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ABSTRACT OF THE DISSERTATION

Fluorescence Biosensing of Therapeutic Drug Concentrations in Biological Fluids

by

Jacob Matthew Vasquez

Doctor of Philosophy, Graduate Program in Bioengineering
University of California, Riverside, December 2016
Dr. Valentine 1. Vullev, Chairperson

Our work focuses on routes toward fluorometric methodologies for detecting
warfarin, an anticoagulant used in the management of a variety of thromboembolic
disorders. Warfarin (a.k.a. Marevan, Coumadin, Waran, Jantoven) is one of the most
widely prescribed medications for preventing thromboembolic events (blood clots). It is a
drug with a narrow therapeutic index placing a strict requirement for careful monitoring of
the patients taking it. In order to ensure that the effective physiological result is achieved
and maintained, the dose must be adjusted accurately and frequently. Currently, estimation
of the international normalized ratio (INR) of the prothrombin time (PT) is the most
common method used for monitoring warfarin therapy. This estimation is actually a
measure of the physiological result of a dose taken up to 72 hours prior. A rapid and
clinically deployable method for measuring warfarin in blood plasma in real-time are
needed in combination with PT/INR to further predict concentrations and prevent lapses in

patient compliance, such as changes in diet and interactions with other medications that
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can result in falling out of the warfarin therapeutic range. Due to their inherently high
sensitivity, fluorescence techniques are a preferred approach for the development of
biosensing applications. Warfarin, a derivative of coumarin, absorbs and fluoresces in the
UV region of the spectrum. Hence, it is immensely challenging and impractical to use
warfarin fluorescence for its detection in biological fluids due to the presence of other UV-
absorbing chromophores and fluorophores. The utilization of warfarin’s inherent properties
and structural dependence on media pH, provides a direct handle for warfarin sensing.
Herein, we characterized the photophysical properties of warfarin in solvents with varying
temperature, polarity and viscosity, while also demonstrating rapid extraction and
quantification of warfarin from aqueous and blood plasma samples using fluorescence

spectroscopy.
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Chapter 1

Introduction




CHAPTER 1:

1.1 Introduction

1.1.1 Identification and Historic Perspective of Coumarin Based Anticoagulants

The most widely prescribed anticoagulant in the world, warfarin, can be found in
the daily medication regiments of a large percentage of persons over 80 years old.>? The
emergence of warfarin as a drug of therapeutic potential can be traced back to incidences
of healthy cattle across the prairies and plains of Canada and North America dying of
internal bleeding for no apparent reason. During this time, the great depression was stifling
economic prosperity across the United States, and losses of this commodity, livestock,
directly affected the livelihood of the cattle farmers involved. The absence of an easily
identifiable cause for this hemorrhagic disease, forced every viable factor to be explored.

The livestock affected in both Canada and the United States had grazed on
European varieties of hay, white Melilotus alba and yellow Melilotus officinalis sweet
clover hay.? It was noted that the frequency of hemorrhagic incidences increased with wet
climate conditions. Wet conditions invariably enhanced the proliferation of molds such as
those identified as infecting stored sweet clover hay, Penicillin nigricans and Penicillin
jensi. The mold infected hay was later identified as being a crucial and corollary to the
hemorrhagic disease affecting the livestock.* The use of moldy hay was not a normal
practice, but due to the economic climate of late 1920s agriculture, feed waste was a luxury

few cattle farmers could afford.



The early work of two veterinarian surgeons, Canadian F.W. Schofield, and
American L.M. Roderick, provided crucial insights into the cause and defect of sweet
clover disease, namely, showing the direct link between livestock deaths and moldy sweet
clover?, followed by the observation that the disease was biphasic. The temporal trajectory
of this hemorrhagic “sweet clover” disease manifests as an elongation of the prothrombin
time within 15 days’ post-ingestion, with terminal manifestation, spontaneous hemorrhage,
occurring within 30 to 50 days.* Discovery that the clotting factor prothrombin suffered
from reduced activity, Roderick was able to show that the disease was reversible, when an
affected animal was transfused with fresh blood.

These insights by Schofield and Roderick offered the first tangible protocols to
address the hemorrhagic disease. It took the help of a Wisconsin farmer, Ed Carlson, who
after losing much livestock to sweet clover disease, transported a dead cow, and a large
volume of unclotted blood to the lab of Karl P. Link at the University of Wisconsin.
Although the cause of the hemorrhagic disease had been shown, the active compound,
which up to this point had yet to be identified and isolated. Link began work on this
problem in 1933, with a initial focus aimed at the development of an in-vitro clotting assay
using plasma from rabbits to guide subsequent chemical fractionation of compounds
isolated from molded/affected hay. Following several years of work by Links laboratory
group, the compound was subsequently crystallized.® The identification of this isolate was
determined to be that of dicoumarol, 3,3’-methylene-bis(4-hydroxycoumarin). Link had
discovered that the rotting sweet clover contained a compound, coumarin. Further

investigation revealed that the coumarin originated not from the clover itself, but as a side



effect of mold mediated metabolic conversion of hay material to coumarin. The mechanism
by which dicoumarol is synthesized, starts with coumarin oxidation to 4-hydroxycoumarin,
followed by a subsequent formaldehyde facilitated coupling step to another coumarin
moiety to form dicoumarol.® Dicoumarol was patented in 1941. The work was funded by
the Wisconsin Alumni Research Foundation (WARF), and patent rights for dicoumarol
were given to WARF in 1941 by Link. In the 1950s, dicoumarol was replaced by a smaller
synthetic analogue, Coumadin, named also Warfarin. Incidentally, warfarin was first

commercialized in 1948 as a pesticide.

1.1.2 Warfarin Indications/Monitoring

The Food and Drug Administration (FDA) estimates that warfarin is prescribed to
approximately 2 million new patients annually to prevent myocardial infarctions and
hemorrhagic or ischemic stroke (Figure 1). The clinical significance of warfarin lies in its
ability to act as a potent anticoagulant. The synthetic pathway of hepatic vitamin-K
dependent clotting factors (II, VII, IX, X) and hepatic proteins (C, S) is interrupted by
warfarin-induced inhibition of vitamin K; epoxide regeneration, resulting in
anticoagulance.” Complications arising from warfarin therapy are categorized into two
subgroups, hemorrhagic and non-hemorrhagic side effects, which include internal bleeding
and skin necrosis, respectively.®’ Warfarin is a medication with a narrow therapeutic index
(NTTI) that requires close monitoring to prevent thromboembolic complications attributed

to over- and under- anticoagulation. Optimal dosage of warfarin, however, varies among



individuals due to factors such as age, genetics, diet and medications taken concurrently.®
According to the FDA, warfarin is the second largest cause of emergency-room visits due
to drug complications, after insulin.’

Currently, the daily dose of warfarin and its clotting activity in individual patients
is empirically estimated using a prothrombin-time (PT) test, which measures how long it
takes for the blood to clot via the extrinsic coagulation pathway. Patients’ PT results are
compared with the PT values for healthy individuals and normalized with an international
sensitivity index (ISI) to yield an international normalized ratio (INR), which provide the
guidelines for warfarin dosage.! ISI is another empirical parameter introduced for
accounting for the differences in the potencies of the various thromboplastin extracts used
for the PT tests.” This pharmacodynamics analytical approach, however, does not
necessarily produce results that allow for facile regulation of the warfarin daily dose.! It
can take 24 hours for the PT values to reflect the changes in the warfarin dosage.
Furthermore, PT values cannot distinguish between crucial factors such as change in the
patients’ diet, interference with other medication, and changes in the metabolic dynamics
of processing the warfarin out of the body. This uncertainty in the factors that influence the
PT values results in PT fluctuations and challenges with stabilizing the patients’ warfarin
dosage. Such PT instability is especially pronounced in pediatric patients, whose
suppressed fibrinolytic system and variable levels of coagulation factors, such as vitamin
K, protein C, protein S, antithrombin and a2-macroglobulin, complicate anticoagulant

management.



The possible complications, coupled with the annual increase of new patients with
prescribed warfarin therapeutics, warrants the development of assays facilitating fast,
accurate and quantitative direct monitoring of NTI medications, such as warfarin. In recent
years, there has been increasing interest in developing methods for measuring the
concentration of warfarin in blood plasma (ranging up to about 16 uM) in order to establish

improved protocols aimed for personalization of the needs of each individual.!®-26:10:1127

Current analytical methods for establishing the free-warfarin plasma concentration!?!?
have complexity that prevents them from being carried out in a clinician’s office or by a
patient at home. Furthermore, the clearance of warfarin from the blood is somewhat
complex and does not follow simple first order pharmacokinetics. !

This research has the potential to lead to a warfarin test methodologies based on a
native target protein that has the potential to become a point-of-care (POC) technology.
The methodology will have an impact not only on the clinical diagnosis and medication
dosing, but also on biomedical research. Using the envisioned warfarin sensor by clinicians

and patients, in parallel with coagulometeric tests, will provide valuable insight about

correlations between the blood coagulance and the blood concentration of warfarin.

