN PERSISTENT ORGANO-HALI})ES vecseens compronans2

FIGURE 2: IstmAnvz u-: OF THE CONCENTRATION 01-' POCs INFISH' ‘nssm-: (C..) AS A FUNCTION OF.

i

TIME As A RESULT OF BEING mosm TO0PQC CbNTAMINATED WATER WITH OONCENTRATION Cw

v

(HomwambmouBmsom'rAL 1975) vttt s s aesesas s eses B asesassresesres eeeeeseasens 4
o

i-‘m&w ILLUSTRATIVE meorBCF Pwrmn AGAINST IDGKW FOR SEVERALPOCS (BCF 1S THE

RATIO OF FISH OONCENTRAHON TO WATER CONCENTRATION OF CONTAMINANT ). NOTE THE LINEAR.H'Y

01-'POCs wrmwGKo,, S wWERTHAN 8 (FIGURE ADAPTED FROM GOBAS 1989)..........ccceeevenneene S
FIGURE 4: POC'UPTAKE EFFICIENCY PLOTTED AS A FUNCTION 01-' Kow SYMBOLS REPRESENT DIFFERENT

MEASURING mmonqwqms. (FIGURE frAlg-:N WITH PERMISSION FROM PH.D. DiSSERTATION oF ToM

J PARKER’I:ON, l§93).i .......... d': ...................... .......... 7
FIGURE 5: FUGACITY EXPLAINEDOONCEP’IUAI_LY .................. 12
FIGUliE 6: FUGACITY-MEDIATED PARTITIONING OF APOC BETWEEN WAﬁR AND Ol ....... reeeeseesrearsesnnrenens 14
FIGURE 7: Déﬁcnon OF GIT SH‘OWING REGIONS SAMPLED .........ccccvevennee eterereescnseersreserestaeesasntrareraasnaeran 34 '
FIGURE 8: VA#IOUS MEASUREMENTS TAKEI;I IN FOOD A27D CHYME AT DIFFE‘RENT LOCATIONS IN THE

INTESTINAL SYSTEM. .......... Teeees ' ...................... 46

FIGURE 9: DRY-WEIGHT-BASED CONCENTRATIONS OF HPCB IN FISH (MG / KG FISH) DURING DIETARY
EXPOSURE TO HPCB As é FUNCTION OF TIME (IN DAYS). REGRESSED LINE WAS FORCED THROUGH THE

ORIGIN AND HAD A SLOPE OF 25.4 UG/G/DAY, R2="0.90 ANDN= 13, rrrerareens 49

°

FIGURE 10; OBSERVED LIPID WHEIGHT BASED HPCB CONCENTRATIONS (MG/G LIPID)-IN DIFFERENT

COMPARTMENTS OF THE FISH OVER TIME. LINEES REFER TO THE LINEAR REGRESSIONOF THE LIPID BASED

CONCENTRATION IN THE WHOEE FISH (R = 0.90) AND CONCENTRATION IN THE IP FAT (R*= 0.83)....50

&

FIGURE 11: RaTIO OF HPCB LIPID WEIGHT BASED CONCENTRATIONS IN THE LIVER AND WHOLE FISH AS A

FUNCTIONOFTIME. ......cccovvevveemns i eseeaesesaseeseesaesnsnba—_—————stesirettteteerrrbatrhrtntteatneraransrnesinsarsrneeserersannre 51

iX

e %



IR

* - ' - ’ . o, ,‘ .. .o ) * . \'r ) 1‘
FIGURE 12 E)MBQEOPOC FLUXES THROUGH THE GIT-LINING SOON AFTER INITIAL EXPOSURE AND AT
STEADY STATE. o...e.envivivienenenns éf ........ ersssanssiasiosespesivisabenines reeesenes b ieiriresesastnessasntsannines veirrerenn 59
FIGURE 13: HORSTMANN ANDMcLAUGM s FUGACITY METER (Abm'zn mou HORSTMANN 1992)....;:..,76
& .

FlGURE 14: A COMPARISON OF SENsmvas Y-AXIS REPRESENTS THE RATIO OF DIPPED ROD ansmvmr

OVER 'l‘HE SBNSITIVITY OF A HEAD-SPACE ANALYSIS TAKEN' FROM DIFFERENT VIALS CONTAINING THE

SAME SPIKED FOODSS, SAMPLE ................. SRR rerererinaeeine '....A ...................... ) |
FlGURB 15: A COMPARISON OF BEPLICATE VARIABILITIES FOR 'ma THREE METHODS OUTLINED. THE
>
" VARIABILITY IS EXPRESSED Asﬁ'f'rm cozmcmm OF vmwmon (?2 Tms VARIABILITY FOR nm .
THICKER VA COATING I§ PRESENTED FOR THE SPUN coQER-surianm@D SRRSO 7 R
FIGURE 16: UPTAKE GlRves FOR DIPPED ROD 'l_'EpI-NQUE. T" ............. SRR .......................... .94
FIGURE 17: SPUN cp\;m-s;,m UP'I'AKE éunvtrz)n THINNER FILM (18 MG) e aes! .96

s

 FIGURE 18: DESORPTION OF POCS FROM IMPREGNATED VA FILM (LOGjo OF POC MASS ABSORBED AS A

- m&ouonm). eeeeeeeeaesaeeeaee e e seeee s et e tmee s sagesasrsea st e Rt a st aes st a e eraeeareseraesaenen 97
FIGURE 19: SPUNCOVER-SLIP UPTAKE CURVE FOR 'rmcxzn FILM (126 MG) .., *98
FIGURE 20; CALCULATION OF VA nmnncxm-:ss ..................................................... 104
FIGURE 21: CALCULATING THE FUGACITY CAPACITY OF VA ...t seee e smressesn 106
FIGURE 22: DETERMINATION OF HPCB wcAch'Y CAPACITY FOR SE¥VERAL DIFFERENT MATRIC881 ............. 107

7 ’ 4
- e |
) -
. R




1. General Introduction
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1.1 INTRODUCTION" . ” ‘ .

-

g . - g
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: Persistent‘organc‘: chlorines (POCs) are a group of chemicalstypically
AN
conssstmg of a Iarge carbon backbone and havmg one OF more bondmgsltes '

. occupied by a chlorine molecule By nature of their chemical structure {they have
been Ilnked toa number of enwronmentally damagmg effects. POCs have been
3 ' attributed to several forms of cancer (Bertazzi et al. 1993), abnormal sexual - ,

,' | be‘ﬁavior’(H-unt etal 1977; Fox et al. 1978), poor reproductive success and

: embryological defects (Gilbertson 1 98‘3, Kubiak et al. 1989, Gui;lefte etal.

_ 1994), suppression of the immune syStém E(Da\)is'1988,, Aguilar et a|;19§4) and a
declining sperm count in huméns»('Augerv et él. 1995). Despite tl"\ei.r use being -
predomir;antly reétricted or severely curtailed i; North America since the late |

. 1970s, global transpo‘rt combined with the persistence of POCs has made them

the most ubiquitous xenobiotics on earth. Biological concern has arisen as a-

result of their toxicity, ability to accumUIate in biological organiéms and

' resistance to-metabolism (Ténabe,et al. 1987, Woodwell 1967).
. @ ’ ’ -

3 .
=

Common exampleé of POCs are dichIorodiphényltrichIorpethane (DDT); dioxins,

’polychlorinated biphenyls (PCBs) and chlorinated benzenes (Figure 1). They ’



oy

Ed

-

have been used as heat stable add|t|ves for transformers and heavy machlnery .
i

i Iubncant (eg PCBs). as- pestrcldes (DDT 245-T Chlordane M|rex) as antl-

" sap staln agents (chlorobenzenes) and have been produced as unwanted

byproducts in the produotlon of other |ndustr|al chemicals (dIOXInS andv furans). -

* Cl o o N .
© Ok 1& - ‘
Cl -
Cl )
Aldrin . 1,1-(2,2,2 - Tnchloroethyhdene)brs ‘ Hexachloro benzene |
~ (4-chlorobenzene) or DDT =~ . T R t

a o0 Cl | : = |
oC0:  ~“O-Ow
| Cl Cl o S ,
23 7 8- Tetrachlorodxbenzo—p-droxm ' | Polychlonnated blphenyls
(2,3,7,8 - TCDD, Dwxm) o (PCB, Arochlor)

FIGURE 1. CHEMICAL STRUCTURE OF SOME COMMON PERSISTENT ORGANO-HALIDES.

Accumulation of POCs by organisms, called bioaccumulation, ooours-
principallyras a result of the high fat solubitity {or Iioophilicity) of these _
chernicals, Lipophilicity causes POCs to preferentially partition i‘nto
cornpartments whioh either have a high fat or organic carbogn‘content (Goerke

- 1984). The extent of lipid affinity is often expressed in terms ot log Kow , which is

~ | the log of the partition coetﬁcient of a given xenobiotic between octanol and -

water (Isnard and Lambert 1988). Ko is determined by dividifng’ a chemioat's

observed conoentration in octanol by the concentration in an adjoining water



| compartment when the net transfer of chemlcal between compartments is zero
IS

(equlhbrlum has been achleved) and where nelther compartment is saturated
Because many chemlcals Wthh partltlon into fat have very hlgh K,., S, N

conventlon isto express these values in Ioganthmic format. PCBs for example

have Kow s ranging from about 10 (for 2—monochlorob|phenyl) to10%*® (for

decachlorobiphegl)(Hawker 1988). .

y
There are two types of bioaccu‘mulatibn, the first occurs as a result of Optake of
chemical from water andsf’ediment and is referred to as bioconcentration
(Barron 1990). BioconcentratiOn occurs predominantly via the gills and skin of
aquatic organisms. The second type of chemicalr accomulation occurs as a result

1

of chemical uptake via the diet and is called biomagniﬁcation' fBruggerman- '

1981). Biomagnification is most‘_noticeabte within long food chains such as those

found within many aquatic trophic systems (Gc}bas and Moqison 1997).

.
B w7
o

A fish residing within con?’é’%ninated water will bioconcentrate xenobiotic via the
gills and sktn with time until a steady state-of chemical concentration is achieved
betWeen the fish and the sorrounding water (Figure 2)(Branson 1975). The‘

. ratio of fish tissue concentration to water concentration isl caIIed the
bioconcentration factor, BCF. .If regressed against log Ko for several PCB
congers, a relationship having a high 7 vatue is often achieved (Figure -

3)(Gabas 1989, Neely 1974, Bruggeman 1981, Konemann 1979). The linear



g ,"c'

rrelatlonshlp suggests that chemncal bnoconcentratnon |n t” sh is very s|m|lar to the
dnffusuve partmonlng of llpophmc chemncal between water and octanol Thus it
has been concluded that uptake of organlc contamlnants oceurs via sumple | \
diffusion (Mackay 1979 Mackay 1982, Isnard and Lambert 1988). The |

| concentratnon achleved in the each of the fish and water compartments at

Contaminant Concentration

+

~ FIGURE 2: ILLUSTRATIVE EXAMPLE OF THE CONCENTRATION OF POCS IN FISH TISSUE (C;) AS A FUNCTIONOF *
i . TIME AS A RESULT OF BEING EXPOSED TO POC CONTAMINATED WATER WITH CONCENTRAHON Cw (FIGURE

- ADA!']'EDFROMBRANSONETAL. 1975). -

-

equilibrium depends upon the relative chemical absorbing capacity (dissolving *
ability) of both the fish and water as it does fot' the partitioning ‘of chemical

' between octanol and water. . .




Log BCF

[} 4 ] L
T =1 L ¥ LIS

e
K
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< . Log Kow of Contaminant

FIGURE 3: ILLUSTRATIVE EXAMPLE OF BCF PLOTTED AGAINST LOG Kow FOR SEVERAL POCs. (BCF IS THE
RATIO OF FISH CONCENTRATION TO WATER CONCENTRATION OF CONTAMINANT). NOTE THE LINEARITY OF
POCswrmLOGK.,. s wWERTHAN 8 (FIGURE ADAPTED FROM {GOBAS 1989)

The signifi cantly higher concentration of POCs achleved in the fish at
equlllbnum is expected as the solubility of POCs in water is known to be much
lower than the solgbility in the fish which contains significant amounts of lipid.
The matrix property which de_tenni.nes how well a chemical dissolves in the
matrix will be referred to as the‘"absorbing cébacity" of the mairix or the
*fugacity capacify' of the matrix (MacKay 1979). Fugacity Capédty Will be

 discussed further in futurfe sections.
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Ifan uptake curve is plotted depicting eXposure of 'xe'n0biot'ir:,s via the diet, an.
equilibrium is attained bywhlch the: predator fi sh has a concentratlon of
| ~ xenobiotic greater (Connolly & Pedersen 1988) than that of the prey |f passwe
dlffusmn is the prlmary transportlng mechanlsm it would be expected that the
predator fish would have a greater absorptlve capacnty than the;prey and thus
would have a higher body fat coneentratio_’n. In most cases, howe_ver, the larger
fish have comparable, if not IO\rver body fat c_encentrations (Connolly & Pedersen
1988). The question which this thesis addresses is'how could a predator attain a
hlgher concentration than it's prey lf it doesn’t have a hlgher absorbing capacnty
for the POC? Or in simpler terms, what is the mechamsm behind w o
biomagnification? Despite the existence of several theories which will 'be .

< &

discussed in chapter 2, the mechanism which results imgniﬁcation remains -

7. largely unknown.

| ~ A mechanistic understanding of biomagniﬁcat_i'on'is impertant for xenobiotic
management purposes: Modern, environmental ‘practices are becoming
inereasingly proactive and consequently employ greater use of rn'echanistic
models to predict the biological outceme of chemical exposure scenarios. It was
shown above that steady state‘body burdens ‘due to bieconcentratton canbe

| “easily predicted due to a clear relationship with K“, (Mackay 1979, Mackay |
1982, Isnard and Lambert 1988). Dietary exposure, on the other hand, enjoys no

such direct relationship. If dietary assimilation efficiency of POC (the %



absorbed from food) is plotted agamst log Kow, the graph in Figure 4 is -
produced The large vanabtllty (Gobas 1989) and lack of any well defined trend
rndlcates that other parameters must be considered in addrtuon to K.., when |
modeling biomagnification; parameters such as dtetary, envrronmental and
species dependent factors (Parkerton 1993). Skin or gill uptat(e'on the other |

hand, are predominantly a function of K., and lipid content of an organism.

10 T Y -0 T
‘ ‘%o o ’
gua‘g‘
. OB o [ ] . -. g:.‘, ;50;,‘0 7
| X I L Q'ﬂ ®° .
‘of adB 0'8
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02 e Oe o0 %o o 8 “
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00 1 JL (-] 1 1
4 6 { 7 8 9"
Log Kow

FIGURE 4: POC UPTAKE EFFICIENCY PLOTTED AS A FUNCTION OF Kow. SYMBOLS REPRESENT DIFFERENT
MEASURING METHODOLOGIES. (FIGURE TAKEN WITH PERMISSION FROM PH.D. DISSERTATION OF TOM

PARKERTON, 1993).

fa

A greater understanding of POC dietary exposure in particular is important

because it is the primary exposure route for terrestrial animals and for aquatic



: organisrns when xenoblotics have an extremely high afﬁnityv for" lipid (Russell" e
| 1995, Herbert 1996, Elkin 1995). An extremely high affinity for Irpld‘ |s a feature
- of chemlcals havrng alog K,,W greater than 6, hence a million times. greater than '
that for water (Russell 1995, Black 1988, Schrap 1990, Thomann 1989). |
In ecosystemeha;/ing long food chains, incremental increaSes rn ooncentration
between prey organisms and predator organisms (biomagnificaﬁon) can result, |
in the top predator having POC body conoentrations many times greater than.
those of the organisms at the bottom of the food chain (Norstrom et al. 1978,
Connolly & Pederson 1988, Clark et al. 1988). The increase in POC body
burden concentration observed ascendingha’food chain is referred to as trophic
amplification and is typically largest in aquatic environments where tood chains

tend to be very long (Norstrom et al. 1978).

- The foor.is of this thesis is to use fish in order to develop and test a model of
POC accumulation resutting from dietary exposure. This thesis consists of three
~chapters, each being subdivided into eections Chapter 1 provides the reader
with background knowledge pertaining to blomagnrﬁcatlon The first section of
. chapter 1 mtroduces the concept of fugacrty and fugacrty capacrty, and
discusses their relevance to passrve dlfﬁ.rsaon_. Section 2 addresses the
mechanism resulting in triglyceride absorption and argues that factors which

have an impact on efficient triglyceride absorption may also have an impact on




- the degree of xenobuotnc absorptnon Sectnon 3 talks about the exlstmg

- knowledge surroundmg the topic of gastromteshna! absorptnon of POCs Sechon

; 4 defines the three majont,en'ns that are |mportant in understanding -

methodologies for fugacity measurement.

Chaptér 2 introdUces ;n experiment in which rainbow trout were dosed with
hexachlorobiphenyl,trwéugh their diets and yvheré HPCB concentrations,
fugacities, lipid content, food mass énd chrc;michoxide Ievéls were »mpnitore“d.
An argument is made that experimental res;ults show that bidmagr;iﬁcation

occurs as a result of changés occurring within food as it is beiné digested.

Implications of the digestion model are discussed.

Chapter 3 presents a novel method which is an improvément over conventional *

methods for fugacity measurement. Existing methods are discussed and

desirable attributes listed.

1.2 THEORETICAL CONSIDERATIONS FOR DIFFUSIVE MOVEMENT OF ORGANIC
, : ’ . | ‘

- COMPOUNDS .

s

Paséive diffusion of chemical mass within and between phases is usually
described by using the thennodyhamf_c concept of chemical potential (Mackay

1991). It is possible to use chemical potential to model the .diﬂuéive transfer of

Vi

s



chemical. However, it is cumbersome because:it is directly proportional to thelog .

‘of concentration. An alternative way to express chemical potential is the use of

fug’abity;.which is equivalent to the partial pressure ofa chemical dissolved in a
- i \Y . ;

phase and thus is measured in units of pressure (Mackay 1991). Fugacity is

linearly related to conceﬁtration and.thus simplifies diffusion calculations.
/ : : _
Fugacity is an important concept toothe environmeﬁtal sciences as it -gi‘ves' an
invesfidator the atiiiity to predict the énvir;)nmeﬁtal fate of a POC after"a dosing )
event (Mackay 1991). Op a ”toxicological‘basis, fugacity enables the sCi_entié"t to . -
model the extent to Wthh a xenobiotic can be absorbed by an orgahism residing B
- within or in contact with a contaminated matrix.
To understand fugacity on a'i’c':'én'c:’eptuél- basis, consider a glass of waier open to
the air (Figure 5). Water molecules will continually diffuse from the surface of the
water to the ambient air until all the water has evaporated. The reason for the
constaht and continual flux of watefis the existence of a fugacity gradient. Uﬁless
the ambient air has a 100% relative humidity, the fugécity of water moleculeg in
the water will always be larger than the fugacity Water molecules. ‘in the ‘ambient
-air, thus producihg a fdgacity gradi_ent -‘favoring the e’véporation of water. Now .
. consider putting an air-tjght cap on the glasé of water. At first, diffusion will occur‘

from the water surface to the air in the glass with the samé flux as the previous
#

10



- e3<ample. but this net flux will soon decrease to;thepoint where there is ne; :

¥

longer a net evaporation of water. What is happening-is that the air volume |s no -

longer essentially infinite and thus the concentrati’e,n of water molecules has a

chance to increase in the air phase. The concentration of water molecules'in the

P

; ~ air increases to the point where no further increase of water vapor-in the ai'r is

observed. Equilibrium |is said to have been achieved which means that the flux"
~ of water molecule; leaving the water for the air is.equal to the flux of water-
molecules Ieavnng the air for the water Thus there IS no net flux. Determnnmg the
magnitude of flux from each of the water and a|r phase is the fugacity of water in
each of the two compartments If equnllbrlum |s achleved the fugacmes of water
in éach compartment are equal and thus, there is no net transfer of water
molecules. Although fugaplty is proportional to concentration, it is important not
to think of diffusion occurnng as a result of a concentration gradient. The
concentration gradient is the sole determinant of diffusion only within a single
‘matrix type. ‘In the environvm\\ent, it is i:ommon to have diffusion between
compartmente with vastly different physical properties.

Consider the uptake of dissol\/ed O, from water through the gill of a fish: The
concentration of O, in the blood circulating through gill capillariestis;alway»s
Iarger than those in the ambient water, yet there is still difft.rgive uptake across

the gill endothelium; thus it appears that diffusion is occurring against a

cohcentration gradient! Physiologists would explain that the partial pressure of

11
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| £ vapour f vapour
4 ? V
ﬁquid liquid |

ﬁapour = fugacity of water in thé air compartment.

ﬁquid = fugacity of water in the liquid compartment, .

‘ ﬁapour

S vapour

ﬁquid

ﬁapour = fugacity of water in the air compartment.

ﬁquid = fugacity_ of water in the liquid compartment.

FIGURE §; FUGACITY EXPLAINED CONCEPTUALLY



&

- Oz in water exceeds that of the blood and that it is the drfference |n partral

- pressure whlch results in drﬁusren The drfference in partial presSure comes

-

~ aboutas aresult of a drfference in“0; absorbing capacity; bl_ood havrng ,.
i hemoglobin tends to absorb O to a much greater extent than does water. The
o precedlng example illustrates that diffusion is caused by a partial pressure

| gradlent whrch is a functron of both the concentratlon in the two matrices and the

4+

ability of each matrrx to absorb thedtffusmg chemrcal tn thermod;mamrc terms

-the partral pressure and absorbing capacity above would be referred to as

el

~ fugacity (f) and fugacity capacity (Z), respectively.

