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ABSTRACT

Although solid-phase microextraction (SPME&ghnique has gained wide
applications from in vitro environmental investigations ton vivo
pharmacokinetic studies, there are still challenfgeaitilizing SPME to track
fast concentration change over time at a speatieation in a heterogeneous
system, such as studying the tissue- specific roésab or bioaccumulation of
pharmaceuticals in a living animal. In this cabe, techniqgue must be adaptable
for in situ analysis with highly temporal and spatial resang. The goal of the
research presented was not only to address thie tsst also to develop new
analytical methods that were more effectiveifovivo study using SPME.

In order to improve the temporal resolution, faBME sampling technique
based on pre-equilibrium extraction must be adopkémlvever, more efforts
need to be placed into calibration so as to gueeatfte accuracy of the analysis.
In this thesis, firstly, the kinetic calibration svaroposed for adsorptive SPME
fibres that were widely used for biological samplesich paved the way for
performing fast sampling fan vivo dynamic monitoring. Secondly, the kinetic
calibration was applied foin vivo pharmacokinetic study with beagles, with
which not only solid experimental evidence was wigd for the calibration
theory, but also an example was shown to addresguantitative capability of
in vivo SPME. The developed method showed comparable tiségsito
traditional blood analysis (linear range 5 — 20@flLpand limit of detection:
5ug/L). Furthermore, the traditional kinetic caibon based on isotopically

labelled standards was simplified to a single tpo@st calibration, and a single
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standard calibration was developed for multiplelygea. Therefore, the fast
vivo sampling could be accomplished in a simple butuete measure;
compared to the established equilibrium SPME tephi statistically no
significant difference (P<0.05) was observed byhgsbine-way ANOVA and
the post-hoc Turkey’s test for multiple comparisons

The second aspect of the thesis addressed thalsmsblution of SPME
for in situ analysis. Firstly, the sampling of the SPME wittgthispatial
resolution was modeled with multilayered gel systeith the mini-sized SPME
fibres. The feasibility of the SPME fam vitro application was demonstrated by
sampling in an onion bulb with heterogeneous stinect Afterwards, the
miniaturized fibre was successfully applied to fime situ analysis of the
concentration distribution of Ochratoxin A in seolid cheese samples with
acceptable sensitivity (Detection limit was 1.5mpg/and the linear range was
1.5-500 ng/mL) and comparable accuracy to the stahdnethods such as
liquid extraction and microdialysis. Finally, tirevivo application of the space-
and time- resolved SPME was implemented to study tissue-specific
bioaccumulations of pharmaceuticals in fish adipfise and muscle tissues.
The results were validated by the standard metloudd! extraction, and they
were also comparable to the literature results.

The research presented here demonstrated the afplipotential of the
time-and space- resolved SPME far situ dynamic and static analysis in a
living system such as a beagle or fish, and in @living system such as a

cheese piece or an onion bulb.
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Chapter 1

Introduction

1.1 General Introduction of Solid-Phase Microextraction (SPME)

As a solvent-free sampling and sample preparagchrtique, Solid
Phase Microextraction (SPME) technique was firsbouced by Dr. Janusz
Pawliszyn’s group in 199bThe basic idea is to use a small volume of the
extraction phase, usually in the order of 1 mitrelior less, to extract
analytes from the sample. Since its early developrsiage, SPME has been
considered an important advancement for the exract volatile organic
compounds from environmental sampleswhich was significantly boosted
by the development of Headspace SPME (Hs-SPMBY. integrating
sampling, sample pre-concentration, sample praparabnd sample
introduction into a single step, SPME provides maigyificant advantages
over the traditional sample preparation methodsshsas simplicity,
portability, time-effectiveness and cost-effectiges. Therefore, it is not
only suitable for laboratory research but also dorsite field sampling.
Moreover, with limited extraction amount, samplingn be performed in
such a way that only a small portion of the totaef compounds are
removed from the system. Thus, the disturbancéh@fniormal balance of

chemical components is negligible. This is benafian the nondisruptive



analysis of very small tissue sites or sampfesast but not least, SPME
provides a simple means to monitor the free comagoh of the analytes in
a complicated sample matiX.Usually, only the free concentration is the
active portion in pharmaceutical and environmergaidies. All these
strengths offer it versatile applications, from ieormental studies to food
chemistry and pharmaceutical studies, and frarmitro monitoring toin

vivo analysis®*?

1.1.1 SPME Device

The elementary SPME sampler consists of a supparponent and a
small sized extraction phase. The support compooknhe early SPME
samplers was usually a fused silica fiber; howedeg to its fragility, the
silica has been replaced by metal wire such aslets steel wires of
different size, i.e., those from Small Parts Indigmi Lakes, FL), which
offers more size options and also the robustnedsdarability of the fiber

material.

The most important component of the SPME samplérasextraction
phase. The extraction phase can be either highcmaleweight polymeric
liquid for absorption, similar to stationary phases chromatographic
column, or a solid sorbent for adsorption simiathe sorbent used in solid

phase extraction (SPE). The first used materialiferextraction phase is the
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rubbery material polydimethylsiloxane (PDMS), whigh considered a
typical liquid coating since in physicochemicaluratits extraction behavior
is based on partitioning. On the contrary, there some solid coating
materials, of which the extraction is based on gmsm, where the
extraction of the analyte molecules just occurghenporous surface of the
coating, rather than uniformly partitioning intoethextraction phase as
absorption doe¥ Currently, the commercially available liquid coeti
materials are PDMS and polyacrylate (PA), whilegbkd coating materials
include PDMS/divinylbenzene (DVB), carbowax (CW)/BV carboxen
(CAR)/PDMS, DVB/CAR/PDMS and CW!/templated resin R)P The
liquid coating SPME fiber is usually with higher pegity and good
sensitivity, but also longer equilibrium time, whican be deduced from the

equations for time constant as follo¥s.

Lo 2Ahh Ah,
TV, (2h,K +h) V(K +h /2h,)

(1.01)

wherea is the time constanV; is the fiber volumeA is the surface area of
the fiber, hs is the mass transfer coefficient of the analytehie sample
matrix, hy is the mass transfer coefficient of the analytéhim fiber coating,
and K is the distribution coefficient of the analyte Ween the coating

surface and the sample matrix.

Whenh; is much bigger thahs, hy2 b is close to zero, which gives

the equation for a solid coating fiber as follows,
3



= A (1.02)
KV,

Sincehd 2h; is always bigger than 0, tleevalue from eq.1.2 should be
always bigger than the value calculated from eg.1.01. As a result, itldou
be concluded that the solid coating should havedorequilibrium time
(smaller time constant) than the liquid coatinglifthe conditions, such as
fiber materials and agitation, are the same fortthetypes of fibers. Since
the materials that make solid coatings are neversdme as those for the
liquid coatings, often the solid coating fiber exts fast adsorption kinetics
and is suitable for fast sampliftAnother important advantage for solid
coating SPME is that the appropriate fiber can lmseh to extract polar or
ionic analytes and compatible for liquid chromatgry, which then opens
the possibility for using SPME for pharmaceuticablgsis and furthern

vivo pharmacokinetic studig§?*

However, there are some limitations for the solmhtog fibers.
According to the theory of extraction by porousiddsPME coatings, the
number of effective surface binding sites whereoguton can take place is
limited.™* When all such sites are occupied, no more anaiglecules can be
extracted. This indicates that analyte extractioa mompetitive process in
which a molecule with higher affinity for the bimgj sites can replace a
molecule with lower affinity. As a result, the larerange of the probe is low

and both the linearity and the slope are affectethé concentration of other
4



competitive compounds, thus resulting in serioadfgcted calibration. This
problem can be significant in complicated biologieed environmental
matrices such as whole blood or sewage water wimeney endogenous
compounds exist***Therefore, it is necessary to evaluate the conipetit

effect when using a solid coating in complicatechgle matrix.

For volatile analytes, SPME fibers could be direatjgcted into the
gas chromatograph for quantification. The extracedlyte is thermally
desorbed into the instrument in the injector anehtktransported into the
column by the gaseous mobile phase. However, foveiatile compounds,
the extracted analyte must be desorbed into an minodwppropriate liquid
solvent, or referred to as desorption solutionallgutsome organic solvent
in which the solubility of the analytes is high.té&fwards, the solvent is
submitted to instrumental analysis, for example, thobile phase solution
for the liquid chromatograph could be used for amtographic separation.
In some cases when further concentration of thdy&nan desorption
solution is needed for the sake of improved saeiitsiti the solvent is
evaporated and the analyte is re-dissolved in allemamount of
reconstitute-solution. In addition to increasing thnalyte concentrations,

the reconstitute-solution is more compatible todhect instrumentation.

1.1.2 Equilibrium Sampling and Pre-equilibrium Sampling

5



The classic SPME sampling is based on the partitipequilibrium of
the target analytes between sample matrix and @bating. There are two
types of sampling in terms of the extraction tiraquilibrium sampling and

pre-equilibrium sampling.

Equilibrium SPME is the most established method. mwrithe
sampling process, the analytes are extracted bfidbeuntil a partitioning
equilibrium is established between the sample mairid the extraction
phase. A linear relationship between the amourarafiytes extracted),

and the sample concentrati@, is described by the following equatith.

KfszVs
n,=——-C, (1.03)

Kfsvf +Vs
where V; and Vs are the volume of the fiber coating and the sample

respectively.Kss is the fiber coating/sample distribution coeffitieof the

analyte. When/s >> K4, the eq 1.03 can be simplified to eq 1.04,

ne = COK fsz (104)

The strength of this method is its high sensitiviiynce the possibly
maximal amount of analytes is extracted at a gertancentration; but the
weakness is that it has a long extraction time,etones from several hours
to several days, depending on the sorbent matengtkix, temperature, and
agitation. Therefore, it may lead to reduced temp@solution when it is

used for dynamic process monitoring such as a ph@skinetic study.



In order to achieve fast sampling, the pre-equtibr extraction
method was developed. The milestone is the findihghe quantitative
relation between the extracted amount in pre-dmjuilin extraction and that
in equilibrium extraction by studying the absorpti@inetics, shown as

equation °

n
— =1-exp(-at) (1.05)
ne

wheren is the amount of analyte in the extraction phdsa aampling time
t, ne is the amount of analyte in the extraction phdasegailibrium,a is the
time constant that is dependent on the volume efetktraction phase and
sample, mass transfer coefficients, distributioafitcients, and the surface
area of the extraction phase. By combining thisatiqn and the equation
for equilibrium extraction, eq 1.03, the linearatgnship between sample
concentration and the amount of analyte extractedprie-equilibrium

condition can be obtained.

K fszVs
n=————
K fsz +Vs

[1-exp(-at)]C, (1.06)

It deserves noting that the pre-equilibriuntrastion shortens the
sampling time to achieve fast sampling, but the sieity and
reproducibility are somewhat compromised, since seasitivity of the

SPME is positively proportional to the amount oélgtes extracted, and the

reproducibility is often affected by susceptibilipf the pre-equilibrium



extraction to agitation of the sample matrix. There, when performing fast
sampling, the sensitivity and reproducibility shibble evaluated to meet the

experimental requirements.

1.1.3 External Calibration versus Kinetic Calibration

In principle, SPME is an equilibrium based sampliaghnique rather
than an exhaustive extraction method; thereforeA®IE results must be
calibrated to obtain the concentration of the ateaily the sample. Generally,
calibration helps relate the analytical signal bé tanalyte to the initial
concentration of the analyte in the sample. Spedlfi for SPME, two types
of calibration are needed subsequently to achieeegoal. The first stage is
the calibration of instrument response. For examplsing mass
spectrometry (MS) as a detector, an external Gldor curve needs to be
constructed to calibrate the response factorsréhaite the amount of analyte
introduced into the instrument with its responseftevards, as
demonstrated in Fig. 1.1, the linear regressionbialon curve of
instrument response against the quantities oftefjestandards is developed,
through which the responses from different batchEsamples can be
calculated.

The second stage is the calibration for #raing method, which is

defined as a process that relates the amount dftanextracted by the

SPME device to the initial concentration of the lgtgain the sample.
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Currently, there are two important approaches librede the SPME results:
calibration curve method and standard-on-fiber imeth

Theoretically, the calibration curve method, alsderred to as the
external calibration method, is applicable to beduilibrium extraction and
pre-equilibrium extraction because the amount ohlya extracted is
linearly proportional to the initial concentratioh analyte in the sample. In
spite of the inconvenient and tedious proceduresocated with the
preparation of the standard solutions and conti@llthe experimental
conditions, usually, this method is simple, witke timly requirement that all
the experimental conditions for calibration shobédthe same as for the real
sampling. However, it might be difficult or impokE to satisfy the
requirement in some cases, such as in on-site fiatdpling orin vivo
pharmacokinetic studies, where reproducing the riaxygatal conditions in a

laboratory environment is challenging.



Calibration for instrument

® Oxazepam y =0.007x-0.0415
R® = 0.9978

Peak area ral

D 100 200 300 400 500

Injected amount (pg)

Fig.1.1. Calibration of instrument responses of LC-MS/MSeTinjected
amounts of standards are 1, 20, 100, 400 pg ofemeam. The y axis in the plot is
the ratio of the peak area of every standard okerpeak area of the internal

standard lorazepam.

To address the inherent weakness of the calibratiove method, the
kinetic calibration methot;?® also termed as the on-fiber standardization
techniqué’ was developed. This method is based on the syrmmetr
relationship between the absorption process ofysemlfrom a sample
matrix to the extraction phase, and the desorppimotess of pre-loaded
standards from the extraction phase to the samataxnThus, extraction of
analytes can be calibrated by determining desarptib the pre-loaded

standards, usually isotope-labeled compounds. Te, dhe symmetrical
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phenomenon for both solid coating and liquid capatiras observed and well
explained by the diffusion based mass transfer fi8d&Experimentally,
this method is simpler than the calibration curvethnd. More importantly,
the method compensates for the effects of agitaiwhthe sample matrix,
and it provides accurate quantification of targealgtes, especially during
on-site orin vivo sampling, where standard addition and externaldstah
calibration methods are not practical to &/s&.

The relationship of the absorption and desorptiaocgsses is

expressed by eq. 1.6%,

nLQ. (1.07)
N Qo

where,Q is the amount of standard remaining in the extacphase after
exposure of the extraction phase to the samplebtfatra sampling timet,
andqo is the amount of standard that is pre-loaded eretktraction phase. In
eg 1.07,n. can be easily calculated sinngqgy, andQ can be determined
through experiments. Afterwards, the initial corication of the target
analyte,Cy, can be calculated according to eq 1.04 for am-gitin vivo

sampling, wherey, >> K.V; is satisfied.

1.21Invivo SPME
There are several rationales for conductimg vivo analysis.

Essentially, studying of chemical processegvo, such as drug metabolism

11



in the real physiological environment of a livingseem, has scientific
significance, especially when it is difficult tomeve representive samples
from the living system for study. For example, wheite blood and tissue
are sampled for pharmacokinetic studies, usualarge number of animals
are needed to obtain profiles with sufficient dab@ts, since the amount of
blood or tissue that can be obtained from an inldiai animal is limited. If
blood and tissue were not removed from mice, smathber of animals
would be enough and the quality of the data wodntproved by reduced
individual variation. In addition, if sampling cére performed in such a way
that a small proportion of the total free compoundsremoved, the
disturbance of the normal balance of chemical campts is avoided, since
compounds of interest are not exhaustively extcaétem the investigated
system. This is called negligible SPME? On the contrary, if significant
depletion of the free fraction takes place, it lssin release of the bound
fraction until a new associating equilibrium is asished. This may
engender the nondisruptive analysis of very snssle sites or samples.
Currently, ultrafiltration (UF) and microdialysi81D) are widely used
approaches forin vivo sampling*®> However, these approaches are
inconvenient for field sampling since the samplgygtems require pumps,
tubing and other appliances. In addition, for diltration, the sampling
process affects the local dissociation equilibrivetween the bound and free

analytes, thus interfering with the biological €yst under study; for
12



microdialysis, the sensitivity could be a concerince sample
preconcentration is poor.

The use of SPME in vivo can serve as an idealratare because it
eliminates the above mentioned problems. For igstarSPME is a
nonexhaustive extraction technique where the etelaanalytes exist in
equilibrium with the extracting phase and samplérimaAccording to the
SPME theory, above a certain sample size, samplanodoes not impact
the result$*. Therefore, it is not necessary to define a sjgesdimple size
for the analysis, which is very convenient iflovivo sampling. Additionally,
SPME directly extracts a small fraction of free Isgtea So, a negligible
depletion of the free fraction occurs after exim@cttFinally, the technology
is amenable to miniaturization, and is useful fothbsmall living systems
and microanalytical instruments or techniques. €haslvantages make

SPME a promising analytical tool far vivo analysig"=®

1.2.1 Requirements of the SPME for In vivo Applications
Thein vivo applications usually set much higher requiremenitsbth
SPME fiber materials and sampling strategies thatro applications.
Firstly, the SPME fiber coating must be biocompatilCurrently, there
is no solid research to evaluate the biocompaiybdf any SPME fibers.

However, the first fiber material uséa vivo was polypyrrole (PPY) which

13



is a well known biocompatible material used for riaétion of

biosensors’® Therefore, it is assumed that the PPY fiber isiopatible

without direct evidence supporting the biocompétipof PPY fibers for the
SPME use. Indirect evidence of biocompatibility kcble the half-year
survival of the animals after the SPME treatment.

Secondly, the linear range of the fiber extract&rould be broad
enough to cover the expected concentration ranganafytes in blood,
especially during the early stage or beginning ledrmacokinetic studies
where blood concentrations are very high. For examje C18-bonded
silica-polyethylene glycol (PEG) probe has a brdgdamic range (0.5-2000
pg/mL) for diazepam, nordiazepam and oxazepam ghatired detection
over the sample concentration range in whole blodaring the
pharmacokinetic studies of diazepam°

Thirdly, the matrix effect should be considered.fétt, the matrix
effect is the most complicated and difficult fagtand it can be classified
into several categories. Generally, matrix bindimgatrix competition,
fouling effect, pH effect and salt effect are themenonly encountered
matrix effects that affect the quantitative capapibf SPME in biological
samples and environmental sampf&¥ Currently, there are dozens of
reports discussing the matrix binding and free eatrations, but only a
little discussion about the competition efféttActually, the competition

effect should be considered with any SPME methegdeeally using solid
14



coating fiber forin vivopharmacokinetic studies, where competition can
come from the metabolites and the drug, due tosihd@larity of their
molecular structures. It might also come from tbenplicated matrix, such
as whole blood samples which contain endogenoupconds. Usually, the
competition effect is the main problem associatét worous solid coating

>47 the number of

SPME, since, according to the developed thed
effective surface sites where adsorption can odsulimited. Thus, the
extraction of analytes by solid coating SPME isoapetitive process in
which several similar molecules compete for onedinig-site, and a
molecule with a higher affinity for the surface aaplace a molecule with a
lower affinity. As a result, both the amount ofger analyte extracted and
the linear range of the extraction decrease, whédedecrease is dependent on
the concentration of the competitors. An examplelddoe the serious
competition effect on PPY fibers that occurred @tygy/mL of oxazepam
and diazepam during a sampling time of 0 s.

Fouling effect is an important aspect to be addwe$srin vivo SPME.
But there was little experimental research to sty fouling effect,
although Dr. Hermens mentioned this in a resouftaefuew about using
negligible depletion SPME to measure the free coimaton*® The
characterization experiment for biofouling effectasv conducted by

comparing the extraction behaviors of the fiberslimect contact with and

without tissue samples. Both the kinetic parameiare constant and the
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thermodynamic parameter, partitioning constant veerapared between the
tissue-treated fiber and non-treated fiber. Foritbme-made PDMS fibers
used in fish—tissue sampling (Chapter 7), there meashange observed for
the two parameters.

Furthermore, the sensitivity of the SPME fiber ifaator that must be
considered for quantitative analysis, since it detees the limit of detection
and the accuracy of the method when the samplesotration is low, such
as during the late-phase of the pharmacokinetaiesu Here, the sensitivity
of the fiber is defined as the amount of analyteaeted in a given time,
which is determined by the kinetics of the extmctias shown by eq 1.05.
In order to have high sensitivity, the fiber shohlave a fast equilibrium
time, such as the C18-PEG and PPY fibers, for wthiehequilibrium times
were around 5 min during static extraction in whioleod. Meanwhile, the
partitioning coefficient K) should also be high enough to have good
capacity for the analyte. Eq 1.06 shows that thesigeity of the SPME,
denoted by the fiber volume, sample volume, partitig constant, time
constant and sampling time. When the time is knawa,fiber volume and
partitioning constant determine the extracted arhainanalyte from the
sample matrix, while the sample volume affectdtie]ias evidenced by Eq
1.04.

In addition to the high sensitivity requirements tbe SPME fiber

coating, the appropriate sampling strategies sha@ldd be considered.
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Usually, when conductinign vivo analysis, such as, a pharmacokinetic study,
the analyte’s concentration changes rapidly. Ineordo track the
concentration profile, the analytical approach $ticdvave a fast response
time. Specifically for SPME, the fast sampling issited to obtain high
temporal resolution. In most cases, pre-equilibrigrtraction method is
preferred over equilibrium extraction unless thaikdgrium time of the fiber
is quite short, for example, for C18-PEG fibersg #dguilibrium time is ~ 5
min in static extraction mode. But, usually, theuiggrium time is quite
long, from several hours to days.

Accordingly, to improve the temporal resolution aficiency of the
SPME technique, kinetic calibration was developdwnre pre-equilibrium
sampling is conducted for dynamic monitoring. Tinigolves the extraction
of analytes from the sample to the SPME fiber, #osah, it is calibrated by
determining the desorption of the pre-loaded statsdltom the fiber to the
sample matrixThis method is not only simpler than the calibnaturve
method, but also compensates for the effect ofatgit, temperature and
matrix, thus providing more accurate quantitatiespecially for on-site and
in vivo sampling.

The equilibrium SPME coupled to external calibratis not suitable
for invivo SPME. The reason is that it is impossible to repcedhen vivo
experimental conditions in the laboratory when aatiohg anin vitro

experiment to develop an external calibration cuespecially the blood
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flow rate during ann vivo experiment. In addition, it is often not easy to
obtain enough blank sample matrix from the livirganism to prepare the
standard solutions that are needed for the extealddration. For example,
it was found that when conducting the pharmacoldérgudies in beagles,
the composition of the commercially available wholdood was
significantly different from the whole blood frorhd experimental animals
(Chapter 3). The composition of the sample matrould affect the matrix
binding, fouling and competition for active sitélsys affecting the accurate
calibration of the SPME. Moreover, increasing thrempling time and
amount of extraction of free analytes may resulian-negligible depletion
and significant disturbance to the system undedystirinally, only the
SPME fibers that exhibit a fast equilibrium timendae used for equilibrium
sampling; otherwise, temporal resolution may bet lfms the dynamic
monitoring to follow fast metabolism processes,hsas pharmacokinetic
studies.

But, it must be noted that equilibrium sampling gied to external
calibration could be feasible fomn vivo SPME, as long as the requirements

or parameters for fast equilibration could be §iatis as mentioned above.

1.2.2 Requirements of Temporal and Spatial Resolution for In

vivoApplications
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The term “temporal resolution” was adopted to déscrthe
requirement of fast sampling for dynamic monitorioiganalytesin vivo.
Here, the temporal resolution of the SPME techniguelefined as its
capability to accurately determine the sample coimagons at a specific
time point on the continuum of time and clearlyotes two different
concentrations temporally close to each other,irietance, to monitor the
drug concentrations at the time points of “5 mimda'10 min” after the
drug administration in a pharmacokinetic studytHis case, the sampling
time of the SPME fiber should be less than the tthmabetween the two
time-points (i.e., 5 min); otherwise, the SPME fibecannot tell the
difference if the sampling time is long, e.g, 1hnteenerally, the temporal
resolution of the SPME is determined by its respditae or extraction time.
Therefore, to improve the temporal resolutionsinecessary to shorten the
sampling time. As mentioned above, a SPME fibehwiigher temporal
resolution should have high sensitivity; therelbys icapable of tracking the
concentration change. The next task is to develogurate calibration
procedures in order to deliver accurate quantigatasults.

Another important aspect of performimg vivo studies is to improve
the spatial resolution of the SPME fibers. In ttisdy, the spatial resolution
of anin situ sampling technique is defined as its capabilityatzcurately
determine the local concentrations of analytes ale@rly resolve two

different concentrations spatially close to eachent The rationale for
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improving spatial resolution is due to the factttthee uneven distribution of
certain substance within a natural system is mudrencommon than
uniform distribution because of the heterogeneocatire of the system.
Therefore, for tracking the dynamic physiochempraicess of a chemical in
a heterogeneous system, for example, studying tisgribdition of
pharmaceuticals within a small-sized animal orgamplant tissue, it is not
necessary to place the normal-sized SPME fibeutiirout the whole organ
or tissue to gain a spatially averaged concentraiicthe organ or tissue. In
this case, the fiber should be small-sized, ancethesuitable for then situ
sampling on different spots within the organ osuis.

Generally, the spatial resolution of SPME is deteed by the size of
its extraction phase; so, it can be improved byuced the fiber size.
However, the sampling time, that determines theptaal resolution of the
technique, should also be considered at the same 8ince the diffusion
during a long sampling time tends to uniform theamtration distribution
in the adjacent area, thus making spatial resaiutimeaningless.
Consequently, for SPME experiments, the effectediuced sampling time
should be considered together with shrinking therfdimension.

