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ABSTRACT 

Antiviral drugs are used therapeutically in pregnancy for treatment of both mother 

and fetus. Antiviral drugs are presumed to prevent viral transmission from mother to fetus 

by decreasing maternal viral load and/or accumulation of the drugs in the fetal 

compartment. Due to a number of reasons, pregnant women are generally not used during 

clinical trials, so very little is known about the behavior of therapeutic agents during 

pregnancy. A pregnant rat model has been developed to investigate the pharmacokinetics 

and placental transport of antivirals during pregnancy. Presented here are validated 

analytical methods for the extraction and quantitation of the nucleoside reverse 

transcriptase inhibitors zalcitabine (DDC) and stavudine (D4T) in the various matrices 

needed to support the maternal-fetal pharmacokinetic studies. Also presented here are the 

pharmacokinetics of DDC and D4T, using the pregnant rat model.   
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CHAPTER 1 

INTRODUCTION 

 According to a recent HIV/AIDS Surveillance Report, at the end of 2004 there 

were an estimated 123,405 adult women and adolescent girls and 6,804 children living 

with HIV or AIDS in 35 reporting areas (33 states, Guam, and the U.S. Virgin Islands) 

within the United States. (1)  The numbers for the entire United States and its territories 

are undoubtedly much higher. (2) The current common treatment strategy for HIV-

infected patients by highly active antiretroviral therapy (HAART) containing two 

nucleoside reverse transcriptase inhibitors (NRTIs) combined with one non-nucleoside 

reverse transcriptase inhibitors (NNRTIs) or one protease inhibitors (PIs) or both. (3) 

Because the HIV virus can cross the placenta, there has been a coordinate increase in the 

number of children born to HIV positive mothers. Antiretroviral therapy is thought to 

prevent transmission of HIV from mother to child by decreasing maternal viral load 

and/or accumulation of drugs in the fetal compartment. (4) While the use of combinations 

of antiviral drugs is popular, the impact of such combination therapies on placental 

transport is largely unknown. (5) A series of studies by Unadkat and coworkers have 

reported the lack of interaction between several anti-HIV drugs when using the macaque 

as an animal model; their findings suggest passive diffusion as the primary mechanism 

for placental transport.(6-8) However, other studies showed substantial interactions 
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between the antivirals zidovudine and acyclovir and between zidovudine and lamivudine 

in the placenta when using the rat as an animal model.(5, 9, 10) The data from these 

studies support a transporter-mediated mechanism for placental transport.  The 

differences between these studies may be related to the animal models, experimental 

design, or may be specific to the agents studied. Continued study of these compounds is 

needed to gain further understanding of the mechanism of placental transport for this 

class of therapeutic agents.  

 

ANALYTICAL METHODS 

1. Sample Preparation 

The extraction of the NRTIs from biological matrices such as plasma, serum, urine, 

and amniotic fluid, fetal and placental tissues is the most important step in method 

development. This step is needed in order to provide a sample that is reproducibly clean, 

homogenous and ready for direct injection onto the analytical column. (11) Protein 

precipitation, liquid-liquid extraction (LLE) and solid-phase extraction (SPE) are often 

used. 

a) Protein precipitation 

Protein precipitation is the simplest procedure to remove proteins from biological 

samples. Briefly, inorganic or organic solvents such as perchloric acid (PCA), 

trichloroacetic acid (TCA) and acetonitrile (ACN) are used to precipitate proteins in 
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biological samples. The mixtures are then centrifuged to remove the denatured proteins. 

(12) 

b) Liquid-liquid extraction 

Liquid-liquid extraction, also known as solvent extraction and partitioning, is a 

method to separate compounds based on their relative solubilities in two different 

immiscible liquids, usually water and an organic solvent. It is an extraction of a substance 

from one liquid phase into another liquid phase. The commonly used organic solvents to 

extract chemicals from biological samples include dichloromethane, ethyl acetate and 

isopropyl ether. 

c) Solid phase extraction 

LLE is a simple and efficient method for the separation and concentration of 

relatively hydrophobic compounds. (12) However, for more polar compounds, LLE may 

not be an effective extraction procedure. SPE is a more effective extraction procedure for 

many NRTIs. SPE is a separation process that is used to remove solid or semi-solid 

compounds from a mixture of impurities based on their physical and chemical properties. 

The separation ability of solid phase extraction is based on the preferential affinity of 

desired or undesired solutes in a liquid, mobile phase for a solid, stationary phase through 

which the sample is passed. Impurities in the sample are either washed away while the 

analyte of interest is retained on the stationary phase, or vice-versa. Analytes that are 

retained on the stationary phase can then be eluted from the solid phase extraction 
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cartridge with the appropriate solvent. The most frequently used SPE materials are C18 

and polymeric cartridges.  

2. High Performance Liquid Chromatography (HPLC) 

High performance liquid chromatography utilizes a column that holds 

chromatographic packing material (stationary phase), a pump that moves the mobile 

phase(s) through the column, and a detector that shows the retention times of the 

molecules. Retention times vary depending on the interactions between the stationary 

phase, molecules being analyzed, and the solvent(s) used. Reversed phase HPLC (RP-

HPLC or RPC) has a non-polar stationary phase and an aqueous, moderately polar mobile 

phase. One common stationary phase is silica which has been treated with RMe2SiCl, 

where R is a straight chain alkyl group such as C18H37 or C8H17. With these stationary 

phases, retention times are longer for molecules which are more non-polar, while polar 

molecules elute more readily. The retention time can be increased by adding a polar 

solvent to the mobile phase or decreased by adding a more hydrophobic solvent. 

Reversed phase chromatography (RPC) is so commonly used that it is not uncommon for 

it to be incorrectly referred to as "HPLC" without further specification. The 

pharmaceutical industry regularly employs RPC to qualify drugs before their release. 

Normal phase HPLC (NP-HPLC) separates analytes based on polarity; it was the first 

kind of HPLC chemists developed. NP-HPLC uses a polar stationary phase and a non-

polar mobile phase, and works effectively for relatively polar analytes. The polar analyte 

associates with and is retained by the polar stationary phase. Adsorption strength 
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increases with increased analyte polarity, and the interaction between the polar analyte 

and the polar stationary phase (relative to the mobile phase) increases the elution time. 

The interaction strength not only depends on the functional groups in the analyte 

molecule, but also on steric factors. The effect of sterics on interaction strength allows 

this method to resolve (separate) structural isomers. 

3. Analyte Detection 

a) Ultraviolet (UV) detection 

Ultraviolet detectors are the mainstay of routine HPLC analysis. The detector 

monitors the column effluent at a specified wavelength. All compounds that have some 

absorption at this wavelength will generate a response. (13) The advantages of UV 

detection include – ease of operation, low background with many HPLC solvents, 

relatively high sensitivity, and the ability to recover the original sample.  Disadvantages 

include that the analyte must have absorbance at the specified wavelength and the analyte 

must be chromatographically resolved from other compounds that absorb at the same 

wavelength. (14) 

b) Mass spectrometry 

Mass spectrometry is an analytical technique that measures the mass-to-charge ratio 

of charged particles. All mass spectrometers have three basic components: (i) an 

ionization source, (ii) a mass analyzer and (iii) a detector. In the field of pharmaceutical 

bioanalysis, especially in the area of drug quantitation, the overwhelming choice for 

ionization involves atmospheric pressure ionization (API) techniques such as atmospheric 
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pressure chemical ionization (APCI) and electrospray ionization (ESI). Both APCI and 

ESI are “soft” ionization techniques. ESI produces multiply charged ions which allows 

for the analysis of very large molecules in an instrument with a limited mass range. (15) 

APCI achieves analyte ionization by collision with reagent ions without excessive energy 

transfer. (15) 

DISSERTATION STRUCTURE 

This dissertation is structured as follows: following a review of current literature in 

Chapter 2, Chapter 3 describes the development and validation of an HPLC assay for the 

simultaneous determination of DDC and D4T in rat tissues using HPLC-UV; Chapter 4 

provides a comparison of the fetal disposition of DDC and 3TC in the pregnant rat; 

Chapter 5 contains the pharmacokinetic analysis of DDC alone and in combination with 

D4T; Chapter 6 describes the development and validation of an LC-MS/MS assay for the 

simultaneous determination of DDC and D4T in rat tissues using HPLC-UV, it also gives 

a comparison of the pharmacokinetics between pregnant rats with high dose and low dose 

DDC/D4T combination; and Chapter 8 summarizes the final conclusions. In the 

Appendix, a SPME GC-MS method developed for the analysis of 

diisopropylfluorophosphate (DFP) in rat plasma and brain tissue and stability studies of 

low concentration ceftazidime in normal saline and balanced salt solutions in plastic 

syringes under various storage conditions are included. 
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 ABSTRACT 

 Human immunodeficiency virus type-1 (HIV) infection has increased dramatically in 

pregnant women, thus, exposing the fetus in utero. Antiviral drugs are presumed to 

prevent the transmission of infections from mother to fetus by decreasing maternal viral 

load and/or accumulation of drugs in the fetal compartment. Some nucleoside reverse 

transcriptase inhibitors (NRTIs), the first class of antiretroviral drugs developed, have 

been clinically shown to prevent vertical transmission in pregnancy. Thus, it is essential 

to determine the comparative placental transfer of these drugs. This paper reviews the 

different methods using to study the placental transfer of NRTIs.  

 

Keywords: Zalcitabine, Stavudine, Lamivudine, Zidovudine, Didanosine, Abacavir, 

Emtricitibine, nucleoside reverse transcriptase inhibitors. 
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INTRODUCTION 

In June of 1981, the Centers for Disease Control and Prevention reported unusual 

occurrences in which cases of Pneumocystis carinii pneumonia and Kaposi’s sarcoma 

were observed in young, homosexual men (1).  All of these individuals shared a profound 

immunodeficiency, the hallmark of which was a depletion of CD4-positive, or T-helper, 

lymphocytes. Today, Acquired Immunodeficiency Syndrome (AIDS) is an epidemic that 

reaches far beyond what was ever predicted. According to a recent HIV/AIDS 

Surveillance Report, at the end of 2004 there were an estimated 123,405 adult women 

and adolescent girls and 6,804 children living with HIV or AIDS in the 35 reporting areas 

(33 states, Guam, and the U.S. Virgin Islands) of the United States. (2) The numbers for 

the entire United States and its territories are undoubtedly much higher. (3)
  
It also stated 

that for children, 90% of HIV infections are from vertical transmission from their 

mothers through blood, amniotic fluid, and/or breast milk. (2, 4) With these statistics, it is 

obvious that vertical transmission of HIV is an important problem which needs to be 

addressed. In early 1994, a pediatric clinical trial group (PACTG 076) investigated the 

ability of the reverse transcriptase inhibitor zidovudine (AZT) to reduce the rate of HIV 

transmission from a pregnant woman to her child. The regimen consisted of initiation of 

oral zidovudine between week 14 and 34 of gestation which was continued through the 

reminder of the pregnancy, intravenous administration of zidovudine throughout the labor 

and delivery process and oral administration of zidovudine to the newborn for the first six 

weeks post-partum. (5) This particular therapy was able to reduce the risk of transmission 
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by 70%. (6) With the number of HIV infections increasing, it is essential to determine the 

placental transfer of other antivirals because of the increased resistance of HIV to 

zidovudine. (7, 8) The use of these drugs is important in maintenance of maternal health 

through pregnancy and in possible prevention of vertical transmission of HIV. (7-11) 

Over the past several years, use of multidrug therapy has become the rule rather than 

the exception in the treatment of patients with HIV infection. This has been propelled by 

the need to delay the development of drug resistance and minimize potential dose-

limiting side effects. (12) Nucleoside reverse transcriptase inhibitors (NRTIs) were the 

first class of antiretroviral drugs developed. The active form of NRTIs is not the drug 

itself but its triphosphorylated (TP) metabolites, which competitively inhibit HIV reverse 

transcriptase following incorporation into the proviral DNA, resulting in DNA chain 

termination and prevention of viral replication. (13) To date, seven nucleoside reverse 

transcriptase inhibitors (NRTIs), abacavir (ABC), didanosine (DDI), lamivudine (3TC), 

stavudine (D4T), zalcitabine (DDC), zidovudine (AZT) and emtricitibine (FTC) have 

been approved by the U.S. Food and Drug Administration (FDA). (Figure 1) (14) 

Currently, several NRTIs are used in pregnancy to treat HIV infection and several studies 

concerning placental transfer of NRTIs have been conducted by different groups. This 

paper reviews the different methods people have been using to study the placental 

transfer of NRTIs. Since emtricitibine was the most recent antiviral to be approved by 

FDA very little is known about its placental transport; therefore, this paper does not 

discuss emtricitibine.    
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Clinical studies in pregnant women 

The most straightforward way to study placental transfer would be to conduct the 

clinical studies in pregnant women. However, because of ethical considerations, in vivo 

human placental transfer studies have been restricted to single paired maternal and 

umbilical cord blood and amniotic fluid samples obtained at the time of delivery. Because 

of this limitation most studies of placental drug transfer have used the ratio between 

concentrations in the fetal and maternal compartments after a single dose of drug to the 

mother as an index of relative fetal drug exposure. (15) Mathematical models with 

simulations of maternal and fetal plasma level profiles have demonstrated that the 

maternal-fetal drug ratio depends largely on the timing of the sample with respect to the 

maternal dose. (15, 16)  

When using the comparison of cord-to-maternal blood drug concentration ratios, the 

results are obtained at delivery and thus cannot be extrapolated to earlier gestational ages. 

(17) Moreover, cord-to-maternal blood ratios offer data at only a single point in time. The 

measured maternal drug concentrations depend on the time between the last maternal 

dose and delivery, which is usually long. (17) In this situation, the useful data generated 

for placental transfer using pregnant women is quite limited. 

Mandelbrot et al. first conducted a clinical study of the placental transfer of 3TC in 

HIV- infected pregnant women in 1997. (15) The dose was 150 mg twice daily.  

At a median of 8.5 hours after the last maternal oral dose of 3TC, median maternal and 

fetal plasma concentrations were tested. Individual maternal and fetal concentrations 
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were strongly correlated, and their median ratio was about 1, which showed that 3TC 

appeared to cross the placenta by simple diffusion. They then conducted another clinical 

study of placental transfer of 3TC, AZT, ABC, D4T and DDI in 100 HIV- infected 

pregnant women between 1999 and 2002. (17) Every woman received the drugs 

intravenously during labor for prevention of mother to child transmission of HIV. The 

dose used was 2 mg/kg of body weight intravenously over a 1-h period, followed by a 

continuous infusion of 1 mg/kg/h intravenously until delivery. Maternal blood samples 

and amniotic fluid were obtained during delivery or cesarean section, and paired cord 

blood samples were obtained by venipuncture immediately after delivery. A significant 

relationship between concentrations in maternal and cord plasma samples was found for 

AZT, 3TC, D4T, and DDI. For AZT, 3TC, and D4T, the ratio of the drug concentration 

in the fetal plasma to that in the maternal plasma was about 1, which suggests that these 

drugs freely crossed the placenta through a passive diffusion mechanism. For DDI, the 

ratio of the concentration in the fetal plasma to that in the maternal plasma was the 

lowest, and the author claimed that low concentrations of DDI in the maternal circulation 

at delivery may be largely due to once-a-day dosing. The placental transfer of ABC was 

also high, but no detailed data was generated from the literature. Other clinical studies all 

showed that the concentrations of the drug in the fetal blood were higher or equaled those 

found in the maternal blood, which suggests passive diffusion. (18, 19) 
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Placental transfer in primates 

 Pigtailed macaque (Macaca nemestrina) are sometimes chosen as a representative 

animal model for studying placental transfer of NRTIs primarily because they have a 

discoid placenta with multivillous fetal-maternal interdigitation and a hemo-

monochorionic barrier similar to that found in humans. (20, 21) In addition, the macaque 

is an excellent model because both HIV-2 and SIV are transmitted from the mother to the 

fetus in this species. (22, 23) However, although the primates share the closest placental 

similarities to humans (20), several disadvantages make it difficult to use this species and 

other large, long gestation species (sheep, baboon, etc). Some of these limitations include 

cost, small sample size, long gestation period, and the requirement of specialized housing 

and experimentation (24, 25). 

 Unadkat et al. have studied the placental transfer of AZT, DDC, D4T and DDI using 

the pigtailed macaque model. (26-35) Each of the 4 drugs was tested in 3 or 4 near-term 

pregnant pigtailed macaques. The macaques underwent long-term catheterization at 125 

to 130 days of gestation. For each dideoxynucleoside, the drug was administered as an 

intravenous bolus or as a 30-hour infusion to the dam via the femoral vein or to the fetus 

via the carotid artery. The doses used were designed to achieve maternal plasma drug 

concentrations within the therapeutic range. To determine whether the transfer of the 

dideoxynucleoside was saturable, they also infused the drug to the dam at a rate designed 

to achieve steady-state maternal plasma concentration within the therapeutic range and 

within tenfold of the therapeutic range. Blood samples were collected from the dam via 
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the femoral artery, from the fetus via the jugular vein, and from the amniotic fluid at 

regular intervals after dosing. They expressed the transplacental clearance of each 

dideoxynucleoside as a fraction of the transplacental clearance of antipyrine determined 

during the same experiments within an animal. The mechanism of in vivo placental 

transfer of drugs was elucidated by comparing the antipyrine-normalized maternal-fetal 

clearance of drug with the normalized fetal-maternal clearance. Active maternal-fetal 

transport is suggested when the normalized maternal-fetal clearance is significantly 

greater than normalized fetal-maternal clearance, whereas active fetal-maternal transport 

is suggested when normalized fetal-maternal clearance is significantly greater than 

normalized maternal-fetal clearance. Passive diffusion across the placenta is indicated 

when the 2 normalized clearances are not significantly different from each other. (26) 

Their findings were that the mechanism of placental transfer of AZT, D4T, DDC and 

DDI was passive in the in vivo pregnant macaque model. (26) They also studied the 

effects of AZT on DDI and D4T, which showed no significant difference with the 

profiles with DDI and D4T dosed alone. (32, 34) However, the ratio of the AZT 

concentration in amniotic fluid to that in the fetus after coinfusion with DDI was 

significantly higher than the corresponding ratio reported for AZT alone (34).  The 

investigators hypothesized that this increase in accumulation could be related to the 

saturable absorption mechanism involved in the absorption of AZT, suggesting that the 

presence of DDI in the amniotic fluid may interfere with the reabsorption of AZT from 

the amniotic fluid by the fetus.   Thus, the accumulation of AZT would give rise to a 
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higher ratio of the concentration in amniotic fluid to that in fetal plasma than that when 

AZT was administered alone (34).   