Wheh afishis placed in an aqueous environment cohtaining a fat-soluble

* xenobiotic, equilibrium partitionirrg‘of‘ the chemical occurs principally between

: the water and the lipid of the orgahism! Consider 'evn'example ofequal . . . _
concentrations’of PCB in adjacent weter and oil compa“rtments (Figure 6). The

" concentration gradientk between the two compartments would behzero, yet there »

would be a very strong fugacity gradient favorjng» the diffusion of PCB from the
water and into the oil. Thus, fugacity (f) is a function of both coneentration (C)
and ah other term, tugacity capacity (Z)

f=ciz | | 1-1

“Z" can be thought of as the ability of a compartment to “store” a chemical.

13
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FIGURE 6: FUGACITY-MEDIATED PARTITIONING OF A POC BETWEEN WATER AND OIL.

Although the terms fugacity and fugacity cépacity may be uhfamiliar, most
scientists already Llnderstand the principles involved and their importance in
determining chefnica] partitioning betwéen two compartments. Take for instange,
the pharmaco-/ toxicokinetic parlitioniﬁg of a fat soluble chemical bgtween'two
tissues. Realizing ihat lipid dissolves lipophilic chemicals to a much»greatér
extent than other biological molécule grou'p~s,‘ lipid tends to determine how well a
Jlissue is able to “hold on” to a lipophilic chemic;l. Consequently, many papers
have expressed the chemical concentration in each tissue as mass of
contaminant per mass oft_lipicyi found each tissue. These concentrations are said
to be lipid-normalized and are directly prop?rﬁonal to the tissue chemical

.

fugacity. Therefore, two different adjacent tissues having different cantaminant

14



P .

oonEentra’tioﬁs based on total tissue mass and different lipid contents will realize
no net diffusion of chemlcal between, them if, and onty nf the hpldgrmahzed
concentratlons |n each of the tlssues is equal:

Fugacity capacity plays a pivotal role in determining the cohcentration of

contamlnants in different environmental compartments once a contammant is

| emitted into the environment (Mackay 1991) If a fish is residing wuthfh poHuted |

’ water, chemlcal wﬂl be absorbed by the ﬁsh and will contlnue tobe absorbed

~,1 >

until & steady state has been achieved. Steady state occurs when influx equals.

the out-flux and the concentratlon of contamlnant in an organism remalns

constant. Unllke ethbr;um however a fugacuty graduent will stull extst lnstead

3 o
of havmg diffusive outsflux as the sol% chemlcal |oss process steady state

| entatls chemwal dllutlon due togrewth metabollc losses of chemical andlor

| _ energy dependent removal of phemleal (Mackay 1991).

,:'7"' ) - ) * X

&

At steady state, the fish contaminant concentratien (Cy ) divided by the water

“contaminant concentration (C,) is defined as the BCF (bioconcentration faeter).

BCF=C/C. . - S 12

¥

- If the above concentrations are expressed in terms of fug)acity and fugacity 5

capacity the above formula becomes:

BCF = iZelfaZe . | 13

15




| where:
Toos

g

- ﬁisthecbniéminéntfﬁgac_i;ydftheﬁsh. - -
 Jwisthe contaminant fugacity of the water.
% - Zristhetugacity capacity of the fish. . = - .
- Zwis the fugacity capacity of the water.”
: e - : . .- e
‘It can be seen in formula 1-3 that the fugacity capacities of both matrices have
an important role in determining the ratio of concentrations in the fish and the
. * water in which it resides. - -
¢ %
In‘cases where metabolism and active transpoft processes are absent, as is the
case with POCs, and if growth is negligible, this 'steady state will also represent
a state of equilibrium. Equilibrium-exists only when adjaéént compartments have

2

equal fugacities and thus will cancel out in the formula above. ‘
Thus: S T "
BCF wuiiiom = Zr/Ze - I 1-4

Thus, at equilibrium; the greater concentration of POC achieved within fish

tissue compared with water is due solely to the greater fugacity é:apacity of the

fish tissue. ” .

- For simple hydrophobic organic chemicals that are not metabolized and which

have log Kow’s less than 8, BCF is linearly related to K, indicating that

16
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dlffuswe pamtlonmg is occurnng between the fish and water (Geyer 1995

Goel‘ke 1979, Eamest 1971 Keck 1979).

Similarly, BMF, the biomagnification factor, is the ratio at steady state of the

* concentration of a xenobiotic in an organism to the concentration in its diet. In

thermodynamic terms this ratio can be expfessed"as follows:

' BMF = £.Z2:/f.Z, * | 1-5

Where the subécript “d” represents diet. Because triglyceride;s contribute
eSsentiaIly all the POC absorbing capacity of biological tissue iPaterSon &
Mackay 1987) Zr and Z, can be approxlmated by measuring the lipid contentef
the fish and its diet respectively. If the fish has either a similar or a smaller lipid
concentration than its diet, as is oftén the case (Henderson & Tolcher 1987, Tarr

et al. 1990), it would be expected that fugacities in the fish must be higher than

“those in the diet in-order to have BMFs greater than one. It appears, then, that

absorptioh is occurring against a fugacity gradient. Potentially this finding could
be used as a powerful argument against absorption of POC, via passive

diffusion.

17
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1.3 POC UPTAKE VIATHE DIET

1.3.1 AN OVERVIEW

. Ingested POCs will predominantly be dissolved in the lipid fraction of food and | ‘

are thought to follow lipids and lipolysis products into micelles. The micelles

f \ - ¥ . S ‘
- shuttle the POCs across the . polar, unstirred layer of the intestinal lumen to the

brush boarder whers.they are absorbed. Once inside the enterocyte POCs

‘either partition into “fbrrning” chylomi¢fons, or diffuse independently through the

_ lamella propia to blood and lymph vessels (Gobas 1993, Vetter et al. 1985). |

With any ’ep;thelial layer there are two \'A}ays by which a chemical can pass,
either by goihg through epithelial cells (transcerlular movement) of by passing
between two epithelial cells (paralcelluliér movement). For a chemical to take a
paracellular pathway; it must be small enough to pas§ throuvgh the tight junctions
.'joining cells. Molecules that utilize this pathway are §mall water soluble

molecules and ions.

Transcellular requires the movement of a substance across cellular membranes.
There are essentially 2 ways which this can happen, through either a non-
energy requiring process (diffusion or facilitated diffusion), or by an energy

requiring process (active transport or pinocytosis). In section 2, these

18




mechanisms wiIL be dis%usséd in the context ofA biomégniﬁcation.'What follows

here is a brief overview of the topic.

* Membrane diffusion is-the process by which a molecule is able to squeeze

between several membrang phospholipids and temporarily dissolve with‘inr the

non-polar region of the membrane before emerging frém the other side of the‘

ﬁmembrane. No énérgy is expended in this form of molecular transport through

, membrénes and .molecula'"r movement is alwayé in the direction of a chemicél

| potenz\tial gr'a&ient. In order for a molecule to diffuse through a rriembrane, it
must be sufficiently small and be relatively non-polar, such that it can displace
phospholipids and diSsoIve in the non-polar middle region of the phospholipid |

| A biléyer. lllustrating the importance of molecular size, thé rates of diffusion of

- non-polar molecules are proportional to their molecular weights.

Facilitated diffusion pérmits the passage of molecules which are either too Iargé
- or qtoo polar for paséive diffusion to move across a cellular membrane in the
j direction of a chemical potential gradient. The process usually involves a protein
 imbedded into the cellular membrane which specifically binds to the diffusing

chemical. The prdé%Ss may also be regulated.

gy

Active transport processes are mediated by large protein complexes imbedded

within membranes, which bind specifically to a molecule and then use energy to

19



move the molecule across a cellular membrane against a chemical potential : .
gradient. o |

Due to their small molecular svize and:high lipophilicity, most POCs can easily
diffuse through cellular membranes. Consequently an active tran‘sport process
specific to them would be redundant and thus be highly unlikely (Gobas 1993).

i

| Pinocytosis involves the physical capturing by the membrane of extra- (or intra-) |

| ~ cellular fluid into a vacuole. Like active transport it reqt]ires' energy, but is

obviously less specific about what is being transported. Like active transport it
can also be considered redundant as a POC transport mechanism due to the

high membrane permeability of POCs.

If diffusion is the predominant mechanism of absorption via the enterocytes,

then dietary uptake efficiency rvould logically be a function of absorption rate |
and chyme éontacbtirp_e to absorbing surfaces. Fick's law states that for a given
chemical, the absorption rate is deteﬁnined by three parameters; the size of
chemical p:)tential gradient (restricted to a cohcentration grédient when dealing
with a single fugacity capacity), resistance to molecular diffusion and diffusive
area (Chang 1981, Berne 1988). Resistance to molecular diffusion is a function )

of the molecular weight of the ditfusing molecule, the absolute temperature and

the viscosity of the ;natrix being diffused through (Berne 1988, Chang 1981).

20
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1.3.2 PHYSIOCHEMICAL FACTORS AFFECTING ABSORPTION EFFICIENCY

P

Several authors have recorded decreasing dietary absorption efﬁciericies with

" increasing Kow's of xenobiotics with log Ko's greater than 3. (Houston 1974,

- Parkerton 1993). The prevailing theory is that the uptake efficiency is not an

issue of lipid solubility, but rather one of molecular size (Niimi, 1988). For PCBs,
chlorobenzenes, dioxins and furans, an increase in molecular weight is the result

of another chlorine atom replac'i'ng a hydrogen.

| Reséarch has shown that the diffusion rate of lipophilic xenobiotics through

cellular membranes decreases with increasing molecular weight

(MM(Leatherland & Sonstégard 1982, Hilton 1983). This observation appears

to be consistent with Stokes law which ;tates that the rate of diffuéidn is
inversely proportional to the molecular radius; the molecular ré,diu"s being
roughly propbrtional to the cube root of mblecular weight (Berne and Levy 1988).
Sbme authors bejieve that the reléfionship between diffusion rate and MW is-‘
even more prbnounCed in the ihtestine, as the intestinal micrq-villarvr’hembr'ane

is one of the most viscous, highest melting point membranes in vertebrates.

Larger molecules likely have to displace (or push aside) phospholipid molecules

to a greater degree (Houston 1973, Brasitus 1980).
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‘ quas (1989) pfeéente& evidence to suggest thét membrane’perméébility‘ is n’ot"

thérate limiting process infhbdiffusivé uptake of supe’r !Léophilic substances
(Kw > 6) across cellular -membraneSﬁ He found that chemicélfperméabilit)f
“actually increased with increasing K. and suggested that the e)?remely low _ ,
water solubility of lipophilic substances in the aqueous medium on efther %ide of

 the cellular membrane is what limits cellular uptake of this group of chemicals.

The higher the K, of the POC, the less water solubleiit is.

4

1.3.3 PHYSIOLOGICAL FACTORS AFFECTING ABSORPﬁON RATE

Physiological differences between organisms and within individual organisms
over a period of time may have;profound effects on dietary absorption efﬁcienf:y.
Parkerton (1993)_calculatéd the absorption’efﬁcier;cies from the experiments of
Leatherland & Sonéie'gard (1982) and Hilton et a'l. (1983) ih which rainbow trout
and coho sélmon were fed identical diets.of contaminated coho salmo;m |

- carcasses. He found that trout h‘adra higher assimilation efficiency than coho. At -
this point it is not known What combination of factors to attribute the differences
in uptake efficiency. However, it is likely that differences in at least one of
chemical potential gradient, membrane resistance, gastro-intestinal transit time

or intestinal surface area play an important role.



1.3.4 DIETARY FACTORS AFFECTING PCB ABSORPTION RATES -

. The typej of diet has been foun’d't'or have profpund' e_ffects on thé extent of' POQ k
absorption efﬁciency. F isher et al. (1983) fed bldé.crabs_diets of both keptope-

- contaminated fish and oyster ahd found that the assimiléitiod efﬁcjeng:y‘ of

| : keptone was higher for the fish diet; The ﬂsh-fed crabs also had a rgrovvth rate.
nearly four-times tﬁat of those crabs fed the oyster diet; This indicates that the
extent to which a diet is digésted]ébsorbed is an important factor in determining

the extent of POC assimilation.

| 1.3.4.1 Level of Lipid on absorption éfficiency of contaminant -

Research has shown that when Iipophilié contamin'ants'.are administered along
with a digestjble oil, the absorption efficiency <;f the cc;ntaminant increases. -
(Vetter 1985). A consequence of orally i'ntrpducing a chemical without a
digestible 6il is the absence of intestinal lipid metabdlites; that are required to
produce fﬁnctioning liposomes and micelles. Micglles and Iipgsomes inc;rease
the water solubility of lipid metabolites and consequéﬁtly increase rt_he
concentration of lipid metabolites diffusing thr_ough the unstirred aqtfeouslayer
of the intestinal brush boarder (Dietschy 1971, Westergaard 1976, Wilson |

- 1971). It has been theorized that- liposome and micelle transport also assists the
flux of lipophilic chemical contaminants across the unstirred layer (Vetter 1985). *

Thus, if xenobiotics have not partitioned into micelles, movement across the
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aqueous unstirred layer of xenobiotic rhay become si'gniﬁ'CantIZ retarded z;ind 7

transit time offth'e intestine ‘may* nof permit an adequate time for diffusive mésé -

transfer to the brush border.

Vetter's (1985) observations appear to be sfating thé‘f:ﬁpid, soluble xenobiotic

‘absorption should increase with increasing dietary Iilpid concentration,

Unfortunately, such a direct relationship does not exist. Gobas et. al (1992)
revealed that uptake efficiency o[POC with log K's greater than 6.3 are greater

in food v«{ith low Iipid' (%) concentrations than those with high (%) concentrations.

The dependence on lipid content appears to be due to the low lipid food having

a lower POC fugacity capacity and thus higher fugacity even after digestion
(Gobas 1993). The higher fugacity, as mentioned in previbus sections, incr_eaées

the fugacity gradient and results in both a larger che’mical flux.

\

- By considering the works of both Vetter and Gobas, it is Vpd\ssible to conclude

that an optimal absorption of lipid soluble xenobiotics occ({rs at a low dietary

lipid concentration. Below the optimal concentration micelle'\ structure is limiting, |

- above the optimal concentration, the fugacity gradient is limiting.

\

|

!

1.3.4.2 Other Food Components \

If the high fiber content of an experimental food exceeds the digestive capacity

of an organism (e.g., plant material fed to an carnivore), the intestinal motility
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rate w:ll lncrease and Ilplds may not be completely dlgested (Melenberger 1993

Granger 1985) Poor dlgestlon of I|p|d can contrlbute to«a poor contamlnant L

~~ fugacity gradlent bemg formed.

I

. » -
X s 7 e
s e
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i

The type of protein fofund\ in a diet may 'also have some effect on the POC

S

absorption afﬁdency. Some blood 'proteins, for example have shown \;arious

degrees of affinity for lipophilic chemical contaminants (Vetter et al. 1985, Streit |

& Sire 1993, BorlakoTlu etal, 1890).

M,
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2. Biomagnification: the underlying mechanism

2.1 ABSTRACT

Hexacplorot;enzene (HPCB) was administ'en;ed to adult rainbow trout through
the diet for a period of 73 days. Over the durat’ion of the experiment, intestinal
| content (c;iygne) at various Iocétioné in the digestive tract were analyzed for
fugacity, concentration and total mass. Var?ous fish tissues were analyzed for
the concentration 6f HPCB. Analysis of 'results showed a 1.8-fold increase in
HPCB fugacity in ghé anterior section of theﬁ intestine which occurred as é.,result
of a 4-fold decrease of the fugacity capacity of the diet resulting from foodt
absorption and digestion. The decrease in fugacity capacity occdrred o
conqurrently‘hvith ab.6 -fold decrease in lipid content, suggesting that althéugh
lipid ;:ontent is the major dett-;rminant,,of gut Fcoptent fugaéity capacity, it is ﬁot |
the oﬁly determinant. This sti:dy suggggts that undigésted, non-lipid organic
carbon (OC) also cOntribufes to the overall fugacity capacity of the chyme; A

model is presentedsdescribing the relative contribution of 'Iipid and non-lipid OC

to fugacity capacity.

e
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2.2 INTRODUCﬁON

Little worfg has beér;g doné addréssing how biomagniﬁcation can’bccur and

| specifically how a pntedatdr can achieve a cohcentration of cohtafninant gre"ater
. than thart‘in its diet. One theory, proposed by Woodwell et al. (196'{) st_a}ed tﬁag Lo
biomagnification occ;Jrs as a result of a reduction of biomasé with iﬁcreasing-
trophic level. In othen; words;, organisms absorb 1 00'% of thejr diet; somé of the
diet is metabolized, some is used for tissue maintenance, while the remainder :
including the xenobiotic if not eliminated, concentrates with time. Thus, the
dietary lipid matrix will be metabolizéd once within the o,rganism, but
contaminants, unmetabolized and nét excréted, will accumuléte. A ﬂoaw in this
theory is that it does not suggest how lipophilic contaminants can be abso;bed
frdm the gut lumen against a lipid normalized concentration gradient, i.e., their
chemical potential gradient. The significance of a lipid normalized concentra_tion'

- gradient was discussed previously.

Biomagnification has been accounted for by active transport of high'ly lipophilic
: chemica,ls._ POCs are believed to be coassimilated along‘ with Iipias aAnd fatty
acids within vesicles produced in the brush boarder (Roth and WiISOn 1993).
The active transport theory does not address the fact that the same lipophilic
chemicals diffuse easily through cellular membranes, followiné the éirection of
lower chemical potential. Back diffusion would theréfore circumvent

biomagnification via active transport (Houston et al. 1973). A posSiBie exception
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to this would be high’ molecular werght compounds that do not move easnly

- through biomembranes. However most of the xenobiotlcs that broaccumulate in

~ the environment do not fall into this category, , |

Ahother hypothesie, originating from experiments ih guppiesand goldt”rsh'

(Gobas 1993) the analySis of field data (Clark et al. 1988) artdntheore'ticat work “
'v (Gobas 1989) suggests that gastro-lntestlnal digestion and food absorptuon in

the GIT could work together to raise the thermodynamic activity of contaminants
in the GIT. This theory, called the thermodynamlcally based theory in this -
thesis, was used as the basis of a mechanistic model presented by Gobas et al.
(1993). In his model, Gobas used fugacity measuremehte and the presence of a
fugacity gradient to explain how the GIT tract creates an environment favoring

the biomagnification of POCs.

All chemicals are known to diffuse from an area of high chemical fugacity to an 4
. area with lower fugacity. Fugacity, as with partial pressure, represents the

chemical potentual of a contammant or in simple terms, the desire of a chemlcal

ﬁ%

to leave a compartment. The fugacity (f) of a chemical is related to it's- ’ r '
‘ 4 ‘; I
concentration in a given compartment (C) through the followingformula: o

2, -
-5

f=ClZ " | s 2-1

where Z is the ability of a compartment to hold onto or absorb & given chemical,

the fugacity capacity. - <
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The th}ermodynamicavlly based theory (Connolly et afi:; 1988, Gobaé 199'3)

centers around the suggestion thét, digestion and absorptioh of food in trheA ,
aiimentary tract ‘progrvessively lowers the fugacity capééfty. This, in turn, r‘es‘ultsr '
in a higher contamiqant fugacity of tﬁe gut content (éhyme) relative to the |
ingested food (fo"rrnula 2-1). The elev“*atipn of fugacity resqlting from the effecti\)e
incréase in chymé. POC concentration and drop in fugacity capacity have the .
effect of‘ driving the uptake of contaminant to a level highér than food. The
increase ofcontaminant fugacity within the GIT has been coined gastro-

intestin{g\agnification by Gobas (1993). »

ke

: , . &
Previous work in the area of fugacity-driven intestinal diffusion of lipophilic

contaminants was done with guppies and goldﬁsh dosed with a mixture of ;
chlorobenzenes and polychlorinatedbiphenyls. Analysis consisting of fugacity
and concentration determination of food, fecal matter and fish tissue showed |

»

that the fugacity of PCBs were greater in the fecal matter than in the fish food,

while the fugacity cap‘acity in the fecal matter was 4-to 5-times smaller than that

- for the food (Gobas 1991,1993). The conclusion drawn was that digestion and -

absorption of food acts as a “fugacity pump”, raising the PCB fugacity. in the
intestine above that of the consumed food. The elevated fugacity which was

found to be due to an effective increase in sample PCB concentration and
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decrease in fugacity, ultimately resuits in biomagnification and food cnain o

amptification._

By using small fi sh Gobas (1993 1993a) was able to work with a large number .
of individual organlsms thus enhancing the statlstlcal sugnlf cance of the results.
However, only fe_eal matter and not the gut contents could be analyzed for |

1 | fugacity and concentration. The draw back ot. collecting fecal matter from water |
is the' concern of enelyte‘ loss to the much greeter volume of water. To date no

%

one has tested the thermodynamically based theory by analyzing contaminated -

Fd

food in different stages of digestion in fish.

' , -
The objectives of this research were three-fold. First, to determine if the fugacity

~ of the centaminant increased as food Was digested, as predicted by the
thermodynamlcally based theory Second, to determlne where in the GIT this
increase in fugactty occurred. Thlfd to determine the contnbutlon of food

digestion and food absorption to the increase in fugacity.

For this experiment, rainbow trout was chosen because of the availability of

larger jpdividua_l fish and the very extensive physiological data base available for

this species.
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{ The Ahypoth,eSis presented;in this chapter is that digestion of food results ina

chemiwl'pote'ntial gradient févoring the passive diffusion of chemicalsintoan -

organism such that the lipid norrpalized F’bC ‘con,centrati()nrs in-an organism
exceed thgiée of its diet (ergo biomagnification).