The space-resolved SPME usually results in nedéigllepletion of the
analyte from the sample due to its short samplinge tand small-sized

extraction phase. Thus, the relationship betweenspatial resolution and
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temporal resolution of a SPME fiber can be desdriage equivalent to the

relationship between the fiber size and samplimgt{eq 1.08).

| = L (1.08)
s< fsCs [1_ exp(_atm)]

where,Cs is the sample concentratioBjs the cross section area of the fiber,
L (instrumental detection limit) is the minimal amoéuof analyte that
generates a meaningful signal with the instrumignis the minimal length
of the fiber, andy, is the minimal time that generates a significaguit.
This equation indicates that the sampling time &asegative correlation
with the fiber length when all the other conditipniscluding the cross
section area of the fiber, are set. In additiorg #patial resolution and
temporal resolution are related to the sample auragon, instrument
sensitivity, the cross section area of the fibiee, partitioning coefficient and
the time constant of the sampling. This is quitdarstandable, for example,
when the sample concentration or the partitioniogfficient is high, it takes
less time to extract the detectable amount of aesilyor even if the fiber is
shorter, the extracted amount of analyte is stiitggh to be detected by the
instrument. Furthermore, using an instrument witiprioved sensitivity, the

size of the fiber and sampling time can be reduced.

When the sampling time, is short as fast sampling, and the amount of
analyte extracted is in the linear regime of th&aetion time profile, eq

1.08 can be approximated to eq 1.09 by the fideiofaylor expansion.
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eg 1.09 can be rearranged to eq 1.10.

| - IDL
™M XK.C.a

fs™~’s

(1.10)

This equation presents the linearly reverse catioel between the
temporal and spatial resolution of a SPME sampldwythe other hand, it is
important to consider the diffusion of the analyt®lecules within the
sample matrix as it determines the minimal samiimg that could be used
for SPME in heterogeneous system. The diffusioriccbe described by the
integral form of the Fick’s first law of diffusion
x? = 2D [t (1.11)
where, X is the migration distance of the analyte via diffun, andt is the
time duration of the molecule migration via diffasi While conducting a
sampling, the distance of molecule migration ingaeple matrix should be
shorter than the fiber length so that thesitu sampling can be significant.
Otherwise, the determined concentration is onlyatially averaged one in a
large area since the sphere of molecule diffussdariger than the probe size.
From this perspective, the relation between filmagth and minimal time
for anin situ sampling (e.g., when x = the spatial resolutioriloer length,

Im) can be described as eq 1.12.

| 2=2D[k,, (1.11)
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For example, it is assumed that the diffusion coieffit of the drug molecules in a
semisolid tissue sample matrix, e.g., muscle, is md's, and the fiber length is 1
mm. Then, the minimal sampling time could be cated as 500 s or 8 min.
Strictly, a sampling time more than 9 min is notiasitu study. Similarly, when
the sampling time is set as, for example, 10 sspatial resolution can be as high
as 0.1 mm. There is no practicle significance afigi®.1 mm spatial resolution or
fiber length for SPME sampling. However, it indestthat the fiber can be
miniaturized that the invasiveness of thevivo sampling can be further decreased.
On the other hand, whénis large, e.g., for the volatile molecules in gHE‘f me/s,
and the sampling time is 100 s, the diffusion distais more than 14 cm, thus
making the spatial resolution meaningless.

In summary, Eqs 1.08 to 1.10 describe the effeGRIIE’s sensitivity
(including fiber, sample concentration and instratneonditions) on the
minimal fiber size and sampling time. But eq 1.1ésents the effect of the
diffusivity of the analyte in the sample matrix tre spatial and temporal

resolution. For a real sample analysis, both néedtton and evaluation.

1.3 Research Objectives
The main objective of this dissertation is to impgrothe temporal
resolution and spatial resolution of SPME and jigliaations. The research

consists of two aspects, as outlined below.
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The first aspect addresses the temporal resolutibrthe SPME
technique. The highly time-resolved SPME could lasilg achieved by
adopting a series of pre-equilibrium sampling pdures coupled to the
classic and simplified kinetic calibration methodéerefore, the first work
was the development of kinetic calibration for dotioating SPME, as
described in Chapter 2. This part provides the dation for the
time-resolved pharmacokinetic studies. Then, theetic calibration with
deuterated standards was applied to calibrateinhgivo sampling for
pharmacokinetic studies, as described in ChapteFh8 work not only
provided a solid experimental procedure to condmycntitativein vivo
analysis by SPME, but also presented a way toreédilihe pre-equilibrium
extraction based on fast SPME. For further singdtion of the fast SPME
procedures, the non-deuterated standard calibratiwn single time-point
calibration, and the single standard calibratiomengroposed and discussed
in Chapter 4. Therefore, the first section dematstt thatin vivo SPME
could be accomplished rapidly, simply and costetiiely based on the

understanding of the kinetic behavior of theivo SPME.

The second aspect of the research is the develdproknthe
space-resolved SPME and its application to bothtro andin vivo analysis.
Firstly, as described in Chapter 5, the samplinghaf SPME with high

spatial resolution was modeled with multilayer ggfstem, and the
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feasibility of the SPME forin vitro use was demonstrated using a
heterogeneous system, an onion bulb. The secoratapm, as described
in Chapter 6, is then situ sampling of the spatial distribution of Ochratoxin
A, in a piece of semisolid cheese sample. The timnvdstigation was am
vivo study of the tissue-specific bioaccumulations cdnpireceuticals in fish
adipose fin and muscle tissue. The results areepted in Chapter 7. Finally,
an overall summary of the scientific advancemeninfthe work presented

in this dissertation and future work are discussedhapter 8.
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Chapter 2

Kinetics and Kinetic Calibration for Adsorption-Type

SPME

2.1 PREAMBLE and BACKGROUND

2.1.1 PREAMBLE

This chapter has been published as a part of tperpahou, S. N. S,;
Zhang, X.; Ouyang, G.; Es-Haghi, A.; Pawliszyn, On-Fiber
Standardization Technique for Solid-Coated Solidd#hMicroextraction,
Analytical Chemistry2007, 79, 1221-1230. The contribution of Es-haghi, A,
the co-author, was involved in the experimentalkweith drug analysis and
manuscript revision. The contributions of Gangféhgyang, the co-author,
involved experimental suggestions and manuscripisian. The pesticide
analysis part (in the paper) generated by ZhouNSS has not been
incorporated into this chapter, so it is considdtet his permission is not
required. Tables and Figures are reprinted wittmgsion from Analytical
Chemistry (Copyright 2007 American Chemical Sogiety

I, Ali Es-haghi, authorize Xu Zhang to use the matdor his thesis.
Signature:

exts

I, Gangfeng Ouyang, authorize Xu Zhang to use tageral for his thesis.

/_)_ den @-'J- i A
Signature: angty Y
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2.1.2 Introduction

In the recent years, solid phase microextractidbMB) has gained
extensive application and recognition in many aréddt addresses the
need for fast sampling and sample preparation Fsormatography by
integrating sampling, sample preparation and samnfdeduction into one
step. With the development of simple but accurateetic calibration
method?*° it shows unique potentialities in the field samglialso called
on-site sampling, anéh vivo sampling as welt” ! In these cases, the
effect of sample volume on the results of analgsis be neglected when
the sample volume is much larger than the fiberacay KV; ( K =
fiber/sample partition coefficient and = fiber volume)* '3

SPME fiber coatings can be classified into two iditive types
according to the mechanism of the extraction: ghigwor-type and
adsorption-type. For absorption-type coatings, ékaction is based on
partitioning of the target analyte between the aotion phase (the SPME
fiber) and sample matrix, or in the fiber coatiragrgple-headspace ternary
phase system, and either equilibrium extractionhieor pre-equilibrium
extraction method is applicable. The most establishmethod is
equilibrium extraction, where the fiber, coated hwd liquid polymeric
film, is placed in a sample matrix until a partiting equilibrium is

reached. The amount of analyte extracted by ther ib equilibriumpg, is
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linearly dependent on the initial sample conceitnaiCo, as expressed by

Eq 2.01,
K fszVs
n=—=12.¢, (2.01)
Kfsvf +Vs

where,V; andV;s are the volume of the fiber coating and the sampleme,
respectively, andss is the fiber coating/sample partition coefficieftthe

analyte. For on-site ofin vivo sampling whereVs >> KwV;, the

concentration of target analyte can be calculatedd2.02, the simplified
form of eq 2.012

n, =C,K .V, (2.02)

External standard calibration method can be emgloyer
guantification as long as the experimental condgitor calibration remain
same as for the sampling. Usually the equilibriurtraetion method
provides the highest sensitivity because of the tlaat the largest amount
of analyte can be extracted out of the sample ratdowever, the
extraction time might be too long to reach the Houium, thereby
resulting in lower temporal resolution for kinetiwonitoring. In addition,
the equilibrium extraction method is not applicalide adsorption-type
coating, also known as solid coating, where theaekbn is based on the
adsorption of the analyte onto the porous surfdd¢beensolid coating since
the extracted amount of the analyte under equilibrcondition could be
nonlinear with the initial concentration of the bme in a sample of high

concentratiort? In order to address these problems, Ai developed a
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pre-equilibrium extraction method for SPME basedtwn finding that the
amount of analyte extracted by the fiber beforeildgium, n, is also
linearly dependent on the initial sample conceiuratC,. ** ® For
guantification, however, the external standardbcation method is not
applicable for pre-equilibrium extraction (for fielor in vivo sampling),
since it is difficult to keep the experimental cdiwhs for calibration same
as in field- orin vivo- sampling. In order to address the inherent
incapability of the calibration curve method in sthtase, the Kkinetic
calibration method;® also called in-fiber standardization technidueas
developed based on the symmetric relationship ktwle absorption
process of analytes from sample matrix to the ektma phase and the
desorption process of the preloaded standards tinenextraction phase to
the sample matrix. Therefore, the extraction oflgea can be calibrated
by determining desorption of the preloaded starglgisotope labeled
compounds are usually used as standards). Thisothetbmpensates the
effect of agitation, temperature and matrix, thusvjaling accurate
guantification, and especially it is suitable feeld- or in vivo sampling
where standard addition and external standardregilim methods are not
practical **° To date, all the studies for kinetic calibratiorvédeen only

restricted within absorption-type of SPME fiber tings™® °

or pure
liquid extraction phase in liquid phase microexti@e (LPME), " without

consideration of adsorption-type SPME coating. iS@s not practical to
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apply the kinetic calibration method developed baaaption-type fiber to
adsorption-type fiber coatings directly. Furthermaalthough the kinetics
of absorption and desorption process for liquidtioga(absorption-type)
SPME and LPME have well established theoreticalisbdsr kinetic
calibration, there is a lack for a mathematicalcdgsion of the adsorption
and desorption kinetics for adsorption-type SPMEtiog. Therefore,
investigation of kinetics of adsorption and desiorpind development of a
kinetic calibration method for adsorption-type d@ogt have unique
theoretical importance and practice significance.

In this chapter, the kinetics of the adsorptiod dasorption onto and
from the porous solid SPME coating are presentedanwhile, the
symmetric relationship between adsorption and gdeor was
demonstrated. In order to show its feasibility, teveloped kinetic
calibration method was successfully applied to exirrthe matrix and

agitation effects in the drug analysis of clinibldod and plasma samples.

22 THEORETICAL CONSIDERATIONS
2.2.1 Adsorption Kinetics for adsorption-type SPME fibers

When a SPME porous solid fiber is exposed to amtategl sample
matrix, adsorption of the analytes from the santplehe fiber surface
occurs (Figure 1, A). Compared to the three-layeydeh (analytes’

diffusion through a boundary layer, partition ire thber/sample interface,
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and then diffusion within the fiber coating) forsalption-type fibef;*®
such as the PDMS fiber, the model for adsorptioly dvas two layers,
where the analytes diffuse through the boundargrlaynd then adsorb on
the coating surface, without entering the innert pafr the fiber. In
experimental practice, it was reported that onlgligéble amount of
analyte molecules entered the inner part of thiel smating, while almost
all analyte molecules adsorbed on the surfacenduibrief extractiof?

contrary to an extraction with liquid-coating SPME.

The mass transfer of the analytes based on difiuki@ugh the
boundary layer is considered as the rate-determistiep'® Thus, Fick’s
first law of diffusion (eq 2.03) can be applieddescribe this process at the
sample matrix/SPME coating interface region:

lon _ D, oC
A ot 0X

(2.03)

where,J is the mass flux of the analyte from sample matoixhe fiber
coating,A is the surface area of the fibén is the amount of the analyte
adsorbed to the fiber surface during time periodoofand Ds is the
diffusion coefficient of the analyte in the samphatrix. A steady-state
mass transfer can be established when agitatiappked effectively in the
sample matrix. Therefore a linear concentratiordigra in the boundary

layer is assumed:
=~ p % -_Zfc -c)) (2.04)
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where,ds is the thickness of the boundary lay€gjs the concentration of
the analyte in the bulk of the sample matrix, &d is the concentration
of the analyte in the boundary layer at the intfaf the fiber coating and
the boundary layer. The mass transfer coefficiémhe analyte in the fiber
coating,hs, can be defined ad4ds, a constant for a steady-state diffusion
process in an effectively agitated sample matrikusl eq 2.04 can be

rewritten as follows.

10n :
——=-h|C,-C 2.05
t=-hfc.-c.) (2.05)

At the interface of the fiber coating and theuibdary layer, it is
assumed that there is quick partition equilibriuvn the analyte between

the sample matrix and the coating surface:

S

c, . C,
K=—f=cC =—" (2.06)
C. K

where,K is the distribution coefficient of the analyte Wween the coating
surface and the sample matrix, ads the concentration of the analyte on
the surface of the fiber coating. If it is assuntieat the SPME coating has
a uniform pore distribution and surface area thhaug its bulk, i.e., the
surface area is linearly proportional to the voluofethe coating, the
concentration of the analyte on the surface offither coating,C;, can be

treated as bulk concentration in the fiber coatiffuus,

C, = (2.07)

n
Vf
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where,V; is the fiber volume, and is the extracted amount of analyte onto
the surface of the fiber coating after the exposumet. ThusC; can be

solved by combining egs 2.6 and 2.07:

: n
TR, (2.08)
and in the bulk of sample matrix,
_ n
Cs - CO _\TS (209)

where,Cy is the initial concentration of the analyte in th&mple matrix,
and Vs is the sample volume. Substitution of Egs,2.08 ari® into Eq

2.05 gives

1@=—hs(00—§ n ] (2.10)

Let

a= Ah{\% + Ki/ J (2.11)

S

WhenV;s >> K Vs, Eq 2.13 can be simplified as

_ Ah
a= KV, (2.12)

Let

b= AhC, (2.13)
Then eq 2.10 can be simplified as

n+an=>b (2.14)
eg 2.14 can be solved with the initial conditior:@, n = 0

n=(b/a)j1-exp(-at)] (2.15)
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Combination of Egs 2.12 and 2.13 gives
b/a=V,KC, (2.16)

Substitution of eqs 2.16 and 2.2 into eq 2.15 gives

n=n,[1-exp(-at)] (2.17)
nﬂ =[1-exp(- at)] (2.18)

e

where,t is the exposure time of the fiber into the samatela is the time
constant that is used to describe how fast thelibum can be reached,
as defined by eq 2.12. The valueagk dependent on the dimension of the
fiber coating, mass transfer coefficients and digtion coefficients in a

given sample matrix.
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Figure 2.1. Interface of porous solid coating SPHitker in contact with an
aqueous solution. A steady-state diffusion is asglinm effectively agitated
aqueous sample. The concentration gradient in doedary layer is assumed to

be linear. (A) Adsorption process and (B) Desorpficocess.
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2.2.2 Desorption Kinetics for adsorption-type SPME fibers

When a SPME porous solid fiber, preloaded with rayae, is exposed
to an agitated sample matrix, desorption of thelydmegrom the coating
surface to the sample occurs (Figure 1, B). Thensn process can be
treated as the reversed process of the adsor@&iomlarly, the equations for
describing the desorption process can be deriveddoan the steady-state
diffusion model, in brief,
10q _

ZE - _hs(Cs - Cs) (2.19)

J

where, dq is the amount of the analyte desorbed from therfigurface
during time period obt. If the initial amount of analyte preloaded on the
coating surface igp, the remaining concentration of the analyte onfither

surface after the exposure titnean be expressed as:

c, =%"4 (2.20)

where,q is the amount of analyte desorbed from the coauréace into the
sample matrix after the exposure titnand in the bulk of sample matrix,

C (2.21)

_a
S VS
where,C; is the concentration of the analyte in the sampdgrix after time

t.
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At the interface of the fiber coating and the baanydlayer, quick
partition equilibrium of the analyte between thempée matrix and the

coating surface is assumed:

S

C, . C,
K=—f=>cC =—" (2.22)
C. K

where, K is the partition coefficient of the analyte betwethe coating

surface and the sample matrix. Combination of EB6 and 2.22 gives

e -
C.= ?f = —qlzv d (2.23)
f

Substitution of Eqs 2.21 and 2.23 into eq 2.19 giadifferential equation

(eq 2.24).

, 1 1 A
q = —hSA{\T+ <y ]q+ K\r/]‘s %o (2.24)
s f f

Using the same way as derivation of eq 2.11 to .4¢,2Eq 2.24 can be

solved and arranged as
q = gof1 - exp(- at)] (2.25)
in which, parametea is defined in eq 12. ) = go — gandQ is the amount

of analyte remained on the coating surface afteeti Then,

qg = exp(- at) (2.26)

2.2.3 The symmetric relationship of adsorption and desorption for

adsor ption-type SPME fibers

37



If the desorption and adsorption processes occuteruthe same
experimental conditions, the time constajtghould be the same or similar
for the same compounds or similar compounds. Tthessum ofQ/q (the
fraction of the standard remaining on in the exioaicphase after sampling
time t) andn/ne (the fraction of the analyte adsorbed on the ektra phase
after the same sampling tintg should be 1 at any desorption/absorption

time (eq 2.27).

nLQ. (2.27)
N, Qo

Therefore, the symmetric relationship between tt®ogption process and

desorption process has been proved in theory.

2.3 EXPERIMENTAL SECTION
2.3.1 Chemicalsand Supplies

Benzodiazepines (diazepam, nordiazepam and oxazepamg/mL in
methanol) were chosen as the analytes and purchiased Cerilliant
(Austin, TX, USA). These were diluted in methanotigphosphate-buffered
saline (PBS) pH 7.4, or dog blood/plasma to usenstrument calibration
and sample preparation, respectively. Lorazepam wsasl as the internal
standard in sample preparation to calibrate thepkanoss in sample
preparation as well as sample introduction intoitiserument. Beagle whole
blood (EDTA as anticoagulant) was obtained froml@&jecal Specialties

Corp. (Colmar, PA, USA). Plasma was prepared with whole blood by
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centrifugation and stored frozen at -20 until use, and whole blood was
stored at #C. HPLC grade acetonitrile and acetic acid (gla¢aa HPLC
mobile phase, methanol for desorption solution wesaght from Fisher
Scientific (Unionville, ON, Canada). Water was obéal from a Barnstead
Nanopure water system.

Polypyrrole (PPY) fibers that were extensively uded fabricating
biosensors due to its conductivity and biocompliybiwere chosen as the
model adsorption-type coating for drug analy&® The fibers with the
same capacity were assumed to have the same sartelt was verified
that the extraction capacity is proportional to plugosity (as determined by
scanning electron microscopy).

All fibers used in the desorption experiments wpreloaded with
deuterated or nondeuterated standards. The loadingon was prepared by
spiking deuterated standards (diazepam-dnordiazepam+ and
oxazepam-¢ or non-deuterated standards into 25 mL of sterile
deionized-water at 50 pg/L for each. Then the setk®PY fibers were
exposed into the loading solution during 40 mindtestandard loading and

then kept in tubes for use.

2.3.2 Instrumental Analysis

39



A CTC-PAL autosampler/Shimadzu 10 AVP LC/MDS Scagkl 3000
tandem MS system was used for the analysis of thugsdand their
deuterated standards. The assay conditions weresditee as described
elsewhere® with theexception that the transition monitored for diazepd

was m/z 290.2/154.1.

24 RESULTSAND DISCUSSION
2.4.1 Verification of the kinetics of Adsorption and Desor ption for PPY
fibers

In order to verify the kinetics of adsorption anesdrptionfor porous
solid fiber coating, absorption and desorption expents were conducted
simultaneously. PPY fibers preloaded with deuteratbazepam were
exposed to a flowing solution (linear flow velocif§.2 cm/s), diazepam in
PBS (pH 7.4, 50 pg/L), for different times to stuthe time profile for
absorption and desorption. Since, egs 2.18 andc@ge rewritten as Eqs
2.28 and 2.29, respectively,

|n(1—1j = —at (2.28)

ne
N2 = _at (2.29)
the adsorption and desorption time profiles canlibearized.” Figure 2

illustrates the linearized adsorption and desorptime profiles at 25C

(i.e., room temperature) where, @i€p) or In(1-n/ne) is Y axis and- ais the
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regression slope (from eqs 2.28 and 2.29). It skowegood linear
relationship between InQ(q) or In (1-n/ne) and time (R> 0.995). This
result demonstrates that Eqs 2.18 and 2.26 actudsscribe the kinetics of

SPME desorption and absorption based on PPY fibedrug analysis.

y = -1.1221x + 0.0624
R’ = 0.9997

Ln(1n/ne)
(o]

-12
0 2 4 6 8 10 12

Extraction time (min)

y = -1.1242x + 0.0682
R?=0.9955

Ln(Q/wp)
()]

-10 +

-12
0 2 4 6 8 10 12

Desorption time (min)

Figure 2.2. The adsorption time profiles (A) of diazepam andadption time

profiles (B) of diazepamsd The adsorption and desorption were performed in
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standard solution prepared by PBS (pH 7.4, 50 uig/k flow system at a rate of

7.2 cm/s and 25 °C.

Figure 2.3 presents the valuesQ@fy, calculated from the desorption
time profile andn/necalculated from the absorption time profile. Thensof
Q/qp andn/ngis close to 1 at each point (the range is 0.92)1.Which

validates the symmetric relation between the adsor@and desorption.

1.20

1.00 - A A

0.80

0.60 | a

n/ne or Q/a

040 -  a
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0.00
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Figure 2.3. The adsorption and desorption time profiles forzdmam and

diazepam-g
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2.4.2 Pre-equilibrium extraction for Adsor ption-type SPME

As mentioned earlier that, equilibrium extractiorthod is not suitable
for adsorption-type SPME due to the narrow lineaage, competition effect
for the limited binding sites and displacement effieetween analytes and
their analogues on the coating surfacd. Thereby, pre-equilibrium
extraction method is more desirable for solid cupSPME. When, eqgs 2.01
and 2.02 are true for solid coating SPME within theear range, then

combination of egs 2.18 and 2.01 or 2.02 giveddhewing equations.

n=n [1— exp(—at)] =C M[l— exp(—at)] (2.30)
) ° Kfsvf +Vs .
n= ne[l— exp(—at)] = C KV, [1— exp(—at)] (2.31)

The above equations illustrate the linearly propodi relationship between
n, the amount of analyte adsorbed on the coatingreedquilibrium was
reachedt(< te), andCy, the initial concentration of the analyte in tlzenple

matrix.

2.4.3 The Rate of Adsorption and Desor ption

The rate of adsorption and desorption can be jutigdate value of the
time constanta, which is defined by eqs 2.11 and 2.12. Usudilyz> K Vs
is always true because the number of the binditeg sin the surface of the

porous coating is much less than those in a ligoating when the volume
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of the two fibers is the same, assuming that tip&idi coating fiber also has
binding sites within. So the effect of sample votumn a value can be
neglected. eq 2.12 can be taken as an accuratetidefiof the time constant
a for a porous solid coating.

eg 2.12 can be rearranged to

as AL 232
V, J, K

where, A/ is the surface area in a unit volume of fiber o@atwhich is
linearly proportional to the specific surface af@aa given coating material,
and describes the porosity of a porous solid cgafiemperature can affect
Ds andK, thusa value, and the agitation will affeét the thickness of the
boundary layer. In summary, the overall mass-temsésistanceK(hy) is
contained in the boundary layer for a given fibler.another word, the
agitation condition of the sample matrix can affée rate for adsorption
and desorption directly. So, calibration for theitatgpn effect during
pre-equilibrium extraction is a must for quantitatanalysis.

Another point needs to note is that the distributtmnstantK, in eq
2.12 is not always the same as that in eqs 2.02, 2.30 and 2.31. TH€in
eqg 2.12, defined by eq 2.6, is the real distributionstant, wher€s is the
free concentration of the analyte in the boundaygl, i.e., close to the free
concentration of the analyte in the sample maffixerefore, theK value
remains constant in different matrix for a giveralgte and fiber coating.

However, the distribution constaris, in Eqgs. 2.01, 2.02, 2.30 and 2.31,
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defined byC:/C,, is apparent distribution constant, whé€kgcan be either
the free concentration or the total concentratiothe standard solution. The
value ofK:s changes in different matrices. So, both free cotmaton and

total concentration can be obtained depending aat Kthvalue is used.

2.4.4 Kinetic calibration: Calibration of Adsorption by Desorption in
Pre-equilibrium Extraction

Similar to absorption-type SPME, the kinetic calitma method for
solid coating SPME can be developed for calibratiormpre-equilibrium
extraction based on the symmetric relationship betwthe adsorption and
desorption.

