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ABSTRACT 

Efavirenz, lopinavir, and ritonavir are antiretroviral drugs used for the treatment of HIV in South Africa. 

Plasma concentrations of these drugs are routinely monitored to ensure efficacy, minimise adverse 

effects, and adjust dosing. However, variability exists in patient treatment response and tolerability, 

which cannot always be explained by the therapeutic drug monitoring results. This may be due to 

variability in the amount of drug reaching the target site within the HIV-infected cells. Therefore, 

intracellular drug concentrations could provide a more accurate depiction of drug exposure. An 

alternative to intracellular drug concentrations could be the quantitation of drug not bound to plasma 

proteins as this is the portion able to diffuse into tissues and cells to exert a therapeutic effect.  

A method is described for the quantification of intracellular efavirenz, lopinavir, and ritonavir from 

one million human peripheral blood mononuclear cells. In addition, the quantification of unbound 

efavirenz, lopinavir, and ritonavir from human plasma using ultracentrifugation is demonstrated, 

including a novel surrogate matrix. The two methods were validated according to the United States 

Food and Drug Administration and European Medicines Agency guidelines and proven to be accurate, 

precise, and reproducible. Both methods were submitted to the United States National Institute of 

Allergy and Infectious Diseases’ Clinical Pharmacology Quality Assurance group for review and have 

been approved for use on clinical samples.  

A proof-of-concept correlation study of intracellular, unbound, and total drug concentrations is 

described using blood samples from six HIV-positive patients. A further patient unresponsive to 

lopinavir treatment, despite total plasma concentrations within the normal therapeutic range, was 

also evaluated. Paired plasma and cell samples indicated that the drug reached the target site within 

the cells, eliminating a possible cause of treatment failure. These findings show the utility and validity 

of these methods in a clinical setting to provide an overall view of treatment response and support 

their novel application in individualised patient care in South Africa.  
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CHAPTER ONE: LITERATURE REVIEW 
 

1. HUMAN IMMUNODEFICIENCY VIRUS 

Sub-Saharan Africa, specifically South Africa, has the highest prevalence of Human Immunodeficiency 

Virus (HIV) infection worldwide.1,2 In 2019, 19.1% of South African adults aged 15–49 years were HIV-

positive.3 There are many factors that contribute to the high prevalence of HIV in South Africa, 

including inadequate access to medical care, poverty, illiteracy, age-disparate sexual relationships, 

sexual violence, and other socio-economic issues.4,5 

HIV is a retrovirus that infects human immune cells, namely the lymphocytes, monocytes, and 

dendritic cells. If left untreated, HIV can lead to Acquired Immunodeficiency Syndrome (AIDS) and 

ultimately immune system failure.6,7 There are seven distinct phases of the HIV lifecycle, which are 

summarized as follows:  

1. Entry (also termed binding or attachment): The HIV virus binds to the CD4 receptor on the 

surface of the host’s immune cells. The virus also binds to either the CCR5 or CXCR4 co-

receptors.  

2. Fusion: The viral envelope fuses with the host cell membrane enabling release of the viral 

ribonucleic acid (RNA) and enzymes into the host cell.  

3. Reverse transcription: The viral single-stranded RNA is converted into double-stranded HIV 

deoxyribonucleic acid (DNA) by the viral enzyme, reverse transcriptase. 

4. Integration: Inside the host cell nucleus, the viral DNA is inserted into the host’s DNA by the 

viral enzyme, integrase.  

5. Replication: The host’s cell machinery is used to transcribe and translate the HIV DNA into 

new HIV RNA and viral proteins.  

6. Assembly: Viral protease enzymes activate the new HIV proteins, which, together with the 

newly transcribed HIV RNA, form new viruses.  

7. Budding: The newly formed viruses exit the host cell using the host CD4 cell membrane to 

form the viral envelope. The CD4 receptors on the HIV envelope then allow for the new virus 

to bind to and infect other CD4 immune cells.7–10  
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Interestingly, however, it is not direct action by the virus itself that kills the patient; rather, HIV 

infection weakens the patient’s immune response and increases their susceptibility to secondary 

infections such as tuberculosis (TB) which ultimately leads to patient death.11  

2. HIV TREATMENT

Since the mid-1980s, when HIV was causatively linked to AIDS, there have been more anti-viral drugs 

approved by the United States Food and Drug Administration for the treatment of HIV than for all 

other viral infections combined.12 Currently, six classes of antiretroviral (ARV) drugs are available to 

combat HIV infection and reduce viral load, defined according to the phase of the HIV lifecycle 

inhibited. The ARV classes and available drugs in each class, as of January 2022, are listed below: 

• Entry/attachment inhibitors: Fostemsavir, ibalizumab, and maraviroc. These drugs bind to

the host CCR5 receptors, acting as competitive inhibitors to HIV attachment and preventing

viral infection.

• Fusion inhibitors: Enfuvirtide. By binging to the gp41 protein on the viral envelope, it prevents

the virus from fusing with the host cell membrane.

• Nucleoside/Nucleotide reverse transcriptase inhibitors (NRTIs/ NtRTIs): Abacavir,

emtricitabine, lamivudine, stavudine, tenofovir disoproxil fumerate, tenofovir alafenamide,

and zidovudine. These drugs prevent viral RNA from being transcribed into viral DNA by

binding to the active site of the viral enzyme, reverse transcriptase.

• Non-nucleoside reverse transcriptase inhibitors (NNRTIs): Doravirine, efavirenz, etravirine,

nevirapine, and rilpivirine. Similar to NRTIs/NtRTIs, NNRTIs also inhibit reverse transcription of

viral RNA by binding to reverse transcriptase. They bind to sites on the enzyme other than the

active site.

• Integrase inhibitors: Bictegravir, cabotegravir, dolutegravir, elvitegravir, and raltegravir.

Inhibition of the viral enzyme integrase prevents the integration of viral DNA into the host

DNA.