The above.. hypgthesis was tested by determining the fugacity ( f ) and fugacity
capacit‘y (Z) of food in various ,stéggs 6f‘digestion. ifZ decreaséd and f
kincreased during digestion, this would égree with m.y' ﬁypothesis.‘The decreasing -
- Zindicates that digestion is gec’reasing the ability of the food to hqld onto the
POC while the increasing f iﬁdicates that, if diffusiOh were occurring, th'ellipid
~ normalized concentration achvieved in the GIT of the organism would be 'greater
than that in its foodl. ‘Hence, the _prganism would be able to achieve a

. concentration that is greater than that in its diet due to simple diffusion

controlled uptake in the GIT. >

Our hypothesis would be disproved if no change in f in the GIT was apparent.

If f of the food was the same before and after digestion then a diffusion gradient

could not exist and an organism could not attain a lipid normalized POC

‘concentration greater than its food via passive diffusion.

%
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2.3 METHODOLOGY

Fish:

Forty rainbow -trout (Oncorhynchus mykiss) from West Creek trout farm
(Langley, BC, Canada)(weighing 439 g + 64 g; lipid content: 8% 3 2%), were
placed in a ﬂow—throﬁéh aquarium one month prior to start of experiment. The
flow-through aquarium consisted ofé 3,000 L tgnk (divided in fwo 6ombanments |
with plast?c mesh), an inflow of fresh, uncontaminated water (4 L/min.), a fecal |
collector and a water filter consisting of fine mesh, filtering wool and activated |
carbon. The water had a temperature of 7°C, and a pH of 6.1 to 6.3. The tank
was partitioned intogdwo equal volumes suph that twenty; control fish were. to be
exposed to the same water as the experfmental ﬁsh . -
Expdéqre:
Ten grams chromium (l1) oxide (Sigma Chemical Co.) and 900 mg 2,2',4,4',6.6'-

hexachlorobiphenyl (HPCB)(Accustandard, New Haven, Cf, USA) were

g _dissolved in 100 mL of 30-60 bp petroleum ether and then slowly mixed (using

an Osterizer Kitchen Center) into 1 kg of ground Silver Cup trout food for a
period of 2 Hours during which solvent was allowed to evaborate. Water was
then mixed in until the food began to take on a sticky consis{téncy. The mixture
was then placed in a so;:/ent-rinsed meat grinder and extruded through a die

with 2 mm diameter holes. The resulting pellets where then spread out and dried
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in a fume hood overnight. The food for the control fish was prepared in a similar

~ manner but without HPCB. R L

EXperimental and control fish were individually fed an average rate of 4 g of food
1 fi sh between 8. 30 and 9: 30 am every second day. The pelleted food was
dispensed onto the surface of the tank water and all fish appeared to particlpate |

in feeding. Half an hour after feeding, excess food was removed via suction,
sorted, dried and analyzed for mass. The feeding rate was determined asthe
| mass of food dispenced minus the mass df food removed from the tank divided
by the number of f sh in the tank. The actual feeding rate was 3.45 glf ish every
second day + 0. 71 (SD). Ondays 0, 1, 3 6, 10, 18 29, 43 and 73, always 30
hours after feedlng, two experimental and two control fish were euthanlzed viaa |

blow to the head Within 10 minutes of killlng, the fishes GIT were removed and

‘
%

- divided into the stomach and four intestinal sections. These sections were
approxirnately 5 cm in length and referred to as “anterior”, "anterio-central”,
"posterio-central" and "po‘sterior" progressind towards the anal vent of the fish
- (Figure 7). The contents from each of these sections were then removed for
analysis. The remaining GIT was gently rineed vvith dietilled water and then, as

much intra-peritoneal lipid was removed (scraped or cut off) as possible. The

GIT was then with the rest of the body as part of the whole body analysis.
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1 Thirty hours after feeding was cgosén as a sampling time avs'it was fcj;Urv\dAto bé o

the time elapsed between feeding and initial legestion of the same food.',UsVi;ngj “

this time ensured that all gastrointestinal compartments would have contents for

~ analysis. Initially fish were fed un-altered commercial fish food and then were

switched to a diet containing the intemal»ma‘rk'er, Cr;0s. Fecal Samples were

.- then taken from the bottom of the tank at regular intervals until all pellets

’aollected'contained CrZO;.

8 Stomach

Anterio Posterio Posterior |
Central Central

‘Rectum

B3

Pyloric Ceaca

. FIGURE 7: DEPICTION OF GIT SHOWING REGIONS SAMPLED

-

The contents of the stomach and intestinal sections were analyzed for (i)
concentration of HPCB, (ii) the fugacity of HPCB, (iii) lipid content, (iv) organic

carbon content, and (v) chromic oxide concentration. The intra-peritoneal fat,
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liver and rerrlaining fish body w’ere.analyzed for all the above except c'h(romic»’ o
oxide concentratlon Those fish and chyme samples not lmmedlately analyzed

were frozen for future analysis.

l=ugacityAnalysis-

The fugacity anaIysns procedure was adapted from the methodology used by
Gobas et al.(1993, 1993a).Two 0.5 mL portions of gut content were transferred
into 2 mL glass vials. Two drops of 1 M mercuric chloride were addedlto each
vial in order to prevent microbial growth d'orirlg sample equilibration. In order to
prevent oxidative damage of the gas chroniatograpl‘lcolumn durinvg head-space
analysis, atmospheric air wa: replaced oy Nz and the vial was capped and
airtight sealed. Samples were allowed to equilibrate at room temperature for 30
days, after which 80 pul of N, was analyzed by gas-chromatography (GC). GC
analysis was performed by a HP 5890 seriesll GC equipped With an on-column
injection port. The column used was a HP;1 (Methyl Silicone Gum) lnstrument
Column, whose dirnensions were 5 m x 0.53 mm x 2.65 um film thickness and
having a hellum flow of 20 cm/s (at 35°C). The temperature program was 35°C to
270°C at 20°C/min and the concentrations of samples were determined by
comparing areas to a regressed calibration curve created using standards

prepared from HPCB crystals.

1
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The measured gasg@us concentration of HPCB were related to HPCB fugacities

‘through the Ideal Gas Law, i,.e.,ifug;acity (Pa) equals the product ‘jof concentratioh

" (mol / m®), temperature (K) and the gas gdnstani (2’25. After ;cémpletion, of the o
heéd space analysis, the vial ‘contents were divided into two equalfracti’ons for

" HPCB and chromic oxide analysis. The detection limit for HPCB head-space

_analysis was 0.02 pg in a 60 pl injection.

 f=P=mRINV . | 22

Lipid analysis:,
Two grams of | gastro-intestinal cdntent jwas ground with sodium sulfate crystals
ahd theh transferred to 2a 0.02 m x 1 m column containin’g '18 g of sodium
sulfate. The column was eluted with 150 mL petroleum-'ether. The eluent was :
evaporated to dryness using a rotary evaporator (Yarﬁato, RE47, Japan) ahd
then placed in an oven overnight at 35‘f C The amount Qof lipid was then
détennined by weight. - |
No s;;ecial precautions v;efe taken to denature lipase activity as the net Gibbs
| free energy févoring the enzymatic c;,onversion of triglycerides to métabolites is
. very small, }ndicating that an; metabolite build up will quickly halt further

catalysis (De Silva 1995).



HPCB goncentfation anii'lySifs of chyme (gut COntent):

The sample from:thé weigh boat was transferred to a mortar and mmplétély
_homogenized using 5 g df granular anhydrods sodiunj sulfate.‘The_ homo.gtenized " :

-sample was then transferred into a column containing, from bottom-to-top, glass

wool, 1 g'granulaf sodium sulfate, 129 acidiﬁ‘_ed-sov mesh'si_lica gel and18g

sodium sulfate powder. The column was eluted with 250 mL petroleum ether

over a 6 h period with récov’efies greater than 90%, d_eteri'ninéd by elution .bf

| , spiked samples which had been left for more than 2;1 h to equilibrate. The?eluent
was diluted 10x before gas chromatogram (GC) énalysis. The detection limit for

HPCB concentration analysis was 0.02 pg ina 1 ug injectibh.

Chromic Oxide énalysis:
. The sample was air-dried for two days, then weighed, ashed and digested

» folIoWing Fenton and Fenton (1979). The kesulting samplés~ were made dp to 5
mL and spectrophotometrically analyzed at 440 nm (Perkin-e”l»mer uvlvis
absorbance spectrometer). |
Tissue Analysis: *
Tissue analysis was conducted on the Iivér, int(a-peritoneal fat and whole ﬁsh“'
(minus the liver and intra-peritoneal fat). Each fish Was grdund using a hand

powered meat grinder and the resulting ground tissue was further homogenized

by placing it in a 500 ml beaker and vigorously mixing with a spatula. From this
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;- homogenate, 10 g was ground in 20_g anhydrous Na,S0, and ;t'tien placed in

-

- 0.02 mx1m columnfcoht'a'inihg 5'g»anh}¢drous NaZSQ. This column wasi '
allowed to sit over night with 30-60 bb petrolei.lm ether and was elutéd the next.
‘day to a total of 250 mL. 30-60 bp ;Set’roleum ether. Ten mL were withdrawn;

- extracted ahd analyzed for HPCB as described earlier. The rémaining 240 mL.

were analyzed for lipid using the lipid analysis procedure abbve. A further 1 -2

g of homogenate was removed for moisture content analysis which was

determined by weighing the sample before and after it has béen alloWed to sitfor -
two days at rbom temperature. The sample was spread 'thi.n!y on thé weigh boat

to aid drying. Moisture content values weré required in order to caldulatg

concentrations in terms of dry mass of sarhple. |

Liver tissue was ground finely and divided as follows; 0.5 g for PCB analysié, 2g
for Iipi;i aﬁalysis and 0.3"9 for moisture analysis. Intra-peritoneal fafh was ground
finely and divided vinto 0.2 g for ﬁCB analysis, 0.5 g for lipid analysis and 0.3 g |
for moisture analysis. PCB and lipid analysis were pérfqr'med using the same
procedure as for GIT content and moisture c;ntenf was performed as per whole

fish homogenate.
Organic Carbon Analysis:

A 2 g dietary sample was transferred to a ceramic crucible, air-dried over a

period of 48 h and then heated in a muffle furnace at a temperature of 550 °c.
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After ooolmg, the sample ash mass was determlned and compared to the mass |

of the same sample dry It was assumed that morgamc carbon levels were very

small in all samples measured.

- 2.4 DATA ANALYSIS AND STATISTICS

| Chromic Oxide, food ingestion and egestion:

Chromic oxide was used as an internal marker in this eitperime'nt When placed :
| in the fish diet, chromlc oxlde is not abso'bed as it passes through the GIT -

| (Fenton and Fenton 1979). Its .mass can easily be compared to those food

' components that are absorbed. |

Chromic okide concentration can be used to determine the egestfori rate as

follows:

E = 1x[CrOs}q / [CrOsls S . 23

Were:

E= the egestion rate

I = the ingestion rate

[CrO.]s = Chromic oxide concentation of the diet |

[CrOslf= Chromic oxide concentation of the chyme in the anterior section of the

intestine.
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" Fugacity Data:
Fugacity was determined from the head-space analysis results by using the ideal

~gas law:

PY=nRT - « S 24
: s i

-

where: ) |
M P-is the partial pressure of the HPCB in l@el vial, thus the fugaéity-.

V is the volume of gas in the vial. |

n is the number of moles of HPCB

R is the gas constant -

T is the temperature in degrees Kelvin.

The ideal gas law was converted into the following more convenient form: : ; s

v f= Pupce=CupcavRT - : - 25 |

Where:
- f isthe fugacity of HPCB in the vial in Pa.

Cuecav is the head-space concentration in moles/m®.

Once fugacity values had-been determined form each head-space
meausurement, the mean and SD were determined usirig all fugacity
measurements taken from each sample vial. The mean values were visually

compared across sampling dates. It wés apparent that the HPCB fugacity of the
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varrous gut content samptes? drd not elicit statlstlcally srgmf icant changes over
~t|me To arrwe at this conclusron the fugacuty data were regressed agamst |
samphng date and the zero slope null hypothesrs could not be rejecte; (p- > .
0.05). The mean fugacity measurements for each mdependent sa,mple: was then -
determined. The mean, standard deviation and standard error of the fugacity
were then determined for all the independent samples. Thus each fi sh .
generated 2 samples of each sampte type. Dietary HPCB fugacrty values |n the
stomach, anterro—central region, posterlo-central region and posterior region of

&

the intestine were compared using a one way ANOVA (Devore 1987).

GIT Caficentration data:
A single concentration analysis was performed on each independent sample

vial. As with the fugacity data analysis, gut content concentrations were

'regressed across sampling dates and agairt the slope null hypothesis could not

be rejected (p < 0.05), thus justifying the pooling of data across time. The mean,

standard deviation and standard error values were determined from the

’ concentration value derived from each individual sample vial. Dietary HPCB

concentration values in the stomach, anterio-central region, posterio-central
region and posterior region of the intestine were compared using a one-way.r

ANOVA (Devore 1987).
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Fugacity Capacity Determination: -~ - .

« ;

- The fugacity capacity was calculated by taking the ratio of the HPEB

conCentratioh, (mol/m®) and the HPCB fugacity (Pa) of any GIT content sample.

.

i.e.
Z= Cnpcalf o | ‘ 3 _ | ' 2-6

Where:

Chuecs is the sample HPCB concentration. A

Jf is the fugacity of HPCB in the vial in Pa. - .

Whole Fish Uptake Curve:

- Whole body HPCB concentration of each fish was determined by adding the

mass of HPCB in liver, intra-peritoneal fat, and fish (missing liver and intra-

peritoneal fat) and then dividing by the dry fish mass. The concentration values

-were then regressed against time (sampling date).
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Calculation of HPCB Uptake Efficiency: .

HPCB uptake éfﬁciency w»asA c;a‘lculated'in’ two ways. ‘The first way was to

compare the mass of HPCB in food and fecal matter. The 'differe‘nce reprgSented n
| the amount absorbed and, when divided by the mass in fdod and multiiplied by.

,100, the HPCB uptake efficiency was determined. |

e

Uptake Efficiency = |

(HPCB mass ingested - HPCB mass egested) }(HPCB mass ingested) x 100 2-7
. Where: | ; |

HPCB mass ingested was calculated as 1 x C where 1= 3.42 and C is the concentration of

analyte (HPCB) in the food.

HPCB mass egested was calculated\as E x C where E was calculated as shown in equation 2-3

and where C is the concentration of ahalyte (HPCB) iri the chyme collected from the anterior

/

intestine.

The second approach taken waé to determine the increase in total fish HPéB
mass with time. The slope from the regressed HPCB uptake curve (above) was
multiphied by the avér'age fish dry mass. The resultiﬁg slope (units of mg/day)
was then divided by the known HPCB dosing rate and the,resultin'g value was

the uptake efficiency.

Uptake Efficiency =

Gastro-intestinal HPCB uptake rate / Fish HPCB ingestion rate x 100 ) 2-8
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The%;;)om calculation is based on the assumption that there is no significant
HPCB Idss through the gills or skih, no HPCB ‘metaboli‘sm and no dilution of
) HF‘QB dd_e to fish growth. The first two assumptions are reasonable cor'reidering
HPCB's e;;tgemely slow elimination kinetics (Bruggerman 1983) derived ak |
value of 0.004 :I: 0.004 d" for male guppies for 2,2,4.4'5,5 - hexachloro
r biphenyl, a chemlcal having similar properties to HPCB (Bruggerman 1983; ‘
Opperhuizer'\'1~§85, Gobas et al. 1 993).’ Also, the growth rate was found to be

negligible during the period of HPCB dosing.
Comparisen of IP fat and body tissye concentrations:

The regressed HPCB concentration uptake curves for IP fet and body tissue
éncentra‘tidns were testelfor co-lineerity by creating a dummy variable model
describing both lines. The equation containing the dummy variable vras referred :
to as the “full model”. A reduced model wae also created which did not include a
~ dummy variable, but was ueed to regress both sets of data pooled. A F statistic
was then generated by compering the residual SS of both the full and reduced -
models (Kleinbaum et al. 1987). Due to the small number of fish used.in this

experiment IP fat and body concehtration valyss-were often taken from the same

fish and thus cannot be considered completely independent. * | ,

&«
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2.5 liesuqs

In all experimerﬁal and cont.rqlfﬁsr‘\, the anteribr intestinal ;egrﬁénf contained é ,
small amount of liquid that was insufﬁcignt for analysis. The other sections of the
intestines were filled with digested food in all cases; HPCB conce}\tratiomns and -
fugacities, as well as chromic oxiﬂe concentrations, lipid aﬁd organic carbon |
content in the various sections of the GIT did not show significant (p < 0.05)
changes_r over the duration of the exposure period. As a result, measurements of
concentratio_ns and fugacities in the various sections— of the GIT were pooled with

respect to time and analyzed statistically.

Chyme HPCB Cohcentration and ‘Mass:\ |

Analysis of the gut contents reveéled fhat HPCB concentrations of the stomach A
contents was not significantly c_"'i»ifferent {p <0.05) frbm the 6riginél f.ood.r

However, the HPCB concen{ration did decrease 1.8-times between the stomach
and the anterio-central poﬁion of the vintm'es'tine (Figuré sb). The mass of HPCB,
when expressed as a fractio-rf of the mass df HPCB in the ingested vfood of tr;e

fish, deqeaéed from 99.8 + 10% in the stomach 4to 29.3 + 3.8% in the fish's

recturh (Figure 8c), congspohding toa HPCé gastro-intestinal absorption

2

efficiency of 70.5%.
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Figure 8. Various measurements taken in food and chyme at different locations in the intestinal system.
Roman numerals represent the following: I= food before ingestion, Il = food (now chyme) in stomach,
III = chyme from anterior intestine, IV = chyme from anterio-central intestine, V = chyme from posterio-
central intestine and VI = chyme from posterior intestine: Error bars represent one standard error,
sample size given in Appendix 2.
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Fugacity ( f ) and Fugacity Capacity @

The decrease in HPCB concentration oceurredconcurrentty thh ail. 8-ttmes
increase in fugacuty thus creating a fugacaty gradlent between the intestinal |
lumen and fish oody favormg the diffusive uptake_ of HPQB (Flgqre 8d). The. -7 '
increase in:‘fugaci‘ty indicated a 3.9-foto redbction in the fugacity caoacity of the |

GIT cantents below that of the ingested food (Figure 8e). -

Lipid and Organic Cart:oh:

Because lipids are known to have much. higher Z for HPCB than other dietary
components, lipids in the gastro-lntestlnal contents were expeqted to account for
essentlally all of the HPCB fugacity capacity in the GIT (Peterson & Mackay
1987). Thus, the decrease in the fugaclty capacut)f along the GIT was expected
to match the decrease in Iipi}i content due to lipid absorption. Howe\ter, the lipid
conteht of the GIT content fell 6.6-t'tmes (Figure 89), while trte fugacity capacity

decreased only 3.9-times.

To investigate whether the drop in fugacity capacity upon digestivon was more
closely related to a change in the organic carbon content rather than the lipid |
content of the gastro-intestinal contents, the organic carbon content in the
various sections of the GIT were measured. The organic carbort, expressed on a
dry weight basis, decreased from 95% in the stomach to 83% in the second

section (‘anterio-central region’) of the intestine (Figure 8i).
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»“ Chromic Oxide' a’nd‘ Food Massf |

Chromic oxide concentrations increased as food proceeded through the
intestine, mducatmg that the total dry mass of the food was decreasmg
progressively until, in the posterior reglon it reached 50% of the orlglnal food
mass. Food digestion also resulted in net absorptlon effi cuencnes of 92% for

dietary lipid and 57% for organic carbon (Flgure 8h).

~ While the total mass of the food contlnued to dr0p as it appr‘Bached the anal
vent, the HPCB concentrations, fugacmes and fugacuty capacmes remained
const_ant throughout the intestine. This observation suggests that HPCB

absorption occurred throughout the intestine.

Fish HPCB .Coneentration:

Fish cohoentration data revealed an increasing HPCB body burden with time
(Figure 9). Variability between fish make it difﬁoult to sey if a line fit to the data
should be 'Ii'near or sigmoidal. However, previoUs studies strongly suggest that a
Iir{ear fitted line is the most appropriate (Bruggemen 1983, Gobas 1993). :rhe
‘HPCB uptat<e curves for guppies had a ti of 175 days. As the trout used in this
thesis were many times Iarger thah guppies and Iarger animals tend to have

longer equilibration times (Barron 1990), it is expected that the trout would have
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a much larger ty value; hehce fitting a linear cuf\?e between day 0 and 73 is

warranted. o o : |

RRR

:

HPCB concentration (ug/g) fipid norm'aliué

'/‘/,.