To determine the concentration of analyte in a samptrix, the fiber
was loaded with a known amount of isotopically ladestandardg,. Then
the preloaded fiber was exposed to the sample xfatra short time period,

t, during which an amount of the analytes were dmsbronto the fiber
surface while a part of labeled standard desorledh fthe fiber to the
sample matrix. According to eq 2.27, with the knolwading amount of
standard dp), the remaining amount of standar@®)(and the extracted
amount of analytenj, the amount of analyte can be extracted from the
sample in equilibrium rg) can be calculated. Then, the initial sample

concentrationCy, can be calculated using Eq. 2.02. Another appraatie
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use of Eq. 2.26 or 2.29 to obtain the value apf and then sample
concentration can be calculated using eq 2.31.

No matter which method is chosen, according to € 2r 2.31,
another two parameters, the volume of the fibe;, and the fiber
coating/sample distribution coefficients of the Igtes, K, need to be
known to calculate the sample concentratidbs, Traditionally, scanning
electron microscopy (SEM) is used to determine thiekhess of the fiber
coating, and the¥; can be calculated. However, this method is noy onl
tedious but also not accurate for porous solidiogaA simple but efficient
way to achieve the goal is the use of calibratiorve to obtain the product
of Vt andKjs directly, as shown in Figure 2.4. A seven-poinibtation (n=
3, 5-1500 pg/L) was conducted. The regression gogeents the product of
V; and itsKss. The standard solutions were prepared by spikiagdstrds into
the dog blood. Static extraction was performed!wguilibrium reached (9
min) at 37 ‘C. Proper care was taken to keep the matrix anddestyre the
same to the real sample, and the extraction time larag enough to reach
the equilibrium.

But it needs to be noted that the application rarafe the
aforementioned kinetic calibration is also limitedthe linear range (5 -
1000 pg/L) of the calibration curve, where 5ug/Lthe limit of detection
with the conditions we used, although the symmefrthe adsorption and

desorption is true without concentration limit.
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Figure 2.4. SPME calibration with PPY fibers for diazepam) Extraction. A

seven-point calibratiom(= 3), 5 to 1500 pg/L, was conducted.

2.4.5 Application: Drug Analysisin Plasma and Whole Blood Sample

In order to test the feasibility, the kinetic caibon method was used
to quantify diazepam in clinical samples, plasmd @&hole blood with PPY
fibers.

The spiked diazepam in the plasma and whole bloadixria 10 ppb
(ug/L), 50 ppb, 200 ppb and 500 ppb. The extractrom plasma was
conducted by agitation in a flow system with a éineelocity of 7.2 cm/s,
while extraction from blood was conducted at statndition to avoid
breaking of red blood cells by agitation.

The product ofV; and K for diazepam was determined from the

regression slope of the calibration curve as shmwhrigure 2.4, where the
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standard solution was prepared by whole blood. Timgstotal concentration
of diazepam in whole blood can be calculated (basethe product oV
and Kz from Figure 2.4. Similarly, the total concentoatiof diazepam in
plasma can be calculated from spiked diazepamasnmh. In addition, the
free concentration of diazepam in plasma and whdl@od can be
determined from the spiked diazepam in physioldgiaeéine solution. Here,
the product ofV; and Kss the distribution coefficient between fiber and
physiological saline sloution, was determined ticwate the concentration.
The relative recoveries and relative standard dewis (RSD) for
diazepam in plasma and whole blood are summarizedable 2.1. The
results demonstrate the highly quantitative capgbibf the Kkinetic
calibration method. This method would be very su@dbr fast field andn
vivo sampling with porous solid SPME fibers, where attiyeperforming
the external calibration method for pre-equilibritartraction is usually

troublesome.
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Table 2.1. Calculated relative recoveries of diamedeom plasma and
whole blood sample at different concentrations Wittetic calibration.

Relative recovery (%) (RSD, %;= 6)

Concentration (ug/L) Plasma sampl¢ Whole blood sample
10 91.2 (13.6) 104.1 (12.8)
50 93.3(9.8) 107.2 (13.2)
200 97.2 (11.9) 111.4 (16.9)
500 103.0 (16.5) 105.1 (18.7)

2.5 CONCLUSION and ADDENDUM
2.5.1 Conclusion
In this chapter, the kinetics of adsorption and odetson for

adsorption-type SPME coating based on a steady-difitssion model is
proposed. There are several important conclusiarsly; the mathematical
expression of the adsorption kinetics provides eectly proportional
relationship between the amount of analyte adsoopesblid coating SPME
fiber and its initial concentration in the samplatnx. This relationship

suggests the potentiality of porous solid SPME filber be used for
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guantitative analysis in pre-equilibrium extractidBecondly, the kinetic
calibration method was developed for accurate i in pre-equilibrium
extraction using porous solid SPME fibers based ba $symmetric
relationship between adsorption and desorption. él&w the quantification
is limited within the linear range of the givendib In this study with whole
blood, the detection limit of the method for diaaepis 5 ng/mL and linear
up to 1000 ng/mL. In addition, the rate for adsptand desorption is
controlled by boundary layer, and the time constears determined by the
porosity of the fiber coating, the agitation, thatrx effect and the real
distribution constant of the analyte between fib@aiting and sample matrix.
The fact of boundary layer controlled extractiontlier points out the
importance and necessity of the kinetic calibrationcompensate for the
agitation and matrix effect during extraction wgbrous SPME fibers. The
theoretical model is verified by the experimentallag and a good agreement
between them was observed.

Finally, using PPY fibers, the developed kinetithration method was
applied for drug analysis in clinical samples (piasand whole blood), and
accurate results were obtained.

2.5.2 Addendum
The text in this chapter is revised compared tophbklished journal

article.
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Chapter 3

Kinetic Calibration of Solid-Phase Microextraction for In

Vivo Pharmacokinetic Studies

3.1 Preamble and Introduction

3.1.1 Preamble.This chapter has been published as a part of tperpa
Zhang, X.; Es-haghi, A.; Musteata, F.; Ouyang, Gawkszyn, J.
Quantitativein vivo Microsampling for Pharmacokinetic Studies Based on
an Integrated Solid-Phase Microextraction Systémal. Chem.2007, 79,
4507-4513. The contributions of Es-haghi, A, tbheaathor, was involved

in the experimental work witim vivo sampling and manuscript revision. The
contributions of Musteata, F. and Ouyang, G., tbeauthors, involved
experimental suggestions and manuscript revisi@bleE and Figures are
reprinted with permission from Analytical Chemist(Zopyright 2007
American Chemical Society).
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3.1.2 Introduction

Solid-phase microextraction (SPME) has gained extenapplication
and recognition in many areas since it was intreduia 19902 due to its
unique advantages for rapid sampling. It integrasespling, sample
preparation, and sample introduction into one dteys greatly simplifying
the total process of chemical analysis. Moreovenyvih limited extraction
amount, it does not result in significant disturbarto the system under
study. All the strengths indicate that SPME camused forin vivo sampling
in a living system. However, in order to achievewaately quantitative
analysis, care must be taken for using appropréaiédration methods
except meeting the demanding requirements foimtivé/o use of the SPME
probes.

The firstin vivo SPME was applied to pharmacokinetic studies, in
which dog blood concentrations of benzodiazepinesevmonitored during
12 hours after injection of a dose of diazepam &ingi polypyrrole (PPY)
fibers? External standard calibration method, also calleibration curve
method, was used for quantification. The standatdtisns were prepared
by spiking benzodiazepine standards into commednal blood at known
concentrations, and them vitro extraction, solvent desorption, and

instrumental analysis were conducted followingshme procedure as fior
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vivo SPME. The detected signals (the amount of anakgxdsacted from
standard solutions) were plotted over the bloodceatrations as calibration
curves. Since the blood used to prepare standduticss was not from the
dogs in than vivo SPME experiments, and the extraction conditions ssc
temperature betweem vitro calibrations were not the same s vivo
SPME, the quantified results were more approximated

In order to address the inherent incapability & talibration curve
method, the kinetic calibration metho@lalso called in-fiber standardization
technique’, was developed based on the symmetric relatiortsttipeen the
absorption process of analytes from sample matrithé extraction phase
and the desorption process of the preloaded stasidesm the extraction
phase to the sample matrix; therefore, the extmactf analytes can be
calibrated by determining the desorption of thelpegled standards (isotope
labeled compounds are usually used as standarbis).nfethod is simpler
than calibration curve method. And more importagnilycompensates the
effect of agitation, temperature, and matrix, thpoviding accurate
guantification, especially for on-site sampling wheatandard addition and
external standard calibration methods are not joate.>** Sincein vivo
sampling is a specific case of on-site samplingietc calibration is
presumably applicable fan vivo SPME if the appropriate SPME fiber is

chosen for the given analytes.
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In this report, the feasibility and the applicatioonditions of the
kinetic calibration foiin vivo sampling by SPME are demonstrated. And the
simplified one-point kinetic calibration and normispe labeled standard
calibration method were developed based on theiniindhat the time
constant,a, is independent from sample concentrations, whvee well

validated by theén vitro andin vivo SPME experiments.

3.2 EXPERIMENTAL SECTION

3.2.1Preparation of SPME Probes

PEG-C18 SPME probes and devices were prepared trsengethod
described elsewheléThe C18 particles (10 micron) and PEG were donated
by Supelco Bellefonte, PA, USA)as a research sample. All fibers with the
same capacity were selected outifovivo experiments. The fibers with the
same capacity were assumed to have the same volimeh was verified
by finding that the extraction capacity is propamtl to the fiber volume by

scanning electron microscopy.

3.2.2In vitro Experiments
A systematic investigation was conducted on theaekbn behaviors
of the probes including extraction time profile,sdgtion time profile,

matrix effect of plasma and whole blood, and dyrarange. By doing these
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in vitro experiments, the experimental conditions were apguoh for thein
Vivo experiments.

All fibers used in the dog experiments were pretmhdith deuterated
standards. The loading of standard on fibers veafopned as follows: All
the deuterated standards for diazepam, nordiazepach,oxazepam were
obtained from Cambridge Isotope Laboratories (AmdpWA, USA). The
loading solution was prepared by spiking deuterataddards (diazepam;d
nordiazepam-) and oxazepamsglinto 25 mL of sterile deionized-water at
50 pg/L for each. Then the sterilized probes weqmsed into the loading
solution during 30 minutes for standard loading #reh kept in the sterile

Falcon tubes for use.

3.2.3LC-MS/MS Analysis

A CTC-PAL autosampler/Shimadzu 10 AVP LC/MDS Scagkl 3000
tandem MS system was used for the analysis of thugsdand their
deuterated standards. The assay conditions weresditee as described
before? except that the transitions monitored for the dewéel standards
were: m/z 290.2/154.1 for diazepam)-@76.1/140.0 for nordiazepans;d

and 292.1/246.1 for oxazepamfdspectively.

3.2.4Animal Experiments
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All animal experiment procedures with beagles wagpproved by the
Animal Care Committees at University of Guelph, #me experiments were
performed in the Central Animal Facility of the Weirsity of Guelph
(Guelph, ON, Canada) similarly as described presliot’ except the
sterilization was conducted by immersing the sample8 % formaldehyde
and 70 % alcohol for 18 hours to avoid fiber damafging steam

autoclaving.

3.2.5Conventional Blood Analysis

In order to compare the SPME data with conventidnhabd assay, 1
mL of blood was withdrawn after each SPME extracamd 2 mL of blood
was withdrawn before diazepam injection for calilora * Then 500 pL of
acetonitrile was added to 100 pL of the whole blooda 1.5-ml
microcentrifuge tube, followed by vortex and cefgation (5000 rpm, 10
min). And then 400 pL of supernatant was takenfoutvaporation under
nitrogen gas. Samples were reconstituted in 50 fute@onstitute solution
(methanol/pure water: 1/1, and containing 10 pplocdzepam as internal
standard to calibrate the sample loss during instntal analysis. The linear
range was 5-2000 pg/L). A six-point calibrationr8) from 5-2000 pg/L
for diazepam, nordiazepam, and oxazepam based orenaéntioned
approach was performed at 25. The standard solutions were prepared by

spiking standards into the dog blood collected teetivug administration.
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3.3 RESULTS AND DISCUSSION
The kinetic process for the absorption of analyeto a SPME liquid

coating fiber can be described with eq %.1:

nﬂ =1-exp(-at) (3.1)

e

wheren is the amount of analyte in the extraction phdsa aampling time
t, ne is the amount of analyte in the extraction phdasegailibrium,a is the
time constant that is dependent on the volume efetktraction phase and
sample, mass transfer coefficients, distributioafitcients, and the surface
area of the extraction phase.

The desorption of the preloaded standard from a ER§uid coating

can be expressed by eq 3.2,

Q - exp-at) @)

0

whereQ is the amount of standard remaining in the extacphase after
exposure of the extraction phase to the samplebfatrthe sampling time,
t, andqp is the amount of standard preloaded in the extragthase.

If the desorption and absorption processes occuteruthe same
experimental conditions, the time constarghould be the same or similar
for the same compounds or similar compounds. Thasstm ofQ/q (the
fraction of the standard remaining on in the exioacphase after sampling

time t) and n/ne (the fraction of the analyte absorbed into theramtion

57



phase after the same sampling ting should be 1 at any

desorption/absorption time, which is expresseddh$ & °

n,Q. (33)
N G

In eq 3,n. can be calculated easily since @, and Q are detectable.
Afterwards, the initial concentration of target Be, Co, can be calculated

according to eq.3,

KfszVs
n,=————
) Kfsvf +Vs

Co (31)
where V; and Vs are the volume of the fiber coating and the sample
respectively.Kss is the fiber coating/sample distribution coeffitieof the
analyte. For on-site an vivo sampling, sinc&/s >> Ky\V;, the concentration
of target analyte can be calculated by the eq 8tb¢ch is the simplified
form of eq 3.4
n, =C,K .V, 3)
The equilibrium SPME method based on eq 3.5 has eeensively applied
to field sampling such as for air sampfifignd water sampling? which is
also the fundamental fam vivo sampling, because in these cases, the sample
volume does not affect the results.

The aforementioned derivation process indicates there are two
preconditions for on-site on vivo kinetic calibration. One is the symmetric

relationship between standard desorption and analgsorption described

by eq 3.3, and another is the linear relationstepyben the amount of
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analyte extracted in equilibriume and the initial concentration of target
analyte Cy, described by eqs 3.4 and 3.5. Therefore, the icgin
conditions for on-site on vivo kinetic calibration are determined: Firstly,
the time constard should be the same or nearly the same for the plgsior
and absorption, which means the physicochemicalpgstizs of the
preloaded standard should be the same or veryasinol the analyte.
Usually the same compound or isotope labeled comgbas preferable.
Secondly, the experimental conditions such as matnmposition, agitation,
temperature, and exposure time for the desorptrmcess should be the
same or nearly the same to those in the absorgirosess; therefore
simultaneously conducting desorption and absorpsodesirable. Thirdly,
the kinetic calibration method only apply to theelar range of the SPME
fiber in a given sample matrix. It is not applicathd those cases when the
linear relationship betweam and sample concentrati@ywas broken such
as using adsorption-type SPME fibers in high sanspiecentratiort® Last
but not least, during the time both the extracted amountand desorbed
amountgo — Q should be reproducibly detectable,r8o. or Q/q within the
range of 40-60 % is preferable considering the sindele variation from
fiber making, experimental operation, and instrutakranalysis. Thus
pre-experimental determination of the appropriat@@ing time for a given

sampling system is needed beforeitheivo experiments.
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In order to verify the feasibility of the kineticalboration for blood
sampling,in vitro experiments were conducted to study the kineticthef
absorption and desorption of the deuterated anddeaterated drugs in
plasma over the linear range (10-2000 pg/L). FIREG-C18 fibers
preloaded with deuterated standard were exposea fiowing standard
solution (flow rate 7.2 cm/s) prepared by spikingfieed amount of
diazepam, nordiazepam, and oxazepam in a givermelaf plasma for
different times to study the time profile for abhstion and desorption. Then
the relationship between the time constanand drug concentrations in
plasma was studied by varying the concentratiothefstandard solution.
Figure 3.1 illustrates one of the absorption arebdaion time profiles at 25
°C (room temperature) with I@(q) or In(1- n/ne) as y-axis, where the
regression slope isabased on egs 3.1 and 3.2. For each drug andigte t
is a good linear-relation between 1®/¢) or In (1- n/ne) and time (R>
0.98), which demonstrates that eqs 3.1 and 3.2raiety describe the
kinetics of SPME desorption and absorption basedPB®-C18 fibers for
drug analysis. Figure 3.2 presents the valueQ/of calculated from the
desorption time profiles ana/n. calculated from the absorption time
profiles. The sum of)/gp andn/n.is close to 1 at each point (the results
range is 0.97-1.15), which demonstrates the synynoétthe absorption and

desorption. The averaged value of the sumQdfp, and n/ne is 1.07,
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somewhat higher than 1 due to the little differemdéephysicochemical
properties between a drug analyte and its deutteatalogue.

Moreover, the equilibration timég (tgsos =~ 5-9 min for the three
analytes), and the amount of analyte extractedjaitilerium, n. can also be
obtained from the absorption/desorption time pedfillt is found that botty
(tesee) andne of the extraction based on PEG-C18 fibers is routyto-folds
of PPY fibers in plasma matrix at the concentratadn50 pg/L, which
suggested PEG-C18 fibers are more suitable foreguéibrium sampling
than PPY fibers because both fast extraction tintehagh sensitivity can be
compromised, while it is impossible for PPY fibefsd the sampling time
for in vivo experiment was set for 2 min so as to keepritme and Q/p
within the range of 40-60 %.

The values of the time constamtalculated from each absorption and
desorption time profile in plasma samples at déiferconcentrations are
listed in table 3. The data show that the value of time constaribr
absorption of benzodiazepines in plasma is closehdb for desorption of
their deuterated analogues, which suggests thatiéhterated standards in
this work were suitable for the kinetic calibratiddowever, it should be
noted that the isotope labeled standard can befasée kinetic calibration
only if its time constana for desorption is similar to that of its unlabeled

counterparts.
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Figure 3.1. The desorption time profiles (A) of diazepam{d), nordiazepam-
(o), and oxazepamsd(A) and absorption time profiles (B) of diazepa®, (
nordiazepam o), and oxazepamAj. The absorption and desorption were
performed in plasma standard solution in a flowteysat a rate of 7.2 cm/s (at 25
°C).
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Figure 3.2. The absorption and desorption time profiles fordidizepam (),
nordiazepamd), and oxazepamA) and their deuterated analogues: diazepam-d

(#), nordiazepam+m), and oxazepamsqd A ).

In order to calculate the sample concentratio@is, another two
parameters, the volume of the fibev;, and the fiber coating/sample
distribution coefficients of the analytds;, need to be determined in e$.3
Traditionally, scanning electron microscopy (SENIused to determine the
thickness of the fiber coating and théncan be calculated. However, this
method is not just tedious but also not accuraereHve reported a very
simple but efficient way to achieve the goal, iLsing calibration curves to
obtain the product ol and K directly, as shown in Figure 3.3. The
standard solutions were prepared by spiking staisderto the dog blood

obtained from the same beagles far vivo SPME experiments. Static
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equilibrium-extraction was performed because agitatioesn’t affectVs
and Ks, but temperature should be the sameimsivo SPME because
temperature affectss. In Figure 4, the regression slope of each trevalis

the product ofV; andKs for the corresponding analyte according to eq 5,
whereK;ss is the fiber coating/blood sample distribution fficeents of the
drugs. Actually we do not need to calculate or whetee Vi and Kis
separately; instead we only need the producd¥;aind Kss to calculate the
sample concentratiorGy, by using eq 3.5. What deserves mention here is
that calibration curves were used for finding agt x Kjs rather than
calibrating thein vivo SPME, where the effect from agitation on the
pre-equilibrium extraction cannot be compensatedhieycalibration curve

method.
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Figure 3.3. SPME calibration with PEG-C18 fibers for diazep@y nordiazepam
(o), and oxazepamAj. A six-point calibration if = 3) from 0.5-1000 pg/L was
conducted. The regression slope for each analg®epts the product & and its
Kt The standard solutions were prepared by spikiagdsirds into the dog blood
obtained from the same beagles for thevivo SPME experiments before drug
injection. Static extraction was performed untiligi@rium reached (10min) at 37

‘C. The detection limit of the method is shown ag.@/k.

Using the values o¥; x Kiswith Figure 3.3, the sample concentration,
Co, calculated by eq 3.5, is the total concentrationth& drug in whole
blood, since th&;s used here is distribution coefficient of the dhejween
the fiber coating and blood matrix. And the fregctron of the drug, which

is the active portion of the dose in blood, candained by using the
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distribution coefficients of the drugs between filaad buffer instead. The
product ofV; x K for fiber/buffer can be obtained using the caliioma
curve method in which the standard solutions agpgmed with drugs spiked
phosphate buffered saline (pH 7.4). Actually, timsthod for obtaining the
product ofV; x Kt from calibration curve can apply to determinifg t
total and free concentrations in any sample matsidong as the standard
solutions with the same sample matrix. With thisthod, the binding
affinity of the drugs to blood matrix can be calted by using a similar way

described elsewhert®
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Figure 3.4.Calibration for the conventional blood analysissi&-point calibration
(n = 3) from 5-2000 pg/L for diazeparh)( nordiazepamc(), and oxazepamAj

based on chemical assay was performed atC25The standard solutions were
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prepared by spiking standards into the dog bloddioeéd from the same beagles
for thein vivo SPME experiments before drug injection. The detedimit of the

method is 5pg/L.

In previous studies, the conventional blood drallofeed by plasma
preparation, and chemical analysis was conductediain the total
concentration of drugs in plasma. And the resulpleggsma concentrations
were used to validate the blood concentrations WME without
considering the absorption of the drugs by blodts &€ In this research,
the partitioning of the drug analytes between blgetls and plasma was
determined. The percentages of the three analyéeemhm, nordiazepam,
and oxazepam partitioned in the plasma are aboh 563 %, and 68 %,
respectively, where the drug concentrations in wHhabod were taken as
100 %. Consequently, the total concentrations obthifrom conventional
chemical analysis were used to validate the taiatentrations from SPME
experiments. The procedure of the chemical assaglexcribed in the
experimental section, and calibration curves, asvshin Figure 3.4, were
employed to calibrate the concentrations in bloblde linear correlation
coefficients R?) are better than 0.998, which demonstrates thditsabf the
chemical assay over the linear range (5-2000 pdhg. detection and limit

is 5ug/L.
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Figure 3.5. Averaged pharmacokinetic profiles of diazepam, raaepam, and
oxazepam were monitored byyvivo SPME over 8 hours on three dogs< 6 for
the last point, anch = 9 for all the other points). Kinetic calibration bdsen

deuterated standards was performed during the iexgaatial course.

For in vivo SPME experiments, diazepam pharmacokinetics in dogs
was studied to evaluate the performance of PEG£dBes and the kinetic
calibration method. The pharmacokinetic profilesd@zepam and the two
significant metabolites nordiazepam and oxazepame waonitored byin
vivo SPME over 8 hours, as shown in Figure 3.5. Acc@iglithe results of
conventional blood analysis were presented in Eigi6. The results from
in vivo SPME showed good consistence with the results fronventional

assay. The correlation coefficienty petween them are close to 1 (0.97-
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0.99). The results showed that the metabolismfaatdiazepam in beagles
was rapid, as evidenced by the fact that nordiamegsad higher
concentrations even in the early stage after ddmgimistration.

Compared to the previous studfe¥,this work provides more detailed
and accurate information in the pharmacokineticfilg® ascribed to
combining the following advantages together: theusacy and high
sensitivity resulted from the large linear ranged amgh capacity of
non-competitive PEG-C18 probes, the fast extractiome decided by
pre-equilibrium extraction, as well as the proveeérinthat the kinetic

calibration is inherently more accurate than caltilon curve method.

3.4 CONCLUSION and ADDENDUM

3.4.1 Conclusion
In this work, the feasibility of the kinetic caldtion of SPME forn

vivo sampling was demonstrated by theoretical considesat and
experimental verification. And the application carmhs of this method
deserve more attention. Up to now, all the appbeat of kinetic calibration
are restricted in liquid coating SPME, while funthevestigation for solid
coating need to conduct in future. As a resulstlyy the nature of the SPME
fiber coating must be determined before using; seigo the linear range,

capacity, equilibration time of the extraction igi@en sample matrix need

69



to be determined to decide the appropriate sampiing so as to keep the
n/ne andQ/qp within the range of 40-60 %.

In order to obtain the concentration, a simple méttvas proposed to
calculate the product &f; andKss, instead of using the traditional Scanning
Electron Microscopy method, which is more tediousl anore expensive.
Therefore, either the total drug concentration ree fconcentration can be
obtained by usingKs for fiber/blood (or other matrix) or fiber/ buffer
respectively. The developed method is sensitive lbyod sampling
(detection limit: 0.5 ng/mL) and broad linear rarf@e-1000 ng/mL).

Finally, the PEG-C18 fibers were applied to iherivo sampling, more
detailed information in the pharmacokinetic prdileere obtained because
of the larger linear range and higher capacitylGRC18 probes, as well as
the faster extraction time. In addition, a simpleemical assay was
developed to determine the total concentrationslrafjs in whole blood
(detection limit: 5 ng/mL; linear range 5-2000 nghnand the results were

highly consistent with the SPME results.
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Figure 3.6. Averaged pharmacokinetic profiles of diazepam,dre@epam, and
oxazepam were monitored by conventional blood dia@wein vitro chemical assay
over 8 hours on three doge € 3). Calibration was based on standard curves

shown in Figure 3.4.