1.1.3 Our approach

The initial concept involved macromolecular fluorescence sensors, utilizing photo-

induced electron transfer (PET), comprised two principal components: (1) auxiliary



fluorophores (Figure 2); and binding site template for warfarin. For templates carrying
warfarin binding sites, pB-cyclodextrin and helix bundles of synthetic polypeptides with
amino acid sequences based on vitamin K epoxide reductase (VKOR), an enzyme for
which warfarin is an inhibitor were experimentally and computationally explored.

To address the first component, auxiliary fluorophores, different photoprobes were
utilized that fluoresce at different wavelengths spread throughout the visible region of the
spectrum: i.e., the excitation energies, Eqo, range between about 1.7 and 3.0 eV. The
fluorescence of these photoprobes should be quenched to a different extent by warfarin:
i.e., the emission of some of the photoprobes should be completely quenched, some
partially quenched, and some not quenched at all by warfarin.

Using cyclic voltammetry, I dermined the redox properties of warfarin was determined.
For aprotic solvent media (i.e., acetonitrile), warfarin undergoes irreversible oxidation
resulting an anodic peak at about 1.1 to 1.2 V vs. SCE (for different scan rates) and no
cathodic peak. The positions of the anodic peaks for the various scan rates imply that the
warfarin oxidation potential is about 1.1 V vs. SCE. Thus, warfarin is a moderately good
electron donor. UV absorption and emission spectra revealed that the excitation energy of
warfarin, Eoo, is about 3.6 eV, indicating that its reduction potential is about —2.4 V vs.
SCE. Therefore, warfarin cannot act as an electron acceptor for the proposed sensor. Our
findings from electrochemical and spectroscopic measurements supported the proposed
sensor designs, in which warfarin would act as an electron donor.

Using Stern-Volmer analysis, I tested the extent to which warfarin quenches the

fluorescence of potential photoprobes with different excitation energies (i.e., color of



fluorescence) and oxidation potentials: 10-methyl-N-phenylacridinium (Ph-Acr), N-
phenyl-dimethylaminonaphthalimide (Ph-ANI) and sulforhodamine B (SRh-B). The
oxidation potentials of Ph-Acr, Ph-ANI and SRh-B are —0.55, —1.4 and —0.56 V vs. SCE,
respectively, with fluorescence maxima at 505 nm, 525 nm and 585 nm, respectively. As
expected from the predicted charge-transfer kinetics, the Stern-Volmer analysis yielded
different bimolecular quenching constants for the three different fluorophores: 4x10°,
8x107 and 4x10® M! s7! for Ph-Acr, Ph-ANI and SRh-B, respectively. The diffusion-
limited value of the bimolecular quenching constant for PhAcr indicates that the acridinium
conjugate and warfarin undergo efficient PET. The PET between warfarin and the other
two photoprobes was not as efficient because, in comparison with Ph-Acr, Ph-ANI has
significantly more negative reduction potential and SRh-B has smaller excitation activation
energy. This difference in the warfarin-induced quenching efficiency of differently colored
fluorophores demonstrated the principle of generating “fluorescence fingerprints” for
warfarin in the visible region of the spectrum.

To address the second component of the initial concept, the florescence properties
of warfarin allowed me to monitor its binding to cyclodextrins (Chapter 2). Upon binding
to cyclodextrin, the emission quantum yield of warfarin increased three- to four-fold. I
demonstrated that the increase in the fluorescence quantum yield resulted from restrictions
of the molecular motions of warfarin, induced by the binding site, and not from the lower
polarity of the binding microenvironment.'* This quantum yield increase provides
distinction between bound and free warfarin. We also developed a two-dimensional linear

model that allows for obtaining the binding constant and the binding stoichiometry from



fluorescence titration data. I determined that warfarin binds to B-cyclodextrin at 1:1
stoichiometry, with a binding constant of about 300 M~!. Because of the relatively small
binding constant, we shifted our focus onto VKORCI protein systems that have a strong
affinity for warfarin.

Vitamins K, a group of lipophilic derivatives of 1,4-naphthaquinone, > play a crucial
role in the coagulation of blood. Via y-glutamyl carboxylase, 1,4-hydronaphthaquinones
(i.e., reduced derivatives of vitamin K) facilitate the post-translational carboxylation of
glutamates in coagulation factors II, VII, IX and X, and proteins S, C, and Z. (y-glutamates
comprise calcium binding sites essential for the coagulation-chain processes.) The
enzymatic glutamate carboxylation yields vitamin K 2,3-epoxide derivatives. A
multiprotein complex, vitamin K epoxide reductase (VKOR), recycles the formed epoxides
back to the corresponding vitamin K hydroquinones. Vitamin K epoxide reductase
complex subunit 1 (VKORC1) is a transmembrane enzyme, which has a strong binding
affinity for coumarin derivatives, such as warfarin. Upon binding, warfarin inhibits
VKORC1], i.e., warfarin is a vitamin K antagonist. Human VKORC1 can be readily
expressed and its sequence is known.® Point-mutation studies have revealed the residues
crucial for warfarin binding affinity of this transmembrane protein.? The tertiary structure
of the human VKORC1, however, is not known. The recently reported crystal structure of
the bacterial VKOR analogue (Synechococcus sp.)*® will allow for revealing structural
features of the human VKORCL1 via homology studies. I complied a structural model of
the human VKORCI from its amino acid sequence and from the three-dimensional crystal

structure of a related “homologous” template protein, the bacterial VKOR. The thus



generated alignment map was used for producing a structural model of the target protein,

VKORCI.

I used the homology-modeling package MODELLER (UCSF) for homology/
comparative modeling of protein three-dimensional structures.!® Molecular-modeling
studies for structural predictions employ preexisting three-dimensional structure of a
protein homologue template. In this case, the template was bacterial Vitamin K epoxide
reductase (VKOR, PDB 3KP9). This template allowed me to model the predominant form
of the targeted protein, Vitamin K epoxide reductase complex subunit 1
(VKORC1 _HUMAN, UniProtKB/Swiss-Prot Q9BQB6). A sequence alignment of the
bacterial VKOR template and human VKORC1 allowed me to calculate a homology model
containing all heavy atoms. MODELLER implemented comparative protein structure
modeling by satisfaction of spatial restraints. Due to relatively small sequence homology,
24%, between the human and bacterial analogues, and sequence variability around the
warfarin binding pocket, alternative methods utilizing colorimetric and direct fluorescence
detection of warfarin were needed.

Access to, and extraction of drugs which are highly bound by plasma proteins is a
challenge for direct colorimetric and fluorescence detection in biological fluids (warfarin
is greater than 99% protein bound).!” Several methods were utilized to enable warfarin
detection and quantification in biological fluids. The first two methods involved directly
targeting the methyl ketone moiety of warfarin to provide a colorimetric handle, while the

third method sought to directly extract and quantify warfarin from blood plasma.
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Haloform reaction. A microanalytical method for the determination warfarin in human
blood serum, the haloform reaction proceeds under mildly alkaline conditions, to warfarin
affords stoichiometric proportions of haloform and 3-(4-Hydroxy-2-oxo-2H-chromen-3-
yl)-3-phenylpropanoic acid. The haloform generated served as a direct measure (via

Fujiwara reaction) of methylkentone containing species such as warfarin.

Fujiwara reaction. Liberated haloform from the Haloform reaction was converted to the
Fujiwara-type chromophores (Amax = 360 nm, Glutaconaldehyde; Amax = 421 nm, N-
[(1E,3E)-4-methanoyl-1,3-butdienyl]benzenecarboxamide, and Amax = 536 nm [N°-
[(1E 3E)-1,3-butadienyl]-N’-(1,3-butadienyl)benzamidine) with a pyridine-water-sodium-
hydroxide mixture.!® The method responds to nanomolar concentrations of warfarin. I
investigated the feasibility of warfarin detection via the Haloform and Fujiwara reactions
at physiological concentrations. Serum samples with warfarin were treated with Sodium

dichloroisocyanurate dehydrate to generate stoichiometric proportions of chloroform.

1.1.4 Direct measurement & quantification of warfarin concentration in plasma.

Microextraction, '’

coupled with absorbance and fluorescence spectroscopic
analysis, provides a means for a relatively simple method for quantification of warfarin in
blood samples. We utilize the inherent pH-dependent tautomerization of warfarin for

optimization of its extraction efficiency and spectroscopic quantification.?*?! This pH

dependence proves especially important for utilizing differential emission for eliminating
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the adverse effect from fluorescent contaminants. This method offers working range across
the physiologically relevant concentrations, while utilizing relatively small volumes of
biological sample (Chapter 3).