 

Placental transfer in rodents 

 The pregnant rat model has been used successfully in the study of the placental 

transfer of many compounds, including nucleoside analogs (24, 36-51).   Characteristics 

in placentation between the rat and human influence the efficiency and/or the rate of 

transfer of materials between the mother and embryo (52).  Both the human and rodent 

placentas are hemochorial, in which trophoblastic cells are in direct
 
contact with maternal 

blood without an intervening endothelium, and the hemodynamic changes present in the 

pregnant rat are similar to those seen in a human pregnancy
 
(36, 53, 54). However, there 

are some structural
 
differences between human and rat placentas. In contrast to the human 

placenta that contains one syncytiotrophoblast, the rat placenta consists of 

syncytiotrophoblast layers I and II, which are interconnected through gap junctions to 

facilitate the transport of nutrients, such as glucose. (52, 55) The pregnant rat model is 

ideal for pharmacokinetic studies because of the short gestation time and the containment 

of each fetus, placenta, and amniotic fluid in individual fetal sacs that allows for 

concurrent serial sampling of the pups. (39) 

 Huang et al. have studied the disposition of AZT in nearterm (day 20) pregnant rats 

after intravenous bolus administration of AZT at 50 mg/kg. A compartmental 

pharmacokinetic model was developed to describe AZT concentrations in maternal 
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plasma (i), placenta (ii), fetus (iii), amniotic fluid (iv), and the maternal tissue 

compartment (v). (38) Intercompartmental distributional clearances suggest that the 

mechanism of maternal-placental, placental-fetal, and fetal-amniotic fluid transfer of 

AZT was by passive diffusion. (38) However, Brown et al. studied the pharmacokinetics 

and placental transfer of acyclovir and zidovudine monotherapies and 

acyclovir/zidovudine combination in timed-pregnancy Sprague-Dawley rats with a dose 

of 60 mg of each drug/kg of body weight in monotherapy and in combination therapy by 

intravenous bolus administration. Significant alteration in the disposition of ACV and 

AZT were noticed when the two drugs were coadministered in pregnant rats.  For AZT, 

decreases in exposure to all three tissues (amniotic fluid, placenta and fetus) were seen in 

the presence of ACV.  Conversely, ACV showed a three-fold increase in drug exposure in 

amniotic fluid and fetal tissue with the combination therapy (39). The changes noted in 

the placenta and fetus suggest that transporters, in addition to passive diffusion, play a 

role in the uptake of both ACV and AZT in these tissues. Nucleoside, organic cation, and 

organic anion transporters could possibly contribute to the placental transfer of these two 

compounds. (39, 52, 56, 57) 

 

In vitro perfusion through human placenta 

There are several in vitro methods for studying the placental transfer of drugs, which 

includes the perfused placental cotyledon, villus explants and monolayer cultures, 

isolated trophoblast plasma membrane, and isolated transporters and receptors. (52) In 
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particular, the perfusion through human placenta has been used in studying the placental 

transfer of NRTIs. (26, 58-65) In those experiments, 3 or 4 term placentas were obtained 

from healthy women who had uncomplicated pregnancies. Immediately after delivery, a 

distinct lobe of the placenta was perfused by means of cannulas placed in the maternal 

intervillous space and in a fetal chorionic artery and vein. The unbound steady-state drug 

concentrations in samples taken from the inward-flowing and outward-flowing perfusates 

were used to determine the maternal-fetal and the fetal-maternal transplacental 

clearances. The antipyrine-normalized transplacental clearance, either maternal-fetal or 

fetal-maternal, often referred to in the literature as the clearance index (Ci), is indicative 

of the rate of placental transfer. (26) 

Several studies with DDC, D4T, AZT, 3TC, D4T and ABC were conducted using 

this perfused human placenta model. These studies indicated there were no significant 

changes in the Ci when DDI, DDC, D4T, and 3TC were used in combination with 

therapeutic and 10x concentrations of AZT. When endogenous bases and the 

equilibrative nucleoside transporter 1 (ENT1) inhibitor dipyridamole were added to 

placental perfusion studies with these anti-HIV nucleoside inhibitors, there were no 

changes in the Ci, suggesting no transport system and no adverse effects of the 

combination. Thus, the compounds cross from the maternal to the fetal compartment by 

simple diffusion. (64) Studies with ABC showed that abacavir is the first nucleoside 

inhibitor studied with a high Ci of about 50% that of antipyrine. This suggests that  
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abacavir is highly lipophilic and is readily transferred across the human placenta by 

simple diffusion. (65) 

 

DISCUSSION 

Most of the data generated from pregnant women, in vivo studies from primates and 

the in vitro perfusion model suggests the placental transfer of the NRTIs is by simple 

diffusion. However, some problems exist in all of these studies. For in vitro studies, the 

biggest disadvantage is that the in vitro perfused human placenta model lacks the fetus, a 

potential site of elimination of drugs, thus it is widely believed not to be informative 

regarding the extent of in vivo transfer of drugs across the placenta. (26) For human 

studies, the data is quite limited since pregnant women are usually excluded from the 

pharmacokinetic studies for fear of toxic effects of the drugs on fetuses. (26) What’s 

more, the data collected from the human studies are mostly from one time sampling 

during delivery, thus are not informative in studying the placental transfer of these drugs 

during pregnancy. The pigtailed macaque is a good animal model since it has a discoid 

placenta with multivillous fetal-maternal interdigitation and a hemo-monochorionic 

barrier similar to that found in humans. 

In addition, both HIV-2 and the simian immunodeficiency virus can be transmitted from 

the mother to the fetus in this animal species. (26) However, some problems are related 

with this animal model too. First, in several studies, the fetal levels and the amniotic fluid 

drug levels were only collected at the time of delivery. Second, mostly, only steady-state 
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drug concentrations were monitored in these studies. Lastly, only a few data points were 

taken in these studies, and there is a lack of full pharmacokinetic profiles in both the 

maternal and the fetal compartments. The pregnant rat model is good for pharmacokinetic 

studies because of the short gestation time and the containment of each fetus, placenta, 

and amniotic fluid in individual fetal sacs that allows for concurrent serial sampling of 

the pups. Thus, a full pharmacokinetic profile can be generated for both the maternal and 

the fetal compartments. The data generated from the pregnant rat model shows 

interactions between the NRTIs which suggests active transport may play a role in the 

placental transfer of these drugs. However, more studies are needed to further support 

this hypothesis. 

 

CONCLUSION 

This paper reviews the placental transfer of NRTIs using both in vivo and in vitro 

methods. Although passive diffusion is suggested by many of the studies, there is 

building evidence that active transport processes are involved. 
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Figure 2.1 Chemical structures of the NRTIs 
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CHAPTER 3 

 

SIMULTANEOUS DETERMINATION OF ZALCITABINE AND STAVUDINE IN 

MATERNAL PLASMA, AMNIOTIC FLUID, PLACENTAL AND FETAL TISSUES 

USING REVERSED PHASE ON SILICA LIQUID CHROMATOGRAPHY
1
 

 

 

 

 

 

 

 

 

 

 

 

1
Meng Xu, Catherine A. White, Michael G. Bartlett. 2008. 

Journal of Liquid Chromatography & Related Techniques. 31: 482–496. Reprinted here 

with permission of publisher. 
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Abstract: 

In order to study the placental transfer of nucleoside reverse transcriptase inhibitors, a 

quick and simple reversed phase high performance liquid chromatography (HPLC) 

method has been developed and validated using an underivatized silica column for the 

separation and analysis of DDC and D4T from rat plasma, amniotic fluid, placental and 

fetal homogenate. Extraction of DDC, D4T and their internal standard lamivudine (3TC) 

from the matrices was processed by liquid-liquid extraction enhanced by salting out the 

sample using a saturated solution of ammonium sulfate. Chromatographic separation was 

achieved on a Waters Spherisorb S3W silica column (4.6mm × 100mm) equipped with a 

Phenomenex guard column. The mobile phase consisted of 3% methanol in 22mM 

formic acid. The flow rate was 0.5 ml/min, and the detection wavelength was optimized 

at 265nm. The calibration curves for each day of validation showed good linear response 

over the range from 0.1μg/ml to 50μg/ml. The absolute recoveries for all the drugs are all 

higher than 75%. All the intra- and inter- day assay precision and accuracy were better 

than 5% for all the matrices. 

Keywords: Zalcitabine; Stavudine 
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1. Introduction 

According to a recent HIV/AIDS Surveillance Report, at the end of 2004 there were 

an estimated 123,405 adult women and adolescent girls and 6,804 children living with 

HIV or AIDS in 35 reporting areas (33 states, Guam, and the U.S. Virgin Islands).
[1]

  The 

numbers for the entire United States and its territories are undoubtedly much higher.
[2]  

It 

also stated that for children, 90% of the HIV infections are from vertical transmission 

from their mothers through blood, amniotic fluid, and/or breast milk.
[1,3]

 

Over the past several years, use of multidrug therapies has become the rule rather 

than the exception in the treatment of patients with human immunodeficiency virus (HIV) 

infections.
[4]

  This has been propelled by the need to delay the development of drug 

resistance and minimize potential dose-limiting side effects.  These combination 

therapies have greatly enhanced the success of acquired immunodeficiency syndrome 

(AIDS) treatment.  While the use of combinations of antiviral drugs is popular, the 

impact of such combination therapies on placental transport is largely unknown.
[5]

  A 

series of studies by Unadkat and coworkers has reported the lack of interaction between 

several anti-HIV drugs when using the macaque as an animal model; their findings 

suggest passive diffusion as the primary mechanism for placental transport.
[6-8]

  However, 

other studies showed substantial interactions between the antivirals AZT and acyclovir 

and between AZT and 3TC in placental transport when using the rat as the animal 

model.
[5,9,10]

  The data from these studies support a transporter-mediated mechanism for 

placental transport.  The differences between these studies may be related to the animal 
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models, experimental design, or may be specific to the agents studied.  Continued study 

of these compounds is needed to gain further understanding of the mechanism of 

placental transport for this class of therapeutic agents.   

2’, 3’-Dideoxycytidine (Zalcitabine, DDC) was one of the earliest nucleoside reverse 

transcriptase inhibitors (NRTI) used for AIDS therapy.  DDC was the first drug approved 

under the principles and procedures of FDA’s proposed accelerated drug review policy, 

endorsed by the White House Council on Competitiveness and announced by the Vice 

President on 9 April 1992.
[11]

  DDC has been used in patients who cannot be maintained 

on AZT due to side effects (e.g. severe anemia).
[12]

  2’, 3’-Didehydro-3’-deoxythymidine 

(D4T) is a powerful dideoxynucleoside analogue which has shown powerful activity 

against HIV.
[13]  

It inhibits HIV reverse transcriptase with relatively little inhibition of 

host cell DNA polymerases in various cell types.
[14]

  Several HPLC methods have been 

developed to determine the concentrations of DDC and D4T.
[15-22]

  Ding et al. have 

developed an HPLC-UV method to determine the drug concentrations of DDC in 

pregnant rat tissues already.
[15]

   However, there is no existing HPLC method which can 

simultaneously determine the drug concentrations of DDC and D4T in pregnant rat 

tissues.  In this study, a rapid and sensitive HPLC method was developed and validated 

using reversed phase liquid chromatography on an underivatized silica column for the 

determination of concentrations in samples taken in a maternal–fetal drug transfer study 

of DDC and D4T. 
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2. Experimental 

2.1. Reagents and chemicals 

 DDC and D4T were obtained from Sigma (St. Louis, MO, USA). The internal 

standard, 3TC, was obtained from GlaxoSmithKline (RTP, NC, USA). HPLC-grade 

methanol, acetonitrile were purchased from Fisher Scientific (Fair Lawn, NJ, USA).  

Ammonium sulfate was purchased from J.T. Baker (Phillipsburg, NJ, USA). Reagent 

grade formic acid was from Sigma (St. Louis, MO, USA). The deionized water used was 

generated from a Continental Deionized Water System (Natick, MA, USA). 

2.2. Instrumentation 

 All HPLC experiments were performed on a Hewlett-Packard (Agilent) 1100 

series HPLC equipped with a variable wavelength UV detector. Chromatographic 

separation was achieved on a Waters Spherisorb S3W silica column (4.6×3.0mm, 

Milford, MA) equipped with a Phenomenex security guard C-18 guard column 

(4×3.0mm, Torrance, CA). 

 The mobile phase consisted of Solvent A (22mM formic acid) and Solvent B 

(acetonitrile) (97:3). The detection wavelength was set to be 265nm. The flow rate was 

set to be 0.5ml/min, and the injection volume was 40μl. The HPLC run time was 22min 

for each run. 

2.3. Preparation of standard solutions 

 Individual DDC, D4T and 3TC stock solutions were prepared in deionized water 

to give a final concentration of 1.0 mg/ml. Individual standard solutions of DDC and D4T 
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with concentrations of 0.5, 1.25, 2.5, 5.0, 50.0, 125.0 and 250.0μg/ml were prepared by 

serial dilution with deionized water. Precision and accuracy standards with 

concentrations of 1.0, 10 and 200.0μg/ml were also prepared in the same manner. A 

10μg/ml 3TC standard solution was prepared with deionized water from the 1.0 mg/ml 

3TC stock solution. The 1.0 mg/ml stock solutions were kept refrigerated and no 

degradation was observed during the period of this study. Fresh standard solutions were 

prepared for each day of analysis or validation. 

2.4. Calibration curves 

 Blank plasma was purchased from Harlan (Indianapolis, IN, USA). Blank 

amniotic fluid, placenta and fetal tissues were collected from untreated animals. The 

placental and fetal tissues were homogenized with two volumes of distilled water (v/w). 

Plasma, placental and fetal calibration points were prepared by spiking 100 μl of the 

biological matrices with 20μl of each DDC and D4T standard solution and 10 μl of the 10 

μg/ml 3TC solution. Amniotic fluid calibration points were prepared by spiking 50 μl of 

the biological matrices with 10μl of each DDC and D4T standard solution and 10 μl of 

the 10μg/ml D4T standard solution. The calibration curves of all the matrices were in the 

range of 0.1–50 μg/ml with individual calibration points of 50, 25, 10, 1, 0.5, 0.25 and 

0.1 μg/ml. The internal standard concentration was 1μg/ml for all samples. 

2.5. Precision and accuracy 

 This method was validated using four QC points for each calibration curve. Five 

replicates of each QC point were analyzed each day to determine the intra-day accuracy 
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and precision. This process was repeated 3 times in 3 days to determine the inter-day 

accuracy and precision. The QC points for all of the four matrics were 0.1, 0.2, 2 and 40 

μg/ml. 

2.6. Sample preparation 

 All the samples were prepared by the ‘salting out’ technique. 200µl of a saturated 

ammonium sulfate solution and 1ml of ice cold acetonitrile were added to the samples 

(100 µl for plasma, placental and fetal homogenate, 50 µl for amniotic fluid). After being 

vortexed and centrifuged at 13,000 rpm for 10 min, the upper organic layer was aspirated 

and dried under vacuum. Samples were then reconstituted in 100 µl of distilled water for 

injection. 

2.7. Sample collection 

 The use of animals in this study was approved by the University of Georgia 

Animal Use and Care Committee. The rats were housed one animal per cage in the 

University of Georgia College of Pharmacy animal facility (AALAC accredited). The 

environment was controlled (20–22
o
C, 14 h of light per day) with daily feedings of 

standard chow pellets and water ad libitum. 

 A timed pregnant Sprauge–Dawley rat (Harlan, Indianapolis, IN, USA), weighing 

359g, was anesthetized intramuscularly with ketamine:acepromazine:xylazine 

(50:3.3:3.4, mg/kg) and dosed on day 19 of gestation. For dosing and blood sampling 

purposes, a cannula was surgically implanted in the right jugular vein. For sampling of 

the pups (amniotic fluid, placenta, and fetal tissues), a laparotamy was performed. The 
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rats were administered an i.v. bolus dose (25 mg/kg) of 25 mg/ml DDC and D4T 

dissolved in 0.1N NaOH in physiological saline (pH 7.4) via the jugular cannula. Blood 

samples were collected at 5, 15, 30, 45, 60, 90, 120, 180 and 225min after dosing into 

heparinized tubes and centrifuged at 10,000 rpm for 10 min to enable plasma collection. 

Amniotic fluid, placenta, and fetus samples were collected at 5, 15, 30, 45, 60, 90, 120, 

180 and 225min. Placental and fetal tissue samples were homogenized in two volumes of 

deionized water. All samples were stored at −20 
◦
C until analysis. Data was analyzed 

using WinNonlin (Pharsight, Mountain View, CA, USA). 

3. Results and Discussion 

3.1. Method development 

The chemical structures of DDC, D4T and the internal standard used in this assay, 3TC, 

are shown in Fig. 1. Separation of DDC, D4T and 3TC from interfering matrix peaks was 

explored using different kind of columns and mobile phases. Several liquid and solid 

phase extraction procedures were also investigated to extract DDC, D4T and 3TC from 

the different biological matrices. It is a significant challenge to find suitable conditions to 

separate DDC and D4T in biological samples because DDC is a weak base and D4T is a 

weak acid and both analytes are very polar. We first tried phenyl columns and amino 

columns were unsuccessful. Several reverse phase column such as C18 and C8 columns 

were tried but these phases do not retain the analytes well, especially DDC. HILIC 

(Hydrophilic interaction liquid chromatographic) (High organic on silica column) 

conditions were also tried, but we found that DDC and D4T were highly retained leading 
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to long run times.  Finally, we employed reversed phase conditions on silica and were 

able to generate a suitable separation. It is important to note that the pH values of the 

mobile phase were found to be an important factor in the separation.  We tried a range of 

values and found that low pH values around 2 provided the best separation for these 

analytes.  Fig. 2-5 show chromatograms of each extracted blank matrix and extracted 

matrix spiked with DDC (2μg/ml) and 3TC (1.5μg/ml). 