3.4.2 Addendum
The text of this chapter has been rewritten conth&wethe published

paper.
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Chapter 4

Simplified  Kinetic  Calibration of Solid-Phase

Microextraction for In Vivo Dynamic Monitoring

4.1 Preamble and Introduction

4.1.1 Preamble

This chapter has not been published. Ali Es-haghiibao Cai contributed
to this project. The contributions of Es-haghi, idvolved thein vivo
experiment. And Cai, J. contributed to flnevitro microdialysis experiment
and manuscript revision.

I, Ali Es-haghi, authorize Xu Zhang to use the matdor his thesis.

Signature:

g

I, Jibao Cai, authorize Xu Zhang to use the mdtéorehis thesis.

Signature:

Tl
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4.1.2 Introduction

Solid-phase microextraction (SPME) has been dematest to be a
promising approach tm vivo sampling for pharmacokinetic studidsie to
its simple instrumentation and implementation, titee-effectiveness and
cost-effectiveness, its miniaturized format, ane {tittle disturbance it
causes to the system under stutfyHowever, improving the quantitative
capability and automatic potential of SPME farvivo application remains
the main task for further development. These imenoents can be
addressed significantly by bettering the calibmatimethod, because the
operational procedure is mainly determined by th&bration approach
adopted. On one hand, the simpler the operati@angeésier the automation
of the procedure; on the other hand, the accur@SPME approach, as a
distribution equilibrium based sampling technigdepends on whether the
appropriate calibration procedure is adopted. Mageo it would be
desirable to have an analytical method with higmgderal resolution for
dynamic monitoring in a living system, asvivo pharmacokinetic studies.
Therefore, fast sampling based on pre-equilibriufM& would be more
suitable than the widely-used sampling strategyetbasn equilibrium
extraction. However, the well-established exteadibration method is not

suitable tain vivo pre-equilibrium sampling due to its inability adrcecting
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for unknown blood flow, which can seriously affeSPME results in
pre-equilibrium conditions.

Accordingly, quantitative analysis was conducted dnopting the
kinetic calibration method, or standard-on-fiberlibration, by which
analyte extraction is calibrated by determining ttiesorption of the
pre-loaded standards on the fibétNormally, isotope-labeled analogues of
the analyte compounds are used as standards aagsaspectrometer serves
as the detector. This method is not only simplantthe calibration curve
method, but also compensates for the effects aatamn, temperature, and
matrix, and thus provides accurate quantificatiespecially for on-site
sampling where the traditional standard additioribcation is not
applicable/*® However, the classic kinetic calibration is basadhe use of
often expensive or even unavailable isotopicalljelad standards; this
restricts the method from widely application. Irdan, at every sampling
time-point during the whole experiment fiber withelpaded-standard is
needed even in the same sample system, which hpirmneases the cost,
but may also cause experimental error. For exarttpdee must be some loss
of standard and/or its activity within the standardloaded fibers, since all
the fibers are loaded simultaneously but not usedeasame time. The loss
could be significant when using volatile compounas standards or
radioisotope-labeled standards with short halfdivé-inally, the mass

spectrometer (MS) must be required to differentilte analytes and
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deuterated standards, thus not suitable for onssitmitoring for field
sampling; moreover, the MS instrument might notakeilable in every lab
and institution, especially in developing countmiies to its high price.
There have been some efforts to address this probRecently a
dominant kinetic calibration method was proposedwinich the normal
standard instead of the deuterated standard isogetplas the calibrant.
But the method is inherently limited because thzagted analyte affects
guantification of the detected standard signal aesllts in systematic
errors. To reduce error, it is thus necessary tihatamount of extracted
analyte is negligible compared to the amount afiddad remaining on the
fiber after desorption. Accordingly, the samplingné must be very short;
however, a short sampling time decreases the mstramhsitivity and
makes it inapplicable for low concentration sampl&¥hen sample
concentration is high, systematic error from therierence of the signals of
analytes with those of standards can be significamt addition, the
experimental operation is time-consuming and labtensive because it
uses four fibers for standard desorption and aitiaddl fiber for sampling
in different sampling sites—which may further dexse the accuracyof the
SPME analysis by overlooking variation in concetira among sampling
sites. The technique may be useful for studyintaticsand uniform sample

system, but it is not suitable for highly dynamigstems, as in
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pharmacokinetic studies of veins where blood flawd drug concentrations
change quickly due to a fast metabolism rate.

In this report, based on the finding that the timenstanta is
independent from sample concentrations, a singtee-point kinetic
calibration was  proposed. Afterwards, a normal dhah
(non-isotope-labeled) kinetic calibration was depeld when applying the
single time-point calibration before the drug wassetd into the living
system. Furthermore, the use of single-standardcdrurately calibrate
multiple analytes was brought forward, and the ¢jtative relationship
between different analyte concentrations was ddrit/nally, a single-point
self-calibrated SPME approach was developedrfoivo pharmacokinetic
studies. Based on these simplified calibrations,ithvivo SPME approach
for pharmacokinetic studies can be operationallgpse, cheap, but more
accurate.

To clarify, a brief comparison of two groups of e is given as
follows. First, sampling time-point (also calledng-point for sampling or
simply time-point) describes the specific instanahsing the whole
pharmacokinetic course when SPME sampling is pexdr For example,
in the current study, the whole pharmacokineticreeuvas 8 hours, and
there were 9 sampling time-points: 5 min, 0.5 h, 1.5 h, 2 h, 3 h, 4 h, 6h,
8h. By contrast, the term “sampling time” descrilles length of time the

SPME fiber is in direct contact with the target gden For example, in the
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currentin vivo study, sampling times were set at 2 min and 1 rthe;
sampling time started after the sampler was inttedunto sample and the
SPME fiber was exposed to venous blood, and stopenh the fiber was
withdrawn from the vein.

Second, for SPME experiments, there are usually twmes of
calibration. One is calibration for the instrumeessponse. For example,
when using HPLC-MS/MS as a detector, an extern@rasion curve must
be constructed in order to calibrate the respoast@ifs (the process relating
the amount of analyte introduced into the instrunveth its response). The
second is calibration for the sampling approachher SPME method, the
process relating the amount of analyte extractetheySPME fiber with the
initial analyte concentration in the sample. Thiglg focused on calibration
of the SPME foiin vivo dynamic monitoring, where whether it is necessary
to use chemical standards for quantification depeod the calibration
method adopted. However, the standards must be tesexhlibrate the

instrument response.

4.2 EXPERIMENTAL SECTION

4.2.1 Preparation of SPME Probes
PEG-C18 SPME probes and devices that were prejgréae method

were described elsewhetéhe C18 particles (10 micron) and PEG were
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from Supelco (Bellefonte, PA). The home-made fibeese with quite large
inter-fiber variation (up to 70-80%) in terms ofetamount of analyte
extracted at equilibrium; therefore, all fiberstthad the same capacity were

selected forn vivo experiments.

4.2.2 In vitro Experiments

The extraction behaviors of the probes includingrastion time
profile, desorption time profile, matrix effect pfasma and whole blood,
and dynamic range were characterized in previouk.wo this project, to
test the feasibility of the simplified calibratiaonethods under a precisely
controllable condition, alin vitro experiments were conducted within a
simple artificial circulation system, which was mg®d to simulate the
blood flow in dog’s vein and the schematic was reggbin previous repoft.
Phosphate buffered saline (PBS, pH 7.4) and EDTic@agulated beagle
whole blood and plasma from Biological Specialt@srp. (Colmar, PA)
were used as sample matrix and flowed within tht#fiaal circulation
system and the flow rate was set by the peristaitrops.

The deuterated standards (diazepam-chordiazepam+ and
oxazepam-¢) were from Cambridge Isotope Laboratories (AndpWwaA)
and the non-deuterated standards (diazepam, nepdiag, and oxazepam)
were from Cerilliant (Austin, TX). For loading tHiders with standards for

calibration, the loading solution was prepared Ipikiag deuterated
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standards or non-deuterated standards into deobmager at 50 pg/L for
each. Forin vivo use, the fibers should be sterilized by immersihg t
samplers in 8 % formaldehyde and 70 % ethanol &haurs. Then the
sterilized probes were exposed into the loadingtgoi during 30 minutes
for loading and then kept in the sterile Falconetlfor use. Forn vitro

experiments, the fibers and the deionized-wateewet sterilized; the other

conditions were the same.

4.23LC-MSMS Analysis

A CTC-PAL autosampler/Shimadzu 10 AVP LC/MDS Scagkl 3000
tandem MS system was used for the analysis of thugsdand their
deuterated standards. The assay conditions weresditee as described
before! except that the transitions monitored for the deuiéel standards
were: m/z 290.2/154.1 for diazepam)-@76.1/140.0 for nordiazepans;d

and 292.1/246.1 for oxazepamfdspectively.

4.2.4 Animal Experiments

All animal experiment procedures were approvedhgyAnimal Care
Committees at University of Guelph, and the experita were performed in
the Central Animal Facility of the University of @ph (Guelph, ON,
Canada) as described previoudlfhe dosage of diazepam was 0.5 mg/kg.

About 20 minutes before the intravenous administnabf diazepam, three
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sequential desorption experiments were conducted cbgsecutively
introducing three probes that were preloaded with-deuterated diazepam
into the cephalic vein through the implanted cahethe desorption lasted
2 min, and then after a brief rinse with deionizeater and drying with
Chemwipes, the probes were withdrawn and keptdnlsttubes in dry ice
for lab analysis. Blood concentrations of diazepamyrdiazepam and
oxazepam were monitored for 8 h. At each samplimg-point, one probe
loaded with deuterated standard was introduced2fomin to perform
pre-equilibrium extraction after blood drawing fmynventional analysis. At
the 2 h and 3 h time points, two blank probes (@ithstandard) were
introduced sequentially before the introductiortred probe with deuterated
standards. The sampling time is 1 min and 2 mirthertwo blank probes,
respectively. Therefore, at each of these two sagpime-points, three
probes were employed, the first two of which weenk probes and the last

one was preloaded with deuterated standards.

4.2.5 Conventional Blood Analysis

The conventional blood assay was conducted asquslyi described.
One mL of blood was withdrawn after SPME extractadreach time-point,
and 2 mL of blood was withdrawn before the threszepam-loaded fibers
were introduced. Five hundred pL of acetonitrileeveixed with 100 pL of

whole blood in a 1.5-ml microcentrifuge tube, felled by vortex and
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centrifugation (5000 rpm, 10 min). Then 400 pL afpsrnatant were
collected and evaporated under nitrogen gas. Samyeee reconstituted in
50 pL of reconstitute solution (methanol/pure walét, containing 10ug/L
of lorazepam as an internal standard). A six-poalibration (n = 3) from
5-2000 pg/L for diazepam, nordiazepam, and oxazepas performed at
25 C. The standard solutions were prepared by spikiagdards into the

dog blood collected before drug administration.

4.3 RESULTSAND DISCUSSION

A unique advantage of the SPME technique is it€afly and simple
implementation in on-site sampling, of whighvivo sampling is a specific
case where sample concentrations change quicklytlednatrix effect is
complicated. It requires not only sampling probethiast response times,
but also appropriate calibration methods. Howetles, traditional standard
addition method and internal standard method ateapplicable forin vivo
sampling because it is impossible to handle theptamfor example, to mix
the sample with spiked standards very well and tevent metabolic
degradation of the standards. The well-establistaditiration curve method
can deliver accurate results for on-siteimrvivo SPME, but only when
equilibrium extraction is performed. Only kinetmalibration using a
preloaded standard on the fiber can achieve a&cucatibration for

pre-equilibrium sampling.When kinetic calibration is applied im vivo
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sampling, it is interesting to find thap (the amount of preloaded standard
remaining on the fiber after 2-min sampling) wasn@dt constant at
different sampling time-points (Fig. 4.1). Thisding suggested that we can
further simplify the kinetic calibration without @éicing its precision and
accuracy. After careful investigation of desorptanmd extraction processes,

some very useful applications were developed.
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Figure 4.1. The amount of deuterated standard remaining infibegs Q) after
exposure of the preloaded fibers in vein for 2 mireach time point for SPME

sampling during the 8-houm vivo experiment.

4.3.1 One-Point Kinetic Calibration for Phar macokinetic Studies
The classic kinetic calibration is based on the regtnic relationship

between absorption (or adsorption) of analytes dhi fiber and the
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desorption of the preloaded standard into the sammgltrix, as described by

eq 4.012

n,Re. (4.01)
N, G

wheren is the amount of analyte in the extraction phdsa aampling time
t, ne is the amount of analyte in the extraction phassgailibrium,Q is the
amount of standard remaining in the extraction plefter exposure of the
extraction phase to the sample matrix for the samgplme,t, andqo is the
amount of standard preloaded in the extractiong@has

In the in vivo pharmacokinetic studies, we observed tQatvas a
constant at every time point (from 5 min to 8 ieathe fiber was exposed
into the venous blood for 2 minm, Gampling time). If it is true through the
duration of 8-hour experiment, 1Q/qo should also be a constant, sirgge
was a constant, which was set when the fibers wssiected out.
Consequentlyn/ne is a constant according to eq 4.01. Thus the mermd
the calibration is to find the constant valuendf. or 1 -Q/qo. AsQ is a
constant at every sampling time-point, one timexpd@ enough to find the
Q value instead of conducting the standard desor@iaall the time-points.
The only benefit for conducting standard desorpabmultiple time-points
is decreasing the standard deviation by increasgetition times. However,
we could achieve this by repeating desorption stwnes at one single
time-point rather than multiple time-points. Themef the assumption th&t

is a constant during the pharmacokinetic studieviges the basis for the
83



simplification of the classic kinetic calibrationo tsingle time-point
calibration.

In order to verify this basic assumption, both tle¢ical and
experimental studies were conducted. In theoris @asy to find that only
sampling timef, and the time constara, affect theQ value according to the

desorption kinetics of the preloaded standard,

Q. exp(-at) (4.02)

0

In the experimentt is always 2 min for all the fibers. Therefoke,
would be a constant as long asvalue keeps constant. For diffusion in
boundary layer based SPME using C18-PEG fileexalue is dependent on
fiber parameters, the fiber-sample distributionfitoent, and the sample

agitation, as described by eq 4.03.

a= D.A (4.03)

whereDs is the diffusion coefficient of the analyte molesiin the sample
matrix, ds is the thickness of the boundary layer, which &nly affected by
the agitation? K is the distribution coefficient of the analyte lween fiber

coating and sample matri&, is the surface area of the fiber coati¥gis the

fiber volume; for an adsorptive coating, the quatief A/V; is the specific
surface area of the fiber coating, which descrthesporosity of the coating
material. The eq 4.03 indicates that in the samgpBag system, where all

the conditions such as the analyte, fibers, samy#ix, temperature and
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agitation are fixeda value should keep constant, and thus ma&ie&lue
constant. It is easy to be understood that, inlkibagle experiment, the
physiological conditions of the dogs such as tmeprature, flow rate and
composition of the venous blood did not fluctuat® tmuch to create
significant variation ot value andQ. The data from then vivo experiment
support the single-point calibration. For examg@s, shown in Fig 2, the
averaged) value of oxazepamsd16 + 1 pgn = 3) at the time-point of 1.5
hour after drug administration was used to caldthe sampling at all the 9
time-points. The results were very consistent wititbse from the
conventional multiple time-point calibration.

The single-point kinetic calibration would be maismesaving and
cost-effective since it uses much less standardsstandard loaded fibers.
Meanwhile, there would be no error from the losssténdard and/or its
activity (e.g., radioactivity) in the fibers sin@l the fibers are not only

loaded but also used simultaneously.
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Figure 4.2. The blood concentrations of oxazepam calibratesditgle time-point
kinetic calibration and by multiple time-point dafation. The single time-point
calibration was based on the desorption of oxazeghaat the time-point of 1.5

hour after drug administration.

In addition, the observation th& value kept constant during the
8-hour indicated thaa value was not affected by sample concentration,
which changes dramatically during the pharmacolin@bfile. Actually, in
eg 4.03 there is not a factor determined by théysmaoncentration as long
as the concentration does not change so much tttedfects the sample
composition significantly. In order to verify thisrgument, anin vitro
experiment was conducted to test the relationsk@pvéena value and

sample concentration. Standard solutions were pedpa dog plasma with
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different concentrations from low concentration I®/ml to high
concentration 2000 ng/ml. The standard solutiomsutated in the flow
system at a linear velocity of 7.2 cm/s (at 25 ‘e SPME fibers loaded
with deuterated standards were exposed into thedatd solutions in
different time to obtain desorption and extractione profiles. The values
of thea constant could be easily obtained from the slajj¢ke logarithmic
form of extraction/desorption time profiles (Fig8%. Table 4.1 presentesl
values that were calculate by usingt)ib[n/(ne-n)] with extraction data or
(Am)In(gy/Q) with desorption data. The data confirm that theralue is
independent of the sample concentrations. Thislasion is also consistent
with the observation that the sample concentratias no impact on the

equilibrium time of SPME?
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Table 4.1. Time constanta for absorption and desorption of

benzodiazepines in plasma samples at differenterdrations

time constana (D)
absorption (25C) Co (ng/L) diazepam nordiazepam oxazepam
10 0.3498 (0.0321)  0.3338 (0.0232) 0.5791 (0.3241)
50 0.3611 (0.0343) 0.3404 (0.03105) 0.5823 (0.%322
500 0.3551 (0.0239)  0.3329 (0.0347)  0.5945 (0.p512
2000 0.3429 (0.0312) 0.3358 (0.0344)  0.601 (0.p459
desorption (25C) diazepam (¢ nordiazepam @)  oxazepam (g
10 0.3532 (0.0328) 0.3576 (0.3124) 0.5878 (0.0602)
50 0.3681 (0.0396)  0.3697 (0.0421) 0.5714 (0.0475)
500 0.354 (0.0402)  0.3236 (0.0332)  0.6005 (0.0575)

2000  0.3601 (0.0399) 0.3427 (0.0198) 0.6167 (BP62

This finding has two important implications. Figstif the absorption
(for extraction) or desorption (for calibration) @ptimized for a given
concentration, the equilibrium time and the timestanta will be the same
for other concentrations. This proves the feasibitif SPME for dynamic
monitoring. Secondly, as mentioned before, in dyicamonitoring like a
pharmacokinetic study, the information of the dption obtained from any

single time-point can be used to calibrate the dataabsorption from all
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other sampling time-points through the whole experital duration, as long
as the experimental conditions such as sample xnaagitation, and

temperature do not change significantly over thpeexnent course. This
provides the basis for simplifying the multiple &mpoint kinetic calibration

to a single time-point calibration.

However, for practical use of the single-point kioealibration, three
experimental issues deserve further discussion.fif$tes how many times
repetitive desorption should be conducted at thglsitime-point in order to
ensure the method’s precision. According to siatktprinciples, the
standard error will not be improved rapidly after & replicates? Therefore
we chose three-time repetition in this study.

The second issue is the length of the sampling (a0 desorption
time). As an analytical method with high quantitaticapability, the single
time-point SPME strategy should be highly accuratel precise. This
requires a relatively long sampling time, so the tifference betwee®,
the remaining amount of standard on the fiber, gndthe amount of
standard preloaded on the fiber, is significantud'the longer the sampling
time, the more accurate the results—but also thesevdhe temporal
resolution of the sampling for tracking drug metam in a dynamic
monitoring situation where sample concentrationgange rapidly. To
compromise between temporal resolution and accufaath the extracted

amount () and desorbed amourtp(— Q) should be reproducibly detectable;
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therefore, a/ne or Q/qo within the 30-70% range is preferable, considering
the undesirable variation in fiber manufacturingperimental operation, and
instrumental analysis. The vitro experiment showed that 2-min was good

for both desorption and extraction.

(A) O rmg
-1 F
2
3 | y = -0.3236x + 0.0358
—_~ R®=0.9814
e -4
2
o -5 -
N—r
< -6 r y = -0.354x - 0.1344
-7 r R’ =0.996
8 I y = -0.6005x + 0.090
R? = 0.9987
9 L
-10
0 5 10 15 20
Desorption time (min)
B)o .
a1t %
-2 L
a2l y = -0.3329x - 0.0548
~ R?=0.9841
g7
. 5
A
5 6r y = -0.3551x - 0.1687
7 R*=0.9878
-8 L
9L y =-0.5945x - 0.1
R?=0.9978
-10 ‘ ‘
0 2 4 6 8 10 12 14 16

Extraction time (min)

Figure 4.3. The desorption time profiles (A) of diazepam(d), nordiazepam-(0),

and oxazepamsd(A) and absorption time profiles (B) of diazepad), (hordiazepam
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(o), and oxazepamAj. The absorption and desorption were performeglasma

standard solution in a flow system at a rate ofcfzs (at 25 °C).

The last issue is determining which time-point dgrithe whole
pharmacokinetic duration should be selected for dtasmdard desorption.
Theoretically, as long as the blood flow (agitatminthe sample) does not
change significantly, all time-points can be chodsen the standard
desorption. However, in practice, time-points asudficient time interval
from the next sampling is preferable, in order tswe enough time for
performing several sequential desorption experig)ethis is because it is
not practical to conduct parallel operations, gitka dimension of dog’s
forearm vein. In this pharmacokinetic study, flogitime-points, such as 2h,
3h, 4 h, 6h and 8 h, are preferable because th&dufinterval is enough

for performing the standard desorption in all thdegs.

4.3.2 One-Point Kinetic Calibration by Non-isotope L abeled Standard
Interestingly, performing the standard desorptioefoke drug
administration brought a more important simplifioat of the kinetic
calibration. As discussed above, fQesalue will remain constant as long as
blood flow does not change significantly. This rates the possibility of
performing the desorption with the non-isotope leiestandards (i.e., the
normal standards for the analytes) in order to iob@ before drug

administration, when there is no endogenous so(froen metabolism or

91



secretion) of drug analyte in the blood to intexf¢iheQ value. This new
approach might be called “non-isotope labeled steth#tinetic calibration”.
Theoretically this approach is more accurate thamguisotope-labeled
compounds as standards, because there is no ddteran the
physicochemical properties between the analytetaedstandard (i.e., they
are the same), and because the su@/qf andn/neis exactly 1. By contrast,
the difference between the isotope-labeled stasdand their non-labeled
counterparts affects the accuracy of the calibmatimr example, in previous
studies, the sum @/qo andn/n.was always somewhat different fron?%®
Moreover, when the isotope-labeled compounds are available, the
kinetic calibration based on non-labeled standasdshe only option.
Furthermore, it is cost-effective since isotopibdied standards are usually
much more expensive than non-labeled ones.

This novel calibration method was verified by inevivo experiment.
Before the drugs were administrated, the PEG-Cb&rdi which were
preloaded with non-deuterated diazepam/nordiazepamnépam standards,
were introduced into the venous blood for 2 minerehis no significant
difference between the resultinQ values with non-labeled standards
(Diazepam: 54 + 5 pg; nordiazepam: 57 + 6 pg; opame 17 + 3 pgn = 6)

and those obtained with using deuterated standards.

4.3.3 Single Standard Kinetic Calibration for Multiple Analytes
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In pharmacokinetic studies, the concentrationsath lthe dosed drug
and its metabolites need to be monitored simultasigoMore analytes are
addressed in some environmental screening stitiiédn all cases for
guantitative analysis of multiple analytes, it wibule desirable to use a
single standard to calibrate all analytes simulbaise/. However, there were
significant discrepancies between the true conagatrs and the calibrated
ones when using classic kinetic calibration.

To address the problem, we modified the classié.ef) to eq 4.04.

N, Q1 eatsen =p (4.04)
Ne G

wherea; andas are the time constant for the analyte and theopdsd
standard respectively. When the exposure ttris fixed, the sum of)/qo
andn/ng is a constant). Sincen, qo, andQ are detectabley can be

calculated by eq 4.05,

n, = (4.05)

o Q

Qo

Afterwards, the initial sample concentrati@j, can be calculated
using eq 4.06,
C, = n (4.06)

K.V, (b - Qj

Qo

Furthermore, the concentration ratio of any twolyea can be

calculated by eq 4.07,
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2
whereK;q andK;g are the fiber coating/sample distribution coeéfids of
target analyte 1 and 2 respectivalyandn; are the extraction amount of
target analyte 1 and 2 respectively; &d andC;are the sample
concentrations of target analyte 1 and 2.

Eq 4.07 is suitable for pre-equilibrium sampling. &ibstituting eq

4.04 into eq 4.07, whew, >> KV;, the concentration ratio of two analytes

can also be derived for equilibrium sampling by4€og,

& — nelesz

2 neZ K fs1

(4.08)

whereng andng; are the amount of two analyte that can be extraoted
equilibrium.