4

. Time (days)

FIGURE 9: DRY-WEIGHT-BASED CONCENTRATIONS OF HPCB IN FISH (MG / KG FISH) DURING DIETARY
EXPOSURE TO HPCB AS A FUNCTION 01= TIME (IN DAYS). REGRESSED LINE WAS FORCED THROUGH THE omcm
ANDHADAswPEOF254UG[GIDAY R*= =0.90 ANDN= 13. :

A first order regression was done on intra-peritoneal fat and body (liver +‘intr‘a-
peritoneal fat removed) concentration data. An analysi's of covariance showed .
no statistically significant difference between the slope‘s of the two ;'egressibn .
lines (p>0.05) indicating that chemical in the Iipid of these two cothbanments; -

was in equilibrium (Figure 10).
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FIGURE 10: OBSERVED LIPID WHEIGHT B;\$ED HPCB CONCENTRATIONS (j1G/G LIPID) IN DIFFERENT
COMPARTMENTS OF THE FISH OVER TIME. LINES REFER TO THE LINEAR REGRESSIONOF THE LIPID BASED -
CONCENTRATION IN THE WHOLE FISH (R*= 0.90, N=11) AND CONCENTRATION IN THE INTRA-PERITONEAL
FAT (R*= 0.83, N=8). ‘ . ‘

The liver had an initial lipid weighted HPCB concentration approximately 10x
_greater than the rest of the body but after 45 days the liver and fish body

concentrations became statistically identical (Figure 11)(see data analysis and

statistics).
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| Uptake Eff'clencles.
The uptake efﬁcuency ca!culatedby masunng HPCB loss trom food was found
to be approxamately 70% Uptake efr ciencies calculated f om measurements of

fish HPCB body burden over time were found to be approxnmately 50%.

Cliver/Cfish (t;'nitless)
H

O
-+
A

0 20 40 60 80
Sampling day

FIGURE 11: RATIO OF HPCB LIPID WEIGHT BASED CONCENTRATIONS IN THE LIVER AND WHOLE FISH AS A
FUNCTION OF TIME.

2.6 DiscussioNn ] .

The results of this experiment support the hypothesis that gastro-intestinal
digestion is able to elevate the activity (thermodynamic potential) of dietary
HPCB as measured in our experiment by the fugacity of HPCB. This supports an

‘earlier hypothesis based on fugacity measurements in guppies and goldfish
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) earlier ‘I'iypothesis based’on fugacity measurements in guppies and 'goldﬁ‘sht |

- (Gobas 1993). The resuilts of this experiment show that the increase in HPCB:,
fugacity is achieved in the anterior intestinaly segment,'Which ist an area ,kno\)vn vtov"
play a crucial role in food digestion. Moreoverl lipid digestion and absorption -
take place in the same anterior section’of the GIT. However, I‘ipid and HPCB ‘
appear to be absorbed independentiy. Without independent absorption, no

- increase in HPCB fugacity would have-been expected. Overalvl, the efficiency of
Y lipid absorption (92.5%) i/vas greaterthan HPCB absorption (70.5 %), indicating
that the HPéB concentrati-on in the GIT increased on a lipid weight basis during
the digestive process. The increase of HPCB on a lipid weight basis means that
the activity or fugacity of HPCB aIso increased and that the amount of lipid in the

gastro-intestlnal content is likely an important factor controlling HPCB’s ability or

potential to be absorbed. (

The significance of the increase in xenobiotic activity during ,digestiojn is that the
tissues of a predator can potentially reach a level of xenobiotic activity that is
greater than that in the orey consumed. This could occur without any specific |
active transport mechanism and thus may explain why chemical activities and
related concentrations have been observed to i’ncrease with trophic levels within ]
food-chains. In addition, the increase in 'xenobiotic activity suggests that -
Woodwel_l's (1967) originaliexjolanation for the food-chain bioaccumulation of

contaminants may not be correct. Our research indicates that cancentrations of
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jf‘ chemical substances increase with trophic levels not hecause of the‘ |
transfonnatnon of contamlnant contaimng bnomass mto energy, but because _

' preferentnal dlgestnon / absorptnon of food over a xenoblotnc in the GIT rauses the‘ "
~ chemical’s activity. Hence bioenergetic models for the description of th‘e fcod-
chain accumulation of contaminants need to be interpreted with great care as

they do not describe the process of chemical biomagnification correctly

(Norstrom 1976, Weiniger 1978).

2.6.1 THE ROLE OF LIPID AND OC IN DETERMINING THE FUGACITY CAPACITY (Z)

In thermodynamic terms; the drop in lipid concentration with digestion
decreases the intestinal content Z for HPC“;B. HO\n;ever, the 6-fold decrease in
lipid Ievels only produced a 4-fold drop in Z, suggesting that other undigested,
non-lipid orgamc carbon components of the food may contribute to Z. If the’
undigested organic carbon components have a sngmf icant fugacnty capacity for
HPCB, then they may contribute to a larger degree than expected Z of the fecal
matter. The organic carbon levels were also compared to the changeinZ. The
large effect which lipid digestion has onZ suggests that the degree to which a
particdlar*organism is able to digest and absorb fats has a large bearing on the
degree to whicn that organism would absorb POC'’s through .its diet.

Insights into the mechanism of food-chain accumulation provide an opportunit;/

to develop 'im_ethods for the assessment of chernical accumulation in food-webs
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- andto lmprove methods for the experimental measurement of biomagnifi catlon e

factors A dletary biocaccumulation model that is consnstent with the observattons

S
*

presented in thls study was groposed earher (Gobas 1993, 1993a). -

"~ The 'a‘pplicability of the model relies on the ac;ct:rate as‘sessment’_ of (i) the
“digestibility” of the diet, which can be expressed as the ratio of the dietary
fugacity capacity (Zo) to the fugacity capacity in the GIT (Z¢ ), i.e. ,Zo/Zs, and -
represents the changein contaminant fugacity capacity due to food d'igestion,
and (ii) the degree of “food ebsorption”, which can be expressed as theratiovof

‘the dietary ingestion (Gp) and feCal eg'estion» rates (Gg). The results ot this ‘

experimeht indicates that the “digestibility” of the food, i.e. ,Zp/ZF, is |
approximetely 4. If lipid digestion Was the sole determinant of this change ini

contaminant Z, as widely believed, then the ratio of lipid mas,s ih the diet and
anterior intéstine, i.e.‘, Lo/Lé, shoutd also t?e 4. The ratio was 6, indieatirtg that

“digestibility” would be overestirrtated if lipid diéestion. is’only taken into account.

The results indicate that components other than tipids contribute signif;cantly to

the fugacity capacity of the food and fecal matter. Both the Sood and fecal
composition are ttterefdre expected to play an important‘role in determining the
size of final fugacity gradient in the gut and hence the biomagnification factor in

the fish.
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Dietary organic carbon, other than lipids are known to have sqtne‘ 'capracity,fp’r

absorbing POCs, albeit not as great as that of lipid (Mackay 1991, Patersén &8

. Mackay 1987, Thomann-1989). When the 'chavng}ev in total organic carbon content ’,
(including lipid) ochrﬁng m the GIT is compared to the “digestibi.lity' above, it
can be concluded that OC as a whole is a poor predictor of_thé GIT | g
rhagniﬁcation factor. This i‘s likely the result of the fact that both digestible ahd .,
non-digestible matter in the experimental food predpminantly consist of ofganic
~ carbon. Bésed 'onk the obServed changes in food composition, it is bos‘sible to
estimate the extent td which lipids and rion-lipid organic carbon (i.e.,
c’arbohydrates, proteins, fibers and others) contribute to the fugacity capacity of
the diet and inte’s,tinétl cbhtent, assuming- that (i) tﬁe change in the composition of o
the non-lipid organic carbon fraction does not affect its fugacity capacity for
'HPCB, and (i) chromic oxide and dthgr inorganic substances do not contribute
significantly to the fugacity capécity of the diet and intestinall cbntent. Uhdér
these reasonablé assumptions, the Z's of chyme collected from the stomach and
the second posterior intestinal fraction can be re'preskented as:

Zetomacn = 0.18.ZL + 0.77.Z,. = 105 mol/m®.Pa - (2-9)
'Zm.,;o, = 0.025.ZL + 0.81.Z, = 29.104 mol/m°.Pa | (2-10)

Solving the equations suggests that fugacity capacity of the lipids is

| approximately 30-times greater than that of the non-lipid organic carbon. This
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. dafference appears reasonable given reported fugacnty capacatles for Iupuds |
protems and carbohydrates w;th slmi]ar proportlons (Paterson & Mckay 1987)
This suggests that in our expenmental dlet dletary lipids provude approxlmately
88% of the total fugacity capacuty of the diet in the stomach, where as it provides‘
49% of the total fugacity capacity in egestable fecal mattér. Based on these .
findings, the fellowing tentative model can be pro_gosed for estiméting the

contribution of food digestion to the gastro-intestinal magnification factor:
Zo/Zr = (Lp + 0.035.0Cp)/(Ls + 0.035.0C¢) | (2-11)

where Lp and Lr arevthe lipid contents of the diet and the fecal matter and OCp
and OC are the non-lipid organic carbon contents of the diet and the fecal

, matter, respectively (all values expressed in terms of mass). This sirﬁple model
suggests that in foo@d-webs,' lipid rich prey-items will not only result in a larger -
exposure of the predator to substartces that bioaccumulate, but also resuit in
larger biomagnification factors and hence higher concentrations of substances |
ithet bioaccUmylate in the predators. On the other hand, organisms ednsuming a
diet that is Iibid-poor, but rich in non-lipid-organic-cart:on are expected to
experience smaller biomagniﬁcation factors. It is therefore evident that the
application of universal biomagnification factors or food-chain multipliers, as well |
as the extrapolation of empirical biomagnification factors from one ecosystem to

another, in expdéure assessment could be associated with substantial errors.




Another. |mphcat|on of the expenmental results is that ammal expenments that

5

involve dletary exposurecf a chemrcal substanee in 100% oil or hprds w:ll ‘.y e

substantlally over-estlmate the chemlcal's dletary uptake efficiency and
biomagnification tactor in the environment. The lnﬂue_nce of the dietary r»natrix‘On
‘ chentical ur;take kinetics and biomagnification may evxblainv the large degree:,oj :
variability that has been reported in measurements of the dietary uptake

| etﬁciency of s‘ubstances“which bioaccumulate (Parkerton 1993);

2.6.2 MASS BALANCE ANALYSIS OF éXPERIMENTAL FISH

The uptake efficiency calculated by measuring HPCB loss from food (71%)
appears to correspond poorly to the uptake efficiency calculated from
measurements of fish HPCB body burden over timer(SO%). This difference‘ is
likely a result of some qispehsed fbod not being ingested. If a lower-ingestion
rate was used to calculateuptake efﬁcienCy, a value greater than 50% would be

realized.-

Lipid normalized HPCB concentrations of the fish body were found to be
statistically identical to those of intra:peritoneal fat. The identical HPCB
concentrations (Figure 10) indicate that‘ the proximity of the intra~peritoneal fat
to the GIT did not mean that contaminant absorption would be greater in this

tissue, rather, and as expected, that the xenobiotic passes direetly to the liver via
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- the curculatorye system and was then dlstnbuted unnformly throughout the body fat

deposrts (Borlakoglu 1996 Vetter 1985).

i‘“ %ﬂ?

- )
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R ‘!‘, 1

N L|p|d normallzed HPCB c’oncentratnons in the liver were mutually over 10x the

P 1@:
e W '

Y ; *

- of the ﬁsh quy |n 45 days These resylts suggest, as expected that HPCB A
lnmally pamtuons mto the Iuver from the c:rculatory system after intestinal uptake

but over tlme is dlstnbuted throughout the rest of the body

A
B

;-2.‘6.3 _EXPECTED AFFECT OF STEAD\: STATE ON CONTAMINANT ABSORPTION

The bod; ‘burden fesults indiCated thatHPQBiabsorption Wes measyred,under
- non-steady state conditions: If steady state was. betng approached, it is likely
that some of the GIT measurements above would be cjuite different. Under |
. environmentel conditions when eoncentrations ih the fish are much greater
relative to the cencentrations in the fish's diet, the net absorption efficiency of
HPCB will be much smaller than the 70.5 % measured in this experiment end
zero percent at ’steady-state (Bruggerhan 1983). 'i'he smaller net absorption
efficiency would be due to a considerable loss ot HPCB from the fish te the
chyme, i.e,;, a fish-to-GIT flux \tvhich reduces the net dietery absorption efficiency

(Mackay 1991).
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lnltlaIUptake ) -, Large surface area, high degree of
’ -7 wvascularization and thorough mixing--

& 7 ofcontents aid rapid uptake of PCB
’,’ _ inthisarea. | o

|
! Large intestine and rectum is poorty

Fat in food is beginir:ning N vascularized, therefore there
< to be digested and absorbed. '\ would be little diffusion expec
- ‘ VM here. s
Digesﬁon and absorption ~

of fat increases the intestinal
fugacity, thus significantly increasing

the uptake of PCB.
Steady State ) }
. - Fugacity of food equals
Fugacity of food is fugacity of fish. * Fugacity of food is
lower than thatin fish. ~  higher than the fugacity
v | of fish.
T. I B

Infestine

A
. | \ Large intestine cmld rectum is poorly
Fat in food is begininning AN vascularized, therefore there
to be digested and absorbed. \ would be little diffusion expected
\ here. '
Digestion and absorption

of fat increases the intestinal
fugacity, thus significantly decreasing
- the egestion of PCB.

Figure 12: Expected POC fluxes through the GIT lining soon after intial exposure and at
steady state. The degree of shading is representative of the PCB fugacity within the chyme.
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At or near. steady-statg.- the concentration of HPCB would ih&éase in*‘théGlT, o
rather than decrease as‘observeii in ouf exberimeht, bééauSe the net HPCB.
absorption efficiency would become ~signiﬁcahtly ‘smaller than the foo'dabsorp‘tion‘
efficiency. The same ﬁsh-fq-GlT ﬂhx of HPCB near or at sfeady-éfate will also
cause the fugacity in the intestinal tract'to increase to values that are greater,
i.e., approximately 7 - 8 times the ngacity in the food, than those observed in
this experiment. This predictidn |s based on the approximately 4 fold réduction in
fugacity capacity and 2 fold reduction in total food mass within the anterior
_intestine. The Z being a property of the gut contents, is »not likely to vary from the
resu'lts‘ seen in thié* experiment. The predictioﬁ of a larger chyme fof a ﬁsh at
steady state |s supported by é study by'Ru;s;all et al. (1995) which showed that
chyme PCB concentratiohs increased as a fish reaches steady state; Figure 12
illustrates an overview of the diﬁerencés éxpected to be éeen betweén a fish at

steady state and one actively taking up chemical. 1

2.7 SUMMARY

The hypothesis tested in this chapter was that digestion of food results in an
increase in the HPCB fugacity of chyme. The hypothesis was accepted after a
1.8x increase in fugacity was realized between the stomach and the posterio-

central region of the intestine.




- The results suﬁhqrt thethermbdynarhic explanation of thé m‘echahism’be»r’aind :
bio’magniﬁéation. ‘Di,ge:st’ion andébsorp&bn of lipids was ,fbur‘\'d't‘o bécur o

' preciéminantly in the anterior régidn of the intestine which is the same region

- where the dietary HPCB fdgécity capaéity decreased signiﬁcantly. l.|p|d was |
found not to be the sole detérmihaht of dietary ngacity ciap"acityka“'s changes in
| dietary lipid content were reﬂgctgd by smaller chahges in dietary fi.lgacity
capacity. it was concluded' that other food components must cqnt,ribdté tothe
total fﬁgacity capacity to food, albeit to a smaller extent. For instance, in our

4 experimental diet, dietar:y lipids provides approkimately'BB% of the total fugacity
capacity of the diet in the stomach, where as it provides 49% of the total fugacity
capacity in egestabl.e‘fecal matter. The data also suggests that fugacity capacity
of the lipids is épproXimately 30-times greater than that of the non-lipig organic

carbon.

<z

~ The total dietary dry mas;s was found to decrease 50% between the stomach and
the posterior iniestine. The reduction in food mass combined with the dgcrease |
in HPCB fugaéity capacity was poStuIated to ha‘i(e resulted in an pbsefved
increase in the dietary fugacity in the anterior intestinal region and thus caused

gastro-intestinal magnification.
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2.8 FUTURE DIRECTIONS

The fugacity determination used in this eXperiment, although functional, cannot '

be considered as arout.ine' procedure. It was :veryilabor intensive and required |
rheticulous ettention in order to produce useful 'results. At thevhearvt of the o
problem were the low éoncentl;atio'ns of HPCB in kl\/lz which limited the Vsensiti’Vity
of the head space analysis. In addition, interference in the chromatogram
occurrihg as a result of poor sensitivity and possible COntaminet‘ien ef the needle
- within th; sample viaI' created a large amount of variability between replicates.
To produ‘ce statistically g§erI resyults, many replicates had to be taken. If future
tests to the thermodynamic exPIa_nation fer» biognagniﬁcation’ere to occuf, a more
utilitarian fugacity m‘easwing technique is required; one with less variability and

-

requiring fewer replicates.

The purpose of the.next chapter of was to explere a new and potentially more
useful methodology for fugacity determination. The method introduced would not
only be more reproducible and thus allow a time savings, but would be

considerably more sensitive for POCs with lower volatilities than

chloroberizenes. The technique could also be used for sa_mplemétr_ides other

g

than food.
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3. Measunng Blomagmf‘catlon A novel method for measunng chemlcat “

fugacntles in the gastro-mtestmal system - ) ) . ;

3.1 ABSTRACT

A novel methodalogy for ngacity measurement is presentedg. The method
improves upon existing methods intended fog use with small sample sizes.
Compared to the head-space teéhniqde used in chapter 2, sensitivity waé
increased 100- fold for HPCB. Also repfoduc'ibility was improved such thét the
coefficient of vériation decreased from 37% to 12% for HPCB. Lastly; the time- _

to-equilibrium was shortened to 2 days from 3 weeks.

3.2 INTRODUCTION o i

-

- 3.2.1 INTRODUCTION TO FUGACITY MEASUREMENT

el

As discussed éarlier,_ using head-space analysis for the fugacity determination of

Serﬁi-volatile xenobiotics has two main short comings, namely poor sensitivity
and a considerable sample variability. To attain significant results,‘ larQe
numbers of replicates are required and consequently, the technique is time
consu;ning. The Iarge amoUnt-of time required restricts the breadth and
complexity of experiments. A Iite.ratﬁre séarch on the subject revealed few

fugacity measuring techniques.
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The mottvatlon for producing a tool which qutckly and convenlently measures |
| fugacity is two-fold First more dietary expenments of thetype presented in
‘chapter 2 need to be done. Many questlons have yet to be answered before b\
biomagnifi ication can be effectively modeled. Two prominent questlons are: (1).
- What happe'ns to the fug‘aoity of xenobiotic in intestinal chyme When the .
, organism ie reaching steady state with its diet, and (2»). what is the effect of
cnanging the dietary components ofa splkedvfood' on fugacity ?
l - |
The second reason for developing a tool which quickly and conveniently |
determines fugacity is to enable environmefital managers to make better
predictions regardlng the fate of POCs in the envnronment Knowing the
- fugacities in several adjacent compartments allows the manager to better predict

. the partitioning of chemical.

Section 3.2.2 will discuss the desirable attributes of any fugacity measurmg
technique and Section 3.2.3 will dISCUSS the advantages and drawbacks of the

" only other technique used for fugacity determination, as well as several existing -
methodologies that could potentially bi used for fugacity determination. The

' experimental work in this chapter introduces a technique which involves

| exposing a thin film ‘of VAV plastic to th’eqhead-space of a small POC |

contaminated sample and argues. its superiority over other potential methods.




3.2.2 DESIRABLE PROPERTIES OF THE soRBANT PHASE

The introduction provided ay brief overview of the ,requirémehts of a fugacity
measuring device. What follows here is a discussion of those properties which, .

although not essential, are desifable in a fugacity measuring methodology. )

Absoroam:e or Adsorbance?

| A methodology which relies prirharily on absorbance is preferablo as the .
'relat‘i‘no,nship between fugacity and xénobiotic concentration inlon sorbing

“material tends to be Iineaoly related for é greate[ concentration range. The .
linearity of absorbance permits the calculation of a single absorbing capacity
number for each absorbing material called fugacity capacity and thus greatly
simplifies the determination of fugacity. Another concern v&ith uSihg adsorptive
materials is the concern of absofptivesite competition with other sample
molecules. Water, for instance, is known to actively compete with xenobiotics for

.absorptive sites on —ooils, hence moist soils typically have less sorption capacity
for xenobiotics than dry soils (Unger 1996). If this is indeed a concern, the |
researcher may have to aotively regulate sample humidity.

When deciding on sorption materials it should also be khown that methodologies

| relying primarily on adsorption have thé benefit of reaching'an equilibrium‘vgvith

xenobiotic in the sample quicker. So if a fést equilibrium time is desirable, a
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bres‘earc'h'er may put up with the inéonvenience of creating identical sample

‘humidities and having to determine fugabity from a non-linear calibration curve )

- Interaction with sample

A fugacity méasuring device should not be affected by nor affer;:t the physical

properties of a sample. Some materials, fo_i' instance will effective!y absorb lipid.
Not only will the absorptidn of Iipid change the total absorbing capacity for -

xenobiotic by the fugacity measuring device, but it may also decrease the total

* absorbing capacity of a small sample. The sampling device should also not have |

an appreciable affect on the xenobiotic concentration in the sample. If the

. sample concentration decreas'es,, so will the measured fugacity, even when the

¢

true fugacity is higher.

Uptake raie

The fugacity rheasuring methodology should alicw for ’équilibrium to be achievéd
in a relatively short time. Work done by Gobas etﬁégl. (1 992) showed that PCB |
loss from a sealed 2 mL viél cc;ntairiirig an unstirred, water saturated fecal |
sample becomes significant aftér about o'ne month. ifitis impra}:tical to achieye»v
eqUiIibrium, fugacity can still be determined ffom the concentrations achieved |

after a fixed exposure period.