3.2. Calibration curves 

 The calibration curves for each day of validation and analysis showed good linear 

response (R
2
 = 0.9995–0.9999) over the range of 0.1–50µg/ml. Microsoft Excel or JMP 

statistical software was used to generate linear regression equations for all calibration 

curves. A 1/x-weighting scheme was used for each day of the validation and analysis for 

all four matrices. Calibration curves for the different matrices are displayed in Table 1. 

3.3. Precision and accuracy 

 Assay precision and accuracy were calculated for each matrix over 3 days. 

Precision, as expressed by % R.S.D., and accuracy as expressed by % error for DDC and 

D4T in the four biological matrices are shown in Table 2. Intra-day (n = 5) precision and 

accuracy were calculated from the measurement of five samples at each QC point on 

three separate days. Inter-day (n = 15) precision and accuracy were calculated from 

pooled data over 3 days. Four QC points of concentrations 40, 2, 0.2, and 0.1µg/ml were 

used for these calculations. Intra-day precision (% R.S.D.) and accuracy (% error) of 

DDC ranged from 0 to 4.04 and 0.15 to 2%, respectively. Inter-day precision and 
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accuracy of DDC ranged from 0.69 to 5 and 0 to 3.05%, respectively. Intra-day precision 

and accuracy of D4T ranged from 0.07 to 2.9 and 0.04 to 4.9%, respectively. Inter-day 

precision and accuracy of D4T ranged from 0.5 to 4.06 and 0 to 2%, respectively. Results 

are shown in Table 2 and Table 3. 

3.4. Recovery studies 

 The extraction efficiencies for DDC, D4T and 3TC from the various matrices 

were expressed in terms of absolute recovery. Standard-spiked matrix samples of DDC 

and D4T at the 0.1, 0.2, 2.0 and 40.0µg/ml levels, and the 3TC sample with a 

concentration of 1µg/ml were extracted and analyzed (n = 5). The drug solutions with the 

same concentration were yielded in the deionized water. The peak areas of these two 

sample sets were compared. DDC and 3TC recoveries from maternal plasma, amniotic 

fluid, placenta, and fetus ranged from 75.6% to 96.6%. The absolute recoveries for each 

individual matrix are displayed in Table 4. 

3.5. Stability studies 

 Stability testing was performed for DDC and D4T at 2µg/ml concentration level. 

Spiked matrix samples were subjected to three consecutive freeze/thaw cycles over the 

period of 4 days. Three samples were extracted and analyzed as described above. The 

remaining spiked matrix samples were stored at −20 
◦
C. Each of the following three 

consecutive days, the spiked matrix samples were thawed, and three more were extracted 

and analyzed. The day-to-day measured peak areas of DDC and D4T were compared and 

the results listed in Table 4. The %R.S.D. between the average peak areas of DDC each 
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day was less than 5.5%, and less than 5.9% for 3TC. There was no distinctive decline in 

peak areas for either DDC or 3TC over three consecutive freeze/thaw cycles at 2µg/ml 

level. The stability of extracted matrix samples in the autosampler was also evaluated. At 

time 0, one sample of each matrix was injected onto the HPLC column and analyzed. In 

another 24h, the same sample from each matrix was injected again. The peak areas for 

DDC and D4T in each injection were compared. The %R.S.D. between each sample was 

<8.0% for both compounds and there was no obvious decline in peak areas between each 

injection. 

3.6. Animal study 

 To demonstrate the utility of this assay, a pregnant rat was dosed with DDC and 

D4T at the level of 25 mg/kg. Maternal plasma, amniotic fluid, placenta and fetal tissue 

were collected, extracted and analyzed as described above. A calibration curve from each 

matrix was prepared on the day of analysis to calculate the concentration of DDC present 

in the real samples. Before analysis, each sample collected from the dosed pregnant rat 

was spiked to yield a concentration of 1µg/ml of the internal standard 3TC. Fig. 6 shows 

the concentration–time profile of DDC and D4T in all four biological matrices of the 

pregnant rat. WinNonlin (Pharsight, Mountain View, CA, USA) was used to fit a non-

compartment IV bolus model to the plasma data. DDC has a half-life of 106.2min, a 

steady state volume of distribution of 1.58l/kg, and total clearance of 0.75 l/h/kg based on 

the maternal plasma data. D4T has a half-life of 97.2min, a steady state volume of 
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distribution of 0.69l/kg, and total clearance of 0.28l/h/kg based on the maternal plasma 

data. 

 Animal studies with an IV bolus administration of a dose of 25mg/kg of DDC 

alone were conducted for comparison to the DDC-D4T combination dose. When 

administered alone, DDC has a half-life of 120min, a steady state volume of distribution 

of 1.90l/kg, and total clearance of 1.00 l/h/kg in the maternal plasma. Therefore, there is 

little difference observed in maternal pharmacokinetics of DDC both in single dose and 

in combination. This is similar to previous studies comparing the nucleoside antivirals 

lamivudine and zidovudine. However, there are significant differences in relative 

exposures (AUC tissue/AUC maternal plasma) of the fetus to DDC when administered alone or 

in combination. For example, the relative exposure of the tissues was significantly lower 

in the combination doses. For fetus, it was 0.6 in the single dose vs. 0.3 in the 

combination; for placenta, it was 1.3 in the single dose vs. 0.7 in the combination. This 

preliminary data suggests that D4T decreases the fetal and placental exposure to DDC by 

perhaps as much as 50%. Additional animal studies will be needed to fully understand the 

interactions between these antivirals however, it is clear that there is more than simple 

passive diffusion involved in the transport of the nucleoside antivirals between maternal 

and fetal circulations. 

4. Conclusion 

A sensitive, efficient and accurate method was developed and validated for the 

simultaneous quantification of DDC and D4T in rat plasma, amniotic fluid, placental and 
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fetal tissues. This method is useful for pharmacokinetic studies to investigate the 

distribution of DDC and D4T in the maternal and fetal compartment of rats. 
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Table 3.1 Linear regression equations generated from validation data from each matrix, 

(n = 3, for each matrix) 
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Table 3.2 The intra-day (n = 5, at each spiked concentration) and inter-day (n = 15, at 

each spiked concentration) precision (%R.S.D.) and accuracy (% error) of the HPLC–UV 

method used to quantitate DDC in maternal plasma, amniotic fluid, placental and fetal 

homogenates 
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Table 3.3 The intra-day (n = 5, at each spiked concentration) and inter-day (n = 15, at 

each spiked concentration) precision (%R.S.D.) and accuracy (% error) of the HPLC–UV 

method used to quantitate D4T in maternal plasma, amniotic fluid, placental and fetal 

homogenates 
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Table 3.4 The percent relative recovery ± S.D. (n = 5) of DDC, D4T and 3TC from 

maternal plasma, amniotic fluid, placental and fetal homogenates 
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Table 3.5 Results of freeze/thaw stability of DDC in maternal plasma, amniotic fluid, 

placental and fetal homogenates, represented by area ± S.D. (n = 5) of each day and 

%R.S.D. of the area of DDC and D4T between days 
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Fig. 3.1 Chemical structures of DDC, D4T and 3TC 
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Fig.3.2 Chromatograms obtained from blank plasma (A) and plasma spiked with DDC (I, 

2µg/ml), D4T (II, 2µg/ml) and 3TC (III, 1µg/ml) 
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Fig.3.3 Chromatograms obtained from blank amniotic fluid (A) and amniotic fluid spiked 

with DDC (I, 2µg/ml), D4T (II, 2µg/ml) and 3TC (III, 1µg/ml) 
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Fig.3.4 Chromatograms obtained from blank placental homogenate (A) and placental 

homogenate spiked with DDC (I, 2µg/ml), D4T (II, 2µg/ml) and 3TC (III, 1µg/ml) 
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Fig.3.5 Chromatograms obtained from blank fetal homogenate (A) and fetal homogenate 

spiked with DDC (I, 2µg/ml), D4T (II, 2µg/ml) and 3TC (III, 1µg/ml) 
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Fig. 3.6 Concentration vs. time profile of DDC and D4T in maternal plasma, amniotic 

fluid, placenta and fetus after 25 mg/kg i.v. bolus dose of DDC and D4T 
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CHAPTER 4 

COMPARISON OF THE FETAL DISPOSITION OF ZALCITABINE AND 

LAMIVUDINE IN THE PREGNANT RAT
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ABSTRACT 

 

Both zalcitabine (DDC) and lamivudine (3TC) are nucleoside reverse transcriptase 

inhibitors that have been shown to inhibit the human immunodeficiency virus (HIV). 

Although they have similar structures and physical-chemical properties, the major 

structural difference is that DDC is a d-isomer and 3TC is an l-isomer. In this paper, the 

pharmacokinetics and placental transfer of DDC and 3TC were studied and compared in 

the pregnant rat following IV administration. The drugs were administered IV bolus 

separately at a dose of 25 mg/kg to timed-pregnant Sprague-Dawley rats on day 19 of 

gestation via a jugular cannula. Maternal plasma, placenta, fetus and amniotic fluid 

samples were collected over a period of six hours post-dose. Concentrations in each 

matrix were determined by HPLC-UV. All pharmacokinetic parameters were determined 

using WINNONLIN. A two compartment model with first order elimination was used to 

fit all maternal plasma data. All tissue data was analyzed by noncompartmental analysis. 

In addition, a five-compartment model was fitted to the data and pharmacokinetic 

parameters and relative exposures (AUCtissue/AUCmaternal plasma) were determined.  

Maternal peak plasma concentrations were similar for DDC (47.8 ± 4.4 mg/L) and 

3TC (47.4 ± 6.6 mg/L). However, the clearance of 3TC (0.6 ± 0.1 l/hr-kg) was 

significantly lower than that of DDC (1.0 ± 0.1 l/hr-kg) resulting in a significantly higher 

AUC for 3TC. With both drugs the placental half-life was equivalent to the maternal 

plasma half-life; whereas, the fetal and amniotic fluid concentrations declined with a 



    62 

  

 

significantly longer half-life (2-fold increase). Relative exposures for 3TC in the placenta 

(0.5 ± 0.1), fetus (0.3 ± 0.1), and amniotic fluid (0.3 ± 0.1) indicate no significant 

accumulation of 3TC.  Relative exposures for DDC in the placenta (1.3 ± 0.1) and fetus 

(0.6 ± 0.1) were significantly higher than those observed for 3TC. No difference was 

noted in relative exposures of amniotic fluid. These values were consistent with the 

parameters obtained from the five compartment model.  These significant differences 

suggest that active transport may play a role in the transplacental transfer of both DDC 

and 3TC. However, further studies are needed to determine the role of these transporters 

in placental transport of the antiviral drugs. 
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INTRODUCTION 

Viral infections have increased dramatically in pregnant women, thus, exposing the 

fetus in utero. Therefore, antiviral drugs are used therapeutically in pregnancy for 

treatment of the mother and fetus. Antiviral drugs are presumed to prevent viral 

transmission from mother to fetus by decreasing maternal viral load and/or accumulation 

of drugs in the fetal compartment. Several studies of mother-to-infant transmission of 

HIV have demonstrated a correlation between the maternal virus load at delivery and risk 

of HIV transmission to the child. (9, 13, 25). 

2’, 3’-Dideoxycytidine (Zalcitabine, DDC) was one of the earliest nucleoside reverse 

transcriptase inhibitors (NRTI) used for AIDS therapy. DDC was the first drug approved 

under the principles and procedures of FDA’s proposed accelerated drug review policy 

(36). DDC has been used in patients who cannot be maintained on AZT due to side 

effects (e.g. severe anemia) (33). Lamivudine (3TC) is a dideoxynucleoside analog of 

cytidine and is structurally similar to DDC (Figure 1). However, it differs from DDC in 

that the 3’-carbon of the ribose ring is replaced with sulfur, forming an oxathiolane ring 

(16). Although they have similar structures and physical-chemical properties, the major 

structural difference is that 3TC is an l-isomer and DDC is a d-isomer. 3TC has mostly 

been used in combination with zidovudine (AZT), given at a dose of 150 mg twice daily 

with 300 mg AZT (Combivir) (21). Both DDC and 3TC triphosphate prevent HIV 

replication by competitively inhibiting viral reverse transcriptase and terminating the 

proviral deoxyribonucleic chain extension (30). 
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There are several studies that have investigated the placental transport of AZT (6, 18, 

23, 28, 31, and 34); however, there remains a need for studies of other antiviral drugs, 

such as DDC and 3TC. The physiological changes experienced by pregnant women, such 

as changes in gastrointestinal transit time, cardiac output, and plasma protein 

concentrations, may result in clinically significant alterations in drug pharmacokinetics 

(7). Therefore, an appropriate animal model must be used to study the placental transfer 

of drugs in the fetal-placental unit since pregnant women are generally excluded from 

clinical trials. The pregnant rat has been chosen as a model because of the similarities to 

humans in placental structure and hemodynamic changes in pregnancy (12). Their easy 

handling, large litter size (allowing for serial sampling), and short gestation period make 

the rat more convenient and economical than other large animal species. In addition, the 

similarities in rat and human transporters will allow for further study of the active 

transport of antiviral agents (15, 22). Most in vivo human placental transfer studies are 

restricted to single paired maternal and umbilical blood and amniotic fluid samples 

obtained at the time of delivery. Thus, the ability to obtain the entire concentration versus 

time profile from the pregnant rat makes it a more reliable model for the study of 

placental transfer. The pregnant rat model has been used previously in studying placental 

transfer of several compounds, including antiviral agent (4-6, 8, 10, 14, 17-19, 26, 27, 

35).  

The effect of pregnancy on the placental transfer of DDC and 3TC has not been 

investigated and limited data are available on the influence of pregnancy on the 
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pharmacokinetics of these drugs (11). This study provides a thorough comparison on the 

placental transfer and pharmacokinetics of DDC and 3TC. 

 

MATERIALS AND METHODS 

Reagents and chemicals. DDC and Stavudine (D4T) were obtained from Sigma (St. 

Louis, MO, USA). Lamivudine (3TC) was extracted from commercially available tablets. 

The purity of the extracts was determined by comparison to reference standards provided 

by the manufacturer (GlaxoSmithKline, RTP, NC, USA) and found to be greater than 

98%. HPLC-grade methanol, acetonitrile and sodium phosphate dibasic were purchased 

from Fisher Scientific (Fair Lawn, NJ, USA). Ammonium sulfate was purchased from 

J.T. Baker (Phillipsburg, NJ, USA). Reagent grade formic acid was from Sigma (St. 

Louis, MO, USA). The deionized water used was generated from a Continental 

Deionized Water System (Natick, MA, USA). 

Animal study. The use of animals in this study was approved by the University of 

Georgia Animal Use and Care Committee. The rats were housed one animal per cage in 

the University of Georgia College of Pharmacy animal facility (AALAC accredited). The 

environment was controlled (20 – 22 °C, 14 hr of light per day) with daily feedings of 

standard chow pellets and water. 

Timed-pregnant Sprague-Dawley rats (Harlan, Indianapolis, IN, USA) with an 

average weight of 328 ± 20 g were anesthetized intramuscularly on day 19 of pregnancy 

with ketamine:acepromazine:xylazine (50:3.3:3.4mg/kg) given in conjunction with 
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subcutaneous atropine (0.5 mg/kg). Subsequent doses of anesthesia were administered as 

needed. Body temperature was monitored with a Cooper Instrument Corporation 

temperature probe (model TC 100A; Cooper, Middlefield, Conn.) and maintained with 

heated surgical pads and incandescent lights. Prior to dosing, a laporatomy was 

performed and a small incision was made in the uterine wall to allow for sampling of the 

pups and a cannula was surgically implanted in the right jugular vein. The blood supply 

to the individual fetus was tied off prior to removal to minimize bleeding. An intravenous 

bolus dose (25 mg/kg) of DDC or 3TC was prepared in 0.1 M NaOH in physiological 

saline and administered via the jugular cannula. 

Blood samples of 150 to 250 µl were collected at 5, 15, 30, 45, 60, 90, 120, 180, 240, 

300, 360 min after dosing into heparinized tubes and centrifuged at 10,000 rpm for 10 

min using a Micro-centrifuge Model 235V (Fisher Scientific, USA) to allow for 

collection of plasma. Pups were harvested at 5, 15, 30, 45, 60, 90, 120, 180, 240, 300, and 

360 min.  Duplicate and triplicate pups were sampled at the same time point from 

individual pregnant rats throughout the study to ensure that each fetal sac had similar 

concentrations at any given time. Amniotic fluid samples were pulled from the fetal sacs 

with an 18-gauge needle and deposited into clean Eppendorf tubes.  Placental and fetal 

tissues were homogenized in two volumes of deionized water (wt/vol) using an Ultra-

Turbax T8 (IKA Labortechnik, Germany). All samples were stored at –20 °C until 

analysis. 

 HPLC analysis. DDC concentrations were determined by an HPLC-UV method 
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developed previously (37). The samples were analyzed on a Hewlett-Packard (Agilent) 

1100 series HPLC equipped with a variable wavelength UV detector. Chromatographic 

separation was achieved on a Waters Spherisorb S3W silica column (4.6×3.0mm, 

Milford, MA) equipped with a Phenomenex security guard C-18 guard column 

(4×3.0mm, Torrance, CA). The mobile phase consisted of Solvent A (22mM formic acid) 

and Solvent B (acetonitrile) (97:3). The detection wavelength was set to be 265nm. The 

flow rate was set to be 0.5ml/min, and the injection volume was 40μl. The HPLC run 

time was 22min for each run. The calibration curves of plasma, amniotic fluid, placental 

and fetal homogenates were in the range of 0.1 – 50 µg/ml. The internal standard 

concentration was 1µg/ml (3TC) for all samples. All the samples were prepared by the 

‘salting out’ technique. 200µl of a saturated ammonium sulfate solution and 1ml of ice 

cold acetonitrile were added to the samples (100µl for plasma, placental and fetal 

homogenate, 50µl for amniotic fluid). After being vortexed and centrifuged at 13,000 rpm 

for 10 min, the upper organic layer was aspirated and dried under vacuum. Samples were 

then reconstituted in 100µl of distilled water for injection. 