The values o&; anda; can be obtained by doing desorption experiment
once or absorption experiment twice in standarditgwis. In thein vivo
sampling,a values for diazepam, nordiazepam, and oxazepar. ay®.65,
and 1.1 mift respectively. Actually, when twa values of two analyes are
not very different, such as those for diazepamrardiazepam, eq 4.08 can
be directly used to calculate the concentrationsatiazepam by using
those of diazepam. The ratio I§f,/ Kiss can be obtained by comparing the

slopes of the two calibration curves in the sansnddrd solution with

94



equilibrium extractiort. In the cases when PDMS fibers are employed for
aqueous samples, the ratio can be estimated veithkth, values**%°

With these equations (eq 4.06-4.08), the conceotstof other
analytes can be calculated when the concentratioany one analyte is
obtained. Furthermore, with eq 4.07, the quantatielationship of the
concentrations between different analytes was ksiaiol. As a result, the
one standard kinetic calibration method was deezlop

An in vitro experiment was conducted to verify the theory.niFthe
natural logarithm format of the absorption timefpes in PBS in the flow
system at 6.5 cm/s (at 25 °C), we calculated ahealues for the three
analytes and deuterated standaed 5 0.27, 0.25, 0.48, and 0.26 for
diazepam, nordiazepam, and oxazepam, and diazepaesigectively).
Afterwards, we used the desorption of diazepamta calibrate the
absorption of diazepam, nordiazepam, and oxazepa@he sample
concentrations are from low to high: 10, 50, 2000 Ppb of diazepam,
nordiazepam, and oxazepam in PBS buffer. C18 filpgetoaded with
diazepam-¢d 2 min of extractions were performed. constant can be
calculated by eq 4.04b = 1.01, 0.99, 1.21 for dizapem, nordiazepam, and
oxazepam respectively). As listed in Table 4.2, twncentrations of
dizapem, nordiazepam, and oxazepam were calcutgted) 4.06. The data

showed that the calibrated results were very ctergiswith the true

concentrations, as illustrated in Fig 4.4.
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Figure 4.4. The calculated concentration Vs the true conceptratif the three

analytes: diazepan#®), nordiazepama(), and oxazepamk).
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Table 4.2. The calculated concentration Vs the true conceatraf dizapem, nordiazepam,

and oxazepam (n = 3) with the single standard fdizad) calibration.

Spiked Calculated concentration (ppb) and relative recpver

concentration (ppb) Diazepam Nordiazepam Oxazepam

10 10.0+0.4 (96-104%) 11.4+1.1 (103-125%)  10.74£88126%)
50 50.3+1.2 (98-103%) 48.7+4.8 (88-107%) 53.5+646120%)
200 20143 (99-102%) 204.848.9 (98-112%)  207.9+1953113%)
500 498+11 (97-102%) 516.2+38.3 (96-111%) 505.72482-110%)

97



4.3.4 Calibrant-Free Kinetic Calibration for Multiple Analytes

So far all the kinetic calibration methods devebb@ee based on the
symmetric relationship between absorption/adsonptend desorption.
Therefore, the standard is needed to track the massfer kinetics of the
analyte during sampling. However, the kinetics legaption/adsorption can
be characterized by the sampling itself, if we pearf the sampling twice

with different sampling time for each, as showttha eq 4.09*

t, |n(1—ni) =t, In(l—%) (4.09

e e

wheret; andt, are the sampling time for the first and seconddiang, n,
andn, are the amount of analytes extracted dutjrandt, respectively, and
ne is the amount of analyte that could be extractdterwequilibrium
extraction is performed. In this equation,andn, are detectable artg and

t, are known, so the. value can be calculated. Then we can calculate the
sample concentrationCy, with the established equilibrium-extraction
equationn, =C,K .V, . The in vitro experiment has been conducted in
plasma sample spiked with high concentration (5@@mi) and low
concentration (1 ng/ml) of diazepam, nordiazepard arazepam. The
sampling time is 1 min and 2 min respectively. Thsults were without
significant difference from those using the traaifl kinetic calibration

with standard and the equilibrium sampling methbab{e 4.3).
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Table 4.3. The calculated concentration Vs the toomcentration of

dizapem, nordiazepam, and oxazepam (ppb) with itiereht calibration

methods. @ the initially real concentrations of the plasnemple. G": the

detected concentrations with equilibrium extractio®y* the detected

concentrations with pre-equilibrium extraction amaultiple deuterated

standards. §: the detected concentrations with pre-equilibriertraction

and nondeuterated standard.,:Cthe detected concentrations with

pre-equilibrium extraction free of standards.

D

Analyte Co Co' Co Co’ Co'

Diazepam 1 0.9+0.1 1.5+0.9 1.3+0.4 1.3£0.5
Diazepam 500 512.2+24. 511.4+22.] 541.3+51.4 533.4154.
Nordiazepan 1 1.1+0.2 1.1+0.3 0.910.4 0.61£0.6
Nordiazepan 500 504.2+17. 539.5+29.] 479.31£54. 486.8+69.
Oxazepam 1 0.9+0.2 1.240.2 1.320.6 1.6+£0.7
Oxazepam 500 470.1+46. 454.3+30.4 542.9+66.5 562,1+58.

Actually, the calibrant-free approach can befqgrened in a single

time-point mode to monitor a dynamic process. Thsididea is that the

values ofa constant of each analyte can be calculated byfahewing

equation,
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_In(n, =n) ~In(n, ~n,)
t, -t

(4.10)

Sincea value is independent of sample concentrations kasghs constant
through all the time-points, we can use it to cla®ithe values of, at

every time-point according to eq 4.11,

n

- 1-exp(-at) *-11)

ne

Thenne can be used to calculate the sample concentratithrat time-point.
The calibrant-free calibration method providies most cost-effective
SPME sampling strategy for multiple analytes witmparable quantitative
capability. Furthermore, the multiplexing capapilitan be unlimited in
theory because in nature it is a self-calibratiogthrad for every analyte;
therefore any analyte can be calibrated as lonigsadifference in quantity
can be reliably detectable between the two samgpliigperimentally, the
sampling can be performed in parallel with two fieor in series with one
fiber for two sequential sampling, but in the lattase, one desorption step
should be conducted in between and the fiber mastelisable without

changing its performance after the first use in glicated matrix.

435 Evaluation of the Quantitative Capability of the Simplified
Calibration Methods
Quantitative capability is one of the most intpat virtues of SPME

technique. We want to simplify the sampling progedubut not sacrificing

10C



the quantitative capability. Therefore, the follogifive calibration methods
were compared in terms of accuracy forvitro monitoring in plasma
samples: the equilibrium sampling with calibratioarve method and the
pre-equilibrium sampling based on kinetic calibati with multiple
deuterated calibrants, single deuterated calibraimgle non-deuterated
calibrant, and without calibrant. The results welnewn in Table 4.3, which
showed that there was no significant statisticedéhce (one-way ANOVA
and post-hoc Tukey's test, P<0.05) between thesetiki calibration
methods, although the standard deviations wertle kit larger than those
from the equilibrium extraction, which was ascriliedthe less stability of
pre-equilibrium SPME than equilibrium SPME, rathlean the calibration
method itself. And it must be noticed that the tie&y higher recovery of
the equilibrium SPME in then vitro monitoring does not ensure the better
accuracy for the dynamic pre-equilibriuim vivo monitoring. Actually as
discussed before, the external calibration has rarmtte limitations in
guantifying the pre-equilibriumin vivo sampling due to the difficulty of
reproducing the matrix and agitation effecimfivo situations in amn vitro
environment.

Regarding sensitivity issue, the calibratioesloot affect the detection
limit of the methods; however, the sampling stregegadopted affect the
sensitivity. For example, in this study, the pretéhrium SPME (detection

limit: 5-7 ng/mL for diazepam, nordiazepam and e@am in blood, 2 min
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sampling) has lower sensitivity than equilibrium NP (detection limits:

1.4-2.8 ng/mL for diazepam, nordiazepam and oxamejpablood, 15 min

sampling). Therefore, as above-mentioned, the sagifime should be set
to ensure that there are 30%wf analyte extracted.

For thein vivo pharmacokinetic studies, we compared the SPMEtgesul
from the kinetic calibration with multiple deutegdtcalibrants, with a single
deuterated calibrant, with a single non-deuteratalibrant, and without
calibrant; afterwards, the SPME results were vétiday the conventional
chemical analysis, as shown in Fig 4.5. The siegigbne-way ANOVA and
post-hoc Tukey's test) showed that there was naifggnt difference
between the each of the four groups of data froereguilibrium SPME and
the equilibrium SPME at P<0.05. The latter is hyghbrrelated with the
data from conventional analysis. The correlatioefficients ¢) between

them are close to 1 (0.97- 0.99).
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Figure 4.5. Pharmacokinetic profiles of diazepam (1), nordieze (2), and
oxazepam (3) were monitored by conventional assayimvivo SPME over 8
hours on three dog# € 6 for the last point, and = 9 for all the other points).
Error bars were based on standard deviations (SADConventional assay; Bn
vivo SPME based on equilibrium extraction; @1 vivo SPME based on
equilibrium extraction; B:in vivo SPME based on equilibrium extraction; D:
Pre-equilibrium SPME based on kinetic calibrationthwmultiple deuterated
standards; E: Pre-equilibrium SPME based on kinetitibration with single
deuterated standard (diazepagi-d=: Pre-equilibrium SPME based on kinetic
calibration with single non-deuterated standardazelpam) F: Pre-equilibrium

SPME based on standard-free calibration.
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4.4 Conclusion

4.4.1 Conclusion

In order to improve the automation potential andrgitative capability
of SPME, we proposed three ways to simplify tradiéil kinetic calibration.
The first simplification is temporal, where the g time-point desorption
based kinetic calibration was proposed to repldee ttaditional multiple
time-point method. The second approach focused uamtdy, where the
traditional multiple standards based -calibrationswamplified into the
single-standard calibration and the standard-fredibration method.
Thirdly, the kinetic calibration based on non-iqmdabeled standards was
developed as an alternative to the isotope-lab&i®adards employed in the
traditional kinetic calibration method to obtaitiable calibration. The three
simplifications can be combined; for instance, sirggle time-point kinetic
calibration with a single nondeuterated standardvibhout any calibrant
might be used to calibrate multiple analytes at tiplel time-points
throughout an experimental course. Thnsivo SPME can be preformed
not only easily and rapidly, but also accuratelp, & to yield high
guantitative capability and temporal resolution.ndfy, it is worth
mentioning that these simplified sampling and calilon approaches are not
limited to in vivo applications, but are also applicableimovitro dynamic

monitoring.
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Chapter 5

Development of High Spatial Resolution Solid-Phase

Microextraction for In Situ Sampling

5.1 Preamble and Introduction
5.1.1 Preamble

This chapter has not been published. Jibao dGdiFrancois Breton
contributed to this project. The contributions aaii¢ois Breton involved
the experimental suggestion, and Jibao Cai con&ibto the instrument

analysis.

|, Frangois Breton, authorize Xu Zhang to use thatemmals for his

dissertation.

Sigmgﬂﬂ.‘ 2 gf
¥l 2N

I, Jibao Cai, authorize Xu Zhang to use the mdtefa his dissertation.

Signature:

g
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5.1.2 Introduction

As a fast, simple and solvent free sampling andpsamreparation
method, Solid-phase Microextraction (SPME) has e@iwide application
from environmental studies im vivo pharmacokinetics® however, up to
date most applications have been restricted totivelg homogeneous
sample systems, such as lake water, air or blandsome cases, when
heterogeneous sample, such as soil, is to be athlyreadspace SPME
provides the operational convenience and avoidsctmplicated matrix
effects’ In these situations, spatial resolution does neednto be
considered. Consequently, only spatially averagedults along the
longitudinal dimension of the extraction phase aloéained. But, there are
some situations wherén situ sampling for heterogeneous systems is
conducted, for example, studying the local conediains in plant or animal
tissues where spatial resolution of the SPME fiidays an important role in
accurately quantitative analysis. However, theiti@mhl SPME approaches
are not compatible with this aim due to the rekliivbig size of the fiber
coating compared to the sampling locus. For exampde study the
concentration and translocation of pesticides withiving plants,
commercial SPME fibers were applied for herbicidean onion bulb, but

the results were quite qualitative rather than tjtative X° There are several
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reasons for this outcome. Firstly, the detectesugisconcentrations of the
herbicides in a specific locus were not in realetibut time-averaged. This
is because of the fact that diffusion occurringhi@ 1 hour of sampling time
obscured the concentration difference betweendbtesl under study and its
neighborhoods. Secondly, the 1 cm length of therfibtilized for the
onion’s heterogeneous structure can only obtaintiadjya averaged
concentrations along the 1 cm length; therefor@ralvided a poor spatial
resolution. Lastly, the cumbersome desorption meseriously affected the
guantitative capability and reproducibility of taealysis. Actually, it is the
physical dimension of the probe that determinessfiaial resolution of the
SPME technique, whereas the fast sampling strateggbtain real-time
concentrations is also necessary to ensure the Sjttial resolution
technique to be significant. In another word, manhtermined by its probe
size, the spatial resolution of a sampling techaigurelated to its temporal
resolution too.

The requirements for high spatial resolution SPME apply to other
in situ sampling techniques, such as microdialysis (MD)s A
well-established approach, high spatial resolutidtD has been
commercialized and applied fon situ sampling in living systems. For
example, it has been widely applied to study theraehemistry in brains
and tissue specific pharmacokinetftd? However, with faster mass transfer

kinetics and unique enrichment capability, SPME hhidhave better
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sensitivity as well as higher spatial and tempaesdolution forin situ
sampling.

The objective of this chapter was to develop a h®@RME technique
with high spatial and temporal resolution for fast situ analysis in
heterogeneous samples. Its feasibility to real sammpalysis was tested by
investigating the concentration distribution of zpam within an onion

bulb, and validated by the established microdialggiproach.

5.2 EXPERIMENTAL
5.2.1 Overview of Experiments.

In this chapter, a model system was developed figh tspatial
resolution SPME. This model uses a miniaturizeantudr of SPME fibers
and a heterogeneous sample system constructed lblayened agarose gel
with varied drug concentrations in different gel ydes. The
diffusion-controlled mass transfer within the getdium was investigated.
Fast sampling based on pre-equilibrium SPME witiekc calibration was
conducted to study the local concentration of ttezepam within a 1 mm
layer of gel. The partition coefficienk, and the fiber volumey;, were
calculated from the calibration curve based on lggiim extraction in the
gel matrix. Finally, the high spatial resolution B was applied to study

the distribution of diazepam in an onion. To dentais the feasibility of
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the novel SPME method fon situ application, the results were validated by
microdialysis (MD). All the SPME and MD experimemt&re conducted at

room temperature, unless otherwise mentioned.

5.2.2 Preparation of the Miniaturized SPME Probes

The C18 particles (1Qum) and polyethylene glycol (PEG) were
obtained from Supelco (Bellefonte, PA). C18 codibdrs were prepared
and utilized according to the method described iptesty* An additional
step was needed to cut or remove the part of @pasing a rajor blade thus
leaving two separated 1 mm coating segments rengaiom the wire, one
segment at the tip of the wire with a 5 mm spadimog the other segment,

as shown in Fig. 5.1.

{,“h.__;rip coating
““‘“‘mi \ 1mm fibre coating

Upper coating

Coating """‘"'-—-..Lll |



Figure 5.1. The two-segment SPME fibers. The length of eachticg

segment is on 1 mm.

5.2.3 Loading Deuterated Standards onto SPME Fibers

For performing kinetic calibration, the fibengere preloaded with a
deuterated standard (i.e., diazepayn-abtained from Cambridge Isotope
Laboratories (Andover, MA). The 50 pg/L loadingwgan was prepared by
spiking diazepam4iinto 25 mL of sterile deionized-water. Then, theles
were exposed to the loading solution for 30 minpesform equilibrium
extraction (standard loading) and then, storeddarctest tubes for use.
5.2.4 Modeling of Heter ogeneous Sample with Multilayered Gel

Agarose gel (1%) prepared in phosphate bufferades@BS, pH 7.4)
was used to simulate the tissue sample. Every §ehimedium containing a
given concentration of diazepam (Cerilliant, AusfiiX) was cast in a 10 ml
screw cap vial (Supelco, Bellefonte, PA). The ectiomm behaviors of the
SPME probes, including extraction time profile, agsion time profile,
matrix effect of agarose gel, dynamic range ofd@k&action and symmetry
of the extraction and desorption, were conductdatiengel matrices.

To determine the diffusion velocity of diazepamili agarose gel, the
gel was cast in the round PYREX crystallizationg@lgd 25 X 65 mm) with a
thickness of 13 mm, as shown in Fig. 5.2. SPMEr&b@ fibers) were

placed in a circle around the plate center witlagius of 30 mm and 45

11C



angle between each two adjacent fibers. Diazepabn (@) in 10 pL
methanol was applied in the plate center with arbdfipette. SPME fibers
were taken out one by one after every 40 min, lyrigised with pure water
and then desorbed in 200 pL of HPLC grade methai@dledon
Laboratories Ltd., Georgetown, ON, Canada) for 1. nkinally, the
methanol was evaporated by nitrogen gas, and thelsavas reconstituted
in 30 pL of reconstitute solution (50% acetonitaled 50% nanopure water)
with 7.5 ng/mL lorazepam as internal standard.

To model the heterogeneous sample system, gel bipreuayers was
cast in a 15 mL plastic Falcon tube. Upward from ltlbttom, the first 10 cm
long supporting gel layer (without diazepam inwgs followed by casting 1
mm thick layer (with 1 ppm of diazepam) and 5 mmgddlank gel layer
(without diazepam). Afterwards, another 1 mm trgek layer with 2 ppm of
diazepam was cast above the 5 mm blank gel layeallf; 10 mm blank
gel was cast at the top. It should be mentionetttiefollowing layer was
not cast until previous layer had been solidifiedd&C for 30 min. The
positions of the two layers with the drug (i.eazfpam) were labeled on the
tube surface with a marker pen, so that the coaegments of the fibers
can be positioned precisely within the layers withzepam. To introduce
the microdialysis probes, two small holes werdettibn the sidewall with a
distance of 5 mm at the exact positions of two deygers. The gel layer

system is illustrated in Fig. 5.3.
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Figure 5.2. Study of diffusion controlled mass transfer. Aggg gel (1%) was

cast in the round crystallization plate with a kimess of 13 mm. SPME fibers (8
fibers) were placed in a circle around the plateterewith a radius of 30 mm and
45° angle between each two adjacent fibers, aseldliy the numbers from 1 to 8.

Diazepam in 10 uL methanol was applied in the ptatdger att = 0

In a triplicate sampling experiment, the segmeifiteet preloaded with
deuterated diazepam was introduced into the gelstmped at the exact
two layers containing diazepam. Sampling (i.e.raetion) was performed
for five minutes. In order to avoid concentratiomntamination, the fiber
was protected with the needle when the fiber wasdunced and withdrawn
from the gel. A two-step successive desorption eaaslucted to desorp the
extracted analyte and calibrant from the two c@asiegments into two wells
of a 96-well plate, respectively. As shown in Fig4, first, the fiber was

desorped into a well with 50 pL of 100% methanal 2omin, where the
112



level of the methanol was only high enough to inseethe first coating
segment at the tip of the wire. Then, fiber was iptd another well for 2
min containing 200 pL of methanol (100%). The lesemethanol was high
enough to immerse the second coating segment sarplgon. Finally, the

methanol in both wells was evaporated, and the ksmmere reconstituted

into 30 pL of reconstitute solution for the anadysi

Figure 5.3. Simulation of a heterogeneous sample system withilayered gel in
a plastic Falcon tube. High spatial resolution SPMiEd microdialysis were

conducted to determine the drug distribution inrthdtilayered gel system.
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= Tip coating & i

A B C

Figure 5.4. The two-step desorption process in a 96-wellepfat the extracted
analyte and calibrant. A, the segmented fiber; '®, fiber placed into 50 pL of
methanol (100%) in a well for 2 min to desorp tmalgte from the first coating
segment; C, the fiber placed into another well ammg 200 pL of methanol

(100%) to desorp the analyte from the second cpagment.

For the purpose of validation, two microdialysioipes were placed
into the two gel layers, respectively while perfarghSPME sampling. The
microdialysis perfusion fluid was nanopure waterd dhe flow rate of the
perfusion fluid was 2 pL/min. Then, the dialysatese collected in 10 min

interval and mixed with 20 pL of acetonitrile forCEMS/MS analysis.
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Quantification of the analyte concentration in rodialysis samples was
based on the recovery of the analyt@aeadCpertusate
The limits of detection (LOD) and dynamic range lagh spatial

resolution SPME and microdialysis were studied s®ply using standard

solutions with various concentrations (0.1 to 500)an gel medium.

5.25 Real Sample Application: Study the Local Concentration of
Diazepam in an Onion Bulb

To study the local concentration in a real samatepnion bulb with a
diameter of 6 cm, was chosen because of its laysradture, which made it
suitable to serve as a heterogeneous sample mddtianol/water (10:90,
viv %) of 0.2 mL containing 1 pg/mL of diazepam wagected into the
centre of the onion bulb from the stem side 4 hde®re the sampling.
Towards the axial of the onion, two parallel holgth a length of 1.9 cm
were made with a 22 gauge hypodermic needle. Tétardie between the
two parallel holes was 2 mm. The segmented SPMér fitas introduced
into one hole while a 4 mm microdialysis probe (CNI2
CMA/Microdialysis AB, Stockholm, Sweden) was pladatb another hole
to validate the results from SPME. The schemati¢He experimental setup

is shown in Fig. 5.5.
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Diazepam injected into the onion

Stem

Sampling sites

Segmented SPME
MD probe with two

Figure 5.5. The schematic showing the use of the high spasalution SPME and

microdialysis forin situ sampling in an onion bulb.

After 5 min, the fiber was pulled out and brieflpged with nanopure
water to remove any adhered plant-bulb materidiped by the two-step
successive desorption. Afterwards, the fiber wasddn air and stored in 50

mL pure water. The sampling process was conduabed3ftimes. The
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microdialysis perfusion fluid, flow rate and thelibeation procedure were

the same as for the gel experiment.

526LC-MS/MSAnalysis

A CTC-PAL autosampler/Shimadzu 10 AVP LC/MDS SciarlI
3000 tandem Mass Spectrometry (MS) system was fasdtie analysis of
the drugs and their deuterated standards. The aegaltions were the same
as described in the literatutdriefly, the column was a Waters Symmetry
Shield RP18, 2.1 x 50 mm with 5um particle sizelifdtid, MA). Mobile
phases were (A) acetonitrile/water (10%: 90%) wvith% acetic acid and
(B) acetonitrile/water (90%:10%) with 0.1% acetada Mobile phase flow
rate was 0.5 mL/min, and the gradient used was BG®s the first 0.5 min.
This was ramped to 90% B over 2.0 min, held for i and finally
returned to 10% B for 1 min. This provided a totél5 min run time
including reconditioning. For experiments with theion, LC effluent was
directed to waste for the first 1 min of run tine prevent co-extracted
compounds from entering the MS instrument. Durihg tivert time, a
makeup flow was supplied to the MS via the quatgrpamp. The HPLC
effluent was analyzed by ESI (positive ion modejhwselected reaction
monitoring. Transitions monitored were diazepam:z n285.0/154.1,

diazepam-d5: m/z 290.2/154.1 and lorazepam: m/Z18225.1.



5.3 RESULTSAND DISCUSSION
5.3.1 Improvement of Spatial Resolution by Reducing the Size of the
SPME fiber

Normally, uneven distribution of a substance withinatural system is
much more common than uniform distribution due e theterogeneous
nature of the system in most cases. Thereforemfamitoring the dynamic
physiochemical process of a substance within arbgé@eous sample
system, for example, studying the clinical pharnkawetics in an animal
organ or plant tissue, spatial resolution of theestigating technique is
important and deserves more attention. In thisystile spatial resolution of
an in situ sampling technique is defined as its capabilityatxurately
determine the local concentrations of analytes ale@rly resolve two
different concentrations spatially close to eadtent

The traditional SPME technique has been widely iefgpto gas or
liquid samples, but it has not been used in hetsregus sample where the
spatial resolution is required. As discussed abtwe,spatial resolution of
SPME is determined by the size or dimension okekiaction phase. So,
resolution may be improved by reducing the fibezesiHowever, the
sampling time, that determines the temporal reswludf the technique,
should also be considered at the same time. THiedause of the fact that
the diffusion of analytes during a long samplingditends to uniform the

concentration distribution in the adjacent areajstimaking the spatial
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resolution meaningless. Consequently, for SPME mxeats, the effect of
reducing sampling time should be considered togethth shrinking the
fiber  dimension.  Furthermore, the mass transfer etigs

(diffusion-controlled) in a soft tissue is quiteowl compared to that in
headspace gas or agitated liquid. Therefore, th®IESRoating should
possess a fast equilibrium time and high extractiapacity to meet the
requirements. In this research, C18-bonded siladigbe (5 pum) coated
fibers were selected as the extraction phase becafugs relatively high
extraction capacity and fast equilibrium tint&. To improve the spatial
resolution, the length of the coating was choserbéol mm. In static
extraction condition, it was able to extract 30gt of diazepam from 1%

gel sample in a fast equilibrium time, i.e., 15 min

5.3.2 Study of Drug Diffusion and SPME Extraction in the Gel M edium

In a small heterogeneous dynamic living systemhsag, an onion
bulb, obtaining the real-timi@ situ concentration with traditional techniques
is really challenging. Actually, it is impracticab obtain the instant
concentration with equilibrium-based SPME, becauk&ing the time to
reach equilibrium between sample matrix and extragbhase, the analyte
concentration at a specific locus would change tdudiffusion within the
heterogeneous system. To address this issue, noibegm SPME

technique (fast SPME) was adopted to obtain nearbal-time
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concentrations. However, the concentration vamatiesulting from the
diffusion effect depends not only on the samplimget but also on the
diffusion velocity of the analyte species underestain temperature in the
sample matrix. Therefore, we determined the livedocity for the diffusion
of diazepam molecules in the gel medium at roonptFature. It was found
that diazepam could not be extracted by the SPNAEr funtil 5 hr was
passed. This meant that it took 5 hr for the mdescto pass through 30 mm
distance in the gel medium and reach the fiberimga®hus, the diffusion
velocity was calculated to be ~ 1.67 pm/sec. Thdicated that the
concentration changed quite slowly. Therefore, he gel medium, the
concentration change due to the diffusion during min was negligible.
Accordingly, 5 min was selected as the samplingtior the multilayered
gel system.