• Protease inhibitors: Amprenavir (discontinued),13 atazanavir, darunavir, fosamprenavir

(prodrug of amprenavir), indinavir, lopinavir, nelfinavir, ritonavir, saquinavir, and tipranavir.

These drugs act by inhibiting the viral protease enzymes, which are responsible for activating

the new viral proteins and the assembly of the HIV capsule.9,10,14,15
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Combination therapy, termed highly active antiretroviral therapy (HAART) or combination 

antiretroviral therapy (cART), consists of three ARV drugs from at least two different classes being 

administered simultaneously. HAART has dramatically reduced the morbidity and mortality associated 

with HIV/AIDS compared to monotherapy.9,12 In 2019, 71% of HIV-positive adults (aged 15–49) and 

47% of HIV-positive children (<15 years old) in South Africa were on antiretroviral therapy.11 

Therapeutic drug monitoring (TDM) is often required to routinely measure ARV concentrations in 

plasma and to adjust the dose accordingly to ensure efficacy and minimise adverse effects due to large 

inter-patient variability.16–19 

The UCT Routine TDM Laboratory (an ISO 15189:2012 accredited laboratory) within Groote Schuur 

Hospital provides a clinical laboratory service to clinicians in Cape Town, South Africa. Even in a 

resource-strained setting such as South Africa, this laboratory offers routine drug monitoring of EFV, 

LPV, and RTV (as well as atazanavir, darunavir, dolutegravir, and nevirapine) at an international 

standard. The laboratory subscribes to the Clinical Pharmacology Quality Assurance proficiency testing 

program, whereby blinded external quality control plasma samples, at five different concentrations 

of the aforementioned ARVs are analysed in each batch. The laboratory’s proficiency in measuring 

these ARVs is evaluated twice a year by comparing the closeness of the reported concentrations to 

the assigned concentrations, with an accepted 20% deviation.20     

2.1. EFAVIRENZ 

Efavirenz (EFV), an NNRTI, is one of the most prescribed ARVs in South Africa as it formed part of the 

first-line treatment until 2020. EFV is highly effective against the widespread HIV-1 type; however, it 

is not active against the less common, less infective HIV-2.21,22 It is a lipophilic, weakly-acidic molecule 

with a molecular weight of 315.675 g/mol (Figure 1.1) and a very high affinity to albumin; with more 

than 99% of the circulating drug bound.23,24  
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Figure 1.1. Chemical structure of EFV.25 

Reported side effects include dizziness and headaches, while central nervous system toxicity is a risk 

when plasma EFV concentrations are above 4 µg/mL.17,26 TDM is, therefore, essential to ensure that 

average EFV concentrations remain within the therapeutic range of 1–4 µg/mL, where viral load is 

suppressed and adverse effects are minimized.27,28 Neurophysiological toxicity has been found to 

correlate with intracellular EFV concentrations and not with plasma EFV concentrations. It is 

hypothesized that the intracellular concentrations may reflect drug concentrations within other 

physiological compartments, such as the central nervous system.29 Hepatotoxicity has also been 

associated with EFV use; however, it is more common in patients prescribed nevirapine, another 

NNRTI drug.30  

While dolutegravir has since replaced EFV as the preferred treatment for newly-diagnosed patients, 

EFV is still widely used in South Africa.19,31 Its use globally has steadily decreased with the introduction 

of dolutegravir-containing regimens in 2019, as these are cheaper and better tolerated.31  Production 

of the EFV-emtricitabine-tenofovir disoproxil fumerate combination medication, Atripla, was 

terminated in 2021 due to lack of demand – although generic preparations are still available.21 EFV-

based regimens will likely persist for patients co-infected with TB, as EFV has little interaction with 

rifamycin.32 

A major issue with EFV treatment, affecting both efficacy and severity of adverse effects, is the large 

inter-individual variability in plasma drug concentrations after dosing. The study by Marzolini et al. 

(2001) analysing 226 plasma samples from 130 HIV-infected patients on EFV found an inter-patient 

%CV of 118%, while the intra-patient %CV was 30%.26 EFV concentrations were not affected by 

covariates such as sex, age, or height. The variability of EFV concentrations between patients may be 

explained by the fact that EFV is more than 99% bound to plasma proteins.27  
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Based on drug-drug interaction studies, EFV should not be administered in combination with 

lopinavir/ritonavir (LPV/r) as co-administration reduces LPV concentrations. Should co-administration 

be required, the dose of LPV/r should be increased and monitored closely.33 EFV has also been shown 

to competitively bind to plasma proteins and displace other drugs, even other highly plasma-protein 

bound drugs such as Warfarin which is >99% bound.34 

 

2.2. LOPINAVIR 

LPV is a protease inhibitor commonly formulated with ritonavir (RTV) as a fixed combination, LPV/r. 

LPV undergoes hepatic metabolism and usually has a high extraction ratio, but RTV inhibits the liver 

enzyme cytochrome P450-3A4 (CYP3A4) that metabolizes protease inhibitors, including LPV; thereby 

increasing the bioavailability of LPV and lowering the hepatic extraction ratio.35 Like most protease 

inhibitors, LPV is a large, lipophilic, weakly basic molecule. Its molecular weight is 628.814 g/mol36 ( 

Figure 1.2). It is highly bound to the plasma proteins, albumin, and alpha-1-acid-glycoprotein (AAG), 

with >98% of the drug bound. While LPV has a higher affinity for AAG, at physiological conditions, the 

binding to AAG is saturable while the binding to albumin is not, and because albumin is found in much 

higher concentrations, the binding capacity of LPV to albumin is higher than that of AAG.37 Even in sick 

HIV-positive patients with elevated AAG concentrations, the effect of LPV-AAG binding is not clinically 

relevant.38   

 

Figure 1.2. Chemical structure of LPV.25 

The most common adverse effects associated with LPV/r are diarrhoea, asthenia (physical weakness 

and lack of energy), and elevated triglyceride and cholesterol levels. The increase in triglycerides 

results in an increased risk of developing pancreatitis in adult patients. Rare side effects include 

vomiting and rash, occurring in 1% and 2% of patients, respectively.39  
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LPV is considered safe, well-tolerated, and effective in reducing viral load in HIV-infected children aged 