In summary, the most important contributions from my doctoral work are: (1) the
identification of warfarin-induced quenching efficiency of differently colored fluorophores
“fluorescence fingerprints” for warfarin in the visible region of the spectrum; (2) the
determination that warfarin binds to B-cyclodextrin at 1:1 stoichiometry; and (3) a
microextraction method utilizing absorbance and fluorescence spectroscopic analysis for

the determination of warfarin in blood plasma.
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Figure 1. Warfarin enantiomers
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a.
Figure 2. (a) Warfarin dimensions; Binding scaffolds. (b.) Cyclodextrin and (c.) Vitamin K epoxide
reductase (a) Synechococcus sp. (PDB: 3KP9).
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Figure 3. Fluorescent Fingerprint Sensing with a mixture of macromolecular sensors labeled
with photoprobes fluorescing with different colors, and undergoing charge transfer with different
efficiency. The quenching pattern of the differently colored fluorophores will depends on the

oxidation potential of warfarin.
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Figure 6. Fujiwara chromophores A/B/C
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CHAPTER 2: Inclusion Complexation of Warfarin with B-Cyclodextrin

Fluorescence Enhancement of Warfarin Induced by Interaction with B-Cyclodextrin

Introduction:

Warfarin is the most common agent used for control and prevention of venous as well as
arterial thromboembolism (blood clots). In aqueous media, warfarin forms inclusion
complexes with a family of cyclic oligosaccharides, a, B, y-cyclodextrins (CD). The
formation of these complexes results in enhancement of the fluorescence of warfarin.
Such spectroscopic changes offer a venue for the development of bioanalytical
methodologies for warfarin quantification in biological liquids. I have characterized the
photophysical properties of warfarin in solvents with varying polarity and viscosity. The
fluorescence quantum yield of warfarin correlated: (1) strongly with the solvent viscosity
(R=0.979) and (2) weakly with the solvent polarity (R = 0.118). These finding indicate
that it is the change in viscosity, rather than the change in polarity, of the
microenvironment that causes the fluorescence enhancement of warfarin upon binding to
B-cyclodextrin. Utilizing the observed fluorescence enhancement in fluorescence titration
measurements, the binding constants of warfarin to f-cyclodextrin were obtained (2.6 x
10> M1-3.7 x10? M™!). Using multivariable linear analysis, we extracted the stoichiometry

of warfarin-B-cyclodextrin interaction (1:1).
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2.1 Introduction

This chapter describes the characterization of the photophysical properties of an acidic
anticoagulant, 4-Hydroxy-3-(3-oxo-1-phenylbutyl)coumarin (pKa = 5.1),! also known as
warfarin (Scheme 1), in solvents with different polarities and viscosities. It was observed
that an increase in the viscosity of the solvent media causes an increase in the
fluorescence quantum yield of warfarin. The quantum yield of warfarin also increases
upon binding to B-cyclodextrin. My finding suggests that it is the change in the viscosity,
rather than the change in polarity, of the microenvironment of warfarin that causes the
fluorescence enhancement upon its interaction with B-cyclodextrin. The Federal Drug
Administration estimates that the coumarin derivative, warfarin (COUMADIN®) is
prescribed to approximately 2 million new patients annually to prevent myocardial
infarctions and hemorrhagic or ischemic stroke.? The clinical significance of warfarin lies
in it ability to act as a potent anticoagulant. The synthetic pathway of hepatic vitamin-K
dependent clotting factors (II, VII, IX, X) and hepatic proteins (C, S) is interrupted by
warfarin-induced inhibition of vitamin K; epoxide regeneration, preventing coagulation.’
Complications arising from warfarin therapy are categorized into two subgroups:
hemorrhagic and non-hemorrhagic side effects, which include internal bleeding and skin
necrosis, respectively.*’ Optimal dosage of warfarin varies for different individuals due
to factors such as age, genetics, diet and medications taken concurrently.>*'® Warfarin is
a medication with a narrow therapeutic index (NTT) that requires close monitoring to

prevent thromboembolic complications attributed to over- and under anticoagulation.'!
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According to the Federal Drug Administration, warfarin is the second largest cause of
emergency room visits arising from drug complications annually, after insulin.!?
Currently, the clotting activity of warfarin in individual patients is estimated using a
prothrombin-time (PT) test. The patients PT result is compared to an International
Normalized Ratio (INR), derived from individuals in good health, which tends to be
semi-qualitative.? The possible complications, coupled with the annual increase in the
number of patients to whom warfarin therapeutics are prescribed, warrants development
of an assay that will facilitate fast, accurate and quantitative monitoring of such NTI
medications. It had been previously seen suggested that the formation of warfarin-
cyclodextrin inclusion complex, causing fluorescence enhancement, offers a handle for
Biosensing of this somewhat hydrophobic medication.!*!* Driven by hydrophobic
interactions, small molecules, including warfarin, tend to bind to B-cyclodextrin, which
has a hydrophobic cavity, ~0.70 nm wide (Scheme 2).":%16-2> The formation of inclusion
complex with B-cyclodextrin results in fluorescence enhancement and increased
solubility of warfarin.?! The reported values for the binding constants between warfarin
and B-cyclodextrin range from 00.8 M! to 633 M™1,141821.25-29 AJthough it has not been
proven definitively, the assumed stoichiometry for the binding between warfarin and -
cyclodextrin is 1:1. This chapter highlights my investigations into the solvent dependence
of absorption and fluorescence properties of warfarin (as a racemic mixture) in order to
gain understanding of the causes of emission enhancement that is observed upon binding
of warfarin to cyclodextrins. To analyze the stoichiometry of interaction between

warfarin and cyclodextrins, a two-variable model was developed, based on a one-variable
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methodologies that the Vullev lab had previously adopted for investigation of

aggregation equilibria of photoprobes and polypeptides.**!

2.2 Results and Discussion

2.2.1 Solvent dependence of warfarin fluorescence. Valente et al.>>*} described the
dependence of isomeric ratios of warfarin in solution, as related to polarity, pH and redox
properties of individual solvents. While for aqueous solution at neutral pH, the
predominant tautomer of warfarin is its open form (Scheme 1), in alkaline (low dielectric
constant) solutions, the hemiketal isomer predominates. Karlsson et al.>* assigned
characteristic peaks in the absorption spectra to each of the tautomeric forms. The peak
present at A = 310 nm is representative of the open side chain isomer, whereas, the cyclic
hemiketal peak appears at A = 280 nm. My work was aimed to further investigate the
dependence of fluorescence enhancement of warfarin, attributed not only to the solvent
polarity, but also the media viscosity (Table 1).

A series of protic solvents (water and alcohols) with various polarities and
viscosities for spectroscopic studies. Peaks corresponding to the non-charged isomers of
warfarin with an open side chain (A = 310 nm) and cyclic hemiketal (A =280 nm) are
seen in the absorption spectra for solvents with different polarity and viscosity (Figure 1).
While the viscosity of the solvent did not affect the ratio between the 280 nm and 310 nm
absorption peaks (Figure 1a, blue lines), decrease in the solvent polarity appeared to
favor the cyclic hemiketal tautomer (see strong absorption peak at 280 nm for 1-butanol,

Figure 1a).
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For characterization of the emission properties of warfarin, we selectively excited
the open form at 310 nm. Although the emission curves were identical for all solvents,
the fluorescence spectra of warfarin showed a marked intensity increase in glycerol and
ethylene glycol in comparison to the other solvents (Figure 1b). While the quantum yield
of warfarin, @, manifested no (or negligible) correlation with the solvent polarity (Figure
2a), @ correlated strongly with the dynamic viscosity of the solvent media (Figure 2b).
My results are in excellent agreement with observed quantum yield enhancement in a
sucrose gradient.’>-® These finding suggest that the increase in the viscosity of the
environment considerably suppresses the vibrionic modes that provide pathways of non-
radiative transitions between the excited and ground states of warfarin. As a result, the
viscous solvents cause a decrease in the rates of the non-radiative decay processes and

hence, overall increase in the emission quantum yield of warfarin.

2.2.2 Temperature dependence of warfarin fluorescence

Increase in the temperature can affect the fluorescence quantum yield of warfarin, @, in
three distinct manners: (1) Thermal excitation to upper vibrational levels of the lowest
excited state can increase the number of pathways for non-radiative decay and hence,
decrease ®. (ii.) A temperature-induced shift in the equilibrium from the closed to open
for of warfarin (Scheme 1), as evident from the decrease in absorption in the 280 nm
region with an increase in temperature (Figure 3), can alter ®. (iii.) A temperature —

induced decrease in the viscosity of the solvent media leads to a decrease in @ (Figures 4
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and 5). Our finding, however, suggests that the latter, (iii.), has prevalent effect on the
temperature dependence of the fluorescence properties of warfarin.