Additionally, the diffusion coefficient of the aryé¢ molecules in the
gel mediumpD, could be determined with the SPME technique atingrto

the integral form of the Fick’s first law of diffimn
D="- (5.1)

where,x is the moving distance of the analyte via diffusiandt is the time
duration of the molecule migration via diffusionhd calculated diffusion
coefficient was in the range of 1x1en?s.

It should be mentioned that the main cause of aunaion variation in

the gel model system is the physical diffusion. ldeer, forin vivo analysis
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in a living system, such as detecting a metabdatite living animal, the
situation could be different, where metabolism plan important role in
varying the drug concentration as physical diffasidoes. Thereby, the
temporal resolution of the analytical approach desse more attention. In
those cases, investigating the contribution of maydliffusion and chemical
metabolism to local tissue concentration of taegetlytes, such as a drug or
neurotransmitter, would be quite suggestive to akvis functional

mechanism.

5.3.3Kinetic Calibration for thein situ Sampling

For non-equilibrium extraction, as discussed prasiy kinetic
calibration outweighs calibration curve method pdovwy more accurate and
precise calibration:**’” This approach is especially suitable for achieving
real time in situ sampling. However, the first prerequisite of kioet
calibration to be met is the symmetric relationshgiween the extraction
and desorption processes of the analyte in samm@é&ixn Therefore,
absorption and desorption experiments were condusii@ultaneously to
investigate the symmetry. The fibers preloaded wiguterated diazepam
were exposed to a gel medium containing 200 pgazepiam (pH 7.4) for
different times to study the fraction of the stamdaemaining in the
extraction phase after sampling timés Figure 5.6 presents the values of

Q/qo that was calculated from the desorption time peadindn/n.from the
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absorption time profile. The sum @fqo andn/ngis close to 1 at each time
point, which validates the symmetric relationshigivieen the adsorption
and desorption. In addition, the requirements fegligible depletion
(nd-SPME) should be met; so that the sampling do¢glisturb the system
under study, and thus, this approach can be usedetect the free
concentration of analytes in a complicated samp&rirr® The newly
developed approach is featured by the negligibf@etien during sampling
due to its small fiber volume resulting from miniazed dimension and
shortened sampling time. In al mm thick gel samgplk total volume > 0.2
mL, only 2-4% of the free fraction of diazepam vea$racted in 5 min. As a
result, the detected sample concentration is nfetctaid by the sample
volume; thus making the quantification simpler andre convenient. In
addition, sensitivity of the 1 mm SPME fiber sholle considered. In the
gel experiment, it was shown that the detectiontlwh 1 mm high spatial

resolution SPME was 2.5 ppb, and the dynamic raveg linear up to 500

ppb.
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Figure 5.6. The absorption and desorption time profiles fazdpam §) and its

deuterated analogues, diazepani#dlin 1% agarose gel (at 25 °C).

In order to obtain the sample concentration, execalibration method
was used to determine the producMpindKs, the slope of the calibration
curve for equilibrium extraction in gel-preparedaredards at room
temperature. Consequently, the free concentratidrfraction of the analyte
can be obtained easily by comparing the calibratiogel medium and that
in PBS buffer. It was found that the free fractafrdiazepam in gel medium
is ~ 73%. It suggests that the bound fraction efdhalyte to the agarose gel

is around ~ 27%.
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5.3.4 Real Sample Analysisby SPME and Validation by Microdialysis

To test the feasibility of the high spatial akegion SPME, the local
concentrations at two sampling sites (labeled and 2 in Fig. 5.5), that
were located in different depth along the needleeraole in the onion
bulb, were monitored. The calculated concentratigmd or ng/mL) at the
two sampling sites based on the results from tipidate extractions are
presented in Table 5.1. Data from microdialysis ezxpents are also
presented in Table 5.1 to compare with the data fBME experiments. It
was found that there was no significant differermetween the three
extractions at each location; however, the conaénfrs that are reflected
by the extracted amount were significantly différdretween the two
locations with the two coating segments. The ekgh@mount at the tip
coating was about 4 - 5 times higher than that ftbenupper part coating.
This result indicated the very heterogeneous natidir¢he onion bulbs;
meanwhile, the difference demonstrated the spatiaBolved capability of
the segmented SPME. However, the determined caatiem from the
microdialysis probe in the 1.9 cm long hole is j@simes lower than that
from the SPME fiber segment at sampling site 1,2btiines of that from the
SPME fiber segment at the sampling site 2. Appérerhe calculated
concentrations from SPME results did not match énfoesm microdialysis.

In fact, with 4mm-probe (lower spatial resolutidran 1mm SPME fiber),
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the microdialysis probed the averaged concentratiora much wider range
along the lengthwise holes, i.e., 4 mm in lengtmfrthe tip, rather than the
1 mm range concentration sensed by the SPME fibkerefore, the

concentration from the microdialysis probe in th@ dm long hole could be
regarded as the spatially weighted average of tbecentration as
determined by the two SPME segments. This ratiomae supported by
introducing 4 mm C18-coated SPME fibers into tH& dm hole along with

the MD probe for a 5 minutes extraction. The olddirconcentrations
agreed with those from MD probe. Therefore, thelltesdemonstrate that
the quantitative capability of the SPME is comp&db the microdialysis,

making SPME device suitable for the quantitativeitu analysis.

Table 5.1. Application of the segmented fibers ifoisitu analysis of real

time local concentrations in two loci with 5 mmtdisce in an onion bulb.

The SPME data were validated by microdialysis, @mtcentration unit was

ppb (ng/mL).

Sampling sites Site 1 Site 2
Trial # SPME' SPME MD | SPME’ MD
1 633 275 298 131 N/A
2 625 267 289 127 N/A
3¢ 626 261 277 119 N/A
Footnote:

1. SPMEY The 1 mm fiber segment at the tip of the wireated at site 1 in the
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onion bulb.

2. SPME": The 1 mm upper fiber-segment located at sitetB &imm in
distance from the site 1.

3. SPME* The 4 mm fiber coating at the tip of the wiredted at site 1 in the
onion bulb together with the MD probe.

4. No MD probe at site 2 (N/A: not applicable).

Compared to the high spatial resolution SPME&t ttan detect the
concentrations in the two adjacent locations siamdbusly with a
segmented fiber, each microdialysis probe can balgpplied to one single
determination. Furthermore, the multiplexing capgbiof SPME can be
further improved by preparing multiple segmentdskficoating on a single
wire. On the contrary, there is a lack of multipfex capability for
microdialysis technique. Moreover, the SPME dev&enuch simpler and
more compact than the microdialysis sampling agdtter includes a needle
syringe, tubing and microinjection (syringe) punipor calibration, the
kinetic calibration is not only accurate, but alSme-saving so that it
ensures the temporal resolution of the SPME sampliowever, for
microdialysis, determining the % recovery is moirmet consuming and
labor intensive. More importantly, from the gel ersment, the limit of
detection for a 4 mm microdialysis probe (i.e.,@pis 2 time higher than
that of 1 mm high spatial resolution SPME (i.e5 ppb). Therefore, the

SPME method could have higher sensitivity than rierodialysis if the
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MD probe could be made in the same size. HoweVer, nhicrodialysis
sampling has some advantages. As a continuouseesdimpling technique,
it is easy to be completely automated for the whalalysis process
including sampling, sample preparation and sampteoduction into an
instrument for quantification, for example, couglirwith a capillary
electrophoresis devidé€?? In addition, MD probes can be employed as
delivery tools for drugs or chemicals, while thainiot suitable for SPME.
On the contrary, SPME is a discontinuous samplechriique, so more
efforts are needed to achieve full automation lfar bioanalysis, especially
when studying nonvolatile molecules using LC-MSyaéltheless, forn situ
sampling, high spatial resolution SPME providesplaceable effectiveness

and efficiency.

5.3.5 Spatial-profile Sampling with the Segmented SPME Probes

Duringin situ sampling in a heterogeneous sample system, tipoger
was to investigate the spatial distribution of &drgnalytes at a given time.
In order to achieve this goal, many probes wegdoe in the representative
sampling sites. Moreover, all the individual samg$ should be conducted
simultaneously. This is too difficult or even imptigal with the traditional
sampling techniques, such as MD or traditional SPMBut the segmented
design of the miniaturized SPME fibers and the wiep successive

desorption procedure provided the possibility tafgren two parallel
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samplings simultaneously with only a single profdge multiplexing
capability can be improved by increasing the c@asegments to achieve
spatial-profile sampling; however, the current graent design serves as an

excellent prototype for the one-dimensional spgirafile probes.

5.4 Conclusion
5.4.1 Conclusion

In conclusion, a high spatial resolution SPME applowas developed
and evaluated in this work. The novel SPME methtsd ashowed high
temporal resolution. A multilayered gel system wasstructed to simulate
a heterogeneous sample. Finally, real applicatias wonducted for drug
analysis in a very heterogeneous system, such asian bulb. Compared
to the microdialysis approach, the results dematedr the feasibility,
accuracy (relative recovery: 93%), sensitivity (LOR.5 ng/mL) and
efficiency (5 min) of the newly developed SPME séngp device.
Moreover, the segmented design of the SPME fiberd atepwise
successive desorption procedure offer not only gbatial resolution, but
also the multiplexing capability for parallel sétprofile samplings with a

single probe.
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Chapter 6

In Situ Monitoring of Ochratoxin A in Cheese Sample

with Miniaturized Solid-Phase Microextraction

6.1 Preamble and Introduction

6.1.1 Preamble. This chapter has not been published. Erasmus Cuadjbe
Dajana Vuckovic contributed to this project. Thentrioution of Erasmus
Cudjoe was involved in the cheese sampling. Thedritation of Dajana
Vuckovicinvolved in experimental suggestions and manusoengsion.

|, Erasmus Cudjoe, authorize Xu Zhang to use themaéfor his thesis.

Signature:
e ik o,
¥ ’/C, AT

|, Dajana Vuckovic, authorize Xu Zhang to use thaenal for his thesis.
Signature:
N
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6.12 Introduction

Ochratoxin A (OTA), a secondary metabolite produdsd several
common toxigenic fungi (moulds), is one of the mastlely-occurring
nephrotoxic, carcinogenic and immunosuppressivensoand is considered
to be involved in severe pathological response frumans and animats.

Currently, it has become a major health concernthatke is an increasing

12¢



need for accurate monitoring of this mycotoxin inod products?®
However, traditional sample preparation approaclsesh as liquid
extraction (LE) and solid-phase extraction (SPEveh proven to be
time-consuming and labor-intensive. Antibody-bas@dmunoaffinity
chromatography (IAC) and active protein based #ffiseparation has been
introduced for this purpose’ However, the cost and the fragility of the
non-reusable column prevent it from being usabléh vilhe complicated
cheese sample matrix. Therefore, the need to devielst and low-cost
sample preparation approaches for OTA analysiemmi-solid food samples
cannot be overemphasized.

As an effective sampling and sample preparatiorhatktsolid-phase
microextraction (SPME) has gained extensive apjitinaand recognition in
many areas since it was introduced* One of the key reason is its unique
capability in integrating sampling, sample prepargt and sample
introduction into one single step, and thus thaltpirocess of chemical
analysis is greatly simplified. Although, SPME nwdhwas previously
applied to the analysis of mycotoxins in cheesepsasnwith good detection

limits,>16

the SPME fiber was only applied to the reconstilusample
extract after a liquid extraction step, thus making procedure tedious and
time-consuming.

One of the objectives of this work was to introdiube SPME fiber

directly into the cheese sample so as to demoastnateffectiveness of the
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technique in performingn situ sampling and sample preparation. The
chosen approach was effective and simple comparepravious liquid
extraction methods. The extraction phase was aidgrior to sampling in
order to improve extraction efficiency of OTA. Moseer, the miniaturized
size of the extraction phase coupled with fasitu sampling would provide
an effective space- and time-resolved approachtherdetection of OTA
levels at different sites in one small sized chesample and also the
concentration variations with time. Generally teenporal resolution of the
SPME is determined by its response time, or sampime, while the spatial
resolution is determined by the size of the extbacphase. Because the
proposed method could provide good spatial (1 mmyl @aemporal
resolution, it was further investigated whether ttega could be used to
determine if the OTA contamination was originatingm the fungus such
as Penicillium verrucosum or from the raw materials that the cheese was

made of.

6.2 EXPERIMENTAL SECTION

6.2.1 Chemicalsand Materials
OTA, Ochratoxin B (OTB) and other chemicals were apfalytical

grade and ordered from Sigma-Aldrich. (Oakville,i®io, Canada). Stock
solutions of OTA and OTB were prepared in methamal stored at -20° C.

Carbon-tape was from TAAB Laboratories Equipmerd [€alleva Park,
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Reading Berkshire, United Kingdom). 0.01 inch d&sa steel wires were
purchased from Small Parts Inc. (Miami Lakes, FISAY and cut into

pieces of 5-cm length.

6.2.2 Preparation and Characterization of SPME fibers

Carbon-tape fiber was used as the extraction pluasbe sampling’
The carbon tape was cut into 1 mm X 1mm pieces eath piece was
immobilized onto the end of one 5-cm stainless|sigee. The resulted
carbon-tape based SPME fibers were 1 mm in lengthfibers were
acidified with hydrochloric acid and preloaded withternal standard
simultaneously. The loading solution was prepangdpiking OTB standard
into 50 mL of diluted HCL aqueous solution (pH 2a0)100 ug/L. Then the
fibers were exposed into the loading solution dyréhhours for standard
loading.

A systematic investigation was conducted to charaxt the extraction
behaviors of the fibers including extraction timeoffle, desorption time
profile, pH effect on the extraction, and dynamiange. All the
characterization experiments were performed in ff#r@se gel medium to

optimize the experimental conditions for cheese@am

6.2.3 Sampling and Sample preparation with SPME
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Three semisolid cheese samples were monitoreddrstindy. The aged
Cheddar cheese was donated by Dr. Pawliszyn, wfieléno name”® skim
milk cheese were obtained in a local supermarket. dheese was separated
into three different sets. Set A comprised agecesbheallowed to develop
mould stains while set B had no mould stains. S€N& name®) had no
mould stain however it was less matured comparex:t® A and B. For set
A cheese with the mould stain, two SPME fibers watsduced into two
sampling sites at different distances from the ma@tain. In the case of set
B and C, three fibers were introduced in a triaagwhanner and a fourth
fiber was placed at the center of this trianglenfiing was done for 20 min
after which the fibers were cleaned with KimwiPds remove any cheese
residues attached to the surface of the coating.fibers were later put into
wells inside a 96-well plate containing 250 Ralypropylendnserts and then
150 pL of pure methanol was used for desorpticin@fanalytes. Desorption
was completed in 15 min with agitation on a mectankV-300 shaker set
at the speed of 100 rpm. Finally, 20 uL of desorpsolution was injected

in LC-MS/MS system for quantification.

6.24LC-MS/MS Analysis
A CTC-PAL autosampler/Shimadzu 10 AVP LC/MDS SciaRl 3000
tandem MS system was used for the analysis of e &d OTB. Briefly,

the column was a Waters Symmetry Shield RP18, 230 xnm, 5 um
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particle size (Millford, MA). Gradient elution wagserformed with a flow
rate of 0.5 mL mift for separation with mobile phase (A) acetonitvilater
(10: 90) with 0.1% acetic acid, and (B) acetoretand acetic acid 100:0.1.
The gradient started with 10% B for the first 0.inpfollowed by a linear
increase to 40% B in 6 min, and then it was ranpeti00% B in 0.1 min,
held for 3 min before decreased to 10% B in 0.0d. mhis provided a total
8 min run time including reconditioning the colunior experiments using
cheese samples, LC effluent was directed to wastthé first 2 min of run
time, to eliminate co-extracts from entering the.M8e mass spectrometer
worked in the negative ion mode. The m/z trans#tiaere m/z 402.1/357.9

and 402.1/314.0 for OTA, and 368.0/133.1 for OTB.

6.2.5 Conventional Cheese Analysis

In order to validate the SPME data, the traditidigplid extraction with
methanol as the extraction phase was performedutAB®5 g of cheese
sample (n = 3) was weighed by difference in a prghed 2 ml amber vial
with a PTFE sealed screw cap. 1 ml pure methanal adgded and the
resulted mixture was sonicated for 30-min, followdy a 20-min
centrifugation (15000 g). 900 ul supernatant wasddd into 3 identical
300-pL aliquots in 3 new 2-mL amber vials. 15 plstdndard solutions (O,
100, and 200 ng/mL in pure methanol) were added the three vials,

respectively. Afterwards the solvent in the threenples was evaporated

134



under nitrogen gas. The residue was reconstitutdtd M0 pl mobile-phase
A and subjected to instrumental analysis.

In addition, standard addition was adopted to calébthe conventional
analysis in that it is suited to deduce how muatiogenous analyte was in
the original cheese sample with complicated matfiect’® Care should be
taken to ensure that the calibration requiresealimesponse to the quantity

of the analyte plus standard.

6.3 RESULTSAND DISCUSSION
Previous studies showed that the carbon-tape SPMEr fhad

significant affinity for OTA!’ It exhibited high extraction capacity and
efficiency compared to the commercial fibers. Hoerewvthe carbon-tape
SPME fibers were applied to only homogenous andiféex liquid samples,
which is totally different from performingn situ sampling in a semisolid
sample such as a cheese. In the latter casdnfaitu studies, to avoid
damage the whole sample, it is impossible to tleasample with chemicals;
therefore, it requires a fiber with good sensiyivir the non-treated samples.
OTA is a weak acid with the carboxylic group on pteenylalanine moiety
(pKa = 4.4) and shows a strong dependence of extragigbth on sample pH.
All the previous SPME experiments for the analggi© TA were conducted
around pH 3 by the adjustment of matrix pH° Considering the adjustment

of matrix pH was not an option in the current studynew strategy was
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proposed which involved the acidification of extrao phase prior to
sampling. Secondlyn situ analysis requires the SPME fiber to have high
spatial resolution; i.e., the fiber size must benimized to probe local
concentrations in a small-sized sample. To addtieissrequirement, the
dimensions of SPME extraction phase were reducédio x 1 mm.

Finally, on-fiber standardization approach was ufadquantitative

analysis in order to keep sampling times as stsopoasible.

6.3.1 Development of Acidified Mini-Carbon-Tape-Fibers

Selection of the carbon-tape SPME fibers in thisrkwavas due
primarily to its high extraction capacity.The extraction effeciency for
OTA was strongly affected by the pH environmenttioé sampling. To
address that, the fibers were acidified prior t;mgling and tested in gel
matrix. A pH series (pH = 1, 2, 3, 4, 5) of aque®iS| solutions were
prepared and the carbon tape-fibers (n = 3) weredrsed in 10 ml of each
of the acidic solutions in a 40-ml vial for 8 houas room temperature.
Afterwards, the fibers were used for extractioragarose gel containing 10
ppb of OTA. As presented in Fig. 6.1, the resulievged the strong pH
dependence of the extracted amount in both gelixretd in the cheese. In
addition, this data showed that the carryover fbextractions was similar,

so the extraction difference was due to the diffeedfinity of the fibers to
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the analyte rather than the carryover. For subsggesperiments, aqueous

solution of HCI at pH 2 was used to acidify fibersor to sampling.

pH dependance of the SPMWE extraction in gel watyie
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Figure 6.1. The pH dependence of OTA extraction using the {zémbon-tape

SPME fibers in gel matrix (n = 3).

Another aspect for characterizing the acidifiecefibvas to study its
extraction kinetics. We compared the extractionetiprofile of acidified
fibers in a non-acidified sample matrix (1% agargsf with that of the
acidified fibers in acidified gel matrix (1% agaeogel, pH = 3). As shown
in Figure 6.2, the two profiles were consistenguigh the precision for the
acidified fibers in a non-acidified sample matriRSD ~10%) was
somewhat larger than sampling in the acidified (@ED ~5%). The

agreement of results indicated that acidifying f$baevas equivalent to
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acidifying sample in terms of kinetic behavior (iceted by no change in
time required to reach equilibrium) and thermodyitan{indicated by no

change in the amount of analyte extracted at daxjiwiin).

Extraction Time Profile
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Figure 6.2. Comparison of OTA extraction time profiles by usiagjdified fibers

in non-acidified gel prepared sample with usingddieid fibers in acidified gel

sample.
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Calibration for the SPME in gel
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Figure 6.3. The SPME calibration curves of OTA and OTB devetbpvith the
acidified fibers in standards prepared in gel. 30-samplings were performed

under room temperature.

Finally, we studied the linear relationship betwedme sample
concentrations and the instrumental response, wiveeh the pre-requisite
for a quantitative analysis. The experiment wasgoered in 1% agarose gel
with different OTA concentrations. Figure 6.3 pmse the linearly
proportional relation, which indicated the feastpilof using the acidified
fibers for quantitative analysis. The linear rarmjehe carbon-type SPME

was 1.5-500 ng/mL.



Furthermore, foiin situ analysis, the spatial resolution of the SPME
fiber must be improved by a reduction in the sizthe fibers. However, the
reduction of the coating volume also decreasess#msitivity, so it was
important to ensure that the amount extracted bynimiaturized fiber was
still sufficient for this analysis. The results sleml that the limits of
detection and quantification for the 1 mm fibegil matrix was 1.5 and 3.5
ng/mL respectively, which was with fairly good siingy for the analysis

of Ochratoxin A in cheese sample according to ttlewing SPME studies

6.3.2 On-fiber Standardization for Calibration

Forin situ analysis of a cheese sample with SPME, anothdieolga
is the correct calibration, since the three tradai calibration methods
including external calibration curve, standard &ddi method and internal
standard method, are not applicable for thesitu study. However, the
on-fiber standardization method, or called kinetaibration, provides the
solution for accurate on-site sampling for it comgegtes for the agitation
effect and matrix effe:?® As a specific case of on-site sampliiysitu
sampling is theoretically appropriate for on-fibstandardization. The

calculation is based on the following equation.

nq 1
f T ——— (6.1)
6 —Q KgVy
whereCyis the initial concentration of analyt®, is the amount of standard

remaining in the extraction phase after exposurthefextraction phase to
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the sample matrix for the sampling tim&,is the volume of the fibeKss is
the fiber coating/sample distribution coefficiemtisthe analytes, and, is
the amount of standard that is pre-loaded in thiaeton phase.

However, the typical kinetic calibration is based the use of
isotopically labeled compounds as standards, whiak not applicable for
the OTA analysis because its isotopically labeleshl@gue is not
commercially available. Herein we use OTB as tlendard to calibrate
OTA extraction. However, two requirements must aested so that OTB
can be directly used for the on-fiber standardaratof OTA: (1) there
should be no endogenous OTB in the sample; (2}ithe constant of the
extraction of OTA should not be significantly diféat from that of OTB in
the same matrix. In addition, it is worth notingewhcalculating the OTA
concentration based on eq. 6Kks must be the distribution coefficient for
the analyte OTA, rather than that for the analoQd®, which was used as
the standard. In order to satisfy these requiremédmstly, it was confirmed
that no OTB was present in the cheese sample usaditional liquid
extraction. Secondly, the extraction time profites OTA and OTB in gel
matrix were compared. As shown in Fig. 6.4, ther@swo significant
difference between OTA’s and OTB’s equilibratiomdi, and equibration
time is an indicator of the magnitude of time canst Actually, the time
constanta, could be calculated by fitting the extractioneiprofile into the

following mathematical model:
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Extraction Time Profile of OTA and OTB in 1% Agrose Gel
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Figure 6.4. The extraction time profiles of OTA and OTB in g&mple under

room temperature.
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Validation of theoretical model
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Figure 6.5. Validation of the on-fiber standardization using BDas the standard

for OTA. The calculated relative recoveries waxaiad 93% (5 - 500 ng/cin

nﬂ =1-exp(-at) (6.2)

where n is the amount of analyte in the extraction phasend each
sampling timet, ne is the amount of analyte in the extraction phase a
equilibrium, a is the time constant. Here, tlevalues were calculated as
0.85 and 0.77 Arfor OTA and OTB respectively. The small differerine
the magnitude o& value would not result in significant deviatiormrin the
isotropism relation between desorption and adsamptivhich was explained

in detail elsewher&??Therefore, OTB could serve as the standard for OTA

monitoring.
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Moreover, a proof of principle experiment was cortdd in gel matrix to
test the validity of using OTB to calibrate OTA. Akown in Fig. 6.5, the
calculated relative recoveries were around 93% %80 ng/mL), shown as
the slope of the linear regression, which demoteddréhe accuracy of the
method.