6 months to 12 years.40 In 2008 and 2009, researchers showed that LPV may be used in HIV-positive 

infants aged between 6 weeks and 6 months, and between 14 days and 6 weeks, respectively, with 

similar exposures to those of older children despite the higher clearance in infants under 6 months 

old.41,42 LPV/r is commonly used in HIV-positive pregnant women to prevent mother-to-child 

transmission of HIV. LPV is well-tolerated in pregnant women and does not require dose adjustments 

as the unbound concentrations of LPV do not change despite the low albumin levels associated with 

pregnancy.43,44    

 

2.3. RITONAVIR 

RTV is an HIV-protease inhibitor with a potent antiviral effect.45 However, when co-formulated with a 

large concentration of LPV, the antiviral effect of RTV is negligible, and thus, the anti-HIV effect of 

LPV/r is due to LPV.46 This is due to the fact that RTV has a high affinity for the CYP3A4 enzymes and 

is almost entirely metabolized before it can reach the site of HIV infection but, in doing so, greatly 

increases the bioavailability of LPV. Cobicistat is a derivative of RTV that also acts as a boosting agent, 

which is commonly co-formulated with atazanavir, darunavir, and elvitegravir to increase the efficacy 

of these ARVs.32,47  

 

Figure 1.3. Chemical structure of RTV.25 

RTV is a large molecule with a molecular weight of 720.948 g/mol (Figure 1.3).48 Similar to LPV, RTV is 

more than 98% bound to albumin and AAG.49 An in vitro study by Gulati et al. (2008) found that when 

RTV concentrations are above 50 µM, LPV protein binding is significantly displaced.37 However, in vivo, 

this is unlikely as the low dose of RTV co-formulated with LPV does not reach therapeutic plasma 

concentrations due to its high metabolism by the CYP3A enzymes and, thus, will not reach the high, 
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saturating concentrations where competitive binding with LPV might occur.17 The most common 

reported side effect of RTV is diarrhoea, followed by nausea, headaches, and weakness; however, 

these are generally considered to be minor.45  

3. UNBOUND DRUG CONCENTRATIONS

Drugs are found in plasma in two forms: bound and unbound. The pharmacokinetic and 

pharmacodynamic effects of a drug are exerted by the unbound form.50,51 This is because the unbound 

drug is available to diffuse into tissues and cells to have an effect, and to undergo metabolism and 

elimination, while the bound form is mostly bound to plasma proteins, typically albumin and AAG.52 

While the bound drug is not available to exert pharmacokinetic and pharmacodynamic effects, it can 

act as a reservoir, as drug-protein binding is a dynamic process and the bound drug will become 

unbound to maintain the equilibrium. This phenomenon is summarized as the “free-drug theory”, 

which states that, in the absence of energy-dependent processes, bound and unbound drug 

concentrations reach equilibrium, and only the unbound drug is able to penetrate tissues and reach 

the target site.53,54 

Different drugs exhibit different extents of binding and different affinities to albumin versus AAG. In 

general, lipophilic, weakly basic molecules bind to AAG, and weakly acidic molecules bind 

predominantly to albumin.55 While some drugs may have a higher affinity for AAG, albumin is present 

in much higher concentrations (albumin accounts for 55% of all plasma proteins) and has a higher 

binding capacity and, therefore, is the primary plasma protein involved in drug-protein binding.56  

It is important to understand the terminology used to describe drug binding. The unbound drug 

concentration is often referred to as the “free” drug concentration, which refers to the concentration 

of the drug not bound to plasma proteins. “Free fraction” is a term frequently used in literature that 

refers to the ratio of unbound drug to total drug, i.e. unbound drug: (bound + unbound drug) and is 

often expressed as a percentage. The two terms “free drug” and “free fraction” are not synonymous, 

and while free fraction data is more often reported and discussed, it is the free/unbound drug 

concentration that is the most clinically relevant.57 For the sake of clarity, only the term “unbound 

concentrations” will be used from here onwards.  

TDM of ARVs is currently based on the total plasma concentrations (bound and unbound). However, 

the percentage binding of a drug can influence the interpretation of total plasma concentrations as 
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variations in the unbound drug concentrations can lead to changes in drug efficacy and toxicity that 

cannot be explained by the total drug concentration data.52 It has been suggested that unbound drug 

data is only clinically significant for drugs that are more than 80% plasma-protein bound. For drugs 

that are less than 80% bound, a change in the concentrations of plasma proteins to which the drug 

binds is considered to have no clinically significant effect on unbound concentrations.58 Drugs with a 

higher percentage binding are susceptible to dramatic fluctuations in unbound drug concentrations 

caused by small changes in the concentrations of the proteins. Disease, malnourishment, infection, 

and pregnancy can markedly perturb the concentrations of AAG and/or albumin and, as a result, the 

protein binding.43,59,60 This is especially important to consider when investigating highly protein-bound 

drugs where >98% of the drug is bound or drugs which exhibit non-linear protein binding (where the 

unbound fraction increases with concentration) and atypical non-linear protein binding (where the 

unbound fraction is markedly higher at very low and very high concentrations resulting in a U-shaped 

curve).50,61 A small change in binding can have a significant effect on the apparent total drug 

concentration-effect relationship and thus, may skew the interpretation of the TDM results based on 

total drug concentration data alone.43,62 A lack of unbound drug measurements may also lead to the 

misinterpretation of low total drug concentrations as reduced exposure and, consequently, increase 

the dose and the risk of toxicity.52  

Interpretation of TDM results and the role that plasma protein binding has on drug exposure is also 

largely dependent on the major route of clearance of the drug, namely renal or hepatic clearance.57 

Drugs that undergo hepatic clearance can have a high, intermediate, or low hepatic extraction ratio 

depending on how much drug is cleared during a single pass through the liver.63  

For renally-extracted drugs and drugs with a low hepatic extraction ratio, clearance is dependent on 

the unbound drug concentration – a decrease in binding results in increased clearance, and so, the 

total drug concentration will change, but the unbound drug concentration at equilibrium will not be 

affected (Figure 1.4). In this scenario, a change in protein binding could result in misinterpreted TDM 

results when only the total drug concentration is measured, i.e. a change in protein binding will not 

affect the concentration of the unbound drug, but the total plasma concentrations may appear to be 

too low, and the dose could be incorrectly increased which could lead to toxicity.63 
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Figure 1.4. The effect of plasma protein binding on an in vivo system. (Adapted from Smith et al. 