The most prevalent temperature-induced changes in the fluorescence quantum
yield of warfarin were observed for glycerol and ethylene glycol, while for water and
methanol @ did not manifest significant temperature dependence (Figure 5a). The
viscosity of glycerol, for example, decreases considerably with an increase in
temperature: i.e,. the dynamic viscosity of glycerol, determined for 10°C and for 70°C, is
3900 cP and 50.60 cP, respectively.’” The dynamic viscosities of water and methanol, on
the other hand, remain relatively low within the investigated temperature range and their
temperature dependence is not as dramatic as the temperature range and the temperature
observed for glycerol. The dynamic viscosity of water is 1.30 cP and 0.406 cP for 10°C
and 70°C, respectively*® and the dynamic viscosity of methanol is 0.581 cP and 0.398 cP
for 20°C and 50°C, respectively.’*** These findings, therefore, suggest that the observed
temperature dependence of the fluorescence quantum yield of warfarin is predominantly

induced by changes in the viscosity of the media resultant from thermal alterations.

2.2.3 Warfarin-p-Cyclodextrin interaction

To examine the binding of warfarin to B-cyclodextrin, we conducted two-dimensional
fluorescence titrations at four different warfarin concentrations varying the amount of 8-
cyclodextrin (Figure 6). Addition of B-Cyclodextrin to aqueous solutions of warfarin

caused slight blue shifts without changing the shape of the measured absorption spectra
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(Figure 6a). Warfarin-B-cyclodextrin interaction did not result in an appearance of an
absorption peak at ~280 nm (as observed, for example, for 1-butnaol, Figure 1a),
suggesting that warfarin exists predominantly in its open for when bound to j3-
cyclodextrin. Despite the hydrophobicity of the cavity of the cyclic carbohydrate, steric
hinderence is probably the main cause for warfarin to remain in its open and more
extended form in comparison with the cyclic form observed for hydrophobic media
(Schemel).

For all warfarin concentrations (we used 5, 20, 50 and 100 uM warfarin), the
addition of B-cyclodextrin caused less than 10% change in absorption at 310 nm (Figure
6a). When exciting at 310 nm, however, we observed about five-fold increase in the
fluorescence intensity of warfarin upon addition of B-cyclodextrin in excess (Figure 6b).
Because of its limited solubility in water, the maximum concentration of B-cyclodextrin
we attained was 15 mM. We ascribe the observed enhancement of the fluorescence of
warfarin upon binding to B-cyclodextrin to the increased effective viscosity of the
microenvironment inside the hydrophobic cavity of the cyclic carbohydrate: i.e., -
cyclodextrin constrains molecular motion of warfarin that can lead to non-radiative
decay. [I should elaborate on this point ... see mechanism explanation]

From sigmoidal plots of warfarin fluorescence quantum yield, @, vs. the
concentration of B-cyclodextrin in logarithmic scale (Figure 6¢), we extracted values for
the warfarin-B-cyclodextrin binding constant: 2.6 x 10> M1, 2.5 x10> M!, 3.0 x10*> M"!
and 3.7 x10? M! for titrations of 5pM, 20uM, 50uM and 100uM warfarin, respectively

(assuming 1:1 binding stoichiometry). Extrapolation to infinity B-cyclodextrin

28



concentration yielded the fluorescence quantum yield for warfarin bound to 8-
cyclodextrin. Similar to the binding constant, the fluorescence quantum yield for
“infinite” cyclodextrin concentration manifested small increases with the increase in the
concentration of the titrated warfarin: 0.056 £ 0.003, 0.060 £+ 0.002, 0.067 + 0.004 and
0.064 £+ 0.010 for titration of SuM, 20uM, 50uM and 100uM warfarin, respectively.
These quantum yield values are smaller only than the warfarin quantum yield for glycerol
(Table 1). Therefore, we can estimate the effective viscosity of the B-cyclodextrin cavity
for warfarin is between about 18 and 47 cP.

Because the quantum yield and the binding constant are concentration
independent, the obtained values should be identical or have a scatter behavior; i.e., they
should not manifest correlation with the warfarin concentration. Although the observed
variations in the obtained values of the binding constant might not appear significant and
can be readily ascribed to experimental uncertainty, the enormous discrepancies for the
binding affinity of warfarin to cyclodextrin that are previously reported,'*!821-2529 make
our own observations somewhat alarming.

The racemic nature of the warfarin used for this study, can provide a plausible
reason for the observed concentration dependence of the binding constants and the
quantum yield values. While the warfarin is a 1:1 mixture of R and S enantiomers, [3-
cyclodextrin is enantiomerically pure. In our current analysis, as well as in previously
published binding studies!'?1>21:22262741 the racemic mixture is treated as a single
compound that underlines an assumption that R and S enantiomers have the same binding

constant for B-cyclodextrin and identical quantum yields when bound to B-cyclodextrin,
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however, will result in discrimination between the binding properties of R and S
warfarin, as well as between the rigidity of the microenvironment for R and S
enantiomers in the bound complex.?® Therefore, the titration measurements have
characteristics of competitive binding between the two enantiomers and the cyclodextrin-

bound R and S warfarin should have different fluorescence quantum yields.

2.3 Discussion: Stoichiometry of warfarin-p-cyclodextrin binding

The relatively small differences between the binding constants and the quantum yields for
the different warfarin concentrations, however, indicate that the enantioselectivity of j3-
cyclodextrin toward either of the warfarin enantiomers is not significant. (For 20-fold
increase in the estimated values for the binding constants and less than a 1.2-fold change
in the quantum yield of the bound fluorophore). Therefore, we can adopt a two-variable
one-step model to estimate the binding stoichiometry between warfarin and 3-
cyclodextrin.

From a power-law relationship, we developed a linear expression modeling the
assumption that the observed fluorescence enhancement is based on » molecules of
warfarin (W) bound with m molecules of cyclodextrin (CD):
nwW +mCD < CD,W,

The binding constant, K, for this process is:

_ CDW,
~ [wIr[cD]™
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Where [W], [CD] and [CDn W] are the equilibrium concentrations of warfarin,
cyclodextrin and the warfarin-cyclodextrin complex, respectively.

The total concentration of warfarin, Cy, and the total concentration through the
whole titration are expressed as:
Cw = [W]+n[CD,W,]
Ccp = [CD] + m[CD,,W,,]
The measured quantum yield for a mixture of free and cyclodextrin-bound warfarin, can
be expressed as the weighted sum of the quantum yield of warfarin in buffer, @y (i.e.,

Ccp = 0), and the quantum yield of cyclodextrin-bound warfarin, @ (i.e., Ccp = ):

d=—0
CW 0+n CW

o

Combining Eq. 2 to 4 produce a power-law expression, which yields a linear relationship
between the logarithms of the measured quantities with the stoichiometric parameters, n
and m, as proportionality coefficients: [show formula derivation ... long form]
lg(CW((D - CDO))
=mlg(Cep) +nlg(Cw(Po — @ ) +1g(nK) + (1 —n)lg(® — Dy))
Plotting in a three-dimensional space lg(CW(CD - CDO)) vs. lg(Cep) and Ig(Cyy (Do —
@ )) will produce a plane with slopes along the x- and y-axes equal to m and n,
respectively. The intercept of the place with the z-axis will yield lg(nK) + (1 —
n)lg(®  — o).

To derive Eq. 5, we needed to simplify Eq. 3b to Ccp = [CD], i.e., assuming that

the total concentration of cyclodextrin considerably exceeds the total concentration of
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warfarin. For this two variable linear analysis, therefore, we selected the data, in which
Ccd ranges between 1 and 10 mM. A plot of lg(Cyy (P — P )) vs. lg(Ccp) and
lg(Cy (P — D )), indeed resulted in a tilted plane (Figure 7a). A linear two parameter
fit, i.e., f(x,y) = Z = mx + ny + z0, yielded the slopes of this plane: m = 0.847 and n =
1.02 (Figure 7b,c). Both coefficients, m and n, can be approximated to 1 (the closest
integer number) confirming the 1:1 stoichiometry that has been assumed for interaction
between warfarin and B-cyclodextrin.

The stoichiometry coefficient for B-cyclodextrin, m, however, appears to be
underestimated. There are three possible reasons for such an underestimation of m: (i.)
Eq. 5 assumes that Cw << Ccp. For warfarin concentration of 100 uM, the smallest CD
concentration was only ten times larger, i.e., ImM. (ii.) We assumed that the binding
properties of the R and S warfarin to B-cyclodextrin are similar. Taking under
consideration the molecular size of warfarin and the size of the B-cyclodextrin opening
(Scheme 2), it is most likely that the binding ratios for the R and S enantiomers with -
cyclodextrin are identical. Even if the binding ratios are 1:1 for R and S warfarin (Eq. 2),
a difference in the binding constants for the two enantiomers may result in non-integer
values of n and/or m (Eq. 5). (iii.) The coefficient m is quite sensitive to the value of @,:
i.e., larger @, values tend to produce smaller m. The values of @, were estimated from
extrapolation to infinity CD concentration. Solubility limitations did not allow us to attain
sufficiently high cyclodextrin concentrations at which warfarin is quantitatively bound to
the B-cyclodextrin that would have considerably improved the certainty of the obtained

values for @,.
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2.4 Conclusions

Although the absorption properties of warfarin show dependence on solvent polarity, its
fluorescence quantum yield strongly correlates with the viscosity of the media. Therefore,
the observed fluorescence enhancement of warfarin, upon binding to f-cyclodextrin,
results from the increased effective viscosity of the microenvironment within the f3-
cyclodextrin cavity. We believe that the model for the linear two-variable analysis, which
we developed to confirm the 1:1 stoichiometry of warfarin-f-cyclodextrin interaction, is

universally applicable for a broad range of one-step binding proesses.