Sensitivity and Reprqducibility:j o

(“L’B

Se’hsiiiyijty and reproducibility, although different cé:_ncepts, are_-Ariot’;inc‘j'epend‘ent\ |
of each other. If a method has poor sensitivity and qoncentrgiidas are clo'se’ to
“ machine detection limits, the reproducibility \o\;ill suffer. A poor reprodut:ibility,
such'as found in the last section using the head—spat;e technique, méy re;c',ult in
‘the requirement of a greater number of sample replicates to sfhow statistically

sighiﬁ‘cant results.

/ .
~ 3.2.3 METHODOLOGIES FOR FUGACITY MEASURING

)

Any methodology which involves placing a non-electrolytic xenobiofic;‘ containing.
test matrix in contact with a sofbant with a known contaminant sorbi’ng capacity |
can pqtentially be used for fugacity measurement. Once c‘ontact has been ;ade

1 between phases, a period of time elapses so that some of the contamin;nf can
be sorbed by the sorbing compartment before it is anélyzed for contéminant
concentration. As long as the relationship between concentration and fugacity is
known for the sorbing compahment and for the physical conditions existiné

, , | within a sample vial, sample fugacity can be determined. The relationship will be.

linear if absorption is the prevailing sorbing mechanism (Ungef et al. 1996) and

%
%
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_ if absorbed concentfatio_ns ére low enotJththat saturation kjneticé do not playa |

-~ role. ' <

Although several methods show promise in the area of fugacity measurement, -

only two methods have :ac'tually‘been used for this purpose; head-space analysis = =

and dynamic head-space gas-;iartitioning., Listed below are those meihodo[ogies
which can be and are used in fugacity measurement acccmpar)ied with a short

. discussion of methodologic;I stréngths 'ai?fd, weaknesses.

Head Space Analysis .
Static head space analysis was probably ﬁ;s‘i;ﬁsed;.\ag a fugacity meésuriﬁg tool
by Resendes et al. (1992). As discusséd in chapte':%: a sa}nple is placed ina
sealed vial such that a significant volume of gas exists above. The gas of
fpreference is usually N, 'becagse it will not degrade the gas chrcmatograph
column as O does. The sample ié left until a state of equilibrium exiéts beﬂveen
the sample and the N,, after‘which a known volume of N, is withdrawn for GC
analysis. The concentration in the N, phase is proportional to the fugac?ty and
can be easily c\al?uylated using the ideal gas law (see chapter 2). | |

For the determination of semi-volatile fugacitie;, the head space approach has

~ the limitation thatéavve‘ry_ Iargé volume has to be analyzed due to the typicain tiny

7~ concentrations-fpund in the gaseous phase. Concerns regardihg this technique

are contamination from microscopic particles in the sample vial and loss of
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sample due to adsorptron to the internal surface of the syrtnge The syrunge must

also be extremely clean and free of any solvent or other organlc carbon resudue

The head-space volume used in chapter 2 could be consrdered exéessrve for
'lnjectmg directly onto an on-column mjectlon port. If a larger Nz volume was to :

be sampled, the use of a purge-and-trap methodology is advusaple.

SPME

SPME {Solid Phase Micro-Extraction) is a‘tei:hnlque‘ empldying a qlass micro-
filament to which has been bonded a liquid phase (or stationary )ohase) anditis
to this phase that fat soluble analytes may sorb. The fi lament is housed within a
modified syringe and is mtroduced to a sample by m;ectmg the syrlnge through
a septum and then exposing the fi ber After extractlon the fiber i Is wuthdrawn and Q
transferred directly to the injector of a gas chromatograph in whlch the analytes
are thermally desorbed and subsequently analyzed (Author.1 990, Zhan‘g, 1993).
SPME has a number of attributes which are as follows' >

1. By applying the absorbing matrix directly to the GC injection port, all absorbed
chemical is introduyced into the column and thus lrttle analyte needs to be
removed from a sample for effective analysis and the sample equmbrlum is Iess:

likely to be upset.
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2. The small sorbmg matrix volume allows for rapld uptake of analyte WhICh is - |

}hmlted only by the sampie matrix (Vaes 1996).

. 3. no-solvents are required for extraction

SPME's fugacity measuring potential has recently been reallzed by Parke\rton et
aI (1996). Although Parkerton dld not use the word “fugacity”, he did use the

method to predxct the hpnd normalized concentration of fat soluble contamnnants

~ in organisms after an exposure event. The lipid normalized concentration is

proportionaluio' the fugacity of chemical in any biological matrix.

-

[N * £

In hiswstudil a biolodical sample contaminated with several volatile organic

earbqns (VOCs) was pl.aced ina sealed container and’the VdCs were allowed

fiber was then mtroduced and left untll anew equnllbnum had formed between
the sample, gas and fiber. At this point the fiber was removed and desorbed

within a-gas chromatogram injection portf

L]

Theoreticelly, direct injection of the fiber into the :sa‘mple is not recommended for

o,

fugacity measurement because organic carbon molecules may compete for

*.. -sorption sites with the analyte and/or some of the sample may “wick” up into the

. . needle housing the fiber once the fiber is withdrawn (Chai 1993).
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' From a fugacnty measunng perspectnve the mam assets of this techmque are the R

small mass of analyte requlred on the fiber for analysrs the short trme requrred

to reach equilibrium, the absenceof— solve_nt and the relatnvely fewfsteps . |
) r'eduired. Precautions which must,be takeh*are to insure equilibrium has been
reached throughout the sample vial before removing the fiber, and that full

o

desorption of analyte occurs from the fiber within the‘ heated injection port of the o

o5

GC.

; Even though the technique draws asmall mass from a sample when applled to
gasses thls mass will be a signifi cant proportlon of ahalyte foundina 1-2 mL
gas matrlx thus upsettlng the sample equilibrium. Sampling PCB in1-2mL of
water have been found to quickly deplete the PCB mass (Arthur 1990) As gas
has a Iower fugacity capacrty for PCBs than water, |t would follow that gas is

L | even more prone to depletlon |f presented in a small volume. Having a-larger
— volume of gas av’aiiable for satn'pting would remedy this problem. For the water

sampllng technnque 100 mL of water was recommended if multiple injections are
requnred (Arthur 1990). By companng fugacnty capacities, 100 mL of water
equates to 2,459 mL of gas (volume of arr requnred based on 2,2',4,4',6,6'-

\ hexachtorobiphenyl).‘ Zhang '(1‘993), has shdwn that gas depletion concerns Can

‘f‘ ‘be remedied b'y rapid :mix'ing of aqueous sample The mixing allows for a}!more

rapid transfer of POC from the sample to the air compart'nent thus malntannlng

~ the POC fugacity of the air compartment (Potter 1994).
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’Loss‘of analyte can occur from the fiber while being trahsferred from the sample :
vial to tite GC. HoweVer this amount is negligible asflono as the transfer takes |
' less than about 2 mlnutes Volatile chemicals tend to be more prone to-

premature desorption, Wthh can be. minimized |f either the housmg needle is
'capped or the syringe is cooled or a thlcker fi ber coatmg is used (Chai 1993)
‘The use of.a thlcker coating is also preferable for volatile chemlcals which
usually have a smaller fiber coating/sample partition constant and consequently
SPME exhibits lower sensitivities towarQs them compared to conventional head-

space analysis (Potter 1994).’

Semi-volatiles generally take longer to reach a state of equilibrium with the

SPME fiber due to the greater mass of analyte absorbed by the SPME coating
and the smaller concentration'found in the gaseous compartment A thln coating -
- will minimize the time-to-equilibrium as well as th'e time-to-desorption (Chai

1993).

Incomplete deeorptiori.of semi-volatiles is probably the most serious draw back
of SPME for fugacity ‘measuring purposes. lncomplete desorption \;/illresult in
“carry-over” of analyte from one injeotion to the neXt and consequently yield
 erroneous r_esi.ilts‘.’ i’p}ter et al. (1894) showed that the carryover fcr.a

polydimethylsiloxane (PDMS) coating was 9% and 23% for trichlorobiphenyl and
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o ._ pentachlorobuphenyl respectlvely, and wnth Carbopack B as the absorbmg )
’ b

phase the carry-over was 10% and 17% respectlvely The presence of cany

“over bnngs lnto question the accuracy of the technlque for seml—volatlle fugacnty |

_ analysus

Carry over, often called *“memory effecte', can be mihimized (although not
eliminated) by desorbing the fiber within the GC injection port for a longer 'ti\me '
and at a higher temperature. Unfortunately, higher temperatures reduce the life

of the SPME coating (Chen 1995). ‘

Lipid/solvent filled dialysis bags (SPMD)

SPMD has been used for the determination of fat»spluble xenobiotics from v_vater.f
A small volume of solvent or I_ipidA is placed within a ngon-,poro"us» plastic sh‘eath. )
The sheath is sealed end placed in the environment for a specific quration ‘affer"
which it is removed and the contents enalyzed fer a partiCUIaf an>a_lyte (Huckiﬁs

etal. 1993, Huckins et al.1990 &, Johnson 1991). If the analyte partitions into a ‘

lipid-filled SPMD, extraction may be completed by using either reverse aiélysis

are required and that uptake for larger molecular weight analytes occurs very

slowly (Huckins et al. 1990). Increasing the molecular weight of non-polar ’

o .

analytes has been found to be inversely correlated with diffusion rate (Leib &



Stein 1969, Huckins et al. 190). In addition, there are two concemsf«attributab!ex e

to the use of lipids i in SPMD biological growth on the outsnde surface of the o

SPMD can reduce the flux of non-electrolytic chemicals through the plastic |

membrane ‘and lipids in the SPMD are susceptibleto oxndation .

A similar technique has been used in the determination of xenobiotic panition_ |
coeﬁicients between blood a,nd various tissues for the use in PBPK models iLin,
1982, Murphy 1995). In this procedure a xenobiotic containing tieSue is
. homogenized before being placed into a dialysis membrane,‘ The‘membrane-is
immersed into a stirred aqueous solution containing a surfactant and having a
pH simiiar to that of blood. ance the\eystem.has reached. a state of equilibriurh,
both'the dialysis bag contents and buffered 'solut'ion are analyied for xenobiotic
concentration. Often concentrations used are so low that radio-labeled analytes

" are required for analysis. e

Dynamic head-space gas-partiti.oning |
Originally used by Hassett and Milicic (1985) to ‘measure the binding\of PCB to
* dissolvegd humic acid in water, the methodology was adapted by Yin and Hassett

(1986) as a fugacity measuring technique»for Mirex in water. The'rnethodologw)?; B

called for purging water with a fixed volume of air which was bubbled throu'gh the s
- water at such a rate that equilibrium occurred between the water and bubbled |
air. The air was then passed through an activated carbon trap which was ‘

subsequently analyzed for Mirex. Knowing the volume of air purged and the
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~Mirex concentration found in that air, the ideal gas law was used to ‘caloulate the :

sample fugacity (Yin 1986).

The dynamic head—space gas-partitioning methed used by Yln and Hassett was

later modified by Horstmanna and McLachIan (1992) for the determunatlon of

- fugacity from solid surfaces. The methodology used by Hortmann, referred to as

the fugacity meter, involved pumping air slowly past a POC containing sample
such that equilibrium was attained between the parcel of passing air and the
sample surface (Figure 13). A glass fibér filter/XAD adsorbent trap was used to

extract the total mass of analyte in the pumped air. Knowing the volume of air

) @sampled, the sample fugacity was easily calculated from the analyte mass found

on the trap using the ideal gas law. The major benefit of this technique is that
extremely large samples can be analyzed and asa result is very sensitive.
Also, Ilvmg organisms can be place in sample chambers, thus reducing errors
which may arise from conducting in vivo fugacity measurements (Horstmann

1992, Tolls 1994).

The fugacity meter requires a very large sorface area for efficient transfer of
mass (for equilibrium) and a large enough ‘sample mass that the over all sample
fugacity is not e_ffected. As a consequence of the importance of sample surface

area, hence adsorption of P.QC, humidity must be vigorously regulated as the
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* FIGURE 13: HORSTMANN AND MCLAUGHLAN’S FUGACITY METER (ADAPTED FROM HORSTMANN AND
MACLAUGHLAN 1992).

presence of water vapor reduces the number of sample surface adsorptive sites.
(Horstmann 1992)'. The amount of air pumped by the sample is also crucial. If

too much air is used, the adsorptive sites will begin to becomé depleted causing
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the sample surfaoe fugacmes to drop and the;alr POQ&ncentratron measured

- will result in the ealeulatlon of erreneeusly lew sampl’e feigg' {Horstmann

g ‘(

1992). This concem also applues the dynamlcf@"'

ad i’space gaS-partltlonmg

method used for fugacuty measurement from water If too much air is bubbled

-, -
T 3

through the water, the water concentratlon of analyte will drop and the calculated

contaminant fugacity will be erroneously low (Yin 1996),. o

Although the fugacity meter method does suit the measurement of fu'ga‘clty in ’

soils.and plants, it is likely lr\ﬁao usefulin Studies int/olving animals where both
A.surface aréa'and total sample mass are often,low. The original method proposed

by Yln and Hassett (1986) is also not very practical for animal ’samples asit |

\ | ‘ . . . :
again requires a large mass of sample and would also require liquefaction and
N . s & - . »

T
5 2
* R

dilution of samplas in water. . : T

’

AN B s

PN _ ' o~
Empore., Disk:

. - ]
Empore., disks have been recently been devused as an altematlve extraction

method from liquids. Known as a SO|ld phase extraction method it enables the
researcher to extract lipophilic contamlnants from aqueous liquids without using
large volumes of solvent. Once the sample water has been passed through the |

3 .
disk, a solvent which selectiveliy removes unwanted analytes is passed through

 before application of the final solvent wash which removes the desired analyte.,
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. ;Although nothing in the Iiterature suggesto ‘it's tfse fot tqgaci‘ty" meast;femeht; it ;‘ o
does show promise. Like SPME, Emporerm 'oa‘rtridges' contain a bo_ndedliqutd T .
‘phase (C1s) capable of sorbing lipophilic cohtamina_nts and in theory cou_ld"be. |
used for head-spaoe analysis. -‘ |

‘Unlike the SPME fiber, Empore disks are intended to remove aIl the analyte from |
a sample (Krueger 1995 Fieid 1994). This is not a good fugacity measunng

3 attribute as fugacity measurement demands that the samplmg methodology must
not apprecuably effect the original sample concentratlon In order to use empore
disks for fugacity measurement,. either large sample sizes must be used or the

2
empore disk must be trimmed down.

q As the absorbent phase is bonded on tg a Teflon fiber st.lpport matrix, the

. surface area is large, thus allowing effective removal of organ'ic chemical frorh
water which is forced through (Krueger 1995). If E-mpore,.,, disks were used to
analyze the headésoace above a satnple, there woold be little advective flow of
air and consequent_lyj the area between absorbent particles; woul'}d_be'effectively
| deao space. Without effective flow, it isalikely» that Empore,;, disks wouI(d take a

very long time to reach an equilibrium.
Recent work by Verhaar et al. (1995) has provided evidence which suggests that

the disks could be used for determining the fugacity of contaminants in water. In

his research he exposed 13 mg of Empore disk to2L of contaminated water.
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Vérhaar th’eogized that the disk would work as a surrogate for a ‘biolcgicél B o

| organism and the concentration of hydrocarbon contaminants éch?i,ey'ed—in the

disk at equilibrium would be proportional to the internal body burden of an
org’anism exposed to the samé hydr_bcarbén contaminated Water. ‘T"here» area
number of prdblems with the technique as stated (1) the disk refnoves a
significant mass of hydrocarbon from the cdritéminated water such that the total -
conéentration of the 'sample’decreasre"s (2) equilib“rium time for "heavier‘ .
hydrOcarbpns was long; i.e. g"reétef than 10 days fof pentvachlorobenzenne and
(3) the method_,has not been tested with matrices o»ther théﬁ distilled water |

(Verhaar et al. 1995). The technique would likely not work for the determination

of PCB's in biological matrices. Placed in direct contact w‘ith.’a biological phase, ’

I

the disk’s Z value would be prone to change and the Llptake réte for PCB's

would be even slower than that for pentachlorobenzene.

For all the techniques mentioned above, there are a number of sample-related

Ls_\

factors whlch must be kept in mind when perfﬁrmnng fugacnty determmatlon Two

¢
of the greatest potentlal |mped|ments to accurate fugacuty determlnatlon are

microbial degradation and oxidation of sample macromolecules, as ‘both these

can have profound effects on the molecular make up of a sample and thus
change the samples’ ability to absorb the xenobiotic (Huckins 1990). Microbial
degradation can be retarded by using a véry potent antiseptic, HgCl , while

'Y
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‘ replacing 0. Withv'Nz eliminates the threét of dedétion. Afhird proces,sf,jrj_e's'i'cil'tjali e
enzymatiq activ;ity,r can be of 'conce‘rn ryvhye’n fanal.yzing bfolinCél tiést;les angl ean e ;
be halted by heat shock (a quick microwavi'ng);'A coriéem of miceraving is that g
this technique may change the moliecular strqu&r'e of héat_'sénsitive | .
macromoleculés, 'such as Iai‘rge pféteins.* res&lting‘ in the p'ossibi’livty‘ of fugacity
capacity modification. For the purposés of the trout biomagniﬁcatibn e;xperirﬁen’t.
section 2,.residual enzymatic a’étivity of gut content samp!es was assumed to be

-

negligible. o e

id

s

3.2.4 OBJECTIVES FOR THE DEVELOPMENT OF A NEW METHODOLOGY

In order for a fugacity m_easuring technique to be of experimental value, a |
number of‘ requirements must be met.For‘the,purposes of this section, the
désired method is one which can be used within a labqratory sétting, were
concentrations are higher than what woulg normally be found in nature and
where there are negligible interfering GC peaks from other ’chemicalhs_,. The
desired requirements afe to max;mize sensitiVity, mfhimize_variability b:Meén ‘
replicateé, minimize the time required for equilibrium to be reached, to énsure
that a direct proportionality exists between concentration and fﬁgacity for the

range of concentrations .used, and to ensure that the POC concéntration of the ‘

tested compartment is not changed upon‘ sampling.
-
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SensltmtyIDetectlon lll‘mt S
The sensmvzty should be a severa[-fold lmprovement over the head space
technique, whlch was. close to the detectnon hmnt of 0. 05 pg for 2,244, 6,6 -

hexachloroblphenyl in chapter 2.

Variability

Greater degrees of variability inc,_rease theuneer_tainty around a chosen mean

: value.- In order to decrease the uhcertainty inherent in a technique, Iarger,
numbers of*re'plicates have to be taken resulting ina 'rarger expendjture of time
and energy. It is a goal of this experiment to decrease the coefficient of variation

of sampie replicates signiﬁcanily.

. !:thake Rate
For a fugacity measuring technique tocb‘egvalid, equilibrium must be reached
between sampling d‘evice and sample. Counteraeting the desire to reach
equilibrium is the time allotted by the experimenter and the concern ‘rof Iosjng
analyte.'Uptake curves from previous methods 'using head sbace analysis of
PCBs in fecal samples of fish indicate ihat_ equilibrium is achieved at threek
. weeks beyond which there is a slow decrease due to analyte loss (Gobas

1993)
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Lmear Relatlonshlp With Sample Concentratnon |

Fugacety is determined by measurmg the eeneen%ratron ina samphng dewce and : i

. ¥ converting this number mto a~part|al pressure'value If the fugaclty capaclty'of»an’ o

absorbing matrlx is constant and the concentratlon achleved in the absorbmg
matrix IS low enough such that the condltlons under Wthh Raoult's law applnes
there must be a linear relatlonshlp between fugacnty and concentratlon in tha
samplmgdewce. The_‘ lmear-relaglonshrp perm'tts the calculation of fugacntyby

dividing concentration by fugacity capacity. ) 7?

3.3 METHODOLOGY

Ethylene v;nyl acetate (Elvax 40W, Dupont, Wilmington, DE )(\VA) was chosan
as a potential absorbent phase fbr quacity determination mainly because of its
. pliability, availability and proven ability to absorb PCBs (Duong 1991).
Mononiars of VA 'consist‘of a ethylené group bonded to an acetyl group.
Polymerlzatlon occurs when the oxygen of the carboxyl group of one VA
-molecule dlsplaces a H molecule and bonds to the carbon in the number two |

position of another VA molecule. Being a very soft plastic, it acts much like a

*_very viscous solvent phase, yet it is solid enough to be durable. Originally plastic

‘beads having a diameter of 22 mm were placed in contact with a spike %atfix,
but it was learned from preliminary experiments that the time required for

eqyilibrium to be reached exceeded 2 months. It was then hypothesized that the
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tlme to equlllbnum mul& be shortened |f the thlckness of the VA was slgnlﬁcantly

"

reduced The development of the VA coatlng method started wnth applymg a thln

Iayer of VAto a stalnless steel rod by dlpplng in a solutlon of VA dlssolved in .
methylene chloride. Subsequently, the cover-sllp coatlng method was

lnvestlgated which required dropplng a small volume of VA dlssolv,ed' in

methylene chloride on a glass microscopic cover-slip and then spihning,, excess

a

- solution off.

3.3.1 STAINLESS STEEL ROD DIP METHODOLOGY

Rod P'reparation

Stainless steel rods, 2.5 cm long wnth a dlameter of 3 mm, were washed with

water, hexane and dlchloromethane (DCM) and set aside. A solutlon of 10 parts

per thousand VA and 1 part per thousand Sudan IV in DCM was prepared. Using

forceps only, the stainlesssteel rods were dipped individually into the VA

solution such that 1.5 cm of the rods were covered, the rods were removed and

then placed in a drying rack. .