(2010)) 

Hepatic clearance with a high extraction ratio is only dependent on blood flow, and changes in binding 

will not have any effect on the amount of drug cleared. Therefore, a change in binding will result in a 

change in unbound drug concentration (Figure 1.4).57 In this scenario, a change in binding could lead 

to increased toxicity if the binding decreases or decreased efficacy if the binding increases and, 

therefore, requires dose adjustment. 51,63    

In healthy patients, the total drug concentration can be measured, and the data adjusted using the 

known percentage plasma-protein binding, clearance, and volume of distribution of the drug. 

However, during pregnancy, and in patients with hypoalbuminemia caused by malnourishment, age, 

or nephrotic syndrome, for example, this becomes much harder to model, and the total drug 

concentration may not be an accurate representation of pharmacologically active drug.44,58 In this 

case, the most accurate way to monitor and adjust the patient dose is to quantify the unbound drug 

concentration.57,58  It is especially important to measure the unbound concentrations of ARV drugs, as 

these drugs have narrow therapeutic indexes and the extent of protein binding is highly variable in 

HIV-positive patients.54  
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3.1. SEPARATION TECHNIQUES 

There are several techniques available to separate the protein-bound and unbound drug, with 

ultracentrifugation, ultrafiltration, and equilibrium dialysis being the most common.  

Equilibrium dialysis is often considered the “gold standard” to determine plasma-protein binding of 

drugs due to the fact that the drug-protein binding is determined at equilibrium, and the unbound 

and total plasma concentrations can be determined from a single sample.56,64,65  

The principle behind equilibrium dialysis is the law of mass action. Two chambers are separated by a 

semi-permeable membrane, the plasma sample is added to the first chamber, and a dialysis buffer is 

added to the second. The molecular cut-off of the membrane is such that proteins (with the protein-

bound concentrations of the drug of interest) are trapped, but the small molecular weight unbound 

drug is free to cross the membrane into the buffer. After sufficient equilibration at 37°C, the 

concentration of unbound drug is the same on both sides of the membrane. An aliquot from each 

chamber is then analysed to determine the total and unbound drug concentrations. Traditional 

equilibrium dialysis is very time- and labour-intensive (12–48 hours to reach equilibrium) and requires 

a large volume of plasma (~1 mL); however, commercially-available Rapid Equilibrium Dialysis (RED) 

devices have since reduced the time-to-equilibrium (4–6 hours) and the volume of plasma required.65–

67

The major disadvantage of equilibrium dialysis (both traditional and RED) is the non-specific binding 

of analytes to the membrane, which can remove over 50% of the total drug concentration if the 

membrane is not properly pre-treated.66 A second disadvantage associated with the membrane is the 

Gibbs-Donnan effect, where charged molecules sometimes fail to distribute across a semi-permeable 

membrane equally if ion strength and pH are not carefully controlled by the dialysis buffer in the 

second chamber.53,61 The solubility of the analyte in the dialysis buffer must also be considered, as 

poor solubility of hydrophobic drugs in the buffer will underestimate the concentration of unbound 

drug in the sample. However, a pH change may alter the binding constant of certain drugs to 

albumin.68 It is reported that the percentage binding of basic compounds increases with an increased 

pH, while no clear trend is apparent for acidic drugs.69 The oncotic pressure exerted by the proteins 

on one side of the membrane can also cause a volume shift, whereby the dialysis buffer moves across 

the membrane into the plasma. This volume shift is reported to cause as much as a 10–30% increase 

in plasma volume, which would concentrate the amount of drug on the “unbound” side of the 
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membrane.66 However, the concentration of unbound drug can be mathematically corrected if the 

initial and final volume of plasma and buffer is determined.  

Ultrafiltration is considered the fastest and simplest method to determine the unbound drug 

concentration.66,69  It is similar to equilibrium dialysis in that a semi-permeable membrane separates 

the unbound drug concentrations from that which is protein-bound. The plasma sample is added to 

the top chamber, and centrifugation or positive pressure moves the unbound drug and plasma water 

into the lower chamber. The liquid in the lower chamber is collected and analysed to determine the 

unbound drug concentration, while a second aliquot of unfiltered plasma is used to determine the 

total plasma concentration. The advantage of ultrafiltration over equilibrium dialysis is the lack of 

buffers. This avoids those issues discussed where buffers can disrupt drug-protein binding due to pH 

changes and eliminates the risk of volume shifts due to the oncotic pressure from the proteins. 

However, the non-specific binding of the analyte to the membrane and the Gibbs-Donnan effect are 

still considerations. The filter may be pre-treated to reduce non-specific binding, or the unbound 

concentration may be mathematically corrected if the non-specific binding is constant across different 

concentrations of analyte. The major disadvantage of ultrafiltration is the effect of molecular sieving, 

where the plasma water molecules cross the filter faster than the unbound analyte due to too much 

pressure. This is more common with larger molecular weight drugs and can result in an 

underestimation of the unbound drug concentration.69   

Ultracentrifugation is a separation technique that does not make use of membranes or filters and, as 

a result, eliminates the issues around non-specific binding, dilution effects caused by volume shifts or 

molecular sieving, and the Gibbs-Donnan effect.61,66,70 The lack of membranes also makes 

ultracentrifugation especially useful for lipophilic compounds, which can have limited permeation 

through dialysis membranes even when non-specific binding is negligible.71 Ultracentrifugation at very 