2.5 Experimental

Reagents

Racemic warfarin (4-Hydroxy-3-(3-oxo-1-phenylbutyl) coumarin, min 98% was obtained
from Sigma-Aldrich (St. Louis, MO). The cyclic oligosaccharide, B-cyclodextrin (min,
98%) was obtained from Sigma —Aldrich (St. Louis, MO). Quinine sulfate was obtained
from Sigma-Aldrich (St. Louis, MO). Water used in the solutions was Millipore grade
(Millipore, Bedford, MA). Organic solvents Ethanol, 1-Butanol, Ethylene Glycol and
Glycerol were of spectroscopic grade, obtained from Sigma-Aldrich (St. Louis, MO).
Organic solvents Methanol and 1-Propanol were of spectroscopic grade obtained from
Fluka (St. Louis, MO). The buffer used was phosphate-buffered saline (PBS, pH ~7.4, 10

mM sodium phosphate) obtained from Sigma-Aldrich (St. Louis, MO).
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Instrumentation

Fluorescence spectra measurements were scanned at room temperature, between 300 and
550 nm on a Jobin-Yvon HORIBA Fluorolog-3-22 fluorimeter. UV/Visible absorption
spectra measurements were scanned at room temperature, between 200 and 500 nm on a
Varian Cary spectrophotometer. Quartz cuvettes (1.0 cm, 3.0 mL) were used in all

spectroscopic measurements, obtained from Starna Cells Inc (Atascadero, CA).

Absorption/fluorescence spectroscopy

All solutions were prepared using 0.01 M phosphate buffered saline at pH ~7.4. Each
titration set had a fixed warfarin concentration (5 uM, 20 uM, 50 uM, 100 uM), obtained
from fresh 10 mM warfarin stock solution dissolved in methanol. Each experimental
solution of B-cyclodextrin (10 uM, 20 uM, 50 uM, 150 uM, 250 uM, 500 uM, 750 uM, 1
mM, 1.5 mM, 2 mM, 3.5 mM, 5 mM, 10mM and 15 mM) was obtained from a 15mM
stock solution dissolved in phosphate-bufered saline. To avoid dilution correction, fresh

solutions of CW + CCD + PBS were made fresh for every measurments.

Steady-state fluorescence and quantum yield measurements

The fluorescence quantum yield (@) was performed using quinine sulfate as a standard

reference compound at the excitation wavelength 310 nm in 0.1 M H2SO4 (20 uM, ®F =
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0.577).%** The ®F for warfarin in the different solvents was calculated according to Eq.
6.** @R is the quantum yield of the reference standard using, IR,W represents the
fluorescence integral of the emission between 300 and 550 nm, ARW are the
absorbance’s at the excitation wavelengths, and finally n represents the refractive indices

for the standard and the experimental solvent.
I 1— 10748\ /ny\2

o = o (70) (=157 ) ()
Ix/\1—10"4w ) \n,

Steady-state titration studies

Aliquots of the 10 mM warfarin stock (5 uM = 1.5 uL, 20 uM = 6.0 pL, 50 uM = 15.0
uL, 100 uM = 30.0 puL) were added to volumes of B-cyclodextrin (10 uM = 2.0 pL, 20
uM =4.0 uL, 50 uM =10.0 pL, 150 uM = 30.0 pL, 250 uM = 50.0 uLL 500 uM = 100.0
pL, 750 uM = 150.0 pL, I mM =200 pL, 1.5 mM =300 pL, 2 mM =400 pL, 3.5 mM =
700 uL, 5 mM = 1,000 pL, 10 mM = 2000 pL and 15 mM = 3000 puL), brought to a final
olume of VF =3 mL with phosphate buffered solution. All titration studies were done
using an excitation wavelength of 310 nm. The fluorescence emission spectra were

obtained after mixing and one minute incubation.

35



SJUSA|OS JO AJISOOSIA dlweuAq = L,

(22) stoueld pue JojkeL (UOHIPT YIg]) L00T ‘SOISAUd PuE AISIWAD JO HoodPUEH OYO P ‘9P "H PIABQ o

wugLe ="ve

68°0 0108 2100 181ep
G6'L 08°02 120°0 louedold-|
¥G°0 00°€E /100 |oueyo
00'£6 €6 oF 010 10182419
90'91 ov'Lv /€00 100419 ausjAyl3
10°) 0€'G2 /200 louey)3
S'e v8° Ll Zv0°0 loueing-|
oqdd /U g3 e® SJUBA|0S

2.6 Tables

® PISIA wNnjuenp 9duadsalion|4 ‘3 Jueisuon
21419991 :suoljeuiwldlag P ‘PISIA wnjuend | a|qel

36



2.7 Schemes
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Scheme 2-1
Equilibrium between a closed and open form of warfarin
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Scheme 2-2

Space-filling models of B-cyclodextrin (B-CD) and warfarin () with corresponding
dimensions
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2.8 Figures
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Figure 2-1

(a) Absorption and (b) fluorescence spectra (Aex = 310 nm) of warfarin (20 uM) for
solvents with various polarity (red lines) and viscosity (blue lines); red solid = water
(most polar), red dashed = 1-butanol (least polar), blue solid = glycerol (most viscous),
blue dashed = methanol (least viscous), green solid = ethylene glycol.
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Correlation analyses between the warfarin fluorescence quantum yield, @, and: (a) the
solvent polarity (expressed logarithmically in terms of the solvent static dielectric
constant, €), and (b) the solvent viscosity (expressed logarimically in terms of the solvent
dynamic viscosity, 7).
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Temperature dependence of the absorption spectra of warfarin (20 uM) for (a) glycerol;
(b) ethylene glycol; (c) water; and (d) methanol.

Shaded spectra for all solvents are acquired at 10°C. The solid lines correspond to spectra
acquired at 70°C for all solvents except methanol, for which the solid-line spectrum
corresponds to acquisition at 62°C.
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Temperature dependence of the absorption spectra of warfarin (20 uM) for (a) glycerol;
(b) ethylene glycol; (c) water; and (d) methanol.

Shaded spectra for all solvents are acquired at 10°C. The solid lines correspond to spectra
acquired at 70°C for all solvents except methanol, for which the solid-line spectrum
corresponds to acquisition at 62°C.
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Figure 2-4

Temperature dependence of the fluorescence spectra of warfarin (20 pM, Aex = 310 nm)
for (a) glycerol; (b) ethylene glycol; (c) water; and (d) methanol.

The solid lines correspond to spectra acquired at 70°C for all solvents except methanol,
for which the solid-line spectrum corresponds to acquisition at 62°C.
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Temperature dependence of the fluorescence spectra of warfarin (20 pM, Aex = 310 nm)
for (a) glycerol; (b) ethylene glycol; (c) water; and (d) methanol.

The solid lines correspond to spectra acquired at 70°C for all solvents except methanol,
for which the solid-line spectrum corresponds to acquisition at 62°C.
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Temperature dependence of the fluorescence quantum yield of warfarin, @, for various
protic solvents.
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Figure 2-6

(a) Absorption Spectra [5 (red), 20 (pink, 50 (green), 100 uM (blue) Warfarin/0 (dotted),
5 (solid), 10 (dashed) mM B-CD]. (b) Fluorescence enhancement of 100 uM Warfarin
over all B-cyclodextrin concentrations (10-15 mM). (c) Binding constant extraction.
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(a) Absorption Spectra [5 (red), 20 (pink, 50 (green), 100 uM (blue) Warfarin/0 (dotted),
5 (solid), 10 (dashed) mM B-CD]. (b) Fluorescence enhancement of 100 uM Warfarin
over all B-cyclodextrin concentrations (10-15 mM). (¢) Binding constant extraction.
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Figure 2-7

Two-variable linear analysis of fluorescence titration of warfarin with B-cyclodextrin. (a)
Surface plot of the data represented with linearly dependent logarithmic quantities (Eq.
5). (b) Slices of the surface plot along 1g(Cw(®P« - @)). Because the data points from the
same slice have different values for @, the linear appear curved. (c) Slices of the surface
plot at different values of Ccp. The red circles represent the data points and the blue lines
the linear fit.
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Figure 2-7