Food Preparation
;One hundred mL of 30-60 bp reagent grade petroleum ether containing

tetrachlorobenzene (10 ppm), pentachlprobenzene (10 ppm),
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; hexachlorobenzene (10 ppm), 2,2',5,5'- tetrachloroblphenyl (10 ppm)
,2 2' 44, 6 6’ hexachlorobiphenyl (100 ppm) decachloroblphenyl ( 1 1} ppm) and

Mirex (10 ppm) was added to 100 g ground Sllver Qup trout chow in a 500 mL

i
e

round bottom ﬂask (chlorobenzenes were from Aldrlch Chemlcal Co Mllwukee

WI, USA; PCBs.and Mirex were form Accustandard New Haven, CT, USA).

Rotatlng slowly ona rotary evaporator (RE47 Yamato Japan) W|thout suction,

tne petroleum ether was allowed to slowly'evapora@t,e from the round bottom \

flask; After 6 hours of slovl/ mixing, the round bottom flask was removed, capped
' and placed within a 5 °C refrigerator for a period of about 8 months.

&

The food was then placed wuthin a mortar and mixed wrth 50 mL distilled water ..
L » l
contalning 5 ppm sodium metablsulphate (Aldrlch) Tme resulting food had a .
. paste like consrstency This paste was transferred to a jar and stored at 5 °c.

3,
\ Y

Sample Vial Preparation = - ’ B

| The paste-like, spiked food 3vas“packed intoa5mL modiﬁed syringe. Using tliiis‘
syringe, 0.5 mL of spiked food wa_s,added to each of several 4 ml; ‘air tight vials.
'l}o the same vials, 0.5 mL of distilled waterwas added before the addition of a
VA-dipped rod. Each rod waSaequipped with a metal clip sucn that the rod would - - -
not come into contact with the spiked sample. All air in each vial was then .

replaced with N and the vials were sealed air tight uslng the provrded screw-on > :

top and hot wax. Vials were then placed upon a turntable havrng a 20° incline

wo @
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and rotated at 33 rpm. The purpose of the turntable was to produce gentleand - .

~ continual mixing within each.sample.

Dipped rod sampling and analysis
- Once exposed for a set period of time (i.e., 4 a1, 28 57 days) the vrals were
removed from the turn-table, opened and the rods removed The rods were
- washed wjth a stream of water and wrped gently wrth a methanol—soaked tlssue
.in those areas not coated wrth VA The rod was trlin placed wrthm a 5 mL test
o tube to whrch~3 mL of chhloromethane (DCM) was added Thrs solutlon was ’
| ‘analyzed sectrophotometrrcally (Lambda 38 Perkln-Elmer UV-VIS Spectrometer)' t
e B - using’ an absorbrng wavelength of 550 nm the absorbance belng dependent S

"2

. ,Hpun the level uf:r'terr'at mark r(Sudan lV) and thus term'nes the totatmass i

 of VA on each rod. Sudan v was usedf as an mternal marker because it doesnt

o ~ leach out of VA, The solutron was then quantltatrvely transferred back to a2 5 mL 4

test tube and concentrated to ‘l mL before 200 ul of 2-octano| was. added The
‘:sample was further concentrated to remove the remarnrng 1 mL of DCM Two mL |
Y k‘ of methanol was added to the test tube to preclprtate out the VA polymers whlle
| allowmg the analytes to remain in solutron The test tubes were then centnfuged -
?Slze 2 Model K Intematronal Equrpment Company, MA) at 30 000 rpm (2000 |
g)in order to create a clear supematant lt was this supernatant whrch was

transferred rnto 2 mL vials and subsaquently analyzed using a gas-

k3
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'chromatograph (Hewlett Packard model 5890) wrthan ECD detector as

K dbscrlbed in Chapter 2 . ) B

" Reproducibility (variabllrty)fExpenment | B |
The procedure descnbed above,was foIlowed except that ﬁve VA drpped R

stalnless steel rods were added; to each of t' ve 4 mL vrals After twoweeks*of ; o
A; ER ‘. . = «u, e Y s
exposure to 'spiked food the rods were sampled A companson of analyte ‘

concentratlons in- VA for‘ each drppe"d rod gave an rndrcatron of the

‘ reproducnbllrty of the technsque

. ¥
R " £

i ;: Uptake Kmetrcs Ex{enment

g. {'r

Thlrty 4 mL sample vrals were prepared contalnrng one drpped rod and splked

t
and the d|pped rod analyzed for analyte content It was e;pected that thrs wo

&

K food each Four vuals were sampled after 7 14 27 45 andnGO days of exposur - |
fd
o produce an uptake curve

3 Sensitivity ekperirrtent :
‘At the same trme the uptake experlment was belhg prepared five vnals were
' sealed with out dlpped rods but snmrlar in every other manner These same fiver
wals were sampled by head space analysrs at day 45 and the-results were

\ compared to the analysls of the d|pped rod at day 45

L4 . . - w
~ o ¢ -
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s 332 HigH spl_s‘eo covﬁn'sﬁe' SPIN Métuopomef
lh response to potential concerns regardgng the ?Iow surface area to voldme ratio it
combined with the variah‘ility in the thickhess of VA coating with the rod ”
techmque a cover slip spln methodology was used. A solution oontamlng 4. é5
: _ans per thousand VA was made up in 100% DCM A pre-cleaned 1.5x1.5cm
square glass oover slip was stuckA to the horizontal surface of a rhodified carving
bit attached to a Fordom high speed carvtng tool '('FOFdom Electric Co., Bethel, .
CT, USA). Two huhdred pl of the VA'containing solutioh 'was dropped onto the o
glass cover sllp and spread usung the tlp of a syrlnge The Fordom tool was then :
‘t tumed on and qurokly ramped up to 5, oob rpm “holding this speed for 10

- seconds. Excéss soluti‘on of VA was spun off Ieavmg an extremely thin film that

was oompletely free of ‘solvent within an Hour Once free of solvent, the cover

| sllps were then placed ona rack in a 30 mL jar contammg 5mL splked sample

"Atno time were the cover-slips exposed directly to the sample All airwas o
} dlsplaced W|th Nz before capptng wnth a plastic screw-on lid lined with tin foil and

a

“sealedwnthhotwax . - . -

" The 30-mL bottles were secured to a turn table inclined at a ZQ‘,?_and spuh at 33

rpm tov facilitate convection within'the sample. Once the exposure timewas

-

completed, the jars were taken off the turntable and the~cover-slips removed for 4

PR
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- analysrs Each glass cover-sllp was placed in the bottom of a small glass petn

plate and nnsed 4 tlmes with 1 mL of DCM thereby quantrtattVely transfernng

- the VA and PCB |nto a 5 mL glass test tube
rThe sample was concentrated to about 1 mL and then 200 p,l of 2-dctanol was
| added The renfainder of DCM was. evaporated ’nd 2 mL of methanol was added
to precipitate out the VA polymer. The sample was then centnfuged at 30, 000

| rpm}or 5 minutes to produce a clear supernatant. The supematant was:

transferred to a 2 mL vial-and analyzed using GC-ECD.

’Reproduclblllty Experiment

| F|ve 30 mL jars each contalnlng ﬁve coated cover slips suspended&above 5 mL
. of HPCB-spiked food sample were equlllbrated for 2 weeks. Once removed, the
glass coverfslips were analyzed using the technique discussed above and total

concentration of absorbed contaminant was compared between slides.

T

 Uptake Kinetics E)tperiments (thin _and thick films) )
Five mL offPOC spikeﬁd'-food was added to eight 30 mljars. To all eight jars,
three :coated cover slips were then added before the jars were purged with N,
closed and sealed with-hot wax. For the 18. 5. ug film, sampling tim:;s were at 1,
25,45, 55, 19 22.5,35, 43, 96 and 144 hours. For the 126 ug film sampllng

times were.at 2, 9, 19.5, 60 and 132 hours. Film thlckness was calculated by

determining the coating mass using a sensitive analytlcal balance, converting
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thus number toa volume knownng the densuty of VA (0 965 glcm ) and dmdlng by

the surface ar;eaﬂhf one face of the covereshp
Desorotion{;periment ' o “ | o X

A O 5 mL ahquot sample of 10 ppm chlorobenzenes and PCBs |n hexane stock
solution was added to 7 5 mL VA stock soglon before being mlxed Two ,
hundred'mL ofthis solutson was added to each of ﬁve glass cover-slips before

| @belng spun using the same \proceduce given above. Theselmpregnated. cover-
slips (coating thickness: 18.3 + O.5‘ug) were placed |n a fume hood, exposed to

passing air and one each was sampled after 7, 15, 35, 187 and 345'r!1inutes.‘

]

Thicker coating preparation

The same VA film coating methodology wa%ed as tor the thinner coating, but

instead a more concentrated VA solutlon was used The solution contalned 62 0

parts per thousand of VA 83% 2- octanol and 17% DCM (by mass)

3.4 DATA ANALYSIS AND STATISTICS
%,

Sensitivity -
The relative sensitivities of the two methods was determined by comparing

relative sensitivity values which were calculated as follows.
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§ =  contaminant mass injected from analysis of day 45 sample i s
- GC detectlon fimit mass fpr the same chemucal usmg given techmque va) -

The detectlon limit used for head-space analysus and VA analysns was 0. 05 pg \@?“
.and 0.5 pg respectively for aIl chlorobenzenes and PCBs The detectlon limits

represent masses which yielded peak areas having a signal to noise ratio of

about 10 for TCB. The TCB peak was chosen as it had the smallest peak area .

o

per unit mass.

Variability .
Variability was expressge'd¢in terms of the coefﬁcient.qf variation (CV). TheCV _

was calculated by taking the standard’ deviation of replic:ates, dividing it t;y the |
mean of those replicates an?q multiplyingr by 100. The-th;ee methodologies tested

were compared using average cv value‘s;

s

3.5 RESULTS

: Sensitivity of rod technique
A true comparison of sensitivity between the head space and VA-dipped rod
~ techniques could not be done as equilibrium was not reasonably achieved for

~ the dipped rod technique, but was for head-space analysis. However a

comparison was done at 45 days (Figure 14). At this time, the difference

between the two techniques was found to be highly depehdent upon the Ko Of .



- POC analyzed, “The head-space techmque was more sensmve thanthe dlpped

rod for TCB andQGB while thedrpped:edwas?x meresensmvefar HCB than

the head-space techmque Measurement of tetrachloroblphenyl and

L]

hexachloroblphenyl by the VA-dlpped rod techmque was con5|derably more . .

sensmve 53x and 110x respectwely, than- the head space techmque Mirex and

DPCB were not measured uslng the head spa_c:e technique, yet 'they were easily

s

measurable using the VA-dipped rod. , : N 1
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'FIGURE 14: A COMPARISON OF SENSITIVITIES. Y-AXIS REPRESENTS THE RATIO OF DIPPED ROD SENSITIVITY
. OVER THE SENSITIVITY OF A HEAD-SPACE ANALYSIS TAKEN FROM DIFFERENT VIALS CONTAINING THE SAME
SPIKED FOOD SAMPLE. "
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Variability of rod technique

The CV for HPCB was 19.8 for the dipped rod technique compared with 37.6 for

head-space analysis. The CVs for the other POC congeners are presented

below (Figure 15). In all cases the spun technique exhibited lower variabilities.

B Head-space
M Rod
Spin (126ug)

Coefficient of Variation

12] 0] o0) oa} sa) >
e 8 2 g g s
= T =

Chemical

FIGURE 15: A COMPARISON OF REPLICATE VARIABILITIES FOR THE THREE METHODS OUTLINED. THE

VARIABILITY IS EXPRESSED AS THE COEFFICIENT OF VARIATION (%). THE VARIABILITY FOR THE THICKER VA

COATING IS PRESENTED FOR THE SPUN COVER-SLIP METHOD.
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Rod u’ptake curve

. A number of mferences can ggirawn for the rod uptake curve data. TCB for

mstance appears to have reached. equmbnum wnthm the first 10 days of

exposure. (Flgure 16). QCB appears to be assymptotlng early in the uptake
experiment, but a slight upward trend from day 10 to day 60 suggests that the .’
'actu'avl equilibrierh'may not ha:/e been attained during the uptake period. HCB,
S - TPCB, HPCB and Mirex concentratienﬁﬁid not reach equilibrium during the )
experiment and increased Iinelarly with tirhe suggesting that the time required to
. achieve equilibrium' is much Qreater than the duration -pf the experiment. |
' Variabi;ﬁ,ty of cover-slip technique |
A 126 :tS ud ceating of VA oh the cover—.elip reduced the CV of TPCB and HPCB
in relation to the dipped rod technique. However the chlerobenzehes and Mirex
'4 still retain a significant variability\(Fimguré 15). Inereasing the film thicﬁness had
the ‘“effect of reducing the CV for all POCs anal;}zed (Figure 19).

-

| Cover-slip uptake curves
T g . . .
The cover-slip technique using a 18.3 + 0.5 ug VA coating exhibited a significant
reduction in the time-to-equilibrium over the dipped rod technlque (Flgure 17).
Two prellmlnary uptake experiments used time frames which were too Iong (2
weeks and 2 days) and consequently equilibrium had already been attained for
most analytes before the first data points recorded. The third uptake experiment,

presented in Figure 17 revealed that equilibrium was attained for TPCB and
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HPCB at about 30 hours and 50 hours, respectively. THe variability for the

chlorobenzenes as'rep/:orted earlier is h’igh and interpretation is difficult. However

TCB and HCB appear to have reached equilibrium within 4 hours and 24 h‘ourﬂér ,.
respectively (Figure 17). Analyéis of both QCB and Mirex was impossible due to

their high variability.

Desorption experiment

Starting with simi!arrimpregriated concentraticns, all measurable analytes
exhibited an inverse relationéhip between tl';e'molecular weight and the

" depuration rate, shown as slopes in'a IOg(mass/cover slip) versus time plot
(Figure 18). The chlbrobenzenes diSsjpated rapidly and except for IHCB wére |

not detectable 7 minutes after ambient exposure. HCB was détectable upto15
minutes énd exhibfted the Agreétest ﬁtfeddepuration slope. TPCB was detectable

" up to 180 minutes and hag! the next steépest slope after HCB. Both HPéB and
Miregc were measurable for the duraiibn of the experiment and had the

shallowest slopes.
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Thicker Coétingv o
A 126 ng coating increased analyte equilibrium tlmes Howevér, the analysisb ;
was easier due to the reduction in yariability (Figure 19). All chlorpbenzenes
appeared to reach equilibrium within 24 hours agfter whlch TCB and QCB appgar
to start Iéosing analyte. The two biphenyls,TPCB and HPQB. did not reach
equilibﬁu;n dbrjné the 140 hours of the uptake experiment, but both were cleérly

close to their respective ecfuilibrium concentrations. Mirex exhibited a purely ~

linear uptake curve for the duration of the uptake experiment;
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\36 DISCUSSION . - o L, l1
) ® . : , o : * .o ; o R
e . : » e

“The objective‘of this study'was to develop a method forqu'gacity’determination
|ncorporat|ng VA polymer. The new method was soughiln response to the low _‘ ‘

N h : ;;'.“"
sensrtlvrty and relatlvely  Jarge vanablllty in head-space fugacny measurements Y

of very hydrophoblc organlc chemucals The head-space technlque exhlblts a CV

of 37% for HPCB and has a low sensmvrty due toalowZofair. -~ -

)

LR 8 . e : A _

Possible explanaﬁons for the poor. sensrtlwty and relatlvely hrgh CV for head-
space analysis of PCBs are: 1) con{}mlnated partlculate matter from the sample ’

either drawn up inside the syringe or contamlnatlng the_ tip of the needle could
have erroneouSly increased the head-space analysis. 2) _Residual solvent or
partlculate matter remalnlng after the needle wash could provude extra surfaces
and compartments for the analyzed POC to partrtuon to once drawn inside the |
syringe and thus be unavailable for analysis. 3) The low variability, could have :
also »beenpartly'due’ to low sensitivity, as chromatographic noise can lnterfere |
with the analyte peak areas when measurements are close to machine detection
limits. , | | |

£

By developing a technique incorporating an absorbing film having a high fugacity

capacity it was hoped that a better method for fugacity det_ermination could be
developed. By concentrating chemical in a small volume of plastic, it was

<
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- expécted that the S|gnal-to-no|se ratlo would mcrease and the effects of tran5|ent

¥

L
adsorp{uon of analyte to surfaces would be mlnlmlzed

¥

£

The VA-dipped rod techhique yielded improved sensitivity, however equilibrium- -

was not attained for PCBs after two months. The variability, although im;;[oved
over head-space analysis, still was high. It is suggested that the Variability was'

largelytcaused* by3—i}ariations cf VA surface thickness. Because the rods were

¥

! -

“hand-dipped, variations in the ratei of removal and drying ,conditions could have

significantly affected the rod coating. Due to imperfections, the surface areato -

mass ratio of the VA coating.on the rod was unknown and this could have, very |
significant implication in determining the rate at which POC was absorbed. If
equnllbnum had been attalned during the 2 months of 1he“dtpped rod uptake

. experiment, it is likely that the POC concentratlon measured in the VA of each
rod would have been similar aqd the 20% varlablllty reduced significantly. At |
equlllbrlum the VA concentratlon is no Ionger concentratuon dependent and thus
no longer dependent upon vanatlons in the area-to-volume ratio. - °

The cover-slip spin coatin;; technidue was.used asa way to 'avoid problems -
arising’ffortn surface imperfecticns, while retaining the imﬁrovements‘ of |
sensitivity yielded from the dipped [cd technique. As a result of a smaller

absorbtng mase, the VA spinning technique lost some sensitivity over the dipped

- rod technique, however variability was notably lower.. The VA a’hsorbinLg mass

-100
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‘'was 0.011 mg for the spun cover-sllp method as opposed to 0. 2 mg of the

dlpped rod an elghteen-fold difference.

4 .

- %

. By spin coating, a greater surface area-to-mass ratio was created and this

i
&

decreased the equnllbnum t|me of PCBs sngmf cantly. The equullbratlon of TPCB
and HPCB are approxnmately 30 and 50 hours respectlvely, for a 18. §Zug fi Im
ChIorobenzene analysns was difficult due to variability between repllcates

The replicate variability seen with the chlorobenzenes during the uptake
experiment was thought to be a result of their low concentratlon in the VA deeto
the ease by whnch they desorb from the VA. It was h thesnzed that some loss
occurred while transferring the cover-sllp from the sample vial to the solvent

extraction dish. This hypothesis was supported by the desorption experlment

results which showed that TCB and QCB were not detectable 15 minutes after

e

s

Ye
E2

the impregnated VA coating was exposed to the ambient eﬁﬁrg_g‘mient.
LR . et T Rt
In order to maximize the absorbed concentration and minimize the desorption of
chlorobenzenes (CBs), an uptake curve usin':q a thicker VA film was conducted."
This had the effect of decreasing the average CB variability. It also had the
effect of increasing the sensitivity of all CB and PCB congeners (Figure 17

~ thé'ew in results 'section). It is interesting to note that the improvement in

.
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sensitivity dédeases W|th ih@:reésing rﬁoleéular weight, thus erriphasiging th:e,,’ '

. importance of desorptive loss processés. ‘

3

Before switching to the spun ‘covver-sli'p method, there -was sohe question
regarding which phase was Iimiting the transfer of POC into the VA film and
resulting in an equilibrium time greater than 2 months. :There wéfg three distinct'
compartments in eacﬁ sample vial: é éemi-ﬂuid food samble, Nz, and_thg VA film.
As convection was introduced intb the N. £nq semi-fluid food cOmpartrhents for |
both the dipbed 7od'and spun disk'methodology, it was thought that diffusion in .
these compartmehts would no Iongér be Iirnitinggand mass transfer of anaiyte‘sv-
would hot be dependent upon molecular weight. Thus, if mass transfer through
the air or food sample was limiting the upiake curveé for each POC analyzed
would exhibit identical uptake kinetics. Mass transfer through the Semi-solid VA '
on the other hand, would be primarily the resﬁlt of diffusion and cohsequently, |

analytes would di

se at a rate dependeht upon the analyte molecular weight.

Thus, if mass transfer through the VA was limiting, initial uptake rates would

decrease with increasing molecular weight. As discussed previously, Stokes law
‘ ) .

éta‘tes that the diffusion rate should be inversely proportional to the cube root of

the molecular weight.

- ° The results from the spun cover-slip uptake experiment showed that the initial

uptake rates decidedly decreased with increasing molecular weight and,
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therefore, it can be concluded that diffusive fra,n{f’er-th;aﬁgh the VA is limiting e

- theuptake of chemical. =~

A simpler way of c'omring to the same conclusi'dn is to compare the uptake' N
kinetics of both the dipped rod technique ar;d the spun cover-slip technique.

"By the very fact that the time-to-equilibrium for chlorobenzenes and PCBs was

decreased greatly by using a thinngr'ﬁlm indicates that ‘the'VA film was the

limiting compartment.

-

/

-

Improved uptake rate explained: dipped rod vs. spun cover-slip: .

Ly

Results of the cover slip sbinning method showed that an équilibrium for HPCB - fi | |
can be achieved within twg;ﬁys. A éimple calculation reveals why equilibrium o
was attained so quickly. Knowing the mass of coating, density of VAand - ;
approximéte surface area of both the dip and spin Lmethods, film thickneés were

calculated for each (Figure 20). -

The dipped rodv method film was esti}nated as having a ﬁlrp 1.68 um thick and "
 the spin method 2.36 x 107 um thick - thé latter being almost 71-times thinner.