high speeds separates the unbound drug from the protein-bound based on their sedimentation 

coefficients, resulting in three visually distinct layers: a yellow protein layer at the bottom, a middle 

aqueous layer, and a top thin fatty layer. The protein pellet will contain the plasma-protein bound 

drug, while the aqueous layer contains the unbound drug.72 The middle aqueous layer is removed and 

analysed to determine the unbound drug concentration, while a second aliquot of plasma is required 

to determine the total plasma concentration. Low levels of proteins can be present within the aqueous 

layer. However, this protein contamination is said to have a negligible effect on the measured 

unbound drug concentration as the majority of the proteins detected in the aqueous layer are found 

to be small peptides and loose amino acids.67,73 The study by Nakai et al. (2004) found that the 

unbound drug concentration determined by ultracentrifugation for ten drugs had a correlation factor 
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of 0.98 and a slope of 0.99 when compared to other methods such as equilibrium dialysis, despite the 

protein contamination observed. A later study by Kieltyka et al. (2016) also found a slight protein 

contamination of <1% of the starting protein concentration from human serum. However, again, this 

contamination did not impact the percentage protein binding determined by ultracentrifugation as 

their results correlated well with reported values (r2 = 0.920) for 20 compounds covering a wide range 

of molecular weights from 236–780 g/mol.71  

Ultracentrifugation can also be used for drug-lipoprotein binding testing due to the separation of 

lipoproteins into the top thin fatty layer.70,71 The major disadvantages of ultracentrifugation are the 

low throughput and high cost of instrumentation compared to equilibrium dialysis and 

ultrafiltration.61,74 Additionally, sedimentation of large molecular weight compounds can create an 

analyte gradient within the middle aqueous layer and result in variable unbound drug concentrations 

depending on where within this layer the sample is taken.66,69  

Non-separative techniques also exist, such as spectroscopic methods (UV, fluorescence, infrared, etc.), 

which allow for the quantification of drug-protein binding at equilibrium in a solution, without 

separating the bound and unbound drug concentrations. These methods can provide a more accurate 

drug-protein binding constant since the sample is undisturbed.  

Spectroscopic methods can also provide insight into the location of drug binding sites on the proteins 

and the mechanisms involved. However, such methods can only quantify changes in drug-protein 

binding and are not a direct measurement of the unbound drug concentrations. Another disadvantage 

is that these methods have poor sensitivity and require high drug concentrations. This may cause 

solubility issues and binding saturation when used in vitro. While in vivo sample concentrations may 

be too low to detect.66   

Ultimately, each method has advantages and disadvantages and is highly drug-specific. Whichever 

method is chosen should be optimized for a given analyte to ensure accurate results.   

 

4. INTRACELLULAR DRUG CONCENTRATIONS 

The importance of measuring intracellular ARV concentrations is driven by the fact that only the drug 

inside the cells has a therapeutic effect against the virus.75 Sub-therapeutic concentrations within the 

cell will also apply selective pressure on the virus, which could lead to the emergence of drug 
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resistance.76 For many ARVs such as LPV, patient treatment response and tolerability have shown a 

large level of variability, with some patients even failing treatment. It has been suggested that this 

may be due to variability in the amount of drug reaching the target site within the HIV-infected cells, 

and, as a result, intracellular drug concentrations should be measured.77,78 Quantifying the 

intracellular concentrations represents a more reliable and clinically-relevant measure of drug 

activity.75  

Peripheral blood mononuclear cells (PBMCs) are a heterogeneous collection of the cells that HIV 

infects (lymphocytes, monocytes, and dendritic cells) and are relatively easy to isolate from whole 

blood samples and, as a result, are used to quantify intracellular drug concentrations.75,79 PBMCs can 

be isolated from whole blood using a variety of techniques, namely BD Vacutainer CPT, Lymphoprep, 

SepMate, and Ficoll-Paque methods. These techniques all utilise the principle of density gradient 

centrifugation to separate the PBMCs from the red blood cells and plasma.75,77,79,80 After isolation, the 

cells are washed with ice-cold phosphate-buffered saline (PBS) to remove any remaining plasma and 

drugs absorbed to the PBMC surface.28 Regardless of the isolation procedure used, it is important to 

process the cells quickly and on ice to prevent drug efflux from the cells, which can lead to inaccurate 

results.76,81–85 

A review by Bazzoli et al. (2010) summarizing studies focusing on intracellular ARV concentrations 

found that, while most of the studies also measured total plasma concentrations (and a few measured 

unbound plasma concentrations), only 8 out of 31 did any statistical analysis to determine if these 

concentrations were correlated.86 Some ARVs have been reported as having a correlation between 

total steady-state plasma concentrations and intracellular concentrations such as stavudine, 

nelfinavir, and EFV, but the relationship is non-linear, and the correlation coefficients were reported 

as 0.459, 0.455, and 0.66, respectively, which suggests this correlation is weak.80,87,88 The study by 

Tanaka et al. (2008) did, however, find that when the intracellular concentrations were correlated to 

the unbound plasma concentrations, the correlation coefficient increased to 0.76, which supports the 

fact that it is the unbound drug that can enter the cells. However, none of these studies focused on 

South African populations, and due to the genetic diversity observed in South Africa with respect to 

drug response, these findings might not reflect a South African population.89,90 
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To correlate plasma and intracellular concentrations, the intracellular drug concentrations must be 

converted from nanograms per million cells to nanograms per millilitre using the following formula: 

The cell number is typically measured by microscopy or a cell counter, and the cell volume is presumed 

to be 400 fL. The presumed 400 fL value was determined by Gao et al. (1993), who measured the 

mean corpuscular volume (MCV) of PBMCs91 – where a corpuscle is any blood cell: red blood cell, 

white blood cell, or platelet. Gao et al. found the MCV to be 250 fL for inactivated cells and 380 fL for 

activated cells. Activation was initiated by a mitogenic agent assumed to make the cell more closely 

resemble an HIV-infected cell. The 380 fL value was later was rounded up to 400 fL. A study by Simiele 

et al. (2011) measured the MCV of 190 HIV-positive patients using a Coulter Counter and reported the 

mean volume to be 282.9 fL (range: 207.0–354.6 fL) which was more in agreement with Gao’s 