3TC concentrations were determined by an HPLC-UV method developed previously 

(1). Briefly, plasma and amniotic fluid samples were prepared using 15 µl of 2 M 

perchloric acid. Fetal and placental samples were processed using a salting out technique 

using 180 µl saturated ammonium sulfate solution and 360 µl of cold acetonitrile. The 

calibration curves of plasma and amniotic fluid were in the range of 0.1 – 50 µg/ml and 

0.2 – 50 µg/ml for placental and fetal homogenates. The internal standard concentration 
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was 5 µg/ml (d4T) for all samples. 

The chromatographic system consisted of Waters (Milford, MA, USA) 510 pump, 

717 autosampler and 486 UV detector operated with Millennium 2010 data system.  A 

YMC phenyl column (5 µm, 150 mm×2 mm i.d., Waters, Milford, MA, USA) equipped 

with a Phenomenex C18 guard column (Torrance, CA, USA) was used to achieve all the 

chromatographic separations. The mobile phase consisted of 5% methanol in 20 mM 

dibasic sodium phosphate (pH 6), pH was adjusted using phosphoric acid and NaOH 

concentrated solutions. The flow rate was 0.2 ml/min and the detection wavelength was 

256 nm. This method was previously validated to show acceptable precision and accuracy 

over the calibration range 0.1 – 50 µg/ml for plasma and amniotic fluid and 0.2 – 50 

µg/ml for placental and fetal homogenates. 

Data analysis. Initially, the plasma data was subjected to compartmental analysis 

using WinNonlin (Pharsight, Mountain View, CA, USA). A two-compartment intravenous 

bolus model with first-order elimination was used to fit the plasma data.  Amniotic fluid, 

placenta, and fetus data were subjected to noncompartmental analysis.  The relative 

exposure (RE) of each matrix was calculated by comparing the AUC for the individual 

tissues to the AUC for the maternal plasma data.  

A five-compartment model was used to characterize the distribution of DDC and 3TC 

in the maternal plasma (central) (Cc), maternal tissue (Ct), placental (Cp), fetal (Cf), and 

amniotic fluid compartments (Ca) (Figure 2). This model incorporated bidirectional 

transfer between maternal plasma and placenta, placenta and fetus, placenta and amniotic 
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fluid, fetus and amniotic fluid, and maternal plasma and tissue compartment.  

RESULTS AND DISCUSSION 

Mean concentration-time profiles of DDC and 3TC in maternal plasma, placenta, 

fetus and amniotic fluid following intravenous administration of a 25 mg/kg bolus dose 

are shown in Figure 3.  Maternal plasma concentrations of both DDC and 3TC decline in 

a biexponential fashion after IV administration. The pharmacokinetic parameters 

generated from two-compartmental analysis of the maternal plasma data are presented in 

Table 1. DDC has a half-life of 2.0 hr, a steady state volume of distribution of 1.9 L/kg 

(Vss), and total clearance of 1.0 L/h/kg based on the maternal plasma data. These values 

were in close agreement with previously reported values for DDC pharmacokinetics in 

rats (19, 20). The maternal plasma pharmacokinetic parameters generated for 3TC in 

pregnant rats (Vss = 1.3 L/kg, t1/2 = 1.9 hr) are similar to previously reported values 

observed in humans (Vss = 1.3 L/kg, t1/2 = 2 – 4 hrs), and rhesus monkeys (Vss = 1.2 L/kg, 

t1/2 = 1.4 hr) (3, 30). These values for Vss indicate that both DDC and 3TC are extensively 

distributed, which is unexpected based on the hydrophilic nature of the drugs, thus, 

suggesting that active transport may be involved. Based on these data, we found that 

maternal peak plasma concentrations were similar for 3TC (47.4 ± 6.6 mg/L) and DDC 

(47.8 ± 4.4 mg/L). However, the clearance of 3TC (0.6 ± 0.1 l/hr-kg) was significantly 

lower than that of DDC (1.0 ± 0.1 l/hr-kg) resulting in a significantly higher AUC for 

3TC.   

The pharmacokinetic parameters generated by noncompartmental analysis of the 
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placenta, fetus and amniotic fluid data are shown in Table 2. DDC concentrations in the 

placenta exceeded maternal levels after 30 minutes. However, the concentration of DDC 

in fetal or amniotic fluid did not demonstrate a big increase as placental levels exceeded 

maternal plasma values. This phenomenon suggests that saturation of active/facilitative 

transport occurs during this process. Unlike DDC, the placenta concentration of 3TC 

declines in parallel with the maternal plasma. The uptake of both DDC and 3TC into the 

placenta was rapid, with the concentrations reaching a maximum at 5 minutes. For both 

drugs, the uptake into the fetus and amniotic fluid was less rapid relative to the placental 

uptake. Interestingly, the concentration of DDC and 3TC in the amniotic fluid slowly 

rises and reaches a plateau, rather than declining with the maternal plasma, suggesting 

that the amniotic fluid compartment could serve as a depot for the two drugs. This 

phenomenon has previously been reported for 3TC and other antiviral agents (6, 18, 24, 

29, and 34). Investigators suggested that the high concentrations in amniotic fluid could 

be attributed to recirculation of the compound due to fetal swallowing and micturition. 

Although the half-lives of 3TC in the fetus and amniotic fluid were longer than the half-

life observed in the maternal plasma, the AUC and Cmax values for all tissues were 

significantly lower than that of maternal plasma. To summarize, with both drugs the 

placental half-life was equivalent to the maternal plasma half-life; whereas, the fetal and 

AF concentrations declined with a significantly longer half-life (2-fold increase). 

Generally, the relative exposures for DDC are generally higher for 3TC in all tissues, 

with a significant difference in placenta and fetus and a not significant difference in 
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amniotic fluid. For 3TC, all the exposures range from 0.3 to 0.5; but for DDC, the 

relative exposure in placenta is higher than that in fetus, which almost equals to that in 

amniotic fluid, showing that the placenta has the protective effect for DDC.    

Duplicate and triplicate pups were sampled at the same time point from individual 

pregnant rats throughout the study to ensure that each fetal sac (placenta, fetus, and 

amniotic fluid) had similar concentrations at any given time.  Low coefficients of 

variation were observed among fetal sacs removed at the same time point in individual 

dams (6.3% in fetal tissue, 7.8% in placenta, and 8.4% in amniotic fluid), indicating good 

reliability of this data. 

The maternal plasma, placenta, fetus, and amniotic fluid were also simultaneously 

fitted to a five-compartment model (Figure 2). The model developed for DDC and 3TC 

maternal-fetal transport assumed no drug elimination from the fetus since metabolism of 

both DDC and 3TC is a minor route of elimination (2, 16). The model-predicted DDC 

and 3TC concentration versus time profiles in maternal plasma, placenta, fetus, and 

amniotic fluid closely followed the observed data (Figure 4).  

Intercompartmental clearances are presented in Table 3. The transfer of both drugs 

from maternal plasma to the placenta was rapid, consistent with the short Tmax. 

Significant differences existed between CLcp and CLpc for 3TC, which shows that active 

transporters played a role in transplacental transfer of 3TC by pumping 3TC from 

placenta back into maternal plasma; however, there was no deference between CLcp and 

CLpc for DDC, showing passive diffusion. Significant differences existed between CLpf 
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and CLfp for both DDC and 3TC, and CLfp was about 3-fold higher than CLpf for DDC 

and 2-fold higher for 3TC. These findings showed that transporters helped pumping both 

DDC and 3TC back to placenta from fetus. This result was consistent with our findings 

with the two-compartment and noncompartment modeling, which showed a relative high 

RE in placenta for DDC but not for 3TC. Not many differences were noticed between 

CLpa and CLap and between CLct and CLtc for either DDC or 3TC, suggesting passive 

diffusion. However, significant differences existed between CLpa and CLap for both DDC 

and 3TC, suggesting that the transporters tended to pump drugs from fetus back to 

amniotic fluid. For CLT, it was significant higher for DDC than 3TC, which was 

consistent with the results from the 2-compartment modeling. (4.66 ml/min vs. 1.0 l/hr-kg 

for DDC, 2.92 ml/min vs. 0.6 l/hr-kg) 

Previous studies have shown that drug can be transferred to the amniotic fluid from 

the fetus via urination and lung secretion and to the fetus via inhalation and swallowing 

(32).  Besides, the drugs can diffuse from the amniotic fluid through umbilical cord 

membranes to the placenta. Although the transfer rates are small relative to transfer rates 

from other compartments, omission of these compartments could lead to different 

estimates of transplacental clearances (34). The equivalent intercompartmental clearances 

for these two compartments are consistent with their REs. These observations are 

supported by the recent identification of transporters in the placenta (15, 22).  However, 

further studies are needed to determine the role of these transporters in placental transport 

of this agent. 
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To summarize, although DDC and 3TC have very similar structures and chemical 

and physical properties, their pharmcokinetics in placental transfer are very different. We 

assume that maybe these differences due to their L-D differences. Thus, we assume that 

some transporters may play a role here, and they have different steroselectivities. 

However, further studies are needed to prove these suggestions.  
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Table 4.1. Maternal plasma pharmacokinetic parameters (mean ± standard deviation) 

 
Value 

Parameter 
DDC 3TC 

Half-life (hr) 2.0± 0.4 1.9 ± 0.4 

AUC (hr-mg/L) 23.8± 1.6 43.0 ± 7.6
a
 

CLT (L/hr-kg) 1.0± 0.1 0.6 ± 0.1
a
 

Vss (L/kg) 1.9± 0.2 1.3 ± 0.1
a
 

Cmax(mg/L) 47.8 ± 4.4 47.4 ± 6.6 

 

a indicates significant difference between the values for DDC and 3TC.
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Table 4.2. Placental, Fetal and Amniotic Fluid Pharmacokinetic Parameters and Relative 

Exposures (mean ± standard deviation) 

  
Placenta Fetus Amniotic Fluid 

Parameter 
DDC 3TC DDC 3TC DDC 3TC 

Half-life (hr) 2.3± 0.9 2.1 ± 0.3 4.9± 2.9 3.3 ± 1.1 5.2± 2.0 3.9 ± 1.2 

AUC* 30.2± 7.2 19.3 ± 1.9
a
 15.4 ± 3.2 11.2 ± 3.4 12.4± 3.4 12.1 ± 3.5 

Cmax** 18.2 ± 1.8 9.0 ± 0.5
 a
 2.0 ± 0.6 2.3 ± 0.9 1.5 ± 0.2 1.7 ± 1.0 

Tmax (hr) 0.1 ± 0 0.1 ± 0 1.7± 0.6 1.0 ± 0.6 2.3 ± 0.5 3.6 ± 0.5
a
 

Relative 

Exposure*** 
1.3± 0.4 0.5 ± 0.1

a
 0.6± 0.1 0.3 ± 0.1

a
 0.5± 0.1 0.3 ± 0.1 

 

* Expressed as hr·mg/kg for placenta and fetus and as hr·µg/mL for amniotic fluid 

** Expressed as µg/g for placenta and fetus and as µg/mL for amniotic fluid 

***Relative Exposure = AUCtissue/AUCmaternal plasma 

a indicates significant difference between the values for DDC and 3TC. 
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Table 4.3.  Intercompartmental clearance estimates (ml/min) of DDC and 3TC in 

pregnant rats (25 mg/kg). 

 

Parameter DDC 3TC 

CLcp 0.67± 0.13  0.26 ± 0.06
a
   

CLpc 0.79± 0.22 0.62 ± 0.20
b
 

CLpf 0.42± 0.09   0.53 ± 0.20 

CLfp 1.21± 0.30
b
   1.12 ± 0.31

b
  

CLpa 0.006± 0.002   0.005 ± 0.001 

CLap 0.006± 0.004   0.004 ± 0.003 

CLct 7.23± 2.65   4.68 ± 0.67 

CLtc 7.71± 2.23   4.64 ± 0.82 

CLfa 0.006± 0.005   0.007 ± 0.004 

CLaf 0.021± 0.002
b
   0.012 ± 0.006

a
 

CLT 4.66± 0.52   2.92 ± 0.48
a
  

 

a indicates significant difference between the values for DDC and 3TC. 

b Indicates significant differences between corresponding distribution clearances within 

each therapy group. 
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Figure 4.1. Chemical structures of DDC and 3TC 
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Figure 4.2.  Schematic representation of the pharmacokinetic model, used to describe the 

disposition of DDC and 3TC in maternal central, maternal tissue, placental, fetal, and 

amniotic fluid compartments after iv injection to pregnant rats. 
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(a) 

 

(b) 

 

 

Figure 4.3. Concentration versus time profiles of 25 mg/kg dose of (a) DDC (b) 3TC 

following IV bolus administration in maternal plasma, placenta, fetus, and amniotic fluid. 

(n=6 for DDC, n=7 for 3TC) 
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Figure 4.4. Measured DDC and 3TC concentration versus time data for maternal plasma, 

placenta, fetus, and amniotic fluid fitted simultaneously to the five-compartment model. 
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CHAPTER 5 

 

STAVUDINE AFFECTS THE PLACENTAL TRANSFER OF ZALCITABINE IN THE 

PREGNANT RAT
1
 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
Meng Xu, Michael G. Bartlett, Catherine A. White. To be submitted to the Journal of 

Pharmacology & Experimental Therapeutics. 
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ABSTRACT 

Both zalcitabine (DDC) and stavudine (D4T) are nucleoside reverse transcriptase 

inhibitors that have been shown to inhibit the human immunodeficiency virus (HIV). The 

effects of D4T on DDC were evaluated during placental transfer in the pregnant rat. DDC 

alone or in combination with D4T was administered IV bolus at a dose of 25 mg/kg to 

timed-pregnant Sprague-Dawley rats on day 19 of gestation via a jugular cannula. 

Maternal plasma, placenta, fetus and amniotic fluid samples were collected over a period 

of seven hours following drug administration. Concentrations in each matrix were 

determined by HPLC-UV. All pharmacokinetic parameters were determined using 

WINNONLIN. A two compartment model with first order elimination was used to fit all 

maternal plasma data. All tissue data was analyzed by noncompartmental analysis and 

relative exposures (RE, AUCtissue/AUCmaternal plasma) were determined.  

Maternal pharmacokinetics were similar for DDC alone and DDC in combination 

with D4T, with a Cmax 47.8± 4.4 vs. 43.1± 9.1 mg/L, AUC 23.8± 1.6 vs. 21.8± 2.4 hr-

mg/L, ClT 1.0± 0.1 vs 1.2± 0.1 L/hr-kg, Vss 1.9± 0.2 vs. 1.6 ± 0.1 L/kg, half life 2.0± 0.4 

vs. 1.9± 0.6 hr. However, the RE for DDC given in combination in the placenta (0.6±0.1 

vs. 1.3±0.4) and fetus (0.2±0.1 vs. 0.6±0.1) were significantly lower than DDC alone, 

which suggests that D4T either blocks the movement of DDC into placenta, or has a 

upregulation of efflux transporters which transfer DDC from placenta back into plasma. 

Keywords: Zalcitabine, Stavudine 
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INTRODUCTION 

Acquired Immunodeficiency Syndrome (AIDS) is an epidemic that has far exceeded 

early predictions. For children, about 90% of the human immunodeficiency virus (HIV) 

infections are due to vertical transmission from the infected mothers through blood, 

amniotic fluid, and/or breast milk. (CDC, 2005; Hansen, 1998) Therefore, antiviral drugs 

are used therapeutically in pregnancy for treatment of the mother and the fetus, which are 

presumed to prevent viral transmission from mother to fetus by decreasing maternal viral 

load and/or accumulation of drugs in the fetal compartment. (Coll et al., 1997; Fang et al., 

1995; Mayaux et al., 1997) Nucleoside reverse transcriptase inhibitors (NRTIs) compose 

the first class of antiretroviral drugs developed. The active forms of NRTIs are not the 

drug, as administered, but its triphosphorylated (TP) metabolites, which competitively 

inhibit HIV reverse transcriptase following incorporation into the proviral DNA. 

(Rodman et al., 1996) However, the mechanism associated with placental transfer of 

NRTIs is largely unknown.  

 DDC was one of the earliest NRTI used for AIDS therapy and was the first drug 

approved under FDA’s accelerated drug review policy. (FDA, 1990) DDC has been used 

in patients who cannot be maintained on AZT due to side effects (e.g. severe anemia). 

(Simonds et al., 1998) D4T is a powerful dideoxynucleoside analogue which has shown 

powerful activity against HIV. (Mitsuya et al., 1986)
 
It inhibits HIV reverse transcriptase 

with relatively little inhibition of host cell DNA polymerases in various cell types. 

(Ferrua et al., 1994) 
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 Since pregnant women are usually excluded from the pharmacokinetic studies for fear 

of toxic effects of the drugs on the fetus, an appropriate animal model must be used to 

study the placental transfer of drugs in the fetal-placental unit. (Tuntland et al., 1999) The 

pregnant rat model has been used successfully in the study of the placental transfer of 

many compounds, including nucleoside analogs (Ibrahim et al., 1989; Boike et al., 1989a, 

1989b; Huang et al., 1996; Clark et al., 2001, 2004, 2006; Brown et al., 2002a, 2002b, 

2003; Ding et al., 2004; Alnouti et al., 2004a, 2004b, 2004c, 2005; Lewis et al., 2007; Xu 

et al., 2008). The rat placenta is similar to the human placenta since both are hemochorial, 

in which trophoblastic cells are in direct
 

contact with maternal blood without an 

intervening endothelium. In addition, the hemodynamic changes present in the pregnant 

rat are similar to those seen in a human pregnancy
 
(Faber et al., 1983; Boike et al., 1989a; 

Leazer et al., 2003). Finally, the pregnant rat model is ideal for pharmacokinetic studies 

because of the short gestation time and the containment of each fetus, placenta, and 

amniotic fluid in individual fetal sacs which allows for concurrent serial sampling of the 

pups. (Brown et al., 2003) 

A series of studies by Unadkat and coworkers has reported the lack of interaction 

between several anti-HIV drugs (D4T and AZT; DDI and AZT) when using the macaque 

as an animal model; their findings suggest passive diffusion as the primary mechanism 

for placental transport. (Pereira et al., 1995; Odinecs et al., 1996; Tuntland et al., 1996) 

However, our previous studies have shown substantial interactions between AZT and 

acyclovir, and between AZT and 3TC. (Brown et al., 2003; Alnouti et al., 2004b) The 
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differences between these studies may be related to the animal models, experimental 

design, or may be specific to the agents studied. Continued study of these compounds is 

needed to gain further understanding of the placental transport processes of these agents. 