'rErin’stnein’s rélatidhship (Chang 1981) states that diffusion rate is proportional to

the distancé squared, thus it is easy to understand why PCB uptaké showed no‘

sign of reaching equilibrium for the dip method even after two months.
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Calculation of film thickness
For rod: '

assumption made: coating is very thin and can be approximated as belng a

sheet with an area:

2% r h and a thickness d

Then: ¢ .
thickness d = V/A = volume of ethylene vinyl acetate / area of ethylene vinyl

acetate coating. -

A=2rnrh =1 23 cm

where: -

r=015cm= radlus of metal rod

h = 1.3 cm =. depth to which rod was dipped in VA solution_

V=mlp=2.1x10*cm

{where: ‘
m = 0.2 mg = mass of coating (measured on an analytical balance)

p =965 mg/ml = dens;ty of VA (taken for dow chemical product information)

-1 Then:
d=V/A= 1.68x10%*cm= 168um

&

For Cover slip:

A= L2 = 4.84 cm?

Where:
L=22cm=the length and he:ght of the cover shp

V=mlp=1.14x10°cm ‘

where: o ‘ o
m=1.10 x 10> mg = mass of coating (measured on an analytlcal balance)

p = 965 mg/ml = density of VA.(taken for dow chemical product information)

Then:
d=VIA= 22.36x10%cm = 236x102um

In Comparison: ’
The cover slip metheﬂology produces a film Wthh is 71-times thinner.

FIGURE 20: CALCULATION OF VA FILM THICKNESS.

-
f.vl'A
. 3 . .
.
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-Fugacity Cap'a.city“‘of'VA ' o o . |

The uptake curve using the'spun‘ cover slip methodology revééled that

; équilibrium ls achieved for AHPVCBs within 50 h»and the Ae‘quilibrit,l.m concéntrétfbn o
of ‘HPCB within th; VA wa;e, 2.60 mg/g or 6.95' mol/m®. Khowing the VA
concentration it is possible to calculate the fugacity capacity qf VAfor ‘

R 224466 HPCB aé long as the fugacity of the sample can be detgnnined. In

the troui ddsingﬂexperimt‘ant (sectio;i 2), it was revealed that fugacity can be

easily calculated if the head §pace' concentration of a sample at equilﬂibridm is

known. In this section, the same HPCB-spiked. food was used and the head ..
' "ssparce concentratibn was known to be 3.7‘1. pg/mL (vélue taken from section 2 -

| r'%tgmach content fugacity), WhICh corresp’onds;to a fugacity of 2.55 x 10° Pa. By '

leldlng the VA concentration by the sample fugacity, the HPCB fugacity
capacity was calculated to be 2.73 x1 Q"’ mol/m’Pa (Figu're 21). It i§ interesting to

? noté that the calculated fugacity capacity for lipid using a Henry's law constant of .
16.7 Pam®mol is 4.98x10° mol/m*Pa, which is only a factor of 1.82-times larger.
This suggests that VA may be a good‘ surrogate for I»ipid in chemical partitidning

, studieé (Figure 22), at least for HPCB. Further studies with ott:er POCs are

needed.
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Calculation of HPCB concehtr&ion ih ethylene vinyl acetate Cva):

- - .

Cva= Mypca/Mya= 2.60 x 10 ° g/guk
Mipca = 2.86 x 102 ug (determined from gas c;.hromatograph)
Mva = 11.0 ug (measured on balance)
Knowing the ethylene vinyl acetate density and the molecular weight'of HPCB, the concentration
can be expressed in terms of mols/m”:
now Cva = 6.95 mols/m® _}
Densityva = 965 Kg/m3 (from Dow chemical product information)

MWi,ecs = 360.88 g/mol

Calculation of sample fugacity £
f=Pupcs = NRTNV =8.10 x 10° Pa

Where: .
AV = 1.028 x10° moUm? = head-space concentration of HCB spiked food used (derived in the
trout expe!imem) ‘ |
R = 8.314 (Pa m/ (mol K) = Avigadro’s constant &

T = 273 K = temperature in degrees Kelvin

Calculgation of ethylene vinyl acetate fugacity capacity Zya.
A

1

Z = Cual f =2.73 x 10° mol/(m* Pa)

Where Cva and f are calculated above.

FIGURE 21: CALCULATING THE FUGACITY CAPACITY OF VA
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Usefulness of yA as a fugacity measuring tool
i. Sensitivity lséues | _
The biologi;:al samples used for testing VA as a fugacity measuring tool were all
spiked with é léfgae concehtration of sAe,veraI' POCs; ;HPCB, for example, was
uséd at a‘cbncent'rat‘ibn of 900 ppm’. A ten-fold reduction in cohcentration could
still be eaéily measured using the spun cover-slip methd wrth %he thicker VA
coating. However, .nefiher VA-film techhique would be suitable for measuring thé
much lower concéntrations often found in the environment. Because both VA

methodoldgies require that the analyte be extracted from the VA using solvents,

Célculation of fugacity capacity for other matrices

Lipid: Z, = Kow. D / Hupcs. = 4.98 x 10° mol/(Pam?) \
Air: Za = 1 /RT . =4.04x 10 mdl/(ea-m‘f’) |

Water. Zw=1/Hupce  =9.90 x 10° mol/(Pa'm’)

Where:

Kow = the octanol-water partition coefficient for HPCB = 10%2(Hawker 198 8)_
D = the density of lipid = 0.9 |
Huecs = Henry's constant for HPCB = 16.7 Pa'm:’lmél (Dunnivant 1992)

R = Avigadro's constant = 8.314 (Pam®)/(mol K)

T= temperature in degrees Kelvin =273 K '

S

. - \\
FIGURE 22: DETERMINATION OF HPCB FUGACITY CAPACITY FOR SEVERAL DIFFERENT MATRICES.

-
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a conslderable dltutlon occurs. Of the fi nal 2 mL collected only a 1 ul sample
was m;ected Thls as dlsc:ussed earlier, represents a2 OOO-fold sample dllutlon
If the total extraet coutd be reduced or more injected, segsntlwty could be

”

improved, thus makihg VA 'coatin,gs more ysable.

The use ot a G_C-injection port which thehnally atdmizes VA ntay be the dttimateﬁ
solution. This type of tnjection port would enable the introduetion of VA fimand
absorbed PCB direi:tly to the GC eliminating the need for a extraction and-
concentration step. The VA film would be atemized alloWing the full sample to

be passed through a gas chromatographlc column wnth out fear of precipitation.
This approach would, for reasons stated above, effectlvely increase sensmvuty

-approximately 2,000-fold over the approach presented earlier in this thesis.
ii. Uncertainty issues.

- As the VA methods stand, they cannot be used to measure actual fugacities in -
'units of Pa and hence will only be useful where a researcher wants to examine
 the difference (in terms of a ratio) between two matrices. This is fine for

experiments like in chapter 2, where the difference between the food and

x
£ 4

intestinal chyme fugacities was highlighted.
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To determine the actual fugacities ’th'e Z of VA for each POC» analy'z’ed 'for mUSf _

| be known. In this chapter Zwas determnned for HPCB However the calculatlon

was dependent upon determmmg the actual fugacity, Wthh was done by

performing a head-space analysns on the sample.v By relying on head-space

analysis the 37% CV associated with head-space analysis of HPCB fugacity is
incorporated into the determinagion of Z.'Z must also express eny error inherent
in the measurement of POC concentration.v

N
&

Havnng to include error due to head-space analysis into a fugacity determination -~

using VA, defeats the purpose of using VA as an alternative fugacity measuring
technique. One of the main reasons for swi}ching from head-space analysis was

to avoid the large inherent errors.

3.7 SUMMARY

VA was found to be an effective absorbing medium for POC fugacity analysis.
Compared to head-space analysis, the VA techniques had smaller replicate

variabilities and better sensitivity for the POCs having larger molecular weights.

For HPCB the variabilities were found to be 37.6 % for head-space, 19.8 % for

VA coated rod and 12.2 % for VA (126 p.g) coated cover-slip. Sensitivities using -

VA dipped rod were 7.0x , 52.9x and 110x better than head-space analysis for

- HCB, TPCB and HPCB respectively. Mirex was not detectable using head-space
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analysis. Héad'§pa°e analysis had a greater sensitivity for measuring TCB and o

'OCB, being 4.éx and 1.3x better, ‘respectively; ‘

Thhe’tirne to e’cjuilibrium for the VA-dipped rod was impmractica»l.‘ as the.slogesv of
the uptake curves for the PCBs and Mirex were still linear even Qp t_e 2 mo}uh& |
of VA exposure. The VA spun cover—slib method was a vasr irrtprovement oyer |
\the dippedrod method 'as equilibrium was attainable within 30 end 50 hrs for

- TPCB ar\d HPCB respectively using a 18.5 ug coating. Hewever, the decrease in

equilibrium time was at the expence of replicate reproducibility.

The three methods exhibited sensitivities Which would make them useful where

only high concentrations of analyte are used, _euch as in the laboratory. As an

example, the suggested concentration of 2;2',4,4',6,6' -hexachlorobiphenyl
- (HPCB) in biological samples is greater than 900 ppm Concentrating ef VA

extracts down from 2 mL would be an easy and “éffedive approach to improving

the sensitivity. ' L 3

The VA methodsrused in this thesis can not be used‘practically to determine
actual fugacities. Z vaILres of VA for the POCs used in this thesie must first be
known. One sample calculation was performed using HPCB, however the
approach used makes switching to VA redundant as it requires the use of head-

space analysis results (and their inherent uncertainty). The uncertainty
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] assoclated wnth head-space analysns was one of the pnmary reasons for ’

bt ey i A AR ST A

developlng the VA methods

’ Presently the VA methods can be used in applications were the dlfference in ', ,. *

fugacuy (expressed asa ratlo of POC concentrations in VA) must be known |
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4 Appendix 1: Factors whtch may determine fhe\ extenf of

. ‘biomagniﬁcation.

There are several theories which strive to explain how biomagnification can
occur, two of which explain‘ how uptake c;an occur against a fugacity gradient .
One, theory suggests that chemical ‘is taken up via some_enerlgyi ~depend’ent‘ P
active transport process and the dther suggésts that modiﬁcéfion of food dUring
-digestion reduces the fugaciiy capacity, Zy, thus vclreatihg a fugacity gradient |
favorable to absorption via p»assive d{iffusion (Gobas et al. 1993, Vetter et al.
1985). The latter theory suggests that a drop in diét fugacity capacfty would
result in a BMF greater than 1 once the fish had reached equilibrium with its
fntestinal content, ie., once Jr=fa. Where f; is the contaminant fugacity in the
intestinal chyme'and fais the contaminant fugacity |n t'he diet. Therefore, 39\

understénd biomagnification, there is a need to understand how food is altered

' dJring digestion and the factors which determine the degree of this alteration. -

&

4.1 DIGESTION/ABSORPTION O’F LiriDs By THE Gl TRACT

Although there is some disagreement regarding how the presence of dietary lipid
impacts upon biomagnification, many researchers believe that dietary lipid N

inﬂuences‘the extent of dietary uptake of contaminants (Gobas 1988, Connolly
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1988). To Qrésp the importance of digestion m determining the uptaké efﬁcien‘CY' o

of xenobiotics, a basic unAdersiandih'g' i;f 'gasuOQintestinal!physiology and lipid | >

digestive processes rr}ust first be attained.

The following section will also present the reader with some factors which have

the potential to determine the extent to which lipids are digested and absorbed;

factors whic:h may have an impactr on the extent of POC a;bsorpti‘onr.
Triglycerides will be foci:sed upon as; in most animals,‘ they make up the bulk of

- total Iibid in the diet. In 'humaqs, for instahce, they provicje 90% éf the total
calorieé su'pplieb by fat (Borgstrom 1972, Carey 19823, Northfield 1975). tLipid
digestion has been 5divided into several sub-categ!ories below. As most w?i'k« ha.?_
been done with mammals, ,fhe following section vgill discuss Ii;;id d_igestioh an’q s -
absorption from a mammalian perspective. Differences betweeh mammals%zﬁf oy

fishes will follow in section 4.1.8.

»>

4.1.1 GASTRIC LIPID PARTITIONING ,

Due to the erect posture of humans there is some evidence:to suggest that fats
will float to the top of the stomach and not be released until all the aqueous
soluble gastric contents of been émptieq (Sa:!ford 1992). Although the
irrip,lications of }his are unclear, it would 'be‘gsdgicél to predicvt that an

. improvement in lipid absorption could occur bécause‘ they are digestéd

somewhat independently of the aqueous food componentsv(Granger 1985,
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Sunvold 1995) Animals living in the prone posmon are unltkely to enjoy a sxmnlar

. separatton of food components based on compénent density. ©  *

41,2 EMULSIFI_CATION‘IAH.YDRQLYSIS : | L

¥
o

. Before reachmg the intestine, food is exposed to two types of Irpase I|ngua|
lipase and gastric lipase. Both are called acid lipases in reference to' havnng their q
highest actlylty in the acidic medlum of stomach (F ield 1983, Roberts 1984).
These enzymes cI'eave one fatt); actd off triglycerides,‘ forming diacyl glycerol
and a fatty acid. (Stafford 1981, Abrams 1988, Hamosh‘1981 Cohen 1971)
Tnglycendes that have short fatty acid chatn lengths are cleaved faster than

" those with long fatty acud chain lengths (Liao 1984); neonates feedlng on milk
may require this faster metatgolism as milk fatty acidsr are fairly short and the
pancreatic function(i.e. emulsification and,hydrolysis) is not futly fonctional | .

N

(Grand 1976).

In the lower regions of the stomach, the chyme is'repeatedly - squirted, ground
and retropelled;'r,eSuIting in the emulsification of free fatty acids, diacyl glycerol

and triglycerides. (Tso 1994)

4.1.3 MICELLE FORMATION

The addition of bile acids in the anterior intestine creates micelles, which

solubilize the products of lipolysis, allowing a further reduction in lipid particle
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size (Hofmah 1964) Additionf of Iipid metabolites beyond the mic(ellef".satura_iidh 1
‘ boint:results in the formation of unimellar vesicles y(’lip,‘o;lsorﬁes)“(éérey» 1 983
Stafford 1981 ); A]thougﬁ Iipbsomeé aﬂge found in the 'gas?trointesti/nal trépts of
heélthy pedple, they are thougﬁt td play a greater role in those people \;vho have
low intraluminal bile salt cqncenﬁations (Carey »1983,;Porter '1_971).'The relative
roles of bbth’mit‘:elvles and liposomes are presently n.oi well ur{derstood.
The reduction of size of lipid particles inﬁcreasés the effective surface area of

| N |

dietary lipid, thus increasing the enzymatic efficiency of panaeatie-’lfﬁzse‘wh_im :

o BE

cleaves fatty acids off diacyl glycerol (Mattson 1964 and 1968). S {&%“»

In addition to~increasiﬁg the sLlrface area, micelles have the added benefit of
increasing the aqueous solubility of ingested Iipids. The unstirred aqueous Iéyer
within the glycocélyx can be an effective barriér to lipophilic macromolecules, but
transported within a micelle, these molecyles diffuse th}ough the unstirred layér
~at a rate abou\t 100- to 1000- tirﬁes fasterr(Dietschy 1971, Westergaérd 1976,
Wilson 1971). Thu's, lipolytic products andvlipid soluble"chemicals ére more
available to bg passively absorbed by»en:iterocytes. Apy factors that decrease thé
fém;iation of micelles, could also dedgase the diffusion of lipolytic products to

-

the absorptive surface.

Both the emulsification of lipid and the forma;ion of micelles enhance the surface
o - P
area of ingested lipids, allowing a greater interaction of lipase which is only

» 2
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active at the Iipid,,-aqueousinterfacé (Nilattson‘ 1 964 and 1968). If either the -
extent of fat emulsioh is decreased or ihé ability to form miceile,s is retarded, it'is
. known that the efficiency of fatty acid preduction and hence, absorption can be

diminished (Tso 1994).

414 Ass'ogpnou

- Fat absorption occurs primarily in the proximal int‘esiine (Honknen 1985). The
é;@“‘;)’i:%e'vailing theor; today is that absorption of lipid metabolites (inonoacylglycerol, |
glycerol and fatty acid) by the brush border is a passive process (Thomson
1981). In the-past, it was believed that this proc;eSs was unregulated diffusion. -
However, new eviderice §uggests trgatvlérge fatty acids méy be mediated by .
~protein carriers (Stremmel 1988, Ockrier 1974; Fle,i,schn.er 1977). Research has ,
shown ihat during food digestion cytosolic and rﬁérhbﬂiage F.A. binding proteins
are vastly out numbered (100x) by fatty a.cids and it has been ‘sug'geéted that
fatty acids may be tra‘nsportec{ through the cytosol as small aggregates or -
micelles (Vettgr_,_ 1985). Vetter appears to be suggésting that pinocytosis is
involved innfatty acid absdrption and omit»s the possibility of free diffusion
through the brush bordér membrane. Others believe that fatty acid4'ﬁ excess of
that which cane be handled by prbtein,binding is taken up via pass_i.vefdi'f'fusion '

(Chow 1 979). Recent histok“:"gical studies have shown that pinocytotic vesicles

- \
-] . « ()
A8 ' ‘
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\in the proximal regions of the iniest'ine aré rare, thus adding support to the ;

\____ diffusion theory (Garrido, 1993).

There are several factors which can determine the rate of diffusional uptake of .

lipid by-products; exposure dqf;;ion, resistance to passive difquion énd size of
lipid by-product poténtial gradient. Diffusional resistance is primarily a function
, _ « .

of two parameters; molecular weight and polarity of diffusing molecule (Bemé &

Levy). In order for a molecule to diffuse through the phospholipid bilayer of a cell
- membrane it must first be able to completely dissolve in the npr)-pblar region,'

thus_ the rate of membrane diffusion fendg to increase with decreasing degree of .

polarity (Berne &‘Levy). Molecular weight is important as it is indicative of the

size of a diffusing molecule. The larger a mblecule the slower it’s diffusion rate

as it mast displace the membranéphospholipids fo a gréater degreé. Some

molecules ére so large that the large threshold energy réquired for diffusion

»makes membrane diffusion unlikely (Berne & Levy).This' may be why |

triglycerides are not apsorbed intact. The threshold energy of diffusion may"also .

be the reason why larger fatty acids have specific membrane bindiﬁg proteins ().

Expoéure du@gﬁn ié primarily a. ft.;nction of intestinal tran's;it time. ;As diffﬁsi;an

does not occur instantanéously. a shorter residence time of food within the

intestine may preclude efficient absorption of lipid by-products. Increasing the

meal size, for instance, results in an increase in the amount of food digested per
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. ‘unit of tlme and a decrease in trme that food isin contact with the |ntest|ne ‘

(Joblmg 1977). As the absorptrve surface of the mtestme is typlcally in excess to
what is requured for normal lipid absorptlon small quctuatlons of mtestunal
motility is not expected to make a srgnnf icant dlfference in the absorptlon
efficiency of I|p|d However if lipid is lncluded ina food contaunlng a high
percentage of indigestible roughage, the decreased surface exposure of the '
dletary lipid combined with the increased motility can affect I|p|d absorptron

effi cnency (Metenberger 1993, Granger 1985).

The chemical potential gradient of lipid by-products determines the magnitude of

" diffusion in the same manner as it does for chemical contaminants. The larger
the chemical potential in Iumenal lipid by-products and the smaller the chemical |

- potential of Iipid by-products in the enterocytes, the greater the chemioal
potential gradient and the greatert the net flux of lipid byproducts into the
enterocytes. Determining"the size of chemical potential on either side of the cell
membrane is the amount of freely dissolved lipid byproducts whose levels are
dependent upon the degree of micelle diffusion through the unstirred layer, de-
esterification in the intestinal lumen and re-esterification within the enterocyte

‘ cytosol. Increasing de-esterification by lipases, increases the concentration of
lipid byproducts on the outside of enterocytes and re-esterification decreases
the concentration of lipid byproductgfon the inside of enterocytes, both ’of which

result in a chemical potential favorlng the uptake of lipid byproducts. As both
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;- lipases ang T.G. synthetases can efficiently cvétalyze'their respeCtiye—r_eactidns' in |
reverse, it would be logical to assume that cytosolic trtglyceﬁde removal is also
crucial to the maintenance of a lipid chemical potential favoring the efficient

-~

absorption of dietary triglycerides. o >

4.1.5 ,CYTo_soug: TRANSPORTVOF LIPID METABOLITES AND TG RESYNTHESIS

Once inside the enterocytes of fhe brush border, the lipid metabolites eithér
freely diffuse or are trénsported by specific protein carriers to the area of

triglyceride synthesis, whiéh is the smooth endoplasmic recticulum (Ockner
1974). Several binding proteins have been isolated e;ph with varying degrees of

specificity for fatty acids (Marquardt 1986).

Triglycerides are re-synthgsized via the monoacylglycerol pathway and
packaged predominantly within pre-chylomicrons, although a small percentage
of fatty acids, those derive.d from the hydrolysis 6f lesolecithin, are re-
synthesized using the a-glycerophosphate pathway and packaged into pré-very

Iow-densityQIipoproteins (VLDL's) (Tso 19’54).

Fatty acids‘ having less than 12 carbons are less likely to be made into
triglycerides and instead pass unchanged to the portal blood stream (Mansbach

1991, Hyun 1967). The path taken by these molecules appears to depend on
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diffusion into and throd‘gh cells rather than traveling ,tthugh intfaéellqlar spaces,

" aschylomicronsdo. . o R

. 4.1.6 CYLOMICRON/LDLP SYNTHESIS AND TRANSPORT

>

~ Once synthesized, chylbmicrons and VLDLs are transported to the basal-lateral

membrane of the enterocyte by cytosolic microtubules, where they are released
into the intercellular space via phagocytosis (Sanford 1992). Chemicals known
to impede microtubule action have been found to réduce_ lipid absorption when

administered within the diet (Glickman 1976).