Two-variable linear analysis of fluorescence titration of warfarin with -cyclodextrin. (a)
Surface plot of the data represented with linearly dependent logarithmic quantities (Eq.
5). (b) Slices of the surface plot along 1g(Cw(®P - @)). Because the data points from the
same slice have different values for @, the linear appear curved. (c) Slices of the surface
plot at different values of Ccp. The red circles represent the data points and the blue lines
the linear fit.
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CHAPTER 3. Seeing warfarin in biological fluids: Facile quantification of the

concentration of a potent anticoagulant in blood plasma

Abstract

Warfarin is an oral anticoagulant drug used in the treatment of wvarious
cardiovascular and cerebrovascular disorders. It is a drug with a narrow therapeutic index
placing a strict requirement for careful monitoring of the patients taking it. In order to
ensure that the effective physiological result is achieved and maintained, the dose must be
adjusted accurately and frequently. Currently, estimation of the international normalized
ratio (INR) of the prothrombin time (PT) is the most common method used for monitoring
warfarin therapy. This estimation is actually a measure of the physiological result of a dose
taken up to 72 hours prior. A rapid and clinically deployable methods for measuring
warfarin in blood plasma in real-time are needed in combination with PT/INR to further
predict and prevent lapses in patient compliance, such as changes in diet and interactions
with other medications, that result in falling out of the warfarin therapeutic range. Here we
describe a rapid extraction of warfarin from aqueous samples, including from blood
plasma, and quantifying the extracts using fluorescence spectroscopy. Warfarin absorbs
and emits in the UV spectral range, which presents a principle challenge for its detection
and quantification in biological samples using inherently sensitive fluorescence methods.
Warfarin is a phenolic acid with pKa between about 5 and 6. Thus, its spectral properties
and its extraction propensity manifest strong pH dependence. We demonstrate that

lowering the pH improves the extraction of warfarin from aqueous into organic media.
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Conversely, an increase in the media basicity causes a considerable increase in its
fluorescence quantum yield accompanied by bathochromic spectral shifts. Therefore, a
facile adjustment of the acidity of samples and extracts makes a huge improvement in the
ability to detect and quantify warfarin. Furthermore, the pH dependence of the spectral
properties of warfarin provides a potential means for quantifying this drug in the presence
of fluorescent contaminants. We believe that the protic transformations of warfarin open

unexplored routes for its facile and rapid quantification with potential clinical importance.

3.1 Introduction

Racemic warfarin, a vitamin K antagonist, has been prescribed for more than 5 decades
as an oral anticoagulant and rodenticide.* Warfarin prevents the clotting of blood through
competitive inhibition of vitamin K epoxide reductase. > While its two enantiomers do not
exhibit equivalent activity due to differences in drug/enzyme pharmacokinetics and rates
of metabolism, they complement each other regarding initial activity and duration of the
effects. The wide use of this orally administrated anticoagulant includes treatment and
prevention of thromboembolic disorders (arterial and venous thromboemboli).*® The
physiological consequences of this therapeutic manifest in a decrease in the propensity for
forming blood clots that results from lowered activity of important vitamin-K-dependent
clotting factors.

Despite its therapeutic benefits, over and under-coagulation must be avoided due to

potential life-threatening complications.*’In fact, warfarin was discovered in 1939 from an
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investigation of unexpected massive deaths of life stock in farms in Wisconsin.*® Also, this
natural product, a derivative of coumarin, is named after the Wisconsin Alumni Research
Foundation (WARF) that funded the investigation.** Because of its potent physiological
effects, warfarin was commercialized initially as a rat poison.>°

The clinical potential of the drug was not fully realized until 1951, when a man
purposely ingested a large amount of warfarin formulated as rat poison. The subsequent
survival of this patient, reignited interest in warfarin as a potential therapeutic in humans.
The first clinical study using warfarin followed shortly thereafter in 71955. [ref]
Additionally, warfarin was given to President Dwight Eisenhower that same year following
a myocardial infarction.

The mean(range) steady state, physiological plasma concentrations of warfarin in
therapeutic and chronically anticoagulated patients is approximately 6.5(4.5-11.4)uM and
10.1(5.5-22)uM, respectively.’! Depletion of warfarin from patients given a single oral
dose, showed that up to 25% of the peak plasma concentration can be lost in 24 hours,
highlighting the importance of patient compliance and dose monitoring.’'>® This rapid
depletion of plasma concentration highlights one of the biggest drawbacks of warfarin, its
narrow therapeutic index (NTI). In addition to its small TI, the variability in dose response,
interactions with other blood factors and therapeutics, changes in diet, and genetics, make
careful monitoring and regulating of warfarin paramount for patients taking this drug.>’ ¢!
The accepted way for warfarin and its physiological effect to be monitored is via the

prothrombin time, PT/INR (PT/INR = [PTpatientvP Tconrol]™)).*¢ This clot time (PT/INR) is

calculated as the patient’s PT divided by a control PT, raised to the power of the
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international sensitivity index (ISI). The ISI is specific for each lot of thromboplastin
reagent, and is provided by commercial vendors. The PT/INR test utilizes blood plasma,
calcium and thromboplastin, which upon mixing, forms a fibrin clot.*® Various commercial
automated analyzers utilize physical characteristics of clot formation (changes in
translucency, color and viscosity) to determine the time in seconds for the clot to form.®?
A normal INR for someone not on anticoagulation therapy is 0.8-1.2.46:62

For most all of patients under warfarin therapy, the warfarin dose that is targeted is the
dose that gets the INR in the range between 2.0 and 3.0. This INR range was empirically
determined*® to balance the benefit of prevention of clot formation (with increasing
warfarin dose), with the probability (incidence) of a major bleeding event occurring.
Indeed, many factors affect the ability of warfarin to influence the INR in a dose-dependent
manner including diet, e.g., eating vegetables with high vitamin K content that antagonizes
the effect of warfarin on the INR. Numerous drug-drug interactions can also affect the
physiology of warfarin. Such interaction can be direct, such as amiodarone (antiarrhythmic
agent) and statins (lowers lipids; prescribed for cardiovascular disease),®*%* and indirect,
e.g., all antibiotics result in an increase of the INR at any warfarin dose. Other factors
include genetics, age and concurrent cardiac, renal and hepatic disease.®* Another major
side effect of warfarin, which is not related to bleeding, is skin necrosis. While this
conditions is exceptionally rare, it is extremely disfiguring and potentially life threatening.
The mechanism by which this skin condition occurs is due to the fact that anticlotting factor
protein C has a shorter half-life time than the proclotting factors affects by wartfarin.

Initiation of warfarin therapy results in a rapid depletion of protein C relative to the other
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vitamin-K dependent factors during warfarin therapy, which results in microthrombi

developing in the skin and soft tissue.®

Dabigatran etexilate (Pradaxa),®® rivaroxaban (Xarelto)®’, and apixaban (Eliquis)®® are
new oral anticoagulants available as alternatives to warfarin in the US and Europe. Unlike
warfarin, these new anticoagulants, Direct Oral Anticoagulants (DOACs), exhibit
predictable dose responses and do not require routine coagulation monitoring, but their
anticoagulation effect declines quickly when patient compliance is lacking. In addition, no
standardized coagulation monitoring tests are currently recommended or recommended for
these tests.®” Protocols to address anticoagulant-related bleeding also differs between
warfarin and the new classes of DOACs. Warfarin related bleeds can be mitigated/reversed
by administration of intravenous vitamin K, however, reversal agents have only recently
been introduced into the market (intravenous administration of monoclonal antibodies to
bind excess drug) for a few of the new DOACsSs, complicating emergency treatment where
life threating bleeds related new DOACs are involved.”®’! Despite the promise of these
other oral anticoagulants, warfarin remains the most prescribed blood thinner in the world,
whose use contributes to the second most emergency room visits annually.

Concurrently, warfarin is a coumarin, i.e., a strongly fluorescent chromophore.”> The
inherent sensitivity of fluorescence spectroscopy and imaging makes them a preferred
approach for biological, medical and biosensing applications.”>”’® Warfarin, however,
absorbs and emits in the UV region of the spectrum (Figure 1),> making it immensely

challenging for analysis of its content in blood samples, especially when the concentration

ranges of clinical interest are in the micromolar and submicromolar ranges.’'™® The
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usefulness of fluorogenic agents absorbing and emitting in the visible spectral region would
require molecular designs that offer high affinity and specificity for warfarin (i.e., with
dissociation constants in the nanomolar range), along with a sharp spectral response upon
binding of this coumarin derivative.

Indeed, the inherent background emission of blood samples renders fluorescence
methods impossible for detection and quantification of warfarin in such biological fluids.
Nevertheless, extraction of warfarin with common organic solvents and its

chromatographic quantification presents an alternative.””’®

High-pressure liquid
chromatography (HPLC) required for such analysis, however, tends to be challenging for
clinical settings.