“inactivated” cell volume. Due to the large range of MCV values, Simiele et al. recommend that one 

determines the MCV of PBMCs for every patient or to find an average for a target population instead 

of using the arbitrary value of 400 fL, which may underestimate the intracellular concentration in 

nanograms per millilitre.79 However, in order to compare intracellular concentrations with published 

concentrations, 400 fL must be used as this is the most commonly used value in literature.76–78,92–101  

5. BIOANALYTICAL METHODS

Almost all biological matrices require sample preparation for drug quantification. Sample preparation 

or extraction serves several purposes in bioanalytical methods. First, it acts as a sample “clean up” 

procedure by removing large endogenous matrix components such as proteins and other potential 

contaminants which may interfere with analyte detection. Secondly, it results in a sample that is more 

compatible with the chromatography system compared to the unextracted matrix. In some cases, 

sample extraction has the added benefit of removing other analytes that may interfere with 

quantification or concentrating the sample to assist with detection – however, this is dependent on 

the extraction technique used.102 
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5.1. EXTRACTION TECHNIQUES 

The most widely used extraction techniques are protein precipitation, liquid-liquid extraction (LLE), 

and solid-phase extraction (SPE), each with unique advantages and disadvantages.  

Protein precipitation involves adding a solvent of 2–5 times the volume of the sample to disrupt the 

solubility of proteins in the sample. Organic solvents such as acetone, acetonitrile, methanol, and 

isopropanol are the most used precipitation agents, whereby the organic nature of the solvent 

disrupts the hydrophobic interactions within the protein core. A high molarity salt solution can reduce 

the hydration of the proteins, while a change in pH due to the addition of an acid or base will change 

the ionization state of the proteins. Interfering with the intra-protein hydrophobic interactions, 

dehydrating the proteins, or changing the proteins’ ionization state will cause the proteins to become 

insoluble and remove them from solution. The proteins can be separated from the supernatant by 

centrifugation. It is important to optimize the precipitation solution for the matrix and analyte of 

interest; since some solvents, acids/bases, and salt solutions can cause the analyte to be “trapped” 

within the precipitant and result in low analyte recovery.103 

Protein precipitation may be used as a stand-alone technique or as a precursor to other sample 

preparations. Compared to LLE and SPE, protein precipitation is a cheap, easy, and quick method, 

although it has low specificity and may not remove smaller contaminants such as salts.103,104  

LLE is reported to be the oldest extraction technique in analytical chemistry since Berthelot and 

Jungfleisch studied the partitioning of a solute between two liquids.105,106 The process involves the use 

of two immiscible solvents (often an aqueous and non-polar organic solvent) and relies on the 

partition coefficient of the analytes. The two solvents are chosen based on the polarity and solubility 

of the analytes of interest to maximize the differential distribution of the analyte from the sample into 

the non-polar phase. Liquid samples such as urine and plasma can be directly extracted into a large 

volume of an organic solvent such as dichloromethane, ethyl acetate, hexane, or octane (5–20 times 

the volume of the sample). Liquid samples may also be diluted with an aqueous buffer to modify the 

pH or ionic strength of the sample. This can selectively enhance the analyte’s affinity for the non-polar 

phase and improve analyte recovery.103 As a bioanalytical extraction method, LLE is more labour-

intensive than protein precipitation and is difficult to automate but has the benefit of increased 

specificity and a cleaner sample extract. 

SPE uses a solid stationary phase and liquid mobile phase, much like chromatography. Initially, the 

packing material such as silica or cellulose beads were packed in the extraction column by hand to 
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form the stationary phase; however, pre-packed SPE cartridges became commercially available in the 

late 1970s.103 These commercially-available cartridges have since been improved upon and offer a 

wide range of packing materials and modifications to allow for normal-phase, reversed-phase, mixed-

phase, and ion-exchange extraction.  

 

The SPE procedure involves five distinct steps: conditioning the solid-phase, equilibrating the solid-

phase, loading the sample, washing contaminants from the sample, and eluting the analytes of 

interest from the solid-phase. Each of these steps needs to be optimized to develop a selective method 

for the chosen analytes and sample matrix. The combination of chosen stationary phase, wash 

solvents, and elution solvents results in a highly selective and very clean extraction method.103 

However, the lengthy method development process and cost of consumables are the main 

disadvantages of SPE compared to the simpler and cheaper protein precipitation and LLE.104  

It is important to note that the extraction technique is highly analyte- and matrix-specific. Multiplex 

assays (where more than one analyte is analysed in the same method) are often difficult to develop 

as the analytes may have very different physicochemical properties and require different extraction 

solvents. Often a compromise must be found to ensure all analytes are extracted with accuracy and 

precision, sometimes at the expense of analyte recovery.     

 

5.2. DETECTION BY HPLC-MS/MS 

High-performance liquid chromatography (HPLC) is a separation technique that selectively retains and 

elutes analytes based on their physiochemical interactions with the stationary and mobile phases. 