This study examines the effects of D4T on the placental transfer of DDC in pregnant rats. 

 

MATERIALS AND METHODS 

Reagents and chemicals. DDC and D4T were obtained from Sigma (St. Louis, MO, 

USA). Lamivudine (3TC) was extracted from commercially available tablets. The purity 

of the extracts was determined by comparison to reference standards provided by the 

manufacturer (GlaxoSmithKline, RTP, NC, USA) and found to be greater than 98%. 

HPLC-grade methanol and acetonitrile were purchased from Fisher Scientific (Fair 

Lawn, NJ, USA). Ammonium sulfate was purchased from J.T. Baker (Phillipsburg, NJ, 

USA). Reagent grade formic acid was from Sigma (St. Louis, MO, USA). The deionized 

water used was generated from a Continental Deionized Water System (Natick, MA, 

USA). 

Animal study. The use of animals in this study was approved by the University of 

Georgia Animal Use and Care Committee. The rats were housed one animal per cage in 

the University of Georgia College of Pharmacy animal facility (AALAC accredited). The 

environment was controlled (20 – 22 °C, 14 hr of light per day) with daily feedings of 

standard chow pellets and water. 

Timed-pregnant Sprague-Dawley rats (Harlan, Indianapolis, IN, USA) with an 
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average weight of 330g were anesthetized intramuscularly on day 19 of pregnancy with 

ketamine:acepromazine:xylazine (50:3.3:3.4mg/kg) given in conjunction with 

subcutaneous atropine (0.5 mg/kg). Subsequent doses of anesthesia were administered as 

needed. Body temperature was monitored with a Cooper Instrument Corporation 

temperature probe (model TC 100A; Cooper, Middlefield, Conn.) and maintained with 

heated surgical pads and incandescent lights. Prior to dosing, a laporatomy was 

performed and a small incision was made in the uterine wall to allow for sampling of the 

pups and a cannula was surgically implanted in the right jugular vein. The blood supply 

to the individual fetus was tied off prior to removal to minimize bleeding. An intravenous 

bolus dose (25 mg/kg) of DDC and DDC/D4T was prepared in 0.1 M NaOH in 

physiological saline and administered via the jugular cannula. 

Blood samples of 150 to 250 µl were collected at 5, 15, 30, 45, 60, 90, 120, 180, 240, 

300, 360 and 420 min after dosing into heparinized tubes and centrifuged at 10,000 rpm 

for 10 min using a Micro-centrifuge Model 235V (Fisher Scientific, USA) to allow for 

collection of plasma. Pups were harvested at 5, 15, 30, 45, 60, 90, 120, 180, 240, 300, 

360 and 420 min.  Duplicate and triplicate pups were sampled at the same time point 

from individual pregnant rats throughout the study to ensure that each fetal sac had 

similar concentrations at any given time. Amniotic fluid samples were pulled from the 

fetal sacs with an 18-gauge needle and deposited into clean Eppendorf tubes.  Placental 

and fetal tissues were homogenized in two volumes of deionized water (wt/vol) using an 

Ultra-Turbax T8 (IKA Labortechnik, Germany). All samples were stored at –20 °C until 
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analysis. 

 HPLC analysis. DDC concentrations were determined by an HPLC-UV method 

developed previously (Xu et al., 2008). The samples were analyzed on an Agilent 1100 

series HPLC equipped with a variable wavelength UV detector. Chromatographic 

separation was achieved on a Waters Spherisorb S3W silica column (4.6×3.0mm, 

Milford, MA) equipped with a Phenomenex security guard C-18 guard column 

(4×3.0mm, Torrance, CA). The mobile phase consisted of Solvent A (22mM formic acid) 

and Solvent B (acetonitrile) (97:3). The detection wavelength was set to be 265nm. The 

flow rate was set to be 0.5ml/min, and the injection volume was 40μl. The HPLC run 

time was 22 min for sample. The calibration curves of plasma, amniotic fluid, placental 

and fetal homogenates were in the range of 0.1 – 50 µg/ml. The internal standard 

concentration was 1 µg/ml (3TC) for all samples. All samples were prepared by the 

‘salting out’ technique. 200µl of a saturated ammonium sulfate solution and 1ml of ice 

cold acetonitrile were added to the samples (100µl for plasma, placental and fetal 

homogenate, 50µl for amniotic fluid). After being vortexed and centrifuged at 13,000 rpm 

for 10 min, the upper organic layer was aspirated and dried under vacuum. Samples were 

then reconstituted in 100µl of distilled water for injection. 

Data analysis. Initially, the plasma data was subjected to compartmental analysis 

using WinNonlin (Version 5.2, Pharsight, Mountain View, CA, USA). A two-

compartment intravenous bolus model with first-order elimination was used to fit the 

plasma data.  Amniotic fluid, placenta, and fetus data were subjected to 
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noncompartmental analysis.  Due to the inability to calculate accurate half-lives for DDC 

in the tissues, the area under the curve was truncated at 6 hours in plasma, placenta, fetus, 

and amniotic fluid for the calculation of relative exposure.  The relative exposure (RE) of 

each matrix was calculated by comparing the AUC values for the individual tissues to the 

AUC value for the maternal plasma data. The pharmacokinetic parameters generated for 

each dosing group and the relative exposure numbers were compared by using the 

unpaired t test (P <0.05) to detect statistically significant differences. 

 

RESULTS AND DISCUSSION 

Duplicate and triplicate pups were sampled throughout the whole operation at the 

same time point from individual pregnant rats throughout the study to ensure that each 

fetal sac (placenta, fetus, and amniotic fluid) had similar concentrations at any given 

time.  Low coefficients of variation were observed among fetal sacs removed at the same 

time point in individual dams (5.9% in fetal tissue, 6.2% in placenta, and 4.4% in 

amniotic fluid), indicating good reliability of this data. 

The average concentration in plasma vs. time profile for DDC dosed alone and in 

combination with D4T is shown in Fig. 2 (n=6 for DDC alone, n=5 for DDC/D4T 

combination). The pharmacokinetic parameters generated from the compartmental 

analysis of the plasma data are presented in Table 1. Maternal pharmacokinetics were 

similar for DDC alone and DDC in combination with D4T, with a Cmax 47.8± 4.4 vs. 

43.1± 9.1 mg/L, AUC 23.8± 1.6 vs. 21.8± 2.4 hr-mg/L, ClT 1.0± 0.1 vs 1.2± 0.1 L/hr-kg, 
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Vss 1.9± 0.2 vs. 1.6 ± 0.1 L/kg, half life 2.0± 0.4 vs. 1.9± 0.6 hr. The maternal plasma 

concentration of DDC in both situation declined in a biexponential fashion following IV 

administration. The high value for Vss indicates that in both situations, DDC is 

extensively distributed, which was unexpected based on the hydrophilic nature of DDC, 

and suggested that active transport may be involved. 

The concentration versus time profiles of DDC dosed alone and in combination with 

D4T from amniotic fluid, placenta, and fetus are compared in Fig. 3, and the 

pharmacokinetic parameters for these matrices generated from noncompartmental 

analysis are tabulated in Table 2. The half-life of DDC in the placenta was significantly 

shorter for DDC in the presence of D4T. While not significant, a decrease in half-lives for 

DDC in the fetus and amniotic fluid was also noted. The AUCs of DDC in placenta, fetus 

and amniotic fluid were significantly lower with the presence of D4T, and the Cmax was 

significant lower in fetus and amniotic fluid for the combination. These changes in tissue 

disposition resulted in significant decreases in RE for DDC in the placenta and fetus, and 

a non-significant decrease in amniotic fluid when administered with D4T.  

The uptake of DDC into the placenta was rapid, with the concentration reaching a 

maximum at 5 minutes. One interesting observation concerning DDC monotherapy was 

that DDC concentrations in the placenta exceeded maternal levels after 30 minutes. 

However, the concentration of DDC in fetal or amniotic fluid did not demonstrate a 

significant increase as placental levels exceeded maternal plasma values. This 

phenomenon suggests that saturation of active/facilitative transport occurs during this 
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process. Unlike the monotherapy, the placental concentration of DDC in combination 

with D4T declined with the maternal plasma with a faster half life, resulting in a 

significant lower RE in the placenta (0.6 vs. 1.3). However, this significant decrease in 

placental RE resulted in a significant decrease in RE in fetus but not in the amniotic fluid. 

The concentration of DDC in the amniotic fluid slowly rose and reached a plateau, rather 

than declining with the maternal plasma, suggesting that the amniotic fluid compartment 

could serve as a depot for DDC. This phenomenon has previously been reported for other 

antiviral agents (Pereira et al., 1995; Huang et al., 1996; Tuntland et al., 1998; 

Mandelbrot et al., 2001; Brown et al., 2003). Investigators suggested that the high 

concentrations in amniotic fluid could be attributed to recirculation of the compound due 

to fetal swallowing and micturition. In both situations, the AUC for DDC in the amniotic 

fluid and in the fetus almost equals, which suggested that the co-administration of D4T 

won’t affect the distribution of DDC between amniotic fluid and fetus. 

A significant decrease in placental transfer of DDC was noticed when coadministered 

with D4T, which suggests that D4T either blocks the movement of DDC into placenta, or 

has an upregulation of efflux transporters which transfer DDC from placenta back into 

maternal plasma. However, which specific transporters are involved is not known. There 

are several drug transporters which exist in the placenta, and at least nine of the known 

transporters in the placenta transport nucleoside antiviral agents or substrates that these 

transporters share in other tissues (Culnane et al., 1999; St-Pierre et al., 2000; Ganapathy 

et al., 2000; Leazer et al., 2003; Lewis, 2006). Efflux transporters include those belonging 
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to the ABC transporter family, which function to remove xenobiotics from the placenta. 

(Lewis, 2006) Among which, the breast cancer resistance protein (BCRP), modulates the 

exposure of the fetus to drugs by acting as a maternal-fetal barrier to passage of 

xenobiotics across the placenta; while the function of multidrug resistance proteins 

(MRPs) is not known (Jonker et al., 2000; Tudor-Williams et al., 1999) Transporters that 

are facilitative or equilibrative can function both as influx or efflux transporters 

depending on the directionality of the concentration gradient, which are referred to as 

bidirectional transporters. (UNAIDS, 2005; Yasuda et al., 2005) This group of 

transporters include the equilibrative and concentrative nucleoside transporters (ENT and 

CNT), the organic anion transporter (OAT 4), organic anion transporting polypeptides 

(OATPs), and the organic cation transporters (OCT 2, OCT 3, and OCTN 2). (Kitchen et 

al., 1995; Syme et al., 2004; UNAIDS, 2005) Thus, it is important to conduct further 

studies using cell culture models to identify which transporters are involved in the fetal 

uptake of these nucleoside analogs.    

 

CONCLUSION 

The disposition of DDC in the pregnant rat was significantly altered when it was 

dosed in combination with D4T.  The placental transport of DDC decreased dramatically 

in the presence of D4T.  This suggests that transporters, in addition to passive diffusion, 

play a role in the transport of these nucleoside analogs. However, which specific 

transporters or how these transporters affect in vivo disposition of therapeutic nucleoside 
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analogs is unknown.  Further studies using cell culture or other in vitro techniques are 

necessary to identify which transporters are involved in the fetal uptake of these 

nucleoside analogs.   
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Table 5.1. Maternal plasma pharmacokinetic parameters (mean ± standard deviation) for 

DDC when dosed alone or in combination with D4T 

 

 

Value 
Parameter 

DDC DDC-D4T 

Half-life (hr) 2.0± 0.4 1.9 ± 0.6 

AUC (hr-mg/L) 23.8± 1.6 21.8 ± 2.4 

CLT (L/hr-kg) 1.0± 0.1 1.2 ± 0.1 

Vss (L/kg) 1.9± 0.2 1.6 ± 0.1 

Cmax(mg/L) 47.8 ± 4.4 43.1 ± 9.1 
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Table 5.2. Placental, Fetal and Amniotic Fluid Pharmacokinetic Parameters and Relative 

Exposures (mean ± standard deviation) for DDC when dosed alone and in combination 

with D4T 

  
Placenta Fetus Amniotic Fluid 

Parameter 
DDC DDC-D4T DDC DDC-D4T DDC DDC-D4T 

Half-life (hr) 2.3± 0.9 1.1 ± 0.1
* 4.9± 2.9

 d
 3.1 ± 0.6

 d
 5.2± 2.0 2.6 ± 1.4 

AUC
 a

 30.2± 7.2 13.9 ± 1.2
* 15.4 ± 3.2 4.7 ± 1.5

* 12.4± 3.4 4.9 ± 0.9
* 

Cmax
 b

 18.2 ± 1.8 15.3 ± 2.1 2.0 ± 0.6 0.9 ± 0.3
* 1.5 ± 0.2 1.1 ± 0.4 

Tmax (hr) 0.1 ± 0 0.1 ± 0 1.7± 0.6 1.0 ± 0.6 2.3 ± 0.5 3.8 ± 1.1 

Relative 

Exposure
 c

 
1.3± 0.4 0.6 ± 0.1

* 0.6± 0.1 0.2 ± 0.1
* 0.5± 0.1 0.3 ± 0.1 

 

a Expressed as hr·mg/kg for placenta and fetus and as hr·µg/mL for amniotic fluid 

b Expressed as µg/g for placenta and fetus and as µg/mL for amniotic fluid 

c Relative Exposure = AUCtissue/AUCmaternal plasma 

d Estimates of half life are based on a limited number of data points in the elimination 

phase. 

* Indicates significant difference between DDC dosed alone and in combination with 

D4T (P < 0.05) 
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Figure 5.1 Chemical structures of DDC and D4T 
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Figure 5.2. (a)Concentration in plasma versus time profiles for DDC alone and in 

combination with D4T; Fitted plasma versus time profiles for DDC alone (b) and in 

combination with D4T (c) 
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Figure 5.3.  Concentration (mean plus standard deviation) versus time profiles of DDC 

alone and in combination with D4T from placenta (a), fetus (b), and amniotic fluid (c) 
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CHAPTER 6 

 

SIMULTANEOUS DETERMINATION OF ZALCITABINE AND STAVUDINE IN 

MATERNAL PLASMA, AMNIOTIC FLUID, PLACENTAL AND FETAL TISSUES 

USING LIQUID CHROMATOGRAPHY/TANDEM MASS SPECTROMETY
1
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Abstract: 

In order to study the placental transfer of nucleoside reverse transcriptase inhibitors, 

a quick and simple reversed phase high performance liquid chromatography with tandem 

mass spectrometry method has been developed and validated using an underivatized 

silica column for the separation and analysis of DDC and D4T from rat plasma, amniotic 

fluid, placental and fetal homogenate. Extraction of DDC, D4T and their internal standard 

lamivudine (3TC) from the matrices was processed by protein precipitation using ice-

cold acetonitrile. Chromatographic separation was achieved on a Waters Spherisorb S3W 

silica column (4.6mm × 100mm) equipped with a Phenomenex guard column. The 

mobile phase consisted of 20% methanol in 22mM formic acid. The flow rate was 0.4 

ml/min, and MRM was used for detection. The calibration curves for each day of 

validation showed good linear response over the range from 2 ng/ml to 2000 ng/ml. The 

absolute recoveries for all the drugs are all higher than 70%, and the matrix effects are all 

lower than 20%. All the intra- and inter- day assay precision and accuracy were better 

than 10% for all the matrices. 

Keywords: Zalcitabine; Stavudine 
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1. Introduction 

For children, about 90% of the human immunodeficiency virus (HIV) infections are 

due to vertical transmission from the infected mothers through blood, amniotic fluid, 

and/or breast milk. 
[1, 2] 

This perinatal transmission of HIV occurs as a result of 

transplacental dissemination of the virus and intrapartum exposure to infected blood in 

genital tract. 
[3-5]

  

With the number of HIV infections increasing, it is essential to determine the 

placental transfer of antivirals because of the increased resistance of HIV to zidovudine. 

[6, 7]
 In addition, the use of multidrug therapies has become the rule rather than the 

exception in the treatment of patients with HIV infections.
[8]

The use of these drugs is 

important in maintenance of maternal health through pregnancy and in possible 

prevention of vertical transmission of HIV. 
[7]

 While the use of combinations of antiviral 

drugs is popular, the impact of such combination therapies on placental transport is 

largely unknown.  

Our previous studies showed substantial interactions between the antivrals AZT and 

acyclovir, AZT and 3TC and between Zalcitabine (DDC) and Stavudine (D4T). 
[9-12]

 The 

data from these studies support a transporter-mediated mechanism for placental transport. 

However, a series of studies by Unadkat and coworkers has reported the lack of 

interaction between several anti-HIV drugs when using the macaque as an animal model; 

their findings suggest passive diffusion as the primary mechanism for placental 

transport.
[13-15]

  The differences between these studies may be related to the animal 
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models, experimental design, or may be specific to the agents studied. More important, 

the dose used in our previous studies is several times higher than the dose used in human 

beings or the doses used in macaques from other studies. In order to obtain 

pharmacokinetic data which is more directly comparable to other studies, we decided to 

conduct a pharmacokinetic study in rats with a dose of 5 mg/kg of the DDC/ D4T 

combination. Several HPLC methods have been developed to determine the 

concentrations of DDC and D4T.
[16-23]

 An HPLC-UV method was developed previously 

for the simultaneous determination of DDC and D4T in the pregnant rat model within a 

linear range from 0.1μg/ml to 50μg/ml. 
[12]

 However, these methods are either not 

sensitive enough or do not include all the necessary matrices we are going to use. Thus, a 

sensitive and specific analytical method was needed for this pharmacokinetic study. In 

this study, a rapid and sensitive HPLC- tandem MS method was developed and validated 

using reversed phase liquid chromatography on an underivatized silica column for the 

determination of concentrations in samples taken in a maternal–fetal drug transfer study 

of DDC and D4T. 