Last but not least, in order to obtain sample cotraéions with
on-fiber standardization, the product \¢f and K¢s of the analyte must be
determined?® In this report, a simple method was proposed terdene the
Kts * Vi values of the carbon tape fiber in semisolid chesssaple. The

definition of the partitioning coefficienKss, gives

K _C nlv 6.3)
fs CS Cs '

The eq. 6.2 can be rewritten as

KV, =n,/C, (6.4)

wherengis the amount of OTA extracted in equilibrium SPeliRd C;is the
sample concentration of OTA in cheese samples. iklesge used the
equilibrium SPME method to obtaine and then detected the sample
concentration with traditional organic solvent (heetol) extraction. First of
all, the SPME fibers were put into the cheese sarfgsl 10 hours to ensure
the equilibrium extractioh’ Then the traditional liquid extraction was
calibrated by standard addition method to compenfeaitthe matrix effect.
Finally, the calculateKss * Vi value ranged from 0.15-0.24 for three

different semi-solid cheese samples.
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Experimentally, to streamline the operationceure we combined the
fiber treatment with acids and the standard loadhibg one single step. The
experimental results showed that there was nofgignt difference between
performing the two steps separately and simultasigofdata not shown).
Therefore the carbon-tape fibers were loaded frami@ OTB aqueous

solution (pH = 2) in all subsequent experiments.

6.3.3In Situ Cheese Analysis

The application of the proposéd situ SPME approach to real sample
analysis was demonstrated by analyzing 3 differesmi-solid cheese
samples as described in the experimental sectiowhich both the spatial
concentration-distribution and the concentratiorarnde over time were
studied. The results are presented in Table 6\a#t found that for Set A
with a mould stain, the OTA concentration had awveise relation with
distance between the sampling site and mould dtmwever, the amount of
OTA detected was directly proportional to storaigeetfor mouldy cheese
(set A), as shown in Fig. 6.6. This data indicgbeelsence of live fungi in
the cheese. If the fungi were not intentionally culated into the cheese
during manufacturing, it could be safely speculatedt the fungi were
contaminated during transportation, storage or rfamtwring, for example,
from flaws of the packages. For the Set B withoouhd stains, the uniform

distribution of the OTA concentration was observathreover, the OTA
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concentration did not change during the 2 weekss Tésult indicated that
there were no active fungi that produce OTA in tmeese and the raw
materials were the likely origin of contaminatidm.the case of Set C cheese
sample, there was no detectable OTA. Based on ttessits, it is safe to
conclude that then situ SPME approach could be used to track the possible

OTA contamination sources in cheese products.

The OTA concentration change in cheese duringggora

Ocheese 1

B cheese 2

OTA concentration (ng/ém

0 1 2

Storage time (wk)

Figure 6.6. The OTA concentration change in the Cheddar chdesag the two
week storage in 4 °C refrigerator. Cheese 1: thed a@heddar cheese with a

mould stain. Cheese 2: the aged Cheddar cheesauvitiould stains.

14¢



The SPME results were consistent with those obdalme traditional
liquid extraction (LE) that was calibrated by stardiaddition, as shown in
Table 6.1, which proved the validity of then situ SPME analysis.
Meanwhile, the SPME sampling with on-fiber standeation method was
simpler and faster than using the LE coupled todsied addition. It must be
admitted that the latter is necessary to obkairvalue for SPME analysis,
but much less analyses were needed sinc&thealue should be the same
for the whole sample; on the contrary, the traddloLE needs to be

performed for every sampling site in each sample.

Table 6.1. Summary of then situ SPME results for OTA occurrence in the
three cheese samples. Cheese 1: the aged Chedsseciith a mould
stain. Cheese 2: the aged Cheddar cheese withauitimatains. Cheese 3:

the “no name® skim milk cheese

Sampling
Cheese # site "S-con(ng/c) SD  "L-con.(ng/cml) SD
1 *1(close) 42 5.2 39 3.7
&2 (far) 20 35 18 2.1
2 1 11 1.4 13 1.3
2 12 16 12 15
3 11 0.8 10 1.1
4 12 15 11 1.2
3 1 Snd nd



Notes:

" Sample concentration obtained by SPME technique;

” Sample concentration obtained by Liquid Extractiechnique;

¥ The #1 sampling site that is close to the moudthsh the cheese;

& The #2 sampling site that is further than #1 &itéhe mould stain in the
cheese;

8 Non-detectable.

In addition, to confirm the identity of OTA in reaheese samples,
two transitions m/z 402.1/357.9 and 402.1/314.0ewesed for OTA, in
addition to LC retention time. Fig. 6.7 shows theotnatogram of OTA and
OTB by LC-MS/MS.

Compared to the previous studiég? this work provides a simple but
effective means to conduict situ analysis of pH dependent ionic analytes in

semi-solid food matrix.
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Figure 6.7. The chromatogram of the OTA and OTB by the LC/MS: The
Peak with a retention time of 2.8 min is for OTBetstandard. The Peaks with
retention at 3.4 min are for OTA, among which thket one is from the transition

of m/z 402.1/357.9, and the shorter peak is for. 4324.0.

Compared to the previous studi&g? this work provides a simple but
effective means to conduiet situ analysis of pH dependent ionic analytes in
semisolid food ascribed to the effectiveness oéting the miniaturized
carbon-tape fibers with acids and the proved mérat the Kkinetic
calibration is inherently more accurate than calibn curve method in

complicated sample matrix.

6.4 CONCLUSION

6.4.1 Conclusion

In situ SPME method was achieved by the acidification lo¢ t
extraction phase with aqueous HCI solution at pMHch improved the
extraction sensitivity of the fiber primarily becsmuthe analyte was a weak
acid and in addition to decreasing analyses timenetv on-fiber kinetic
calibration was developed by using OTB as an imstesstandard. The
suitability of the OTB as an effective internalrefard was demonstrated by

comparing the kinetic behavior of OTA and OTB anlowing the
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consistence of their time constanésv@lues). In addition, the utilization of
the miniaturized SPME with enhanced spatial resmiutnade it possible for
the in situ analysis in a small-sized sample. Interestinghge spatial
distribution of the OTA concentrations in cheesempgle and the
concentration change over time can be used toifititere is active OTA

producing fungi in the cheese thus resulting thé&@dntamination.
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Chapter 7

In Situ Monitoring of Tissue-specific Bioaccumulation
of Pharmaceuticals in Live Fish with Space-resolved

Solid-Phase Microextraction

7.1 Preamble and Introduction

7.1.1 Preamble

This chapter has not been published. Ken D. Qdledie Bragg and Mark
Servos contributed to this project. The contribogiaf Dr. Oakes included
setting up the animal experimentthe wet laboratory, monitoring the water
temperature and water chemistry, and advising enposing and revising the
manuscript. Dr. Mark Servos provided all laboratdgcilities including
LC/MS-MS, and a general guidance on the projeeslie Bragg analyzed the
water samples with SPE and helped for instrumemalysis.

I, Dr. Ken D. Oakes, authorize Xu Zhang to usentfagerial for his thesis.
Signature: {%“Oh

I, ProfessoMark Servosauthorize Xu Zhang to use the material for his
thesis.

Signature:

I, Leslie Bragg, authorize Xu Zhang to use the miatéor his thesis.

Signature:
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7.1.2 Introduction

The detection of human pharmaceuticals and perscaa¢ products

(PPCPs) in aquatic environments, and their accuioalan non-target

aguatic organisms has been an area of increassegnah interest in recent

years- !

Elucidating the uptake and bioaccumulation prefilef
environmental mixtures of pharmaceuticals is dssleto furthering our
understanding of the environmental fate and ecoddgrisks of these
ubiquitously detected compounds’ The potential for PPCPs to exert
adverse effects on exposed aquatic organisms sudistahas been well
demonstrated®*® Traditional sampling and sample preparation tipres
have been utilized to study the toxicology andritistion of pharmaceutical
residues in various fish tissues, organs, and loeks!>'**> However,
these techniques are often unsuitable for trackiegdynamic processes of
bioaccumulation and metabolism, which are integratéhole organism
responses modulated vivo by a myriad of pathways including inducible
hepatic detoxifying enzymes and excretion mechasism

Recently, the simplicity and robustness of the idsphase
microextraction (SPME) technique has been appliedthe in vivo
determination of pharmaceuticals in fiShA significant advantage of SPME
fibers is their ability to extract a variety of ¢ea contaminants from fish

tissues without lethal sampling. To date, only treédy large SPME fibers

(10 mm in length) have been used, constraining tgplication to larger
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tissues such as muscle. Further, the physical §ilzer precluded the spatial
resolution required for parallel assessments otasomant distributions in
adjacent tissues. Previous SPME studies in fistevaéso limited to single
pharmaceutical exposures (carbamazepine and finexetn single
compound exposures) in what were essentially pobgiinciple studies?
Consequently, the performance a@f vivo SPME techniques under
multi-analyte scenarios (such as mixtures of PP@Rbin municipal
wastewater effluents) has not been evaluated.

In this chapter, both muscle and adipose viiere simultaneously
sampled using space-resolved SPME to determinetifseie specific
bioaccumulation of compounds commonly detected idbam areas
influenced by municipal wastewater effluents, irtdpsand agricultural
runoff. Adipose fin was chosen as a tissue of @dersince it contains
significantly more lipid than does muscle, and dtoudlifferentially
bioaccumulate lipophilic PPCPs relative to musideue®®?* To reflect the
complex mixtures represented in environmental roedtifish were exposed
to a mixture of nine analytes including seven plareuticals belonging to
three therapeutic classes: lipid regulators froenfibrate group (gemfibrozil)
and statin group (atorvastatin), non-steroidal -sritammatory drugs
(ibuprofen, diclofenac, and naproxen), and antirdsegives (fluoxetine and
carbamazepine), plus the pesticide atrazine and htbrenone-disrupter

bisphenol A (BPA) from the polymer industry. Congenqtly, this study
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broadly evaluates the application of Sr-SPME tegphes for assessing the
bioaccumulation of contaminants in fish under ooligd exposure

scenarios.

7.2 EXPERIMENTAL SECTION

7.2.1 Chemicalsand Materials

All agqueous solutions were prepared using de-i@hizater obtained
from a Barnstead Nanopure water system. All chelsijgarchased were of
the highest possible purity and used without furthaurification.
Gemfibrozil, atorvastatin, ibuprofen, carbamazepitielofenac, naproxen,
and bisphenoh (BPA) were purchased from Sigma-Aldrich (Oakvil@N,
Canada). Fluoxetine, lorazepam, and atrazine wetared from Cerilliant
Corp (Round Rock, TX)The isotope labeled standards were purchased from
CDN isotopes Inc. (Pointe-Claire, Quebec, Cana8#&)ck solutions were
prepared in methanol and stored at -20 °C. HPL@eayecetonitrile for the
HPLC mobile phase, methanol for standards premaratéind desorption
solution, formaldehyde, ethanol and acetic acicdigl) were purchased

from Fisher Scientific (Unionville, ON, Canada).

7.2.2 Preparation and Characterization of Sr-SPME Fibers
Home-made PDMS fibers were employed as the extragithase for

thein vivo samplingHelix medical silicone tubings with a 0.31 mm IDdan
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0.64 mm OD (Carpinteria, CA) were used as the SRBHiing, and 3.5 cm
long stainless steel wires, 0.483 mm in diameteewwerchased from Small
Parts Inc. (Miami Lakes, FL) to serve as the iraésupport for the SPME
fibers. The silicone tubing was cut into 1 mm |Isegments and the steel
wire was carefully introduced into two tubing segitseforming discrete
sheaths. The distance between the two segmentadyasted to 4 mm after
wetting with methanol. The resultant SPME fiberteomed 2 separate 1 mm
coating segments with a 4 mm space between thegn THEA). All fibers
were pre-conditioned in 100% methanol for 24 h, #meh in sterile pure
water for 2 h to remove the methanol. Beforevivo application, each fiber
was put into a polypropylene microcentrifuge tuhd atored at -20 °C.

A systematic characterization was completed to rdete the
extraction time profile, desorption time profile)yabiofouling effect during
extraction, and dynamic range. The characterizagaperiments were
performed in standard spiked phosphate bufferades@PBS, pH 6.8), 1%
agarose gel medium, and dorsal-epaxial fish musskue (~ 1 g) to

optimize the experimental conditions farvivo sampling.

15¢



|<—Upper coating segment

mm
1mm
B<¢—Tip coating segment
Tip coating segment
A B

Fig. 7.1. Configuration of the segmented SPME fibAt. the fiber for in vivo

use. B: the fiber ready for desorption in orgamivent.

It was found that the inter-fiber variation was ward 8-15%, largely
attributable to the small size of the coating sege When using
home-made fibers, the smaller the fiber size, tiggdy the inter-fiber
variation. This variation was corrected by monitgrithe amount of
lorazepam extracted from a 50 pg/L aqueous stanslalution by each
coating segment within 30 min. As the amount oflgeraextracted by a
fiber is determined by its volume under fixed cdiwdis, the difference in
extracted analyte is a surrogate for variationsfilbier volume. In this
experiment, the upper coating segment must be miovie: opposite end of

the wire (leaving a 5 mm space at the tip) in oftdedifferentiate the two
15¢€



segments by virtue of their positions (Fig. 7.1B)e 30 min extraction and
desorption experiment was performed in two sucegessounds, each
specific for one of the two fibre coating segmeftse second extraction
was performed after finishing the first round aeglarsing the direction of
the wire to expose the second coating segmentetstdndard solution. Both
the extraction and desorption experiments were wcted in 96-well plates.
Desorption of the extracted analytes from the fimating was performed in
the same way as extraction but each well contali@ uL of methanol,
with each segment positioned at the two ends ofwire sequentially
desorbed into methanol within individual wells b&t96 well plate.

In order to evaluate intra-fiber consistency, tlaene batch of fibers
was used in 4 consecutive extraction-desorptionlesycyielding an
intra-fiber variation of around 5%, which was deenazceptable. Further,
the results indicated that 30 min was a suffic@esorption period for the
fibers when immersed in 100 pL methanol with agitaat 150 rpm on an
orbital shaker.

Another important step was to characterize anyohilrig potential
associated with sampling in fish tissues. The faukffect was investigated
by comparing the extraction behaviors of the fibierglirect contact with
and in the absence of contact with fish tissue $ssnSpecifically, we
conducted a series of static extractions in stahdaftution containing 50

ng/mL of both carbamazepine and fluoxetine in PB8ep over different
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time intervals (5, 10, 20, 30, 60, 90, and 120 nm)develop two time
profiles with two groups of fibers. One group wake t normally

pre-conditioned home-made PDMS fibers; the secaigbidentical fibers

exposed to tissue. The latter treatment first ohiced the preconditioned
fibers into muscle tissue specimens for 30 min.nTthe fibers were twice
rinsed with de-ionized water and wiped with Kimwipéssues prior to
implementing a 30 min static extraction in standsotlitions. With the time
profiles, both the extracted amount in equilibriu@ thermodynamic
parameter determined by the partitioning coeffifiemd the time constant

(a kinetic parameter) could be compared.

7.2.3 Quantification with LC/MS-MS

An Agilent 1200 HPLC/MDS Sciex Q-trap 3200 tandens [gystem
was used for the analysis of the pharmaceuticalstlam isotopic standards.
For negative ESI MS analysis, the separation igethout by using a 4.6 x
150 mm Supelcosil LC-18 column with a 5 um partsilee (Supelco Corp.,
Bellefonte, PA). Gradient elution was performedhatflow rate of 0.8 mL
min™ for separation with mobile phase (A) HPLC grade¢eng100%) with
5 mM ammonium acetate, and (B) HPLC grade methahloé gradient
started with 10% B for the first 0.5 min, rampimg@0% B in 0.01 min, and
then linearly increasing to 100% B over 7.5 mineT®0% B mobile phase

was then held for 3 min before decreased to 10%& 6.01 min. This
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provided a total 11 min run time including recorating of the column. For
the positive ESI MS analysis, the gradient stam&ti 60% B for the first
0.5 min, ramping to 80% B in 0.01 min. The mobiteape was then linearly
increased to 100% B over 5.5 min and held for Oib Imefore decreasing to
60% B in 0.5 min. The total run time including cwlo reconditioning was 8
min. The resultant chromatograms are shown inFRy.

For quantification, the main mass spectrometalyé® parameters
were optimized and are summarized in Table 7.1.M8earameters for the
isotope labeled standards were similar to theirlabeled analogues and are
consequently not provided in the table. The instotal detection limit
(IDL) for each analyte is shown, and generally, plositive ESIwas more
sensitive than the negative ionization. Instrumegrdrformance was

compromised for atorvastatin and biosphenol Aager Idiscussed.
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Fig. 7.2. The separation of the analytes in positive ESleghtive ESI modes.
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Table 7.1. MS Instrumental detection limits (IDL), Declustayi potentials
(DP), Entrance potentials (EP): Collision enerdiég), Collision cell exit
potentials (CXP) for study analytes: DP, EP, CH| &XP are provided as
voltages.

Compound Use Transition DP EP CE CXP IDL

ESI POSITIVE ANALYTES

Atrazine pesticide 216/174 67 38 27 24 01
Fluoxetine antidepressant 310/44 48 29 44 7 0.2
Atorvastatin cholesterol lower 559,440 83 59 32 22 0.7
Carbamazepine ~ anti-seizure 237/195 55 49 51 27 005

ESI NEGATIVE ANALYTES

Gemfibrozil antilipemic 249/121 55 2 17 -3 0.15
Naproxen anti-inflammatory 559169 29 19 25 -4 0.3
Diclofenac anti-inflammatory  5g4/250 46 25 -15 -2 0.4
Ibuprofen analgesic 205/161 41 26 -11 -1 0.3
Bisphenol A hormone-disrupter 557,21 53 10 -28 -5 1.0

7.2.41n vivo Sampling with Sr-SPME

Municipal de-chlorinated water (with chlorine arfdaramine residuals
removed and/or stabilized by aeration and Big ARgquarium Water
Conditioner (10 mL:40 L, Woodbridge, ON), respeely) was used for

all fish experiments. All experimental proceduresalving animals were
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conducted in the Biology Wet-lab Facility at theilgrsity of Waterloo in

accordance with protocols approved by the instihd@l Animal Care

Committee (AUP # 07-16). The juvenile rainbow trd@ncorhynchus

mykis$ used in this study were 19.8 to 24.5 cm in lerggitd 80.0 to 134.2 g
in weight (n = 20). Of these 20 fish, nine wereididd into three groups (3
fish /34 L aquaria) and exposed for 8 d to watekesp with the analyte

mixture (atorvastatin, atrazine, BPA, carbamazepileofenac, fluoxetine

gemfibrozil, ibuprofen, and naproxen; 3 ng/mL ofle@ompound dissolved
in 100 uL of methanol). Daily renewals of test simns on subsequent
exposure days replaced half the exposure watema|{17 L) with analytes
replenished in test solutions via their additiothwi 50 uL of methanol. The
three 34 L exposure aquaria containing the anahures (3 fish each, 9
total) were exposed alongside a solvent contrdis(8 with 8 additional fish

held as clean water controls. Water quality was itoced daily and

maintained at conditions considered suitable foutt{temperature 12.4 +
0.05 °C; dissolved oxygen 9.64 = 0.15 mg/L; pH 7#9.04; ionized

ammonia 54.9 = 3.6 ug/L).

Thein vivo sampling was conducted every two days for a peviod
days using pre-equilibrium SPME with kinetic cadibon for quantitation.
The sampling procedure with kinetic calibration wasnilar to that
described previously! with minor modifications. Briefly, after the fishas

anaesthetized (0.1% ethyl 3-aminobenzoate methkoeate) until loss of
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vertical equilibrium, a 20 gauge needle was appiedierced the fish at an
angle approximately 30-45° (from the vertical) tgh the adipose fin and
into the dorsal-epaxial muscle penetrating thetatssue approximately 0.8
cm in depth. Subsequent to removing the needle StkBPME fiber was
introduced into the hole until the two coating segits were positioned in
muscle and adipose fin tissue respectively, as shawFig. 7.3. The fiber
coating was embedded in the tissue and the clagactdbetween the tissue
and fiber prevented water entry. After fiber plaesmthe fish was put into
the fresh reference water for 8 min. Then the figls anaesthetized again
prior to removing the fiber coating, for a totahtact time between the fiber
and tissue of 10 min. After a brief rinsing with-id@ized water and drying
with a Kimwipe® tissue, the fiber was put back irttee polypropylene
microcentrifuge tube labeled with the fish numbed date.

For parallel desorption of the analytes from theefj the two coating
segments were positioned onto opposite ends ofstibel wire by again
moving the upper segment along the wire. Then tine was cut into two
sections, each containing one coating segment edtih segment desorbed
into 100 pL of methanol within a 200- puL polypropgE insert positioned in
a 2 ml amber vial (National Scientific, Rockwood\)T The vials were
capped and agitated at 140 rpm for 2 h, after wkhehwires with coating
segments were removed with a magnet, an@l60f water containing 20

Mg/L lorazepam as the internal standard was add#detmethanol followed
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by a brief votex. Lorazepam was used to calibtiaéesample loss during
LC/MS-MS quantification. It deserves noting that tharallel desorption
was adopted for th@an vivo sampling experiment, in which the wire with
coatings was cut to two sections to be fitted thi® insert in the 2-ml vial
for desorption. However, the in series procedurextfaction and desorption
was used for monitoring the inter-fiber variati@as, described before in the
“Preparation and Characterization of Sr-SPME Fibpest, where only the
position of coating segments was changed but ther fvas intact so that it
could be reused for the followinip vivo sampling. On the contrary, the
fibers used for then vivo sampling were not reusable after the parallel

desorption procedure.

Steal wire suppac
SPME coatina seament in adipc
/ SPME coatina seament in mus

E. == : ..'k"-‘r- e
\ B, .,

Fig. 7.3. Placement of the segmented SPME fiber into adipimsand muscle

tissue.
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7.2.5 Deter mination of Free Concentrations by Equilibrium SPME and
Total Concentrations by Organic Solvent Extraction

The free concentrations of the analytes of interasimuscle and
adipose tissue were analyzed using the equilib@RME technique, while
the accumulated tissue concentrations after 8 d#yexposure were
determined (following lethal sampling) by organm\v@nt extraction with
methanol and calibration by isotope dilution. Thesecedures will both
validate the sensitivity of the SPME technique, aaltulate the distribution
coefficient Ks) between the fiber coating and the tissue sample.

The in vitro tissue SPME analysis utilized a clean fiber witkirsgle
coating segment (2 mm in length) for insertion i@io excised piece of
muscle or adipose tissue. The tissue and fiber Wweleé at 4 °C for 15 h
under static conditions; conditions deemed sufficie achieve equilibrium
based on extraction time profiles from earliervitro experiments. After
equilibration, the fiber was removed from the tessund rinsed briefly with
de-ionized water prior to desorption in methanahcg the fiber length is
only 2 mm, the amount of analyte extracted from #anple tissue is
considered to be negligible.

The total analyte concentrations accumulated & fissues were
determined using traditional liquid extraction (L#&)th methanol. Whole
tissues were prepared for LE analysis by cutting tample into

approximately 2 mfpieces with a scalpel on a chopping board covered
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with alumina foil with mass determined in an anabfk balance following
transfer to a pre-weighed microcentrifuge tube.nTBO0 uL of methanol
containing 20 ng/mL isotopically-labeled standartktore was added into
each tissue sample and homogenates generated)(4ec@nds/round with a
Teflon homogenizer). Following a brief vortex, Idemperature
centrifugation (4 °C, 15000 rpm, 30 min) separategdtissue pellet from the
supernatant, the latter of which (100 pL) was ti@med into a 200 pL
polypropylene insert within a 2-mL amber vial. Riga60 pL of water
containing 20 pg/L lorazepam (the internal standavds briefly votexed
into the mixture to produce the final sample fostinmental analysis. The
relative recovery of the isotope standards follgviiquid extraction of
muscle and adipose tissue of control fish was usedssess extraction

efficiency.

7.2.6 Water analysiswith SPME and SPE

To determine the bioaccumulation factor of each paumd in the
target tissue, SPME techniques were employed tatordhe concentrations
of the pharmaceuticals in exposure aquaria watefadilitate calibration by
standard addition, every 40 ml sample was diviaed iwo 20 ml aliquots.
One aliquot was spiked with 60 ng of each of th&eghdards dissolved in
methanol, while the other received the same amotipure methanol to

compensate for any solvent effects. Concentratainsach unknown were
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guantified by comparing the signal intensity of kgai and un-spiked
samples. Three fibers with only a single coatingnsent were used to
monitor every water sample. The extraction wasgeeréd at 140 rpm on an
orbital shaker for 30 min, and the desorption pdoce and reagents were
the same as previously described. To evaluate dberacy of the standard
addition method, a blank sample was divided intar fb0 ml aliquots and
spiked with 0, 30, 45, and 60 ng of standards &amdy. The linearity (R)

of the regression line and the averaged standar@ttan (RSD) from all
three points were used to assess relative recovery.

To evaluate the efficacy of SPME for water lgsia, solid phase
extraction (SPE) was performed alongside the SPEEessments. Water
samples were extracted with the Oasis HLB cartsd¢&/aters Corp.,
Millford, MA) on an automated SPE system (12-porisiptep vacuum
manifold coupled to a vacuum pump from Supelco I@Behte, PA)). The
SPE cartridges were pre-conditioned (in the oraeth 5 mL of methyl
tertiary butyl ether (MTBE) MTBE, 5 mL of methanalind 5 mL of HPLC
grade water. For calibration by the isotope dilntroethod, 50 puL of 100
ug/L isotopically-labeled standard mixture was atiddgo each of the 500
mL water samples prior to SPE extraction. The samnas introduced into
the cartridge at a flowrate of 15 mL riinafter sample passage, the
cartridges were rinsed with 5 mL HPLC grade wated aried under

vacuum for approximately 15 min. When the SPE chyés were dry,
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analytes were eluted with 5 mL of pure methanol &ndL of 10:90 y/v)
methanol : MTBE, sequentially. The eluted extragswhen evaporated
completely and re-constituted with 500 pL of metilaconstitute solution
containing 75 ug/L lorazepam as internal standaR&covery was
determined using 500 mL water samples from therobtdanks spiked with
the same known amount of deuterated standard reixtbrng of each

standard) to determine analyte recovery with thE 8ethod.