HPLC is widely used in both quantitative and qualitative bioanalysis of involatile and thermally 

unstable compounds and is coupled to a detector. Common detectors include mass spectrometers, 

ultraviolet, and fluorescent detectors. Ultraviolet and fluorescent detectors are less sensitive than 

mass spectrometry due to potential background noise from the sample solvent. Mass spectrometry is 

also the most selective and robust method, especially when tandem mass spectrometry (MS/MS) is 

used.  Therefore, HPLC-MS/MS is the gold standard for quantitative small molecule analysis.107       
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5.3. METHOD VALIDATION 

Bioanalytical methods are rigorously tested and validated according to guidelines from regulatory 

institutions such as the United States’ Food and Drug Administration (FDA) and European Medicines 

Agency (EMA) to ensure that methods are suitably accurate, precise, and robust for the analysis of 

clinical samples. The most current guidelines include the 2018 FDA Guidance for Industry and 2012 

EMA Guidelines for Bioanalytical Method Validation.108,109 

The Clinical Pharmacology Quality Assurance (CPQA) peer review program is managed by the 

University at Buffalo, State University of New York, under a contract by the US National Institute of 

Allergies and Infectious Diseases, Division of AIDS (NAIAD/DAIDS) to provide quality assurance for 

participating clinical pharmacology laboratories, including the Pharmacokinetic (PK) Laboratory at the 

University of Cape Town (UCT).110,111 The program is intended to review assay methods according to 

the CPQA Guidelines for Bioanalytical Chromatographic Method Development, Validation, and 

Application to ensure assay quality prior to use on study samples.112 The review of assay methods is 

blinded to eliminate potential bias and is performed by experts in pharmacology assay method 

development and validation.  

The International Maternal Paediatric Adolescent AIDS Clinical Trials Network (IMPAACT) and AIDS 

Clinical Trial Group (ACTG) are two global clinical trial groups that require the laboratory assays 

involved in their trials to be CPQA-approved.  

 

6. THE IMPORTANCE OF DEVELOPING THESE METHODS IN SOUTH AFRICA 

The antiretroviral drugs EFV, LPV, and RTV are very commonly prescribed in South Africa. These drugs 

are very highly plasma-protein bound, and any variability in protein binding due to changes in protein 

concentrations or binding affinities may have a significant effect on the unbound drug concentration, 

which, in turn, affect how much drug is available to enter the immune cells and reach the site of action. 

There is very little known about the unbound and intracellular drug concentrations in South African 

populations. If the drug-protein binding decreases due to malnourishment or disease state, then the 

recommended dose may be too high and lead to an overdose and increased risk of side effects, which 

includes central nervous system toxicity.113 It is also crucial to quantify the intracellular drug 

concentrations to know, with certainty, what drug concentrations are reaching the virus, and whether 
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these concentrations fall within the therapeutic window. By correlating the unbound concentrations 

in the plasma with the intracellular concentrations using PBMCs, the dose can be adjusted to below 

toxic concentrations, which is driven by the unbound drug concentrations in plasma, while 

maintaining the minimum required concentrations to lower viral load, driven by the intracellular drug 

concentrations. Investigating the relationship between the plasma and intracellular concentrations 

will add to the greater scientific knowledge on the pharmacokinetics of these drugs in a South African 

population. 

While there are many published methods for the determination of unbound24,28,52,76,80,114–116 or 

intracellular24,28,76,78,80,95,98,100,101,117–122 EFV, LPV, and/or RTV currently published, only one123 has been 

validated according to the updated FDA and EMA guidelines.108,109  The method by De Nicolo et al. 

(2020) quantitated intracellular atazanavir, cobicistat, darunavir, dolutegravir, EFV, elvitegravir, 

etravirine, maraviroc, nevirapine, raltegravir, rilpivirine, and RTV in approximately 16 million PBMCs 

isolated from two 8 mL Vacutainer CPT tubes of whole blood. The method did not include LPV or 

unbound drug concentrations, and while the assay was successfully applied to 56 PBMC samples from 

30 HIV-positive patients, no paired plasma and PBMC samples were analysed for EFV.123  

A partially-validated method for the quantification of EFV, LPV, and RTV from approximately four 

million PBMCs was developed as a secondary objective in a doctoral thesis by Yuan Ren, the Division 

of Clinical Pharmacology, UCT, in 2009.124 As is the case for the published intracellular 

methods,24,28,76,78,80,95,98,100,101,117–122, this method was evaluated according to the 2001 FDA 

guidelines,125, which have since been updated multiple times.108,126 In addition, the EMA published its 

own set of guidelines in 2012.109 The method used reserpine as the internal standard for all three 

analytes and did not include any sample preparation following cell lysis which could explain the poor 

precision and reproducibility of the method. Using deuterated internal standards for each analyte and 

optimizing the sample extraction could greatly improve the robustness of the method. Other 

validation experiments such as matrix effects, recovery, process efficiency, dilution integrity, and 

stability testing were not performed and are now requirements for a full validation. While the method 

served its purpose in the scope of the aforementioned thesis, it does not meet acceptance criteria for 

accuracy and precision and is not suitable for use in a clinical setting. 

There is currently only one CPQA-approved method for the determination of intracellular EFV, LPV, 

and RTV.127 This method was developed, and validated by, the Antiretroviral Pharmacology Lab at the 

University of Nebraska Medical Center (UNMC) and currently analyses all intracellular samples for 

NAIADS/DAIDS HIV clinical trial networks. By developing and validating a CPQA-approved method for 
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intracellular EFV, LPV, and RTV within the UCT PK Laboratory, samples from IMPAACT or ACTG clinical 

trials in Africa could be processed in South Africa instead of being sent to Nebraska. 

The P1092 phase IV study by IMPAACT aims to evaluate the steady-state pharmacokinetics of 

lamivudine, zidovudine, and LPV/r in severely malnourished HIV-1 infected children. A secondary 

objective of the P1092 study requires that unbound LPV and RTV concentrations be determined using 

a CPQA-approved assay method. However, globally, there are no CPQA-approved methods for the 

quantification of unbound EFV, LPV, and RTV. By developing and validating such a method with CPQA-

approval, this project can fulfil this secondary P1092 study objective and be used in future clinical 

trials. 

Not only could the methods developed promote South Africa’s involvement in global HIV clinical trial 

networks and assist in growing the scientific knowledge about these ARVs, but the assay methods can 

also be used on an individual level to better manage patients’ medications. Unbound and intracellular 

quantification of ARVs will likely never replace current TDM practices in South Africa; however, these 

tools can provide supplementary information to clinicians for patients whose treatment response 

cannot be explained by TDM results alone.   