 

2. Experimental 

2.1. Reagents and chemicals 

 DDC and D4T were obtained from Sigma (St. Louis, MO, USA). The internal 

standard, 3TC, was obtained from GlaxoSmithKline (RTP, NC, USA). HPLC-grade 

methanol, acetonitrile were purchased from Fisher Scientific (Fair Lawn, NJ, USA).  
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Reagent grade formic acid was from Sigma (St. Louis, MO, USA). The deionized water 

used was generated from a Continental Deionized Water System (Natick, MA, USA). 

2.2. Instrumentation 

 An Agilent 1100 series HPLC system, consisting of a degasser, binary pump, 

autosampler, and thermostatted column compartment, was used in this study (Agilent, 

Palo Alto, CA, USA). The mass spectrometer utilized for this work was a Quattro Micro 

triple-quadrupole mass spectrometer equipped with a Z-spray ion source (Waters, 

Manchester, UK). MS control and spectral processing were carried out using Masslynx 

software, version 4.0 (Waters, Beverly, MA, USA). Chromatographic separation was 

achieved on a Waters Spherisorb S3W silica column (4.6×100.0mm, Milford, MA) 

equipped with a Phenomenex security guard C-18 guard column (4×3.0mm, Torrance, 

CA). 

2.3. Liquid chromatographic and mass spectrometric conditions 

 The mobile phase consisted of Solvent A (22mM formic acid) and Solvent B 

(methanol) (80:20). The flow rate was set to be 0.4 ml/min, and the injection volume was 

50µl. The HPLC run time was 13 min for each run. The LC flow was diverted to waste 

from 0 to 3 minutes using a six-port switching valve. The mass spectrometer was run in 

positive ion ESI mode using multiple-reaction monitoring (MRM) to monitor the mass 

transitions. Nitrogen gas was used as the desolvation gas and was set to a flow rate of 500 

l/h with a temperature of 375 
◦
C. The cone gas flow was set to 0 l/h. Argon was the 

collision gas and the collision cell pressure was 2.4×10
−3

 mbar. The precursor to product 
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ion transitions along with the cone voltage and collision energy for each analyte and the 

internal standard were as follows: DDC m/z 212→m/z 

112, 13V, 7 eV; D4T m/z 247→m/z 149 (sodium adducts), 15V, 10 eV; 3TC m/z 

230→m/z 112, 13V, 7 eV. The source temperature and capillary voltage were set at 130 

◦C and 2.5 kV, respectively. 

2.4. Preparation of standard solutions 

 Individual DDC, D4T and 3TC stock solutions were prepared in deionized water 

to give a final concentration of 10 mg/ml. Individual standard solutions of DDC and D4T 

with concentrations of 10, 50, 100, 500, 1000, 5000 and 10000 ng/ml were prepared by 

serial dilution with deionized water. Precision and accuracy standards with 

concentrations of 25, 250 and 2500 ng/ml were also prepared in the same manner. A 

1μg/ml 3TC standard solution was prepared with deionized water from the 10 mg/ml 

3TC stock solution. The 10 mg/ml stock solutions were kept refrigerated and no 

degradation was observed during the period of this study. Fresh standard solutions were 

prepared for each day of analysis or validation. 

2.5. Calibration curves 

 Blank plasma was purchased from Innovative Research (Novi, MI, USA). Blank 

amniotic fluid, placenta and fetal tissues were collected from untreated animals. The 

placental and fetal tissues were homogenized with two volumes of distilled water (v/w). 

Plasma, placental and fetal calibration points were prepared by spiking 100μl of the 
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biological matrices with 20μl of each DDC and D4T standard solution and 10μl of the 

1μg/ml 3TC solution. Amniotic fluid calibration points were prepared by spiking 50μl of 

the biological matrices with 10μl of each DDC and D4T standard solution and 10μl of the 

1μg/ml 3TC standard solution. The calibration curves of all the matrices were in the 

range of 2–2000 ng/ml with individual calibration points of 2, 10, 20, 100, 200, 1000 and 

2000 ng/ml.  

2.6. Precision and accuracy 

 This method was validated using four QC points for each calibration curve. Five 

replicates of each QC point were analyzed each day to determine the intra-day accuracy 

and precision. This process was repeated 3 times in 3 days to determine the inter-day 

accuracy and precision. The QC points for all four matrics were 2, 5, 50 and 500 ng/ml. 

2.7. Sample preparation 

 All samples were prepared using protein precipitation. 1 ml of ice cold 

acetonitrile was added to the samples (100µl for plasma, placental and fetal homogenate, 

50µl for amniotic fluid). After being vortexed and centrifuged at 13,000 rpm for 10 min, 

the solid was discarded and the liquid was aspirated and dried under vacuum. Samples 

were then reconstituted in distilled water for injection. (100µl for plasma, placental and 

fetal homogenate, 60µl for amniotic fluid) 

2.8. Sample collection 

 The use of animals in this study was approved by the University of Georgia 

Animal Use and Care Committee. The rats were housed one animal per cage in the 
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University of Georgia College of Pharmacy animal facility (AALAC accredited). The 

environment was controlled (20–22
o
C, 14 h of light per day) with daily feedings of 

standard chow pellets and water ad libitum. 

 Three timed pregnant Sprauge–Dawley rat (Harlan, Indianapolis, IN, USA), 

weighing from 320 to 380 g, were anesthetized intramuscularly with 

ketamine:acepromazine:xylazine (50:3.3:3.4, mg/kg) and dosed on day 19 of gestation. 

For dosing and blood sampling purposes, a cannula was surgically implanted in the right 

jugular vein. For sampling of the pups (amniotic fluid, placenta, and fetal tissues), a 

laparotamy was performed. The rats were administered an i.v. bolus dose (5 mg/kg) of 5 

mg/ml DDC and D4T dissolved in 0.1N NaOH in physiological saline (pH 7.4) via the 

jugular cannula. Blood samples were collected at 5, 15, 30, 45, 60, 90, 120, 180, 240, 300 

and 360 min after dosing into heparinized tubes and centrifuged at 10,000 rpm for 10 min 

to enable plasma collection. Amniotic fluid, placenta, and fetus samples were collected at 

5, 15, 30, 45, 60, 90, 120, 180 and 240, 300 and 360 min. Placental and fetal tissue 

samples were homogenized in two volumes of deionized water. All samples were stored 

at −20 
◦
C until analysis. Data was analyzed using WinNonlin (Version 5.2, Pharsight, 

Mountain View, CA, USA). 

3. Results and Discussion 

3.1. Method development 

Hydrophilic interaction chromatography (HILIC) is characterized by the presence of 

a high initial concentration of organic modifier to favor hydrophilic interaction between 
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the solute and the hydrophilic stationary phase. 
[24]

 Briefly, HILIC based on silica 

columns is normal-phase chromatography utilizing conventional reversed-phase (RP) 

mobile phases. Thus, the retention times of highly polar compounds are increased as their 

hydrophilicity increases. Since both DDC and D4T are highly hydrophilic compounds, 

HILIC is a good choice for retention. However, although D4T worked well under HILIC 

conditions (90% to 80% organic); DDC was permanently retained on the silica column 

when the percentage of organic solvent was higher than 30 percent. On the other hand, 

both DDC and D4T were well retained on the silica column with a high aqueous (10% to 

20%) mobile phase. Thus, we chose to use 20% methanol on the silica column as our 

chromatographic conditions which was different from both traditional reverse phase 

conditions and HILIC conditions. 

During optimization of MS conditions, we found that the intensity of D4T plus 

sodium peak was 10-fold higher than the M+H peak, since D4T is a weak acid. Although 

it is rare to use adduct ions for quantitation, since the intensity of many are highly 

variable. Besides, our method meets validation requirements under FDA guideline. 
[25]

 

Fig. 1-4 shows the representative chromatograms of each extracted blank matrix and 

extracted matrix spiked with DDC (20 ng/ml), D4T (20 ng/ml) and 3TC (100 ng/ml). 

3.2. Calibration curves 

 The calibration curves for each day of validation and analysis showed good linear 

response (R
2
 = 0.992–0.995) over the range of 2–2000 ng/ml for both drugs in all 

matrices. Microsoft Excel or JMP statistical software was used to generate linear 
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regression equations for all calibration curves. A 1/x
2
-weighting scheme was used for 

each day of the validation and analysis for all four matrices. Calibration curves for the 

different matrices are displayed in Table 1. 

3.3. Precision and accuracy 

 Assay precision and accuracy were calculated for each matrix over 3 days. 

Precision, as expressed by % R.S.D., and accuracy as expressed by % error for DDC and 

D4T in the four biological matrices are shown in Table 2. Intra-day (n = 5) precision and 

accuracy were calculated from the measurement of five samples at each QC point on 

three separate days. Inter-day (n = 15) precision and accuracy were calculated from 

pooled data over 3 days. Four QC points of concentrations 2, 5, 50, and 500 ng/ml were 

used for these calculations. Intra-day precision (% R.S.D.) and accuracy (% error) of 

DDC ranged from 1 to 7.5% and 0.48 to 9.46%, respectively. Inter-day precision and 

accuracy of DDC ranged from 1.32 to 9.6% and 0.06 to 6.2%, respectively. Intra-day 

precision and accuracy of D4T ranged from 0.5 to 7.2% and 0.4 to 8.11%, respectively. 

Inter-day precision and accuracy of D4T ranged from 1 to 9.2% and 0.48 to 6.69%, 

respectively. These results are shown in Table 2 and Table 3. 

3.4. Recovery and matrix effect 

 Absolute recovery, relative recovery and matrix effect for DDC, D4T and 3TC are 

summarized in Table 4. Samples spiked with a drug concentration of 100 ng/mL were 

used for these calculations. Absolute recoveries ranged from 70.8% to 86.0%, and 

relative recoveries ranged from 84.8% to 98.5%. The suppression or the enhancement by 
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the matrix was lower than 20% for all compounds. 

3.5. Stability studies 

 Stability testing was performed for DDC and D4T at 100 ng/ml concentration 

level. Spiked matrix samples were subjected to three consecutive freeze/thaw cycles over 

the period of 4 days. Three samples were extracted and analyzed as described above. The 

remaining spiked matrix samples were stored at −20 
◦
C. Each of the following three 

consecutive days, the spiked matrix samples were thawed, and three more were extracted 

and analyzed. The freeze/thaw stability tests indicate both DDC and D4T were stable 

over three consecutive freeze/thaw cycles. (See Table 5) The stability of extracted matrix 

samples in the autosampler was also evaluated. At time 0, one sample of each matrix was 

injected onto the HPLC column and analyzed. In another 24h, the same sample from each 

matrix was injected again. The peak areas for DDC and D4T in each injection were 

compared. The error between each sample was <10% for both compounds and there was 

no obvious changes in peak areas between each injection. (See Table 6) 

3.6. Animal study 

 To demonstrate the utility of this assay, 3 pregnant rats were dosed with DDC and 

D4T at the level of 5 mg/kg. Maternal plasma, amniotic fluid, placenta and fetal tissue 

were collected, extracted and analyzed as described above. A calibration curve from each 

matrix was prepared on the day of analysis to calculate the concentration of DDC and 

D4T present in the real samples. Before analysis, each sample collected from the dosed 

pregnant rat was spiked to yield a concentration of 100 ng/ml of the internal standard 
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3TC. Fig. 5 shows the mean concentration–time profile of DDC and D4T in all four 

biological matrices of the pregnant rats. WinNonlin (Pharsight, Mountain View, CA, 

USA) was used to fit a non-compartment IV bolus model to the plasma data.  

DDC has a half-life of 155min, a steady state volume of distribution of 1.38 l/kg, and 

total clearance of 0.64 l/h/kg based on the maternal plasma data. D4T has a half-life of 77 

min, a steady state volume of distribution of 1.82 l/kg, and total clearance of 0.88 l/h/kg 

based on the maternal plasma data. Animal studies with an IV bolus administration of a 

dose of 25mg/kg of DDC-D4T were also conducted for comparison to the DDC-D4T 

combination low dose. In that study, DDC has a half-life of 112 min, a steady state 

volume of distribution of 1.6 l/kg, and total clearance of 1.2 l/h/kg in the maternal 

plasma; D4T has a half-life of 113 min, a steady state volume of distribution of 0.6 l/kg, 

and total clearance of 0.34 l/h/kg in the maternal plasma. Therefore, the clearance for 

DDC at the higher dose was about 2-fold higher than at the lower dose but it was the 

opposite for D4T, which showed a 2-fold decrease in clearance at the higher dose. The 

steady state volume of distribution for D4T also decreased approximately 2-3 fold at the 

higher dose. This preliminary data showed that D4T may be up regulating transporters for 

DDC in the kidney; on the other hand, DDC may inhibit the active tubular secretion of 

D4T in the kidney. Significant differences in relative exposures (AUC tissue/AUC maternal 

plasma) of the placenta were also noticed for DDC and D4T at the two doses. The relative 

exposure of the placenta was significantly lower for DDC at the lower dose (0.28 with the 

lower dose vs. 0.6 with the higher dose). However, the opposite effect was observed for 
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D4T, which had a higher relative exposure for the placenta at the lower dose. (0.46 with 

the lower dose vs. 0.29 with the higher dose). No significant difference was noted in the 

relative exposures of the amniotic fluid for DDC and D4T. The relative exposures of both 

DDC and D4T in the fetus were increased with the increase in dose. The results 

suggested that with the increase in dose, there is an increase in the distribution of DDC 

into the placenta and fetus. The increase in fetal levels of D4T may due to the saturation 

of the efflux transporters from fetus to placenta. This preliminary data suggests that the 

interactions between DDC and D4T are not linear at different doses, which suggests that 

active transporters may play a role in placental transfer for both DDC and D4T. The fact 

that the transport of nucleosides appears to be non-linear also suggest that the differences 

may be related to regulation of the transporters. However, additional in vivo and in vitro 

studies will be needed to fully elucidate this mechanism. 

4. Conclusion 

A sensitive, efficient and accurate LC MS/MS method was developed and validated 

for the simultaneous quantification of DDC and D4T in rat plasma, amniotic fluid, 

placental and fetal tissues. This method was useful for pharmacokinetic studies to 

investigate the distribution of DDC and D4T in the maternal and fetal compartment of 

rats. 
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(A)          (B) 

 

 

Fig.6.1 Chromatograms obtained from blank plasma (A) and plasma spiked with DDC 

(20 ng/ml), D4T (20 ng/ml) and 3TC (100 ng/ml) (B) 
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(A)         (B) 

 

 

Fig.6.2 Chromatograms obtained from blank amniotic fluid (A) and plasma spiked with 

DDC (20 ng/ml), D4T (20 ng/ml) and 3TC (100 ng/ml) (B) 
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(A)          (B) 

 

 

Fig.6.3 Chromatograms obtained from blank placental homogenate (A) and plasma 

spiked with DDC (20 ng/ml), D4T (20 ng/ml) and 3TC (100 ng/ml) (B) 
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(A)          (B) 

 

 

Fig.6.4 Chromatograms obtained from blank fetal homogenate (A) and plasma spiked 

with DDC (20 ng/ml), D4T (20 ng/ml) and 3TC (100 ng/ml) (B) 
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Fig. 6.5 Concentration vs. time profile of DDC and D4T in maternal plasma, amniotic 

fluid, placenta and fetus after 5 mg/kg i.v. bolus dose of DDC and D4T (n=3) 

 

 



    132 

  

 

Table 6.1 Linear regression equations generated from validation data from each matrix, 

(n = 3, for each matrix) 
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Table 6.2 The intra-day (n = 5, at each spiked concentration) and inter-day (n = 15, at 

each spiked concentration) precision (%R.S.D.) and accuracy (% error) of the LC-

MS/MS method used to quantitate DDC in maternal plasma, amniotic fluid, placental and 

fetal homogenates 
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Table 6.3 The intra-day (n = 5, at each spiked concentration) and inter-day (n = 15, at 

each spiked concentration) precision (%R.S.D.) and accuracy (% error) of the LC-

MS/MS method used to quantitate D4T in maternal plasma, amniotic fluid, placental and 

fetal homogenates 
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Table 6.4. The absolute, relative recovery ± S.D. (n = 3) and matrix effect of DDC, D4T 

and 3TC from maternal plasma, amniotic fluid, placental and fetal homogenates 
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Table 6.5 Results of freeze/thaw stability of DDC and D4T in maternal plasma, amniotic 

fluid, placental and fetal homogenates (n=3). 
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Table 6.6 Results of autosampler stability of DDC and D4T in maternal plasma, amniotic 

fluid, placental and fetal homogenates (n=3). 
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CHAPTER 7 

CONCLUSIONS 

With the number of HIV infections increasing, preventing the vertical 

transmission of HIV from an infected mother to her unborn children has become more 

essential. Antiviral agents are presumed to prevent the transmission of infections from 

mother to fetus by decreasing maternal viral load and/or accumulation of drugs in the 

fetal compartment. The use of therapeutic agents in pregnant women has always 

presented a challenge to the clinician, trying to balance benefit of a therapeutic agent to 

both the mother and her fetus against the risk of drug-induced adverse effects on the 

developing fetus or mother. Nucleoside reverse transcriptase inhibitors (NRTIs) compose 

the first class of antiretroviral drugs developed, and these drugs have been clinically 

shown to prevent vertical transmission during pregnancy. Thus, gaining a complete 

understanding of the extent of fetal exposure of the NRTIs is important for safe drug and 

therapy. However, the conduct of detailed studies on maternal-fetal drug disposition in 

pregnant women is limited by technical and ethical considerations. Thus, it is important 

to employ a suitable animal model to gain a greater understanding of the processes 

involved in the maternal-placental-fetal system. The purpose of these experiments was to 

identify the factor involved in the placental transfer of several nucleoside antiviral agents 

alone and in combination with other agents and to determine if interactions were present 
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at the maternal-fetal interface.   

Pharmacokinetic studies cannot be conducted without a validated analytical 

method. First, an HPLC-UV method that simultaneously determined DDC and D4T in 

maternal plasma, amniotic fluid, placental and fetal tissues was developed and validated. 