Phospholipid levels have also beén found to have an effect on the absorption of
triglycerides, and |t is now thought that phoépholipids are an important
component of pre-chylomicrons and pre VLDLs (Bennet-Clark 1978, Tso 1981).
If levels of phospholipids are too low, there will be a triglyceride build dp within

the enterocyte ancj\ re-esterification of lipid byproducts will be retarded‘(Benn'ett-

Clark 1991). Most of the phospholipid found in the jumen is biliary in origin. Thus

conditions which inhibit the production and excretion of bile, combined with
dietary shortages of phospholipids, may result in poor absorption of triglycerides

from the diet.
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, OnceA pumped out of the enterocyte cells, the volume of chylomlcrons in the
basolateral, mtercetlular space begrns to’increase untrl the basement membrane
separating tt1e enterocytes form the lamella propria breaks (Tso 1973, 1994).
The chylomicrons and absorbed fluid then diffuse through the intercellular

, spaces rn the lamella propria toyvards the central Iacteal where thechylornicrons
join up with the Iymphatlc system (Shepherd 1959 Barona 1975). The ’»
endotheltum of the central lacteal contarns gaps through which rntact
chylornicrons can flow. Vesic_ular transport through the endothelial cells is also
known to occur (Dobbins 1,970)‘ "I:he extent to which each of these mechanisms _
operate is presently unknowh (Tso 1994).

The absorption of fluid |s thcught to be crucial in the transport of chylomicrons,
as the convective flow through the lamella propia vastly decreases the time

" which it take for chylomicrons to reach the tymph (Tso 1985). Lymph flow

appears to be stimulated by amino acid andlatty acid absorption (Turner 1977,

1978), and may also be facilitated by plston -like contractions and relaxations of:

the: mtestmal villi. (Sanford 1992).

In humans, the appearance of chylomicrons increases up to a flow of about 40
‘ul/min for each central lacteal, beyond this flow rate, the appearance of
chylomicrons: remains constant indicating that flow rate is no longer the limiting

step (Tso 1985). It has been hypothesized that re-esterification, chylomicron
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) formatlon and subsequent di scharge lnto the Iamella propla together become

LY

limiting to the uptake of |Ipld (Tso 1994) The potentlal exists that if very low ﬂurd |
flows corncnde with hpld dlgestlonlabsorptlon llpld products will accumulate in
the enterocyte and will |mpede diffusive uptake of fatty acnds Low ﬂund ﬂows

-

may occur in instances where a dry diet is belng consumed.

1

4.1.7 BILE AcID REABSORPTION AND ENTEROHEPATIC CIRCULATION

After lipid‘metabolites have been absorbed within the duodenum and proximal
jejunum, bile acids (BA) continue traveling through the intestine where they are
absorbed both actively and passively (Sanford 1992). Passive uptake occurs in
all regions of the emall tntes:ine, while activegtransport only occurs within the
posterior ileum (Granger 1985). De-conjugation and dehydroxylation of bile
acidel by bacteria within the poste‘rior‘ileum and colon irtcreas’,e their l‘ipid’ |
solubility and hence enhance passive uptake through the brush border (Sanford
19992), ApproXimatety 50% of BA uptake is via passive diffusion, while 7 to-20 %

are lost via the feces (Sanford 1992). This loss is made up from synthesis of bile

acids within the organism (Granger 1985).

Once absorbed, BAs enter the hepatic-portal vein. Around 80% of BA are

absorbed during the first pass through the liver where the deconjugated BA’s are
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. re-conjug’ated befo‘re_ being released to the total bile pool. This ehterohepatic V B ,‘

recirculation must occur 2- to 5- times per average meal (Grahger 1985).

- .

Efficient bile acid absorption is important, because without »recyclir?ﬁfthéi{evels
o

Y e o

of bile acids available for effective intestinal micelle fdrmatibn becomes
'., “ compromised (Sanford 1992). As discussed earlier, micelles increase the
surface area available to lipase action and assist in the absorption of fatty acids, -

glycerol and monoglycerides.

4.1.8 A PHYSIOLOGICAL COMPARISON OF FISH AND MAMMALS RELATING TO LIPID

<

ABSORPTION

Although the GITs of ﬁsh and mammals share many similaritiés in both structure
and function, there are a number of notabje differences. '
Like mafnmals, the structure of fish gaétro-intes'tinal tracts (GITs; vary .
considerably. Trout, and mény other fish have caeda, finger-like projections

radiatir;g from the proximal intestine. The true function of the caeca is L;nknown
although there is some evidence’ which suggests that it may play an imi:ortant

role in lipid absorption due to it's large surface ar)ea (Buddingfon and Diamond %
1986, Bauermeister 1979). Cyprinid dr éarp—like fishes, may be missing defined
stomachs and have very long alimentary tracts With few folds (De Silva and T o=

Anderson 1988). Diets of this group of fish are usually low in lipid and it is

probable that if fed a high fat diet Iipids' would be absorbed poorly. Compared .
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with mammals, the-intestine of fish is relatively;undifférentiateq' and have been |
" found to adjust morphologically to changes in feed nutrient proportions over

- generations. (De Silva 1984).

The absorption and dist-ribution of lipids in fish is highly depengeht_ upon the
number of carbons in the’free fatty acids. Fatty acids shorter than about 10
carbons will diffuse -easily and directly to the b}ogd vessels lining the epithelial
‘ceils (Sheridan 1987). Free fatty acids longer tl:lan 1Q carbons are re-esterified
to triglycerides in the endotheliél cytosol and packaged into vesicles resemblir;g,
chylomicrohs. These vesicles are »transpprted to the/lamella propria where they
build up for reasons not entirely Uriderstooq. Robinsoh and Mead (1973), citing
| histological work done by Greene (1913 as cited ih Robinson and Mead 1973),
| postulaied that the build up of vesicles was due to_é lack of pores in the walls of

circulatOry vessels permeating the lamella propia. v ™S

Fish are alsp known to be lacking a defined Iymphaﬁc system. Chylomicrons
which manage to leave the intestine are thought to be carried either by blood
vessels or by a lymphatic-like system éalled the secondary circulatory system
(Steffensen 1992)7 Unlike a true lymphatic system, the secondary circulatory

- system of ﬁshlis continuous; originating from artéries, branching out into
capillaries and merging again before meeting up with veins (Steffensen 1992).

“ Most of the capillary beds of the secondary circulatory system have been found
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on the surfaces of tlssues suggestlng that the secondary cnrculatory system L. l

plays primarily an lmmune system role (Steffensen 1992). An exceptlon to ttus is

the secondary c,rrculatronvof the gut.
The triglyceride content of ﬁshf blood and liver is eonsistently low, prompting'
some researchers to suggest that lipids are transported primarily as free fatty
acids (Robinson and Mead-1973). Howet/er new evi&ence suggests thatl lipids
are traﬁsnoned as chylomicrons (Sheridan 1987), lov; density lipoproteins
(LDLs) and high densit;( lipoproteins (HDLSs). The low concentratiqns of
triglyceride makes sense if the diffusion of vesicles from the lamella propia is

| iimtting and ma)r alse exglain why fish are known to be slower at absorbing lipid

than mammals.

1 T « '

The main hpud storage sites for fi sh and mammals are also dlfferent Mammals
- use predominantly adlpose tissue whlle fish rely on thelr liver and skeletal

muscle. Sluggish bottom ﬁsh predominantly use their livers while active fish

¥

predominantly use their muscle (Sheridan 7987). Although to a smaller degree

than mammals, excess fat can also be deposited around the Gl tract.

The function of chylomicrons in TG absorption has been discussed in chapter
“one. However, the role of chy]omicrons in the thermodynamic model of

biomagnification requires special menti’on here. Chylomicrons perform two

yn




functlons whlch are crucial to the malntenance ofa fugacrty gradlent across the |
- brush boarder and thus biomagmﬂcatton (a) they i increase the fugaclty of POC
|n the mtestunal lumen, and (b) they maintain the fugacuty of POC in the:

enterocyte at a Iéw level.

4
A\
A\

\\
\‘

. Without chylbmicrbns, resynthesi‘z\ed triglycerides in thé cytosbl of enterodytes
Would build up and impede the syhfhesis of new triglycefrides. }_ipolytic prdducts
such as faﬁy acids, glycerol and moéoglycerides in the cytosgl would diffuse to
the Iyrhphatic system an;'a' arterioks,, but at such a slow rate that their higher

| cytosoi(ic levels would thermonnamically discourage the xdifquion‘al absorption
of luminal I‘ipolytic byprodudé, hence poor triglyceride absorption. As previously
discussed, with 6ut the efﬁcient absorption of ‘Iipid, the fugaéify of POC would

not increase in the lumen and diffusional uptéke of POCs by the enteracytes

would be*poo;r.

By-actively removing triglycerides with partitioned POCs from the enterocyte
cytosol, chylomicrons are able to maintain a low cytosolic POC fugacity énﬁ‘thus
create a fug%city gradient favoring tﬁe diffusional absorption bf POC from the
lumen. If chylon%icrons were not actively removed, the fugacity of POC

| Vassocriated with cytosolic lipid would soon become comparable to luminal POC

fugacity and all intestinal absorption of POC would halt.
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4.2 SOME FURTHER IMPLICATIONS OF DIGESTION AND DIET TYPE ON POC

ABSORPTION:

4.2.1 LIPID DIGESTION AS A PARAMETER OF THE FUGACITY GRADIENT

 The results of chapter 2 present evidence that digestion of dietary Iipig is

- primarily responsible for the increase in luminal fugacity, referred to in literature

as gastrointestinal .magniﬁcation (Gobas 1993). It is the increase in luminal

fugacity which creates a_fugacity gradient which essentially drives the diffusional

uptake of POC across the brush border of the intestine and ultimately
determmes the extent eof biomagnifi cation Logicauy it WOUIQ foliow that any
factor aﬁectmg the digestlon of dietary I|p|d will also have a profound affecton
the c_ontamlnant fugacity gradient and‘thus the extent of bromagmﬁcatlon. The.

uptake efficiency of POC would also be a factor of lipid digestion but would

. likely exhibit a poorer cor'i‘eiatton to Irpn& abwrptlon efficiency than

biomagnification because‘POC uptake eﬁf? eney is dependent upon another :

' variable time. POC ‘uptake eff cnency, therefore would be affected by factors -

such as ingestion rate, perfusion rate anddiffu;ion rate, which have no effect on

the gt‘.l;ictimate1biomagniﬁcation.

As both uptake efficiency and biomagnifi%%ﬁ rpay be profoundly affected by
- .

changee in lipid digestion, it follows that an _tmdertanding of the fugacity

$E

% oapacity of lipids and factors which deterrnine the extent of lipid absorption could
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‘befimponéni in predicting the magnitude of POC dietary uptake efﬁciéncy and
7 bioniagniﬁcation. E’reviods péragraphs‘ bavg discussed tﬁeq fheéhahi‘sm of Iipid(“‘? o
absorption and gave examples‘ of irhpairiﬁents which could signiﬁcahtiy affect |

lnonnal lipid absorption and thus POC gastrdinte'stinal‘ mégniﬁcation.'

Examples of crucial steps were: formation of micelles, formation and tra’nsport"of'
| c:h;flomicrons, fabsorbtidn of fluids, and re-éster)»ification. of triglycerides.
Following are a number of non-mechanistic variables which would likely have
profound effects on the extent of gastro—inteétina| magnification. In a nutshell,
these are: physiological differences in the Gl tract, fatty acid chain length, food

r3

consistency and variation in fugacify capacities for different lipid types.

*

4.2.2 LIPID DIGESTIBILITY / ABSORPTION

4.2.2.1 Physiological Differences Between Fish Species

Differences in physiology are known to result in differences in lipid absorption
rates of different fish species (Takeuchi 1979). Differences in neiche often |
dictate the function and structure of the digestive tract. For instahc‘,e, |
planktivores, such as the Milkfish, have long narrow GlTs with no defined
stomach, while most cgmivores, such as thé trout, have defined stomachs and
much shorter intestina;ia tracts (Dé Silva 1995). Research ‘has shown that rainbow

b}
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trout (a 'ca‘rnivore) exhibits a greater Ii'pid absorption: efficiency than carp (an
omnivore, emphasizing plant sources of food) when fed a diet cori;ainirig fishoil
(Takeuchi 1979). The greater lieid absorptive efficiency suggests that - |

carnivores, such as troth would also exhibit greater fat soluble xehobiotic BMF.

4.2.2.2 Source of Lipid

Fafty acid absorption is known to be a function of animal type and the chain
length and degree g saturation of fatty acid. Trout, for instance, tend to be poor
at absorbing long chain saturated fatty acids (Austreng 1980). This tendency

would have an impact on the fugacity capacity achieved within the GIT. -

4.2.2.3 Consistency of Food

Digestibility studies comparing natural and fqrmulated fish foods have found that
natural foods tend to be digested to a niuch greater degree (Jobli‘ﬁgg ,e‘tfal. 1986).
The argument presented by Jobling et al. was tﬁat formulated foods thch
typically bn:eak down in to small particles quickly are released from the_stomach
ata Iarger rate and end up overloading the digestive and absorptive capacity of
the intestine. Just by mincj,ng fhe natural prey (whole fish), Jobling ebseNed a

| 14% reduction in the abserptien ef energy ;'_ielding components of the foed."lf the

energy yielding components of the food in this case are predominantly lipid, the

reduction in lipid absorption may minimize the reduction in chyme Z and thus
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decrease the fugacity gradient achieved between the intestine and the restof g

" thefish.

-

4.2.3 FUGACITY CAPACITY OF LIPID TYPES
L 4

In most bioaccumﬁlation Studi;s, lipids are assumed to have homogeneous’r
qualities and, hence, are considered t; h’ave similar POC ‘absorbing capacitiés.
Differences in fugacity cépacity between lipid types could have an impact on the '
fugacity gradient-created within the GIT. For instance, if one type of lipid having
a high Z is absorbed to a lesser degree tr;an lipids with relatively lower Z |
values, the fugacity gradient produced would be smaller than that prgdictfd by

the total lipid mass. As will be discussed next, evidence does exist that different

lipid types may have different Z values.

~Animals having long-term exposure to POCs often have a tissue distribution of
fat soluble xeﬁobiotic which cah not be solely e_xblained by the concentration of
fat in each tissue. One study found muscle having coﬁcentration‘é 30-times th;t |
of the brain when concénfration is expreséed on a lipid weight basis (Philips
1981). A possible explanation of this discrepancy was that the lipid types found

in each of these tissues differ significantly and that the solubility of xenobiotic in

(or fugacity capacity of ) different lipid types varies widely (Philips 1981).
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Opposing‘evidencer that ,different Iipidshave distirgct fugacity capaéities for PO&S
is the reséaréh done by Dobbs et al. (1983, 1984). Their studiés showed that the “
type of fat is not a critical paramete; .in'det;rmining the solubility of lipophilic h
xenobiotics. (Dobbs, 1983, 1984). Also, other investigations ofbédy PCC
distribution suggest that chemicals are evenly distribuﬁted when tissue
corjcentrations are comparéd on a lipid weightbasis (Noguchi & Heffelburg
1991, Guarin‘o et al 1978). This would then indicate that steady staté may not
have occurred within the organism for Holden and Marsden’s experiment, even if
steady state app‘iears to have been reached betweeﬁ an organism as a whole
and it's surroundings. It ié interesting to note that’thos;e_tiE.sues wit,’hAthe highest
lipid weight concentrations of contaminaht metabolize lipid for energ‘y. The brain,
on the other hand, only utilizes glucose (Berne & Levy 1988).'By traveling in
association with Iipids,-POCs are more soluble and will likely realize a greater
flux into those cells utilizing fat as an energy sourcé, thus explaining the tissue

concentration discrepancy.

4.2.4 RESISTANCE TO CONTAMINANT UPTAKE -

It is note worthy that despite intestinal uptake of contaminant, fugacities of the
anterior intestinal content consistently remained much highér than the below-
detection-limit fugacities of fish tissue. The continual difference indicates that
resistance to absorption must be considered in addition to the size of fugacity

¥

gradient when trying to model contaminant uptake efﬁc;iencies. This resistance is
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a function of the solubility of the organic contaminant within a given ma‘txix as’

well as the matrices viscosity: -

Factors_ which may effect resistance to GIT absorption aré: ambient temperature, |

number of micelles, soiubility within ‘micelles, sdlugﬂity in enterocy'tes cytoplasm,

ability to diffuse through membranes. o T

4.3 OTHER FACTORS:

4.3.1 DEPENDENCE OF BMF ON BODY LIPID COMPOSITION

Although temperature has been found to have Iittle or no affect on the dietary
POC absorption efficiency (Santulli, 1993), it could have an affect on more long
term biomagnification studies. Temperature has been found’to be a parameter in
determining the lipid cohposition of fish. One study yielded up to a 10%
increase in body lipid composition when the ambient water temperature
decreased from 22 to 15° C (Alliot, 1983). The chan(ge in lipid composition
would increase the total body fugacity capacity of thg fish and the ﬁsh body
concentration of POC achieved at steady state would be greater. As the

biomagnification factor (BMF) is the POC concentration in a fish divided by the

2

A 3
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POC concent!at?on inits diet, the BMF would be higher for a fish in cooler water

(refer to formula 1-2).

4.3.2 ECTOTHERMS VS. ENDOTHERMS

=

When é endotherm ingests food at environmental temperatures and
consequently warms it to the internal temperature of the ingesting organism, the
fugacity of the ingested food should also increase. The increase in fugacity |

suggests that uptake efficiency of endotherms should be greater than

ectotherms ingesting the same food if all o‘ther factors are the same. Aquick = ¥

- calculation using the ideal gas law reveals that an organism with a 37.5 °c.
blood temperature will have an intestinal fugacity 1.1 x (10 percent) higher t'han
that for a organism having a blood temperature of 10 °C, regardless of the

original temperature of the food.
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5. Appendix 2: Data used in f;gures.

anterio- posterio- posterior

45

stomach
central  .central )
'intesyne intestine intestine
] v V. Vi
Fugacity (Pa) x 10” 25 45 47
N ' 23 18 30 314
SE x10° 1.8 3.0 45 24
_ JHCB Concentration (ppm) 930 517 453 547
N ) ‘ 16 12 23 .26} -
SE_ a5 n sl
HCB Mass (% of initial amount) 98 51 T 29
N , ‘ 16 12 - 23 26
SE ) 10.5 7.2 2.9 3.8
[HCB Mass (mg assuming 4 g ingested) 36 19 .. ., 1.1 11
N ' 16 12 23 26
SE - 0.39 0.26 0.11  O014)
Lipid Concn. (% of dry mass) 178 - 24 26 .32
N . 3 3 4 3
SE 0.23 0.55 0.46 0.52
Lipid Mass (g assuming 4g ingested) 071 - 010  0.10 0.13
N 3 3 4 3
_SE 0.002 0.022 0.019. 0.021}-
Food Mass (% of.amt. ingested) 97 91 62 48
N ' 13 16 21 18
SE_ 6 4 3 2
Food Mass (g assuming 4g ingested) 3.9 3.7 - 2.5 19
N - ‘ 13 16 21 18
SE ‘ -0.24 0.14 . 0.12 0.09
Chromic Oxide (% dry mass) 1.0 1.1 1.6 21
N .13 16 21 18
SE . . 0.064 0.042 0.076  0.098
"§Chromic Oxide (g assuming 4 g ingested) 0.041 0.044 0.064 0.083
N : 13 16 21 18
SE 0 : 0.0026 0.0017 0.0031 0.0039
Organic carbon (% of dry mass) 94 90 87 84
N - . 2 6 4 4
SE 0.16 0.15 0.67 0.83
JOrganic Carbon (g assuming 4 g ingested) 38 36 35 33
N : o 2 6 4 4
SE .- : 0.006 0.006 0.027 0.033
GIT fugacity capacity (mol/(m3*Pa) x 10" 104 3.3 28 35
% SE o : 0.1 0.15 0.14 0.14
SE ‘ 1.2 05 0.4 0.5

stomach anterio- posterio- posterior
central .
intestine intestine intesti nel

central

Table 1: querical results of the gastro-intestinal experiment - Chyme data only.
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- [rcs

Head-space [Rod -~ JSpin (126ug)| )
- 16 - 8.0}
- |HCB T 12 9.6
TPCB K 32 13
HPCB 38| 20 - 121
Mirex . 221 21 =
DPCB - 891

- Table 2: A comparison of replicate variabilities for the three méthods outlined.
The vari_abiligy % ekpressed as the coefficient of variation (%). The variability for
the thicker VA coating is presented for the spun cover-slip method. |

-2 . . . .

Mass injected (pg)(day 45) Relative Sensitivity [VA dipped/

Head-space VA dippedrod |[Head-space VA dipped rod {Headsp.
1234 -TCB 9.3 22 _ 186 ‘ 43] - 0.23
QcB 2.1 16 41 32 0.78
HCB ’ 0.29 20 5.8 40 7.0
2255 -TPCB 0.14 I 28 150} 53
224466 - HPCB 0.15 168 31 336 ' 110}
[Mirex , 46 : 92 o -
detection limit 0.05 ] 0.5

‘Table 3: A Comparison of S_ensitivities. The mass injected column représents
POC mass injected into the GC from head space analysis and using the VA
dipped rod method - both taken from separate but identical samples allowed to
equilibrate for 45 days. The relative sénsitivity column represents the mass
injected divided by the detection limit for each chemical. Note that the detection
limit was similar for each chemical and therefore, a single detection limit was
zpplied to all. The final column cbmpares the relative sensitivities of thé two
methods by dividing the dipped rod relative sensitivity by the head-space relative

sensitivity.
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