Herein, we focus on the possibility of extracting warfarin from blood plasma samples.
Optimization of the extraction procedure, minimizing the volume of samples and
maximizing the possible concentrations in the organic extracts, are key parameters for
viable fluorescence analyses. The strong dependence of the warfarin absorption and

emission on the media acidity allows for addressing key challenges for quantification of

this drug in the presence of contaminants exhibiting similar absorption and fluorescence.

3.2 Results and Discussion

3.2.1 Protic equilibria.
The acidity of its phenolic hydroxyl (pK. = 5.1 — 5.6),?? the propensity for tautomerization

and its inherent chirality results in more than 40 different structures of warfarin.”®*% In
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aqueous media, under physiological pH, warfarin is deprotonated with the negative charge
distributed over the oxygens bonded to the lactone coumarin ring. An increase in the media
acidity yields the protonated forms of warfarin that predominately exist as cyclic
hemiketals, i.e., closed-ring tautomers (Scheme 1). Nucleophilic attacks of the oxygens
bonded to carbons 2 or 4 on the carbonyl carbon, 3°, generates a second chiral center and
a six-member ring with a pronounced stability. Non-polar media especially favors this
tautomerization leading to the closed forms.’>

This protic equilibrium and tautomerization greatly affects the spectral properties
of warfarin.®® We focus on the UV absorption and emission behavior of warfarin dissolved
in 1-octanol under acidic and basic conditions. Under basic conditions the maximum of the
warfarin fluorescence is at 395 nm with a Stokes’ shift of 85 nm (Figure 1a). Acidifying
the media quenches the fluorescence of warfarin and results in hypsochormism of its
absorption and the emission, yielding fluorescence maximum at 355 nm and a Stokes’ shift
of 52 nm (Figure 1b). The fluorescence quantum yield of warfarin for media where the
cyclic form is predominant is about 5-11 times smaller than the quantum yield of warfarin
for solutions where the open-form isomers are abundantly present.**Therefore, basifying
the samples, especially when non-polar organic solvents are used, is immensely important
for fluorescence sensing of warfarin.

The concentration dependence of the fluorescence intensity of warfarin under basic
conditions shows nonlinearity for Cyararin > 20 M, while the absorbance shows linearity
through the investigated concentration range (Figure 2). This emission trend can be

ascribed to the inner-filter effects accompanied by the inherent non-linear relationship
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between fluorescence intensity and concentration. The latter can be expressed in terms of

a power-law that converts absorbance (and its linear concentration dependence) to intensity

of absorbed light:8!-82

F(C) = AF(1—107%) (eq. 1)

Where F(C) is the emission intensity of warfarin, AF is the maximum possible increase in
fluorescence, and a accounts for the molar extinction coefficient and the effective thickness
of the sample.

Despite the non-linearity, the concentration-dependence curve for warfarin
fluorescence under basic conditions (Figure 2c, inset) shows largest steepness for Cyarfarin

<20 uM, i.e., the concentration range of greatest clinical importance.

3.2.2 Extraction of warfarin from aqueous solutions.

The acidity of the environment affects the warfarin charge, i.e., under basic conditions, the
deprotonated open forms of warfarin are negatively charged and hence, with an increased
water solubility. Therefore, we expect that acidic conditions improve the extraction
efficiency of warfarin from aqueous into organic media. Indeed, as we determined using
UV absorption spectroscopy, extracting from acidic samples results in 3-fold larger amount

of warfarin that is transferred than from basified samples.
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The concentration of warfarin extracted in the organic phase, [Woct], is important
for quantification of its concentration in the aqueous samples, Co. Indeed, Co shows a linear
relationship with [ Woc] that depends on the distribution coefficients, Kp, for warfarin under
the conditions of the extraction; and on the volumes of the organic, Vo, and the aqueous,

Vag, phases after the extraction. Namely:

[Woctanol]
K, = ———/== €q.
P = Waqueus] (cq
2a)
VVanO = Vaq [Waq] + Vot [Woct] (eq.
2b)
- Voc
Co = (KDl +1) o, L [Woct] (eq.
aq

2¢)

Where [Waqueous] 1S the concentration of warfarin in the water phase after the extraction,
and [J accounts for the procedural dilutions of the samples prior to the extraction. In the
presence of bovine serum albumin (BSA, 100 mg/ml) in the aqueous samples, the obtained
values for Kp, ranging from 1.5 to 1.8 (Table 1).

Keeping the volume of the organic phase much smaller than the volume of the

aqueous one allows for improving the sensitivity and for lowering the detection limits. That
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is, a decrease in the slope in eq. 2c ensures that small changes in Co would result in larger
changes in [Woc]. Indeed, the practical decrease this volume ratio, Voc/Vag, 1s limited by
how large the aqueous warfarin samples and how small the octanol extracts can practically

be.

3.2.3 Extraction of warfarin from samples of blood plasma

Therefore, for the test in this study, we carry out the extractions under acidic
conditions, employing small Voc/Vaq ratios, and the spectroscopic measurements after
basifying the organic samples. Namely, we add known amounts of warfarin to 1.25 mL
sample. Addition of 0.5 ml of 10 % trichloroacetic acid (TCA) allows for acidifying the
media and denaturing the proteins that may be present in the samples. If proteins are
present, we observed formation of precipitate, which we separate via centrifugation. We
collect 1.25 ml of the clear supernatant, and add 0.075 ml NaOH (to buffer the solution to
pH 2), 0.25 ml of a dispersing agent, methanol and 0.25 ml of 1-octanol for extraction of
the warfarin. After vigorous shaking, we collect the organic phase that we examine using
UV absorption and fluorescence spectroscopy. Because of the bathochromic spectral shifts
and the increase in the fluorescence quantum yield of warfarin when increasing the pH, we
add an organic base, 1-hexylamine, to eliminate the cyclic forms prior to the spectroscopy
analysis. Methanol transfers to the aqueous phase and plays a role of dispersant. The
methanol is necessary to allow for proper emulsification and contact between the two

phases. (The dispersant must be miscible in both the organic and aqueous phases to allow
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for proper emulsification). Without methanol, the octanol beads up quickly and does not
form small droplets and emulsify. Emulsification provides the needed large contact area
between the octanol and the aqueous sample. Our attempts to carry out extractions without
methanol leads to negligible amounts of warfarin transferred to the organic phase.

Even at such disproportionally small ratios between the volumes of the octanol
extract and the aqueous sample, the extraction efficiency, EE, is about 20% for micromolar

initial concentrations of warfarin in the aqueous samples, Co (Figure 4, Table 2).

EE = o< (eq. 3)

Naq

Where noct is the amount of moles of warfarin extracted in the organic phase and
1naq® is the moles of warfarin in the aqueous phase prior to the extraction. Consistent EE
across a wide range of sample concentrations shows that the EE has negligible dependence
on analyte concentration, Co (Figure 4).

Using UV absorption spectroscopy is relatively straightforward for determining the
warfarin concentrations in the octanol extracts because of the linearity provided by the
Bouguer-Lambert-Beer law. The inherent sensitivity of fluorescence makes it a more
attractive approach for estimating the warfarin concentrations in the extracts. Because of
the fluorescence non-linear concentration dependence, we employ calibration curves of
intensity vs. known warfarin concentration for octanol in the presence of hexylamine, for
quantifying warfarin from its emission spectra (Figure 2c, inset). The concentrations of

warfarin extracted from BSA solutions determined from fluorescence intensities match
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well with the concentrations of the same samples obtained using absorption spectroscopy
(Table 2).

To evaluate the accuracy and applicability of this approach to biological samples,
we perform extraction and quantitative analysis of warfarin dissolved in blood plasma,
using the same sample volumes as previous described. Fluorescence analysis of extracts
from blood-plasma samples yields values for [Woe]. The thus obtained warfarin
concentrations excellently match with the concentrations obtained for extraction of

warfarin from BSA samples (Table 2).

3.2.4 Quantification of warfarin in the presence of fluorescent contaminants.

Despite the promising potential of the described spectroscopic quantification of warfarin,
co-extraction of endogenous and exogenous fluorescent contaminants presents a
challenging limitation. The pH dependence of the absorbance and fluorescence properties
of warfarin offers a means for addressing this challenge. Under acidic conditions the
fluorescence quantum yield of warfarin is considerably smaller, than under basic
conditions (Figure 1).33Therefore, recorded emission spectra of the acidified octanol
extracts prior to the addition of the organic base can serve as a baseline for the analysis.
That is, instead of using only fluorescence intensities of the basified octanol extracts for
quantification of warfarin, we can use the difference in fluorescence intensities between

the basic and acidic octanol solutions.
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To test the validity of this approach, we used 7-methoxycoumarin (7MC) as a
model of a fluorescent contaminant. The absorbance and fluorescence spectra of 7MC have
excellent overlap with the absorbance and fluorescence of warfarin, making it immensely
challenging to discern the spectra of the 2 fluorophores. Furthermore, the fluorescence
quantum yield of 7MC is 0.16.%% Therefore, even minute amounts of this contaminant can
have pronounced contribution to the measured fluorescence spectra. The absorbance and
fluorescence spectra of 7MC in octanol show relatively small dependence on acidity of the
media (Figure 8).