This method was utilized to study the pharmacokinetics of DDC dosed alone and in 

combination with D4T at a dose of 25 mg/kg. Then, a sensitive LC-MS/MS method was 

developed to study the pharmacokinetics of DDC and D4T with a dose of 5 mg/kg. 

Although DDC and 3TC have similar structures and physical-chemical properties, 

the pharmacokinetics and placental transfer of DDC and 3TC were quite different. The 

clearance of 3TC was significantly lower than that of DDC resulting in a significantly 

higher AUC for 3TC. With both drugs the placental half-life was equivalent to the 

maternal plasma half-life; whereas, the fetal and amniotic fluid concentrations declined 

with a significantly longer half-life (2-fold increase). The relative exposure for DDC in 

the placenta and fetus were significantly higher than those observed for 3TC. These 

significant differences suggest that active transport may play a role in the transplacental 

transfer of both DDC and 3TC. 

The effects of D4T on DDC during placental transfer in pregnant rat were also 

studied. The maternal pharmacokinetics were similar for DDC alone and DDC in 

combination with D4T, however, the relative exposure for DDC given in combination in 

the placenta  and fetus were significantly lower than DDC alone, which suggested that 

D4T either blocked the movement of DDC into placenta, or increased the efflux of DDC 
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from the placenta back into the maternal plasma. These findings suggest that active 

transport may play a role in the transplacental transfer of DDC. 

The pharmacokinetics with animals dosed with 25 mg/kg and 5 mg/kg of DDC/D4T 

combination were compared. The preliminary data suggests that the interactions between 

DDC and D4T were not linear at different doses and that active transporters may play a 

role in placental transfer for both DDC and D4T. The fact that the transport of 

nucleosides appears to be non-linear also suggest that the differences may be related to 

regulation of the transporters. 
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APPENDIX 1 

 

DETERMINATION OF DIISOPROPYLFLUOROPHOSPHATE (DFP) IN RAT 

PLASMA AND BRAIN TISSUE BY HEADSPACE SOLID-PHASE 

MICROEXTRACTION GAS CHROMATOGRAPHY MASS SPECTROMETRY
1 

 

 

 

 

 

 

 

 

 

 

 

 

1
Meng Xu, Alvin V. Terry Jr., and Michael G. Bartlett. Submitted to Rapid 

Communications in Mass Spectrometry, 05/08 
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ABSTRACT 

A simple, sensitive and rapid method for the determination of 

diisopropylfluorophosphate (DFP) in rat plasma and brain tissue using headspace solid-

phase microextraction (HS-SPME) and gas chromatography/mass spectrometry (GC/MS) 

is presented. A 65 µm polydimethylsiloxane/ divinylbenzene (PDMS/DVB) fiber was 

selected for sampling, and the main parameters affecting the SPME process such as 

extraction and desorption temperature, extraction and desorption time, salt addition, and 

fiber preheating time were optimized in each matrix to enhance the extraction efficiency 

and the sensitivity of the method. The lower limit of quantitation for DFP in plasma and 

brain tissue was 1 ng/ml and 3 ng/g, respectively. The method showed good linearity over 

the range from 1-100 ng/ml in plasma and 3-300 ng/g in brain tissue with correlation 

coefficient (R
2
) values higher than 0.995.  The precision and accuracy for intra-day and 

inter-day were less than 10%. The relative recoveries in plasma and brain for DFP were 

greater than 50%. Stability tests including autosampler and freeze and thaw were also 

investigated. This validated method was successfully applied to study the 

neurobehavioral effects of low-level OP (organophosphate) exposures. 
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INTRODUCTION 

Organophosphates (OP) are used both as insecticides or chemical warfare agents. 

They inhibit cholinesterases by phosphorylation at the active-site serine and acute or 

chronic exposure to OP agents increases activity in CNS regions and peripheral organs 

served by acetylcholine (ACh)-containing neurons.
1-2

 A considerable number of human 

and animal studies have focused on the long-term consequences of acute 

organophosphate (OP) exposure, however, relatively little attention has been given to the 

subject of chronic, “low-level” exposures that are not associated with acute cholinergic 

symptoms. 
3
 This may be a particular concern given the widespread use of OP 

insecticides (and consequent human exposure) in household, agricultural, and 

commercial environments worldwide and the ever-increasing threat of intentional OP 

poisoning by terrorists. During chronic exposure to low levels of OP agents, symptoms of 

overt toxicity (e.g., gastrointestinal disturbance, muscle fasciculations) may occur, but 

often subside with continued low level OP exposure.
4-6

 Additionally, there is now 

significant evidence to suggest that chronic exposure to OPs is associated with 

impairments in attention, memory, and other domains of cognition and further, that these 

symptoms cannot be explained exclusively by cholinesterase inhibition.
3, 7-20

 Thus, it is 

very critical to address the potential threat to society posed by chronic low-level OP 

exposure and alterations in cognitive function, as well as identify novel molecular 

mechanisms associated with these cognitive changes. 

Diisopropylfluorophosphate (DFP) is a prototypical alkylphosphate organophosphate 
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that was originally developed as a chemical warfare agent by the British in 1941.  It 

possesses a great deal of structural homology with other highly toxic nerve agents such as 

Sarin and Soman.  However, it exhibits markedly reduced potency (in terms of lethality) 

compared to these compounds and as a consequence is one of the most extensively 

studied alkylphosphates.
21

 DFP is known to bind to the active site of acetylcholinesterase 

and neurotoxic esterase and to produce an irreversibly inhibited enzyme by a mechanism 

known as "aging”.  These factors may contribute to the histopathologic lesions in the 

CNS, profound ataxia, and neurologic difficulties produced by DFP.  However, these 

interactions (in particular, the degree of cholinesterase inhibition) are not necessarily 

predictive of the level of cognitive impairment observed in animals chronically exposed 

to the compound. 
9, 22

  Further, prolonged cognitive deficits were also observed in rats 

after exposure to relatively small doses of DFP for 14 days.
9
  Therefore, it appears that 

the prolonged effects of DFP may not solely rely on inhibition of acetylcholinesterase or 

interactions with neurotoxic esterase. In order to look into these problems thoroughly, a 

rapid and sensitive analytical method which can determine DFP in both plasma and brain 

tissue is needed. 

Solid-phase microextraction (SPME) is a miniaturized and solvent-free sample 

preparation technique for chromatographic-spectrometric analysis by which the analytes 

are extracted from a gaseous or liquid sample by absorption in, or adsorption on, a thin 

polymer coating fixed to the solid surface of a fiber, inside an injection needle or inside a 

capillary.
23

 All steps of the conventional liquid-liquid extraction (LLE) such as 
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extraction, concentration, (derivatization) and transfer to the chromatograph are 

integrated into one step and one device, considerably simplifying the sample preparation 

procedure.
24

 SPME has several advantages over classical GC techniques.
25

 Firstly, SPME 

can pre-concentrate the samples due to the high affinity of the analyte for the fiber 

coating. Secondly, sample handling is minimized, which also helps to minimize the loss 

of volatile analytes and reduces potential error. Furthermore, since the biological 

molecules present in the sample do not partition into the headspace, matrix effects can be 

reduced by headspace SPME methods.
25

  

In this study, a rapid and sensitive HS-SPME GC-MS method for the determination of 

DFP in rat plasma and brain tissue was developed. The lower limit of quantitation 

(LLOQ) for DFP is 1 ng/ml in plasma and 3 ng/g in brain tissue.  

 

EXPERIMENTAL 

Chemicals and reagents 

Analytical grade DFP and ammonium sulfate were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Sodium chloride, sodium fluoride, sodium carbonate and sodium 

sulfate were purchased from J.T. Baker (Phillipsburg, NJ, USA). HPLC-grade 

isopropanol was purchased from Fisher Scientific (Pittsburgh, PA, USA). Deionized 

water used in experiments was generated from a Continental deionized water system 

(Natick, MA, USA). Ultra high purity (UHP) helium was purchased from National 

Welders (Charlotte, NC, USA). 
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Instrumentation  

The analyses were carried out on an Agilent 6890 gas chromatograph coupled with a 

model 5973 mass selective detector (Palo Alto, CA, USA). The GC was equipped with a 

0.75 mm i.d. SPME liner. Separation of the analytes was obtained on a ZB-5MS column 

(Phenomenex, Torrance, CA, USA: 30m×0.25mm i.d., 0.25µm film thickness) using 

helium as carrier gas (flow rate, 1ml/min). The GC injection port and interface transfer 

line were maintained at 250 and 280 ºC, respectively. During the fiber desorption 

process, the splitless mode of injection was used. After 2.5 min, the split vent valve was 

opened to sweep any residual vapors from the liner. The oven temperature was initially 

held at 60 ºC for 1 min, then increased to 100 ºC at 5 ºC /min, and held for 1 min. The 

mass spectrometer was operated in the positive electron ionization (EI) mode with an 

electron energy of 70 eV. Quantitation of DFP was performed using selected-ion 

monitoring (SIM) mode of m/z 101 (quantitation ion) and m/z 127 (confirmation ion). A 

solvent delay of 2.5 min was used to protect the filament from oxidation. 

Preparation of standard solutions  

A stock solution of DFP was prepared in isopropanol to yield a final concentration of 

10 mg/ml. Standard solutions for the calibration curve were prepared from the stock 

solution at the following concentrations: 10, 25, 50, 100, 250, 500 and 1000 ng/ml. 

Standards used to assess precision and accuracy were prepared in isopropanol from the 

stock solution at concentrations of 10, 40, 400 and 800 ng/ml. All stock and standard 

solutions were refrigerated at 4 ºC during the day of use and were prepared fresh daily.  
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Sample preparation 

Prior to extraction, brain tissue was homogenized with two volumes of deionized water 

(w/v) using a homogenizer (Polytron
®

, Brinkman, Switzerland). Samples for the 

calibration curves and QCs were prepared by adding 20.0 µl of the DFP standard into 200 

µl blank plasma or brain homogenates. This yielded calibration standard concentrations 

of 1.0, 2.5, 5.0, 10.0, 25.0, 50.0 and 100.0 ng/ml in plasma, 3.0, 7.5, 15.0, 30.0, 75.0, 

150.0 and 300.0 ng/g in brain tissue. The final concentrations of QCs were 1.0, 4.0, 40.0, 

and 80.0 ng/ml in plasma, and 3.0, 12.0, 120.0 and 240.0 ng/g in brain tissue. Before 

adding any of the biological samples, approximately 0.01 g of NaF was added into a 2.0 

ml SPME vial. All the autosampler vials were quickly sealed with PTFE-coated silicone 

septa and aluminum caps. The vials were vortexed for 5 min and set in the autosampler 

for analysis. Injections of blank matrices were run before each batch of samples to insure 

that there was not a detectable background level for DFP before beginning. 

Headspace SPME procedure  

Headspace SPME sampling was performed using a 65 µm polydimethylsiloxane/ 

divinylbenzene (PDMS/DVB) fiber (Sulpelco, Bellefonte, PA, USA) mounted on a 

Combi/Pal System autosampler (CTC Analytics, Zwingen, Switzerland). Fibers were 

conditioned at 250 ºC for 30 min prior to use. Sample vials were preheated in the agitator 

for 10 min before analysis and then the SPME fiber was exposed to the headspace by 

piercing the septum with the needle of the fiber assembly. After extraction for 15 min at 

30 ºC under agitation, the fiber was withdrawn into the needle and immediately desorbed 
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at 250 ºC for 1 min into the GC injection port.  

Method validation 

The methods were validated for linearity, recovery, accuracy and precision. Calibration 

curves were generated by linear regression analyses of the peak area of DFP against the 

concentration applying a weighting of 1/x
2
. Precision (expressed as % relative standard 

deviation, RSD) and accuracy (expressed as % error) were calculated for four quality 

control (QC) samples. Five replicates of each QC point were analyzed to determine the 

intra-day accuracy and precision. This process was repeated three times over three days 

in order to determine the inter-day accuracy and precision. Relative recoveries for the 

plasma method were calculated for spiked samples at different concentrations (n=5) by 

dividing the peak area for DFP spiked in the biological matrices by peak area for an equal 

concentration of DFP in deionized water. Because DFP was volatile, every precaution 

was taken to ensure it remained stable during analysis. Analytes were considered stable if 

the relative error (% RE) of the mean test responses were within 15% of appropriate 

controls. 
26

 The autosampler stability was evaluated over a period of 24 hours to 

determine if there was any loss of signal due to the time a sample spends in the 

autosampler prior to analysis. Freeze/thaw stability was investigated by comparing the 

samples following three freeze/thaw cycles against freshly spiked samples. Stability 

testing was performed at 5 ng/ml in plasma and 15ng/g in brain tissue. 
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Sampling 

Male albino Wistar rats (Harlan, Indianapolis, IN) 2-3 months old were doubly 

housed in a temperature controlled room (25
O
C), maintained on a reversed 12-hour 

light/dark cycle with free access to food (Teklad Rodent Diet 8604 pellets, Harlan, 

Madison, WI).  All procedures employed during this study were reviewed and approved 

by the Medical College of Georgia Institutional Animal Care and Use Committee and are 

consistent with AAALAC guidelines. 

Each experimental group received subcutaneous injections of vehicle (Kroger® Pure 

Peanut Oil) or DFP 1.0, 0.75, 0.50 and 0.25 mg/kg dissolved in vehicle in a volume of 0.7 

ml/kg body weight every other day over a 30 day treatment period. 

For the plasma study, blood sampling occurred weekly throughout the DFP treatment 

regimen and during a subsequent two-week washout period.  Rats were anesthetized by 

intraperitoneal injection (1 ml/kg body weight) of a cocktail containing ketamine (40 

mg/ml) and xylazine (8 mg/ml).  Blood was collected from the jugular vein using a 1.0 cc 

syringe fitted with a 25 G needle; 0.7 ml of blood was immediately added to a 

Microtainer® Plasma Separator Tube containing lithium heparin (BD catalog t#365958).  

This tube was inverted eight times, and then centrifuged according to the BD protocol.  A 

small amount of the resulting plasma (40ul) was aliquoted into 0.5 ml tubes while the 

remaining plasma was added to 1.5 ml tubes.  The aliquots were snap frozen in liquid 

nitrogen, and stored at −70° C until analyzed.  For the brain study, at the end of the 30 
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day treatment, half of the rats were anesthetized by intraperitoneal injection (1 ml/kg 

body weight) of a cocktail containing ketamine (40 mg/ml) and xylazine (8 mg/ml); 

brains were harvested, cut in half sagittally and snap frozen in dry ice-chilled isopentane, 

and then stored at −70°C. The rest of the rat brains were harvested after the one week 

drug-free washout period.  

 

RESULTS AND DISCUSSION 

Optimization of the HS-SPME conditions 

In order to optimize HS-SPME sampling conditions, we evaluated the effect of 

several parameters which were known to affect extraction efficiency, including fiber 

coatings, fiber position in the sample vial and GC-injector, sample preheating time, 

extraction time and temperature, desorption time and temperature and salt additives. The 

optimization was performed in both matrices, and the results were similar. In this paper, 

all the representative graphs were from brain tissue.  

The first step in the development of any SPME methodology is the selection of a 

fiber coating for extracting the analyte of interest in the biological sample. 
27

 Three types 

of SPME fiber coatings (PDMS, PDMS/DVB and CAR/PDMS) were evaluated in this 

study for their efficiency in extracting DFP. PDMS/DVB and CAR/PDMS fibers work 

better than PDMS since DFP is a fairly polar compound. However, PDMS/DVB fiber 

was chosen because it shows a cleaner background than CAR/PDMS in the biological 

matrices since fewer peaks showed up in the chromatographs for the blank matrices. For 



    151 

  

 

HS-SPME, the depth of the fiber in the vial should be adjusted so that the fiber rod is 

above the meniscus of the liquid phase. The penetration length of the fiber in the 

autosampler vials were changed from 22-31 mm (Fig. 1), it was found that the sample 

response at 22 mm was slightly higher than that at other lengths. Therefore, 22 mm was 

selected as the fiber penetration position. The optimized position of the fiber in the GC 

injector normally resides in the middle of the liner. The optimization results (Fig. 2) 

illustrated that 54 mm was the optimum length of the fiber exposed in the GC injector. 

The optimization results were similar to previous studies with the volatile compound 

trichloroethane (TCE) and its metabolites.
28-30 

Figure 3 shows the effect of the preheating time on the peak area of DFP.  From 1-10 

minutes, DFP response increased with increased preheating time since the preheating 

process improved the mass transfer of analyte from the liquid sample to the headspace. 

After 10 minutes, there did not appear to be any significant difference on sample 

response. As a result, 10 minutes was chosen as the preheating time. 

Decreasing the water solubility of organic compounds by adding salt is known as the 

“salting out” effect.
31-32

 The addition of a salt to an aqueous sample increases the ionic 

strength of the sample, thereby increasing the partitioning of organic compounds into the 

SPME fiber coating. In the present study, Na2SO4, Na2CO3, (NH4)2SO4, NaCl and NaF 

were tested to determine their effect on the extraction efficiency of DFP from the 

biological matrices. The results showed that NaF and (NH4)2SO4 worked better than other 

salts which may due to their  influence on protein precipitation properties since DFP is 
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approximately 60% protein bound in plasma. The amount of the salts was also studied, 

and finally 0.01g NaF was selected. 

Headspace SPME is dependent on the equilibrium between the aqueous phase of the 

sample, the sample headspace and the solid-phase fiber coating, and thus extraction time 

and temperature critically impact the headspace SPME process. 
33 

The effects of 

extraction time (5–30 min) and temperature (30 to 60 
◦
C) and on the extraction of DFP 

are shown in Fig. 4. Although SPME has maximum sensitivity at the equilibrium point, 

full equilibration is not necessary for accurate and precise analysis due to the linear 

relationship between the amount of analyte adsorbed by the SPME fiber and its initial 

concentration in the sample matrix under non-equilibrium conditions. 
34

 It was therefore 

necessary to establish the best compromise between extraction efficiency, extraction 

temperature and extraction time. Comparing the extraction time profiles obtained at 

different temperatures revealed that higher sampling temperatures increased the speed of 

equilibrium but lowered the amount of extracted analyte on the fiber due to the decreased 

fiber coating/headspace partition coefficient. 
33

 Based on the profile, an extraction time of 

15 min and a temperature of 30 ºC were selected as the optimum extraction conditions. 