7.3 RESULTSAND DISCUSSION

Previous studies demonstrated that the SPME tegbrign be easily
applied toin vivo analysis of plants and animals tissues, includimge of
fish. %222 This technique exhibits high efficiency, simpligitand
convenience compared to conventional sampling ampke preparation
methods. However, SPME techniques have previousiy applied only to
relatively large, uniform tissue samples such asous blood>? fish
muscle*® and porpoise blubbéf,while the current study demonstrates the
possibility of in vivo SPME for high-throughput and space-resolved
applications. Further, the present study demorestridae utility of SPME for
the in vitro sampling of water and tissue samples, and provides
comparative study between SPME and more establiguahiques such as

SPE and LE. Thus this report provides a comparativerview of the
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relative merits of several important sampling metiogies common in

environmental toxicology.

7.3.1 Development of Segmented Sr-SPME Fibers

The choice of fiber coating material in any SPM#&dstis based on the
requirements of thén vivo experiment and made with consideration of
required attributes such as biocompatibility, sevisy, and robustness. In
the present study, these factors were important, the focus was on
miniaturizing the fibres for tissue specificity Waiensuring reproducibility
was not compromised.

In order to obtain an accurate evaluation of the & pharmaceuticals
in a small-sized fish tissue, miniaturization o& tBPME fiber dimensions is
a must. In the present study, the fiber length weaiced to 1 mm, which
could effectively be utilized to monitor the anaybioaccumulation in a
small area of approximately 1 minTThe miniaturized fiber combined with
the segmented design made it possible to probeséparate sampling sites
in a small fish using one fiber with two mini-caagisegments. Additionally,
the sensitivity of the fiber to non-polar pharmatoeals could be guaranteed
with the strong affinity of the PDMS coating formpolar molecules. The
extraction behavior of the mini-coating in standaaution showed that
detection limits during a 10 min static extractiovere identical for

gemfibrozil, carbamazepine, and ibuprofen at 0/2nhg and 0.05, 1, 4, 5, 7,
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and 12 ug/mL for atrazine, fluoxetine, diclofenaaproxen, atorvastatin and
BPA, respectively.

The potential for biofouling was investigated thgbuextraction time
profiles using tissue-treated and non-treated d$ibevhich indicated no
significant impairment of the fiber extraction afyilresulting from exposure
to fish tissue (Fig.7.4). In addition, an effectimeethod to correct the
inter-fiber variation was proposed which reduced RSD from 14% to
6.5% based on 100 coating segments. The reducti®®SD of 7.5% was
found to be due to inter-fiber variations, with thhemaining 6.5%
attributable to experimental error including vaoas in sampling procedure,

instrumental analysis, etc.

7.3.2 Calculating Distribution Constant (Kss)

As discussed in previous papers, it is necgsi determine the
product of the analyt¥; andK;s to obtain total sample concentrations using
on-fiber standardizatioff. In this report, thers* V; product was obtained
by combining the data from equilibrium SPME and \amtional LE
techniques for tha vitro tissue sample based on the following equation:
K.V, =n,/C, (7.1)
where neis the amount of analyte extracted using the dmuim SPME
approach ansis the analyte concentration in the sample tiskigeein, we

used the equilibrium SPME method (15 h equilibmattone in vitro) to
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obtainne, and then measured the sample concentraignyith traditional
organic solvent (methanol) extraction. This tradial LE approach was
calibrated using the isotope dilution method as imternal calibration
standard to increase quantitation accuracy by cosgigg for tissue matrix
effects. Using this approach, the relative rec@sedalculated from control
tissue samples spiked with isotope standards wdré-13.1%, which
demonstrated the accuracy and reliability of théhoe.

Listed in Table 7.4, Th&;s values, specially refered to Hg, andKs,
for distribution coefficient of the analyte betweéme fiber coating and
muscle or adipose fin tissue respectively in thiglg, were calculated with
the productX:se V; devided by the fiber volume of the coating segment
When compared with literatur&,, values, the roughly proportional
relationship is readily obvious; an observation sistent with other

environmental samples (water and air) from previstuslies?®°

7.3.3 Water sampling with SPE and SPME

Fish exposure water samples analyzed by both SBESBME did not
differ significantly in their respective estimatelswaterborne concentrations
of any analyte examined (Table 7.2). The standdditian method used for
calibrating the SPME data was highly accurate &deeced by the linearity
of the calibration curve regression line ®0.992), and average RSD (less

than 6.3%).
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As with the LE tissue samples, the isotope diluttechnique was
employed to calibrate the SPE exposure water asalysually, the easiest
way to calculate an analytes concentration is uiegresponse ratio of the
analyte relative to its deuterated standard to iplyltby the spiked
concentration of the standard in the sample matiike underlying
assumption for this method is that the responswifaatio of the analyte
would be the same as its’ deuterated analogue, avithdeal value of 1.
However, as demonstrated in Table 3, this relakignis not always the case,
as in the present study the response ratio foratieyte relative to its’
deuterated standard differ significantly (range801646). To compensate
for the apparent response difference between asabnd their deuterated
analogues, the response ratio should not be assamédbut be corrected
by the measured response factor ratio on a compspecific basis.

The SPE procedure was much more time (15 h) anaor ledbensive
than the SPME method (2-3 h) when measuring analyteentrations in
fish exposure water. However, SPE has higher satsithan SPME in
that the SPE method could detect trace levels alfytes in the control water
(shown in Fig. 7.5), which were non-detectable gghme SPME technique.
The heightened sensitivity of the SPE techniqueatisibutable to the
exhaustive extraction method inherent to this apgnp while
equilibrium-based SPME sampling typically yieldswkr sensitivities.

Despite the higher detection limits associated with SPME technique, this
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method can be used to monitor free (biologicallyai@ble) analyte
concentrations within complex matrices, an applecanot suited for SPE

analysis>32728

7.3.4 Study the Tissue Specific Bioaccumulation with Sr-SPME

With the space-resolved SPME technique, the acatioal of
pharmaceuticals and bioactive analytes in muscte athipose tissue were
determined simultaneously, demonstrating the ytilftthein vivo technique
for tracking tissue burdens over time (Fig. 7.6). generate these datasets,
total tissue analyte concentrations were measuwddEbat the experiments
conclusion (8 d), which in turn were used to catal distribution
coefficients for muscle and adipose tissue, as shawable 7.4. Thereafter
the total concentrations of the pharmaceuticalsefmch sampling interval

could be calculated for tracking the dynamic acclatin process.
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Table 7.2. Total analyte concentrations in water sampledessrmined

using SPME and SPE techniques (n = 3; mean  SiD;ngimL)

Ibuprofen Naproxen Diclofenac
Day
SPME SPE SPME SPE SPME SPE
number
2 2.88+0.14 2.82+0.50 2.89+0.12 2.98+0.11 3.02+0.11 2.92+0.25
4 2.75+0.11 2.73+0.12 2.81+0.07 2.81+0.15 2.89+0.10 2.83+0.19
6 2.68+0.07 2.83+0.14 2.73+0.17 2.79+0.06 2.83+0.12 2.80+0.17
8 2.87+0.15 2.79+0.11 2.69+0.11 2.92+0.12 2.97+0.17 2.88+0.13
Atrazine Fluoxetine Atorvastatin
Day
SPME SPE SPME SPE SPME SPE
number
2 2.79+0.13 2.88+0.17 2.78+0.27 2.87+0.12 2.85+0.13 2.90+0.16
4 2.64+0.23 2.68+0.16 2.59+0.19 2.64+0.15 2.41+0.24 2.58+0.13
6 2.77+0.12 2.63+0.18 2.67+0.13 2.76+0.11 2.36+0.18 2.63+0.17
8 2.66+0.20 2.67+0.15 2.56+0.22 2.77+0.14 2.53+0.20 2.62+0.21
Bisphenol-A Gemfibrozil Carbamazepine
Day
SPME SPE SPME SPE SPME SPE
number
2 2.92+0.11 2.90+0.10 2.86+0.17 2.81+0.24 2.86+0.12 3.03+0.18
4 2.74+0.21 2.71+0.25 2.65+0.13 2.73+0.21 2.81+0.07 2.87+0.17
6 2.87+0.11 2.76+0.19 2.61+0.12 2.67+0.08 2.73+0.17 2.81+0.05
8 2.08+0.23 2.22+0.21 2.65+0.23 2.37+0.16 2.69+0.11 2.91+0.16
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The pharmacetuticals detected with SPE approachciomtrol water
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Fig. 7.4. The sample concentrations of the reference watarsing SPE method.
The detection limits of SPE for ibuprofen, BPA, ragen, gemfibrozil, diclofenac,
atrazine, carbamazepine, fluoxetine and atorvastatre 1, 10, 0.2, 0.15, 0.15,

0.025, 0.05, 0.2 and 1 ng/L.

Table 7.3. The response ratio for analyte over the same amoti its

deuterated standard.

Calculating the response factor ratio (RFR)

Analyte/Deuterated Std RFR
Ibuprofen/Ibuprofen-d3 0.68
Naproxen/C13-Naproxen-d3 1.46
Diclofenac/Diclofenac-d4 1.15
BPA/BPA-d16 1.31
Gemfibrozil/Gemfibrozil-d6 1.13
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Extraction time profiles in buffer
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Fig. 7.5. The extraction time profiles with the originabdér and muscle-dipped

fiber coating.

Of the nine analytes comprising the exposure testunes, only five
compounds (atrazine, gemfibrozil, CBZ, ibuprofend &luoxetine) were
detected in fish tissues by SPME and LE, whilerdraaining four analytes
(atorvastatin, naproxen, BPA, and diclofenac) wese detected. There are
several potential explanations for our inabilitydetect these analytes. One
explanation is the detection limit of the instruaion is simply
insufficient to measure select analytes in fistsues. However, as all
analytes were persistent and detected in the erpogater, it would appear

all compounds were equally available for uptakes&ithe gills, but four of
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the compounds simply did not bioaccumulate withgh ftissues. Some of
the lower logK,w compounds, or those which readily ionize may Hasen
rapidly excreted, and consequently only presefdwnconcentrations in fish
tissues. Alternatively, those analytes which cdagdquickly metabolized by
fish would be present as the parent compound dnligvaconcentrationg®
Overall, while the sensitivity limits of the Sr-SEMVtechnique may have
precluded detection of some analytes, sensitiityuld not have been a
factor with the LE determination, suggesting therfoompounds not being
detected by LE are likely absent due to their ei@neor metabolism rather
than a lack of method sensitivity. Regardless, fitie detected analytes
represent widely wused environmental compounds dnaty two
anti-depressant drugs, one anti-inflammatory, omalgesic and one
pesticide constituting a diverse group of compouredpiisite to assessing
the efficacy of Sr-SPME as a robust detection teghain fish.

Overall, there was a roughly proportional relatiupsbhetween th&m,
(fiber-muscle tissue distribution) value and tKg, value for a specific
compound; however, there were also exceptions.ekample, the lodow
values for carbamazepine and atrazine were apped&lynequivalent (2.4
and 2.34, respectively) but thédr, values were markedly different (11 and
790, respectively), which could be ascribed to smvaspects. First, the
distribution occurred in the organism should bdedént from that in water

or air, since more biochemistry processes suchetabulism are involved
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in the organism and make it complicated. Seconel,cthmposition of the
tissue might vary along with the growth and develept of the juvenile
fish. Nevertheless, the current SPME technique prnayide a simple means
to study then vivo dynamic distribution.

Bioaccumulation factors (BAF) were calculated based the total
concentrations of the compounds in the tissue axpbsire aquaria.
Generally, the results were consistent with previditerature valuds®®
demonstrating a positive relationship between BARcluding BAFR, and
BAF, and logK,y values. The correlation could be further improvsd
using lipid normalized analyte concentrations & timount of lipid in the
tissue can be accurately determiRe@he positive correlation observed in
the present study between BAEBNnd BAF, using Sr-SPME and LE, supports
previous findings in flathead catfistPylodictis olivarig.>* However, this
basic relationship is modified by a variety of fast including compound
ionization, metabolism, the physiological statustleé fish, and also the
composition of the pharmaceutical mixtures. Previostudies have
demonstrated that ionization of analytes at phggichl pH values can
strongly affect bioaccumulation potential, and wbubry with the pKa of
the parent compound and any metabolites or tramsfbon products
present. For example, the pivalue of carbamazepine is 13.4 and ibuprofen
is 5.2, which could affect both their polarity/iaation capacity and

bioaccumulation potentidf. Further, interactions between different drugs
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could modify metabolism of co-occurring analytesor Fexample, the
hypolipidemic drugs atorvastatin and gemfibrozil difp lipid metabolism

and may influence the bioaccumulation of higl, analytes such as
fluoxetine.

Table 7.4. The distribution and bioaccumulation factors of tiast

compounds after eight exposure days.

Atrazine  Gemfibrozil CBZ Ibuprofen  Fluoxetine
Kfm 703.2 154 11.2 10.3 25.2
Kt.a 404.3 11 5.0 0.9 0.8
log(Kow)" 2.34 4.77 2.40 3.97 4.64
BAF, 0.4 0.3 0.5 15 58.1
BAFa 5.2 20.1 4.3 13.8 1121

The total concentartions of gemfibrozil in musatel adipose
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Fluoxetine in muscle and adipose
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Fig. 7.6. The bioaccumulation of gemfibrozil, ibuprofenaaine, carbamazepine,
and fluoxetine in fish muscle and adipose fin. Mistle tissue concentrations by
SPME. A: adipose fin concentrations by SPME. M-bitiscle tissue

concentrations by LE. A-LE: adipose fin concentmasi by LE.

7.4 CONCLUSION
7.4.1 Conclusion

The Sr-SPME technique was developed to facilita¢ert vivo analysis
of tissue-specific bioaccumulation of pharmaceugi@nd pesticides in fish
tissues. The segmented miniaturized configuratiothe probe offered the
requisite spatial resolution fam situ application in small fish. The medical

grade PDMS fiber coating proved to be biocompat#rid highly sensitive.
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A standard on-fiber calibration was adopted foruaate quantification
within short exposure durations. With this apprqablke bioaccumulation of
pharmaceuticals and other bioactive analytes ipcs#i and muscle tissue
was simultaneously determined. The results dematestrdifferential (but
correlated) bioaccumulation of four pharmaceutic@smfibrozil, CBZ,
ibuprofen, and fluoxetine) and one pesticide (atzwithin muscle and
adipose tissue. Distribution coefficients were deired using equilibrium
SPME combined with LE forin vivo monitoring of the analyte
concentrations in semi-solid fish tissues. SPME &R& determinations of
agueous analytes were in good agreement. HowehverSPME method is
much simpler and faster than SPE, although thet8&thique demonstrated
superior sensitivity. Overall, the Sr-SPME techmigis a novel SPME
application that is simple to deploy, with good tgdaand temporal
resolution, sensitivity, and capacity to simultamgdyg monitor multiple

tissuesn vivo.
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Chapter 8

Summary and Perspective

8.1 Summary

Although solid phase microextraction (SPME) hgained wide
applications from in vitro environmental investigations ton vivo
pharmacokinetic studies, it is still difficult to anitor fast concentration
change over time at a specific spot or sampling Bita heterogeneous
system, where the sampling technique should hayte teimporal resolution
and spatial resolution. Here, the temporal or spatisolution of the SPME
technique is referred to as its capability to dieaesolve two different
concentrations that are close to each other teriparaspatially. Generally
the temporal resolution of the SPME is determingdtb response time or
sampling time. Therefore, to improve the tempoeabtution, it is necessary
to reduce the sampling time. On the other hand,spaial resolution of
SPME is determined by the size of its extractioraga) so it could be
improved by reducing the fiber size. However, thmpling time of SPME
that determines its temporal resolution, shouldo alse considered
simultaneously, because the diffusion during a lsagpling time tends to
uniform the concentration distribution in the adjac areas, thus making

spatial resolution meaningless. Consequently, ME experiments, the
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effect of reducing sampling time should be congdetogether with
shrinking the fiber dimension.

It must be noted that reducing the sampling time fmer dimension
always result in compromised sensitivity, as shawiqg. 1.08, and Eq. 1.10
of Chapter 1. Therefore, in case of time- and spaselved SPME, the
sensitivity of the method must be carefully invgated in advance because
the sensitivity of SPME sets the limits for samglinime and fiber
dimension. In addition, the spatial resolution iardatically affected by the
diffusion of the analyte molecules in the sampldrimaas described by Eq.
1.12 of Chapter 1. Hence, minimal sampling time tmues evaluated to
ensure the validity of aim situ analysis in a heterogeneous system.

The goal of the research presented in this diggmmtavas not only to
address the issues mentioned above but also tdogewew analytical
methods that were more efficient and effective iforvivo studies using
SPME. In order to achieve the goal, the researshbkan conducted in four
steps. Briefly, the first step is the developmdrkinetic calibration for solid
coating SPME coatings. One rationale is that thie soating SPME can be
easily devised to have polar surface chemistry tmee suitable for
sampling of polar pharmaceuticals, while liquid tboga SPME normally has
better affinity and sensitivity for nonpolar anagt Furthermore, the kinetic
calibration overcomes the inherit limitations ofethraditional external

calibration curve method and delivers accuratebcatiion for thein vivo
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pre-equilibrium sampling. Later, the kinetic calibon was successfully
applied to thein vivo pharmacokinetic studies; moreover, a series of
simplified kinetic calibration was developed to irmpe not only the
cost-effective but also the time-effective, or temglly resolved. The third
step is the development of SPME technique with atimized fiber coating
and improved spatial resolution. Finally, the fedsy of the time-resolved
and space-resolved SPME forvitro study was demonstrated by studying
the drug distribution in the onion bulb with highheterogeneous structure
and the toxin’s (i.e., Ochratoxin A) concentratidistribution in the cheese
and its change over time. Its efficacy for vivo dynamic study was
illustrated by investigating the tissue specific caoulation of
pharmaceuticals in live fish. The detailed summafythe research is
presented in the following paragraphs.

The first work is to study the kinetics of adsooptiand desorption of
analytes onto and from the surface of porous SSRME fibers. Theoretical
model, based on the assumptions of steady-stdiesidif in the boundary
layer and quick distribution equilibrium on theearface between the fiber
surface and sample matrix, was proposed. It wasdfdhat the adsorption
kinetics provided a directly proportional relatibis between the amount of
analyte adsorbed by solid SPME fiber before thealibgum and its initial
concentration in the sample matrix. This observatimdicates that

guantitative analysis with porous solid SPME filman be performed by

18t



pre-equilibrium extraction. Consequently, the kinetlibration method was
developed for accurate calibration in pre-equilibriextraction using porous
solid SPME fibers based on the symmetric relatignbletween adsorption
and desorption. However, the quantification is tedi within the linear
range of the given fiber. For example, for diazeparheagle whole blood,
the linear range was - 1000 pg/L, where 5 pg/L is the limit of detecti In
addition, the rate for adsorption and desorptios Weaind to be boundary
layer-controlled. This suggested the importance ragkssity of the kinetic
calibration to compensate the agitation and mafect while using porous
SPME fibers in pre-equilibrium extraction. Finallthe resulting kinetic
calibration was used for drug analysis in clinipdsma and whole blood
using Polypyrrole (PPY) fibers, and accurate rasijielative recovery:
91-101%) were obtained.

The second work involved applying the kinetic cadiibn of SPME for
in vivo sampling. The kinetics of desorption and adsorptibanalytes from
and onto the SPME fibers showed the feasibilityha&f kinetic calibration
method forin vivo application. Furthermore, for determining the skmp
concentration, a simple method was proposed touledée the main
parameter, the product &fi and K;. To evaluate its validity, diazepam
pharmacokinetics was studied with the PEG-C18 mwobAccurate
metabolism information was obtained using PEG-Ch®@s of large linear

range $-2000 pg/l) and high capacity (~1 ng), along with the fagtaotion
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time (2 min) defined by the kinetic calibration mmed. The results were
comparable to the results of traditional blood dregwand chemical assay
(LOD: 5 pg/L and linear range 5-2000 pg/L). Actyalvith the improved
temporal resolution, i.e., 2 min sampling time réheould be more sampling
points for the pharmacokinetic studies, thus priogjdnuch more detailed
information for the drug metabolism. The detectimnit (0.5 pg/L) of the
equilibrium sampling (10 mjnwas ten times lower than that (/L) of the
pre-equilibrium sampling (2 min).

Afterwards, a series of simplified calibration mads and sampling
strategies were developed to improve its accurang automation
potentiality; meanwhile, the application conditioosthese methods were
investigated. Through studying the desorption keseof the preloaded
standards from the SPME fibers, it was found that ttime constant, is
independent of the sample concentrations, but dffescted by the sample
composition, sample agitation, fiber surface amed @omposition, and the
distribution constant as described by eqs 2.12,2a4d 2.32. Consequently,
the multiple time-points and isotope-labeled in#&rrstandard based
traditional kinetic calibration approach was sirfipli to single time-point
and non-isotope labeled standard calibration, @urtto single-standard
calibration for multiple analytes and finally tosangle-point self-calibrated
SPME without using standards. The simplificationswlhased on the

assumption that the blood composition and agitatdm not change
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significantly during the 8-10 houn vivo experiment. All the methods were
verified by in vitro andin vivo experiments and validated by traditional
blood drawing and chemical assay (no significaffiedtnce according to
one-way ANOVA and the post-hoc Turkey’s test forltiple comparisons).
The simplified calibration methods guaranteed #@poral resolution (2
min vs. the 10 min sampling with equilibrium sampgli, enhanced the
guantitative applications of SPME fon vivo dynamic monitoring, and
improved the multiplexing capability and automatipotentiality for high
throughput analysis.

The spatial resolution of SPME was addressed ireragvaspects.
Firstly, the sampling of the SPME with high spatie$olution was modeled
in multilayered gel system with the mini-sized SPNBers (1 mm in
length), and the feasibility of the SPME for reapphkcation was
demonstrated in an onion bulb, a heterogeneousmysthe results agreed
with that from the established microdialysis meth@thble 5.1); but
methodologically SPME was found to have higher gieitg and resolution
(SPME: LOD: 2.5 ng/mL; patial resolution: 1 mm. MROD: 5 ng/mL;
patial resolution: 4 mm), simpler implementation danmore
cost-effectiveness. Anothem vitro study was performed using the
miniaturized carbon-type fiber for in situ analysi concentration
distribution of Ochratoxin A (OTA) in a piece ofmgsolid cheese. The

limits of detection and quantification for the 1 niilber in gel matrix were
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1.5 and 3.5 ng/mL and the linear range was 1.5f8fI0L. It is interesting
that the spatial distribution of the contaminantnaentration and the
concentration change with the time can be useddoitor the active OTA
fungi in the cheese, i.e., an indicator of contation source. The results
were validated by liquid extraction (Table 6.1).ndly, the in vivo
application of the space- and time- resolved SPMiS wemonstrated by
studying the tissue-specific bioaccumulations ofrpiaceuticals in fish
adipose fin and muscle. With the segmented dedigneoSPME fibers, the
pharmaceutical residues in fish muscle and adifiosean be determined
simultaneously with only one SPME fiber; thus iragieg the throughput of
the analysis. Theén vivo assay showed good sensitivity, for example, the
detection limits during a 10 min static extractiovere identical for
gemfibrozil, carbamazepine, and ibuprofen at 0/anhgand 0.05, 1, 4, 5, 7,
and 12 ug/mL for atrazine, fluoxetine, diclofenaaproxen, atorvastatin and
BPA, respectively. The results were validated lyilil extraction and solid
phase extraction, as shown in Table 7.2 and FigAngl they were also
comparable to the literature results.

The research presented here demonstrategfitieadion potential of
the time-and space- resolved SPMEifositu dynamic and static analysis in
living systems, such as amvivo study and in a non-living system, such as a

cheese piece or an onion bulb.



8.2 Per spective

The developed novel SPME technique has many impioaidvantages,
such as simple operation, cost-effectiveness angroved quantitative
capability. But there are still some fields thaselwe in depth exploration.

The first issue could be the matrix competitedfect for solid coating
SPME. Traditionally, researcher believed that tthee competition effect
could be eliminated or reduced by shortening thapsag time. But, the
observed reduced competition is due to less cotipetr because of the
fact that the analytical signal is not strong erfotmreveal the competition.
Other matrix effects on the sampling, for examfe, effect of biofouling,
on the kinetic property of the SPME extraction,cheebe addressed clearly.

Secondly, the extraction mechanism, absorg@asudrption or mixed
mechanism needs to be studied. This is importacause the answer could
be used for accurate quantification. For examplgyould be important to
determine the surface area of a solid coating SHIME.

In addition, when many efforts have been put ithe field to seek
specific extraction sorbents, such as molecularhprinted polymers,
antibody or aptamer immobilized materials, theréess attention onto the
universal extraction materials. The non-selectivityight have useful

application, especially when the fiber is usednfimtabolomic studies.
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