To test the influence of this contaminant on the fluorescence quantification of
warfarin, we add 5 uM of 7MC to different octanol extracts of warfarin from blood plasma.
We observe a significant difference between the fluorescence intensities of warfarin/7MC
samples measured under acidic conditions (Figure 8). We ascribe this difference
predominantly to the presence of warfarin and use it for its quantification in the
warfarin/7MC samples. Indeed, for this analysis, we prepare calibration curves based on
the differential fluorescence of warfarin samples with known concentrations. For the same
Co, the thus obtained warfarin concentrations, [Woc], for the contaminated samples are
similar to the concentrations we observed for extracts without a contaminant (Figure 8c).
The difference in fluorescence for basic and acidic conditions, therefore, is representative
of the amount of warfarin in the samples.

The excellent match between the concentration value obtained for warfarin in the
presence and absence of a contaminant shows the unexplored potential of the utility of

differential-emission analysis for quantification of this anticoagulant medication.
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3.4 Conclusions.

Microextraction, coupled with absorbance and fluorescence spectroscopic analysis,
provides a means for a relatively simple method for quantification of warfarin in blood
samples. We utilize the inherent pH-dependent tautomerization of warfarin for
optimization of its extraction efficiency and spectroscopic quantification. This pH
dependence proved especially important for utilizing differential emission for eliminating
the adverse effect from fluorescent contaminants. This method offers working range across
the physiologically relevant concentrations, while utilizing relatively small volumes of

biological sample.

3.5 Experimental

Materials

Racemic warfarin (4-hydroxy-3(3-oxo-1-phenylbutyl) coumarin, min 98%) was obtained
from Sigma-Aldrich (St. Louis, MO). Water used was Millipore grade (Millipore,
Bedford, MA). Organic solvents 1-Octanol and Methanol were of (spectroscopic grade),
1-Hexylamine and bovine serum albumin, fraction V, were obtained from Sigma-Aldrich
(St. Louis, MO). Sodium hydroxide and trichloroacetic acid were obtained from Fisher-
Scientific (Hampton, NH). Fetal bovine blood serum was obtained from Thermo-Fisher-

Life Technologies-Gibco (Pleasanton, CA).
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Methods
Extraction assays. Stock solution of 10 mM warfarin in methanol was prepared. Three
aqueous samples were used: (1) 100 mM phosphate-buffered saline (PBS); (2) 100 g/ml
bovine serum albumin (BSA) and 100mM PBS; and (3) blood plasma. Different amounts
of warfarin stock solution, 10 mM were added to 1.25 ml aqueous samples to bring the
warfarin to different concentrations, Co. Each 1.25-ml aqueous sample was diluted with 10
% water solution of TCA to bring it to final volume of 1.75 ml. The mixture was vortexed
for 20 s, and incubated at room temperature for 5 min. If protein was present, a precipitate
formed. The sample was centrifuged for 2 min at 12,000 rpm and 1.25 mL of the clear
supernatant was collected and placed into a 2-ml centrifuge tube. 0.075 ml of IN NaOH
was added to the collected supernatant to adjust its pH to about 2. An 1-octanol/methanol
solution (1/1 v/v, 0.5 ml) was mixed with the aqueous supernatant, vortexed for 1 min, and
centrifuged for 2 minutes at 12,000 rpm. The final volume of the organic phase, Voct, was
0.25 ml, and of the aqueous phase — 1.575 ml. 0.12 ml of the organic phase were collected
and basified with 10 [J1 1-hexylamine.

For extraction under basic conditions, the same procedure was followed but Milli
Q water was added instead of a TCA solution. For spectral measurement of acidic samples,

the 1-hexylamine was not added.

UV absorption spectroscopy. UV/Visible absorption spectra measurements were scanned
at room temperature, between 260 and 500 nm on a JASCO Varian Cary V-670
spectrophotometer (Tokyo, Japan). Quartz cuvettes (1.0 cm, 0.1 mL) were used in all
spectroscopic measurements, obtained from Starna Cells Inc. (Atascadero, CA).
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Fluorescence spectroscopy. Fluorescence emission spectra measurements were scanned
at room temperature, between 325 and 550 nm with a Jobin-Yvon HORIBA Fluorolog-3-

22 fluorimeter, slit width, 4.0 nm (Edison, New Jersey).
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3.6 Schemes

Scheme 3-1. Dynamic Equilibrium of Warfarin Structure In Solution
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Figure 3-1. Dependence of absorbance and fluorescence of warfarin for acidic and basic
conditions (4ex =310 nm). (a) Absorption and emission spectra of 50 pM warfarin dissolved
in 1-octanol in the presence of 8% (v/v) hexylamine and 25mM deproteinating agent
trichloroacetic acid. ewso = 10,607 L mol'cm™! (b) Absorption and emission spectra of 50
uM warfarin dissolved in I-octanol in the presence of 25 mM deproteinating agent
trichloroacetic acid. For comparison, the emission spectrum for acidic media is included in
(a) and designated with *.
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Figure 3-2. Concentration dependence of absorbance and fluorescence of warfarin (2 —
100 [JM) for 1-octanol. (a) Absorption spectra in the presence of 8 % v/v. (b) Absorption
spectra in the presence of 25 mM trichloroacetic acid. Insets of (a) and (b): concentration
dependence of the absorbance at 310 nm. (c) Fluorescence spectra in the presence of 8 %
v/v (dex = 310 nm). Inset of (c): Dependence of integrated emission intensity on warfarin
concentration with a non-linear fit is based on eq. 1.
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Figure 3-3. Acidic vs. basic conditions for extraction of warfarin into 1-octanol.
Absorption spectra of warfarin extracted into 1-octanol from acidic (solid) and basic
(dashed) aqueous solutions of 25 pM warfarin. (10 pl 1-hexylamine were added to 0.120
ml of the octanol extract prior to recording the spectra.)
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Figure 3-4. Concentration dependence of the extraction efficiency, EE, of warfarin from
aqueous solutions of BSA in 1-octanol.
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Figure 3-5. Interpolative estimation of warfarin concentration from integrated
fluorescence of octanol extracts. The calibration curve is obtained from the fluorescence
spectra of octanol solutions of warfarin with known concentrations. The octanol extracts
are from aqueous samples with different concentration of warfarin, Co, containing 100
mg/mL BSA.
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Figure 3-6. Concentration dependence of fluorescence of warfarin for 1-octanol (Aex =
310 nm). Dependence of integrated emission intensity spectra for different
concentrations of warfarin extracted from aqueous solution (2 — 100 uM) inl-octanol

(open circle). Concentration dependence of warfarin extracted from blood plasma
(solid triangle). The non-linear fit is based on eq. 1.
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Figure 3-8. Dependence of absorbance and fluorescence of 7-methoxycoumarin (7MC)
for acidic and basic conditions (4ex = 310 nm). (a) Absorption and fluorescence spectra of
5 uM 7MC dissolved in 1-octanol. (b) Emission spectra of acidic and basic octanol
extracted from blood plasma (4 uM warfarin + 5 uM 7MC). (c) Concentration
comparison of warfarin extracted from plasma with and without contaminants.
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3.8 Tables

Table 3-1. Extraction of warfarin from acidified aqueous in 1-octanol.?

Co/uM?®  [Wagl/pM € [Woel] /uM € Kp nq®/  noat/ EE /%

nmol nmol
2 0.91 1.4 1.6 1.4 0.36 20%
4 1.8 3.0 1.7 2.8 0.74 21%
8 3.6 6.1 1.7 5.6 1.5 21%
12 53 9.5 1.8 8.3 24 22%
16 7.1 12 1.8 11 3.1 22%
50 22 40 1.8 35 9.9 22%
100 46 69 1.5 72 17 19%

21.25 ml acidified aqueous sample, 0.25 ml 1-octanol, and 0.25 ml methanol. °Initial warfarin
concentration in the aqueous sample prior to acidification and dilution. © Concentrations obtained
from absorption measurements.
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Table 3-2. Interpolated concentration from bovine serum albumin and blood plasma

Co/ uM [Cww)] / pM Co/uM [Wocet] / M
BSA FiInterpol / Eq. 1¥ BlOOd Plasma FiInterpol / Eq. 1¥

2 1.7 4.0 3.5

4 2.9 5.0 4.3

8 5.5 6.0 5.0

12 7.9 7.0 6.1

16 10.6 8.0 6.5

50 27.6 16.0 11.4
100 46.6

¥; Dose values were interpolated from basic 1-octanol curve using equation (1)
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Table 3-3. Interference of 7-methoxycoumarin on dose recovery

CO /IUM [Woct] /IUM
4.0 35
8.0 6.4
12.0 8.5
16.0 13.0
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