Finally, the desorption time and temperature were optimized. The desorption 

temperature was examined over the range from 100-270 ºC and the desorption time was 

examined from 30-300 seconds. (Fig. 5 and Fig. 6) The response generally increased with 

the increase of the temperature. However, when the temperature is higher than 250 ºC, 

the sensitivity no longer improved but more coatings from the SPME fiber were removed 



    153 

  

 

resulting in reduced fiber life times. Therefore, 250 ºC was then selected as the optimum 

desorption temperature with the maximum SPME fiber lifetime. At this temperature, 60 

seconds was found to be sufficient for optimum recovery and complete analyte 

desorption. No carry-over was observed throughout the analysis.  

 

Validation of the method 

After optimization the method was validated according to internationally accepted 

criteria.
26

 The parameters validated were selectivity, calibration curves, precision and 

accuracy, limits of quantitation, recovery and stability.  

The selectivity of the method was evaluated by analysis of blank matrices and matrices 

spiked with DFP standard. Figure 7 shows the representative chromatograms obtained 

from each blank matrix and matrix spiked with the LLOQ standard (1 ng/ml or 3 ng/g). 

No interfering peaks from endogenous compounds were observed at the retention times 

of DFP. Utilization of selected-ion monitoring (SIM) mode enhanced the mass 

spectrometric selectivity by eliminating the need to scan a large range of masses.  

The calibration curves for each day of validation in different matrices showed good 

linear response (R
2
>0.995) over the range from 1 to 100 ng/ml or 3 to 300 ng/g. SAS 

JMPIN statistical software was used to generate linear regression equations for all 

calibration curves. A 1/x
2
-weighting scheme was used for each day of the validation for 

each matrix. The lower limit of quantitation, LLOQ, defined as the lowest concentration 

of analyte with an accuracy within 20% and a precision < 20%, was 1 ng/ml for DFP in 
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plasma and 3 ng/g in brain tissue as shown in Table 1. A signal-to-noise (S/N) ratio > 10 

at the LLOQ was observed for DFP in both matrices.  

Assay precision and accuracy for DFP in each matrix were established at the LLOQ, 

low, medium, and high concentration levels over a range of 3 days. Table 1 summarizes 

the accuracy and precision data that were collected. The intra-day precision and accuracy 

(n=5) were better than 6.39% and 5.06% for DFP in both matrices. The inter-day 

precision and accuracy were determined by pooling all of the validation assay (n=15) QC 

samples. The values for the inter-day precision and accuracy were lower than 6.45% and 

5.44%. 

While recovery studies are normally performed in bioanalytical method validation the 

values are not normally reported for SPME studies. However, relative recovery is a good 

parameter for evaluating the matrix effect during method validation. The relative 

recoveries for DFP were calculated by comparing the amount extracted by the HS-SPME 

method in different biological matrices with the amount extracted in water. The obtained 

values are summarized in Table 2. Relative recoveries for DFP in plasma ranged from 

50.8-58.4%, and from 59.5-72.9% in brain tissue. As the plasma protein binding of DFP 

is about 60%, thus, the mass transfer of DFP from the aqueous phase to the headspace 

may be hindered in plasma, which explains why the relative recovery of DFP in plasma is 

a little lower than brain tissue.  

Stability testing is very important for validated methods in biological samples.  

Samples may sit in the autosampler for many hours. DFP is a volatile compound, so 
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examining its loss during the sample analysis is critical. Besides, DFP is relatively 

unstable in water and can decompose upon exposure to moisture forming hydrogen 

fluoride. Autosampler stability was evaluated at 5 ng/ml in plasma and 15 ng/g in tissue 

samples. Blank plasma and brain tissue homogenate were spiked with DFP and were left 

on the autosampler at room temperature for 24 hours, and they were injected at 0, 6, 12, 

18 and 24 hrs. These samples were compared with samples prepared freshly. The 

obtained values for precision were less than 9.10%, and the relative error was less than 

12.80% (Table 3). Both matrices can be stable on the autosampler for 6 hours. At 12 

hours, less than 85% of DFP were recovered from the sample, and at 24 hours, about 30% 

of DFP was lost from the samples. Freeze and thaw stability was also evaluated in both 

matrices at the same concentration level (n=5). Blank matrices were spiked with 5 ng/ml 

or 15 ng/g of DFP, and these aliquots were stored at -20 ºC for 24 hr. After three 

complete freeze and thaw cycles, the samples were compared to those prepared freshly, 

and the obtained value for precision and relative error was less than 9.61% and 3.13%, 

respectively.  

Applications  

  This method was applied to the plasma and brain samples from rats dosed with low-dose 

of DFP. The concentration data are presented in Table 4 and Table 5. The representative 

chromatograms resulting from the analysis of DFP in plasma and brain tissue from rats 

dosed with 1 mg/kg DFP are shown in Figure 8. DFP is a polar compound and as such 

would be expected to have difficulty crossing the blood-brain barrier. This is supported 
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by measurement of brain levels which were approximated 0.5-1% of corresponding 

plasma levels. Since concentrations of DFP in the brain were similar at doses between 1-

0.25 mg/kg, the transport of these compounds may be saturable. However, this will 

require further investigation to determine. 

 

CONCLUSIONS 

A simple, specific, rapid and sensitive SPME-GC/MS method for the determination of 

DFP in rat plasma and brain has been developed and validated. It is the first published 

GC-MS method to validate DFP in biological samples. The use of headspace-SPME 

prevents the use of expensive and toxic organic solvents and greatly decreases the time 

and effort for sample preparation. During the SPME process, several influential 

parameters such as preheating time, extraction time, extraction temperature, salt effects, 

fiber conditions and desorption conditions were investigated and optimized. This 

validated method also yields good linearity, precision and accuracy. This method was 

also successfully applied to study the plasma and brain levels of DFP following low 

levels of exposure.   
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Table A1.1. The intra-day (n=5) and inter-day (n=15) precision (%R.S.D.) and accuracy 

(% error) of the HS-SPME-GC/MS method used to quantitate DFP in rat plasma and 

brain tissue 
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Table A1.2. The relative recovery (%) (mean ± S.D.) of DFP from rat plasma and brain 

homogenate (n=5) 

 

Concentration 

(ng/ml or ng/g) 
Plasma 

Plasma (ng/ml) 

1 50.8 ± 1.2 

4 52.5 ± 1.5 

40 58.4 ± 1.2 

80 50.8 ± 4.2 

Brain homogenate (ng/g) 

3 59.5 ± 5.0 

12 68.6 ± 5.0 

120 72.9 ± 3.9 

240 69.5 ± 6.0 
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Table A1.3. Stability testing of DFP in rat plasma and brain homogenate (n=5) 

 

Stability Spiked conc.  

(ng/ml or ng/g) 

Observed conc. 

± S.D.  

(ng/ml or ng/g) 

R.S.D. 

(%) 

Relative 

error 

(%) 

Plasma  

Three freeze-thaw cycle 5ng/ml 4.89 ± 0.47 9.61 2.20 

Autosampler stability (6h) 5ng/ml 4.51 ± 0.41 9.10 9.80 

Brain homogenate  

Three freeze-thaw cycle 15ng/g 14.52 ± 1.11 7.65 3.13 

Autosampler stability (6h) 15ng/g 13.08 ± 1.02 7.80 12.80 
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Table A1.4. DFP concentrations in plasma study (n=5) 

 1 2 3 4 5 6 7 

Control ND ND ND ND ND ND ND 

1.0 ND 1053.41 82.26 413.50 203.84 ND ND 

0.75 ND 912.62 234.73 634.62 192.04 ND ND 

0.50 ND 383.97 150.09 390.01 200.93 ND ND 

0.25 ND 438.24  107.24 243.62 128.76 ND ND 

1 was taken before dosing; 2 and 4 were taken on the day of dosing; 3 and 5 were taken on dose 

intervals; 6 was taken after one week washout and 7 was taken after two week washout. From 2 to 5, 

the samples were diluted 10 times with blank rat plasma before analyzing. 
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Table A1.5. DFP concentrations in brain study (n=4) 

 30 day dosing One week washout 

Control ND ND 

1.0 4.42 ND 

0.75 5.32 ND 

0.50 5.22 ND 

0.25 3.11 ND 
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Figure A1.1. Effect of SPME fiber penetration in autosampler vials on efficiency  
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Figure A1.2. Effect of SPME fiber penetration in GC injector on efficiency  
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Figure A1.3. Effect of sample preheating time on SPME efficiency 
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Figure A1.4. Plot of DFP peak area versus extraction time obtained on different 

extraction temperature (30, 40, 50 and 60 ºC). Conditions: preheat 10 min, 0.01g of NaF 

added. 
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Figure A1.5. Effect of SPME fiber desorption time on efficiency. 
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Figure A1.6. Effect of SPME fiber desorption temperature on efficiency. 
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Figure A1.7. Representative chromatograms obtained from blank plasma and brain 

tissue(A); plasma and brain tissue spiked with the LLOQ (1 ng/ml in plasma or 3 ng/g in 

brain tissue) concentration of DFP.  
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Figure A1.8. Representative chromatograms of (A) plasma; (B) brain samples from rat 

dosed with 1 mg/kg DFP 
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APPENDIX 2 

 

STABILITY OF LOW CONCENTRATION CEFTAZIDIME IN NORMAL SALINE 

AND BALANCED SALT SOLUTIONS IN PLASTIC SYRINGES UNDER VARIOUS 

STORAGE CONDITIONS
1
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
Meng Xu, Flynn N. Warren, Michael G. Bartlett. Submitted to International Journal of 

Pharmaceutical Compounding, 05/08. 
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ABSTRACT 

The objective of this study was to access the stability of ceftazidime in normal saline and 

balanced salt solutions. Ceftazidime was dissolved in normal saline or balanced salt 

solutions (BSS) at a concentration of 1 mg/ml. The solutions were then stored under three 

different sets of conditions, ambient temperature (25
o
C), refrigerated (4

o
C), or frozen (-

20
o
C). The concentration of ceftazidime was determined at various intervals using a USP 

high performance liquid chromatography method. Based on our results, ceftazidime was 

found to be stable (>90%) up to 72 h in both saline and BSS at ambient temperature. 

Ceftazidime was stable in the refrigerator for 17 days in both solutions. No significant 

degradation was noticed for up to 60 days when the solutions were kept in the freezer.   

 

INTRODUCTION 

Ceftazidime is a third-generation cephalosporin antibiotic which has broad spectrum 

activity against Gram-positive and Gram-negative bacteria, including Pseudomonas 

aeruginosa (1). Low concentration ceftazidime is often mixed with 0.9% sodium chloride 

injection (normal saline) and balanced salt solution (BSS) in hospitals for ophthalmic 

solutions (2, 3). While several papers have reviewed the stability of ceftazidime at higher 

concentrations in plastic syringes, glass vials and pump reservoirs (2, 4-9), no study has 

evaluated the stability of ceftazidime prepared at lower concentrations (1 mg/mL) and 

stored in plastic syringes. 

Drug losses can occur over time by several mechanisms. The compound itself may be 

chemically unstable. The compound may precipitate from solution due to pH changes or 

interaction with various salts in the reconstituting solution. Finally, the drug may be lost 

through non-specific adsorption with the surfaces of containers. Adsorption losses are 

normally low but as the concentration of a drug is reduced they may become significant. 



    175 

  

 

The purpose of these investigations was to determine the physiochemical stability of 

ceftazidime in normal saline and BSS injections at low concentrations. New regulations 

from the Joint Commission on Accreditation of Healthcare Organizations (JCAHO) has 

led hospital pharmacies to investigate creating batches of medications that can be left in 

the hospital wards or maintained in the pharmacy to be used as the need arises. However, 

there is normally little information available regarding many medications after they have 

been reconstituted. Most package inserts recommend immediate use with no storage of 

the reconstituted product. Therefore, there is a need to study these products under a wide 

variety of concentrations and storage conditions. In this study, we determined the stability 

of low concentration ceftazidime under three different common storage conditions 

including, ambient temperature (25
o
C), refrigeration (4

o
C), and freezing (-20

o
C). 

MATERIALS AND METHODS 

Materials 

Ceftazidime standard was obtained from Sigma (St. Louis, MO, USA). Ceftazidime for 

injection and 0.9% sodium chloride (normal saline) were obtained from Hospira 

Worldwide, Inc. (Lake Forest, IL, USA). Balance salt solution was bought from Baxter 

Healthcare Corporation (Deerfield, IL, USA). HPLC-grade acetonitrile was purchased 

from Fisher Scientific (Fair Lawn, NJ, USA).  Phosphoric acid and triethylamine were 

purchased from J.T. Baker (Phillipsburg, NJ, USA). Sodium phosphate dibasic was from 

Sigma (St. Louis, MO, USA). The deionized water used was generated from a 

Continental Deionized Water System (Natick, MA, USA). 

Methods 

Two bulk glass vials each containing ceftazidime powder 1.0g were reconstituted with 1L 

of normal saline and 1L of BSS. Bulk vials were inverted 10 times to ensure homogeneity 

before samples were removed. Immediately after preparation, approximately 2mL of 

solution was drawn from each vial into a syringe. Thus, 500 syringes of 1mg/mL 

ceftazidime in normal saline and BSS were prepared. For the stability of ceftazidime 
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solutions under ambient temperature, the samples were tested on the same day they were 

prepared, and for refrigerated and frozen samples, each sample was given 30 min to reach 

ambient temperature before analysis. 

Analytical methods. All HPLC experiments were performed on an Agilent 1100 series 

HPLC equipped with a variable wavelength UV detector. Chromatographic separation 

was achieved on an Agilent Zorbax Eclipse XDB-C8 column (4.6×150 mm, Santa Clara, 

CA).  The mobile phase consisted of Solvent A (50mM sodium phosphate + 0.2% 

triethylamine; the pH was adjusted to 3.0 using phosphoric acid) and Solvent B 

(acetonitrile) (90:10). The detection wavelength was set to 280 nm. The flow rate was set 

to 0.8 ml/min, and the injection volume was 10 μl. The HPLC run time was 8 min. This 

method followed the current method of the United States Pharmacopeia. (10)   

 

Concentrations of ceftazidime were determined using a similar approach to Stewart and 

co-workers (4). Briefly, ceftazidime concentrations were determined by comparison to 

freshly prepared standards at 1 mg/ml, which represented 100% of the original dose.  

Each time point was determined by comparing the average from six samples to the 

average of the reference samples from the same batch. 

 

Method integrity was demonstrated daily by analysis of a freshly prepared standard of 

ceftazidime with a concentration of 1 mg/ml.  This sample was injected 6 times, and 

again after every 6 runs throughout each batch of samples.  The RSD of all the standards 

run on the same day was less than 1%.  An RSD of less than 1% for the standard was 

considered an acceptance criteria for each batch of samples.  

 

RESULTS AND DISCUSSION 

The retention time for ceftazidime was 4.7 min. The system suitability requirements of 

the assay published in the USP were consistently met. These included a tailing factor 
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between 0.75 – 1.5 and a relative standard deviation of no more than 1.0% for peak areas 

of replicate injections of ceftazidime. The assay was linear across the concentration range 

from 1.0 mg/ml – 0.1 mg/ml.  

 

The current study has significantly more time points and a much larger sample size 

relative to earlier studies (4-9). The previous studies were all conducted at concentrations 

30 – 200 times higher than the current study as well. The results of the current study are 

summarized in table 1 and table 2. Overall, the stability of ceftazidime in normal saline 

and BSS appear to be equivalent under all storage conditions. This result is similar to 

Walker et al. who found that ceftazidime stability in saline and 5% dextrose were 

equivalent (7).  

 

Ceftazidime degraded rapidly at 25 °C, with approximately 10% lost after 3 days. 

Previous studies had not followed ceftazidime for more than 24 h at room temperature. 

Therefore, the current study extends the current 24 h shelf-life to 72 hrs at the lower 

concentration. In addition, Zhou and Notari predicted a shelf-life of 1.7 days at 30 °C, 

which is consistent with our study (9).    

 

When refrigerated at 4 °C, more than 90% of the original concentration remained after 17 

days. Previous studies followed ceftazidime for 7-10 days and did not show stability for 

any longer (5-8). The sole exception was the study of Stewart and co-workers which 

found ceftazidime concentrations to have decreased by only 2-3% after 28-days (4). It 

should be noted that their study was conducted at 100-200 times the concentration of the 

current study and suggests that absorptive loses to the surfaces of plastic syringes at 

lower concentrations may decrease their stability.  At -20 °C, ceftazidime showed limited 

degradation after 60 days. Similar results were observed in earlier studies out to 90 days 

(4-6).  
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Figures 1 and 2 showed the high performance liquid chromatograms of the ceftazidime 

solutions on day 0 and day 4 under ambient temperature in saline and BSS. The peak for 

ceftazidime is observed at 4.7 min and is well resolved from the observed degradation 

products. This retention time is consistent with the earlier report of Stewart and co-

workers (4). Many new peaks representing chemical degradation were clearly observed 

after 3 days. Barnes A.R. et al. reported that pyridine was formed as part of this 

degradation process of ceftazidime, and that pyridine formation follows apparent zero-

order kinetics (3, 8, 9). We observed pyridine at 3.1 min and found this was the major 

degradation process in the current studies. 

 

CONCLUSION 

Ceftazidime (1mg/mL), in both normal saline and BSS, was found to be stable for 72 h at 

ambient temperature, 17 days at 4
o
C or at least 60 days at -20 

o
C. The results of this study 

showed that syringes prepared at low concentrations of ceftazidime were less stable when 

refrigerated when compared to higher concentrations of ceftazidime. 
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Table A2.1. Assay results of ceftazidime in 0.9% sodium chloride (n=6) 

 

 

 

 

 

 

 

 

 

 

 

 

 



    181 

  

 

Table A2.2. Assay results of ceftazidime in balanced salt solution (n=6) 
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a) 

 

b) 

 

Figure A2.1. Representative chromatograms of ceftazidime in normal saline a) Day 0 b) 

Day 4 
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a) 

 

b) 

 

Figure A2.2 Representative chromatograms of ceftazidime in BSS a) Day 0 b) Day 4 

 

 

 

 