The aim of this study is to develop and validate laboratory assay methods for the accurate and precise 

quantification of unbound and intracellular concentrations of EFV, LPV, and RTV according to the 

highest international standards and, in doing so, increase the clinical trial research capacity of South 

Africa and provide tools to improve individualised treatment of South African HIV-positive patients. 

The development of these laboratory assay methods has been approved by the University of Cape 

Town Human Research Ethics Committee (HREC #447/2017, Appendix A). 
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7. AIM 

To establish a methodology for the analysis of unbound and intracellular EFV, LPV, and RTV 

concentrations within a South African clinical setting.  

 

8. OBJECTIVES 

1. Develop and validate a bioanalytical method for the quantification of unbound EFV, LPV, and 

RTV from human plasma. 

2. Develop and validate a bioanalytical method for the quantification of intracellular EFV, LPV, 

and RTV from human PBMCs. 

3. Apply the methods to HIV-positive patient samples to evaluate the feasibility of the methods 

in a clinical setting in South Africa. 
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CHAPTER TWO: UNBOUND DRUG 

CONCENTRATIONS 
 

1. CHAPTER SUMMARY 

Therapeutic drug monitoring (TDM) of antiretrovirals currently considers the total drug concentration 

(bound and unbound to plasma proteins). However, the drug not bound to plasma proteins is the only 

form available to diffuse into tissues and cells and have a therapeutic effect.53,54,57 

In healthy patients, the total drug concentration can be measured, and the data adjusted using the 

known percentage plasma-protein binding, clearance, and volume of distribution of the drug. 

However, in sick patients, this becomes much harder to model, and the total drug concentration may 

not be an accurate representation of pharmacologically-active drug. In this case, the most accurate 

way to monitor and adjust the patient dose is to quantify the unbound drug concentration.57   

It is especially important to measure the unbound drug concentration when dealing with highly 

protein-bound drugs, where more than 98% of the drug is bound. A small change in binding can have 

a significant effect on the apparent total drug concentration-effect relationship and, thus, may skew 

the interpretation of the TDM results based on total drug concentration data alone.51,57,62 

This chapter presents a method for the quantification of unbound EFV, LPV, and RTV in 250 µL human 

plasma. The method consists of ultracentrifugation followed by liquid-liquid extraction (LLE) of 50 µL 

of the aqueous layer using an ammonium acetate buffer and a mixture of hexane and ethyl acetate. 

With stable deuterated isotopes, EFV-d5, LPV-d8, and RTV-d6 as the internal standards.   

The extraction procedure is followed by liquid chromatographic separation using an Agilent Poroshell 

120 (EC-C18, 2.7 µm, 50 x 4.6 mm) analytical column. The method uses an isocratic mobile phase 

consisting of 0.1% formic acid in water and acetonitrile (25:75, v/v) at a flow rate of 500 µL/min over 

4 minutes. 

An AB Sciex API 5500 Q trap mass spectrometer at unit resolution in the multiple reaction monitoring 

(MRM) mode was used to monitor the transition of the deprotonated precursor ion m/z 314.0 to 

product ion m/z 243.9 for EFV, and the protonated precursor ions m/z 629.4 and m/z 721.3 to product 

ions m/z m/z 447.1 and m/z 296.0 for LPV and RTV, respectively. MRM mode was used to monitor the 
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transition of the deprotonated precursor ion m/z 319.0 to product ion m/z 248.1 for EFV-d5 and the 

protonated precursor ions m/z 637.4 and m/z 727.4 to product ions m/z 447.1 and m/z 301.9 for LPV-

d8 and RTV-d6, respectively. Electro Spray Ionisation was used for ion production.  

The method was validated according to the FDA and EMA guidelines108,109 and was shown to be 

accurate, precise, and reproducible. The ultracentrifuge component of the method was also validated 

for  accuracy, precision, and reproducibility. The HPLC-MS/MS method was tested for sensitivity and 

specificity as well as crosstalk between each of the analytes and between the analytes and their 

respective internal standards. Further validations were conducted to confirm the absence of matrix 

effects, recovery, process efficiency, anticoagulant-cross, haemolysis, dilution integrity, and the 

stability of the analytes under various conditions.  Finally, a novel surrogate matrix was investigated 

and validated to reduce the volume of plasma required for calibration standards and quality control 

samples. 

The assay method and all validation data were submitted for CPQA review110 and were subsequently 

approved for use on human plasma samples. 
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2. ASSAY DEVELOPMENT 

2.1. CHEMICALS AND REAGENTS 

Reference standards for EFV, LPV, RTV, and their respective stable deuterated internal standards, EFV-

d5, LPV-d8, and RTV-d6, were purchased from Toronto Research Chemicals (Ontario, Canada). Their 

chemical structures are shown in Figure 2.1 below. 

 

Figure 2.1. Chemical structure of a) EFV, b) EFV-d5, c) LPV, d) LPV-d5, e) RTV, and f) RTV-d6. (Images 

sourced from the respective certificates of analysis from Toronto Research Chemicals.) 

Methanol, acetonitrile, and acetone were purchased from Honeywell (North Carolina, U.S) and formic 

acid from Fisher Chemical (Illinois, USA).  All water used was filtered in-house (Millipore, 18.2 MΩ.cm 

at 25°C) using a Synergy Water Purification System from Merck Millipore (Darmstadt, Germany). 

Acetic acid, ammonium acetate, ammonium bicarbonate, ammonium formate, boric acid, ethyl 

acetate, hexane, isopropanol, phosphoric acid, and sodium hydroxide were purchased from Sigma-

Aldrich (now a subsidiary of Merck, Germany).  

All reference standards, internal standards, chemicals, and reagents were used within the expiry dates 

provided by the manufacturers.  
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2.2. ULTRACENTRIFUGE METHOD 

Ultracentrifugation was chosen as the separation method for measuring unbound drug concentrations 

largely because an ultracentrifuge (Beckman Coulter Optima L-80 XP) was readily available, and the 

day-to-day costs involved are lower than other separation methods such as rapid equilibrium dialysis 

or ultrafiltration. Ultracentrifugation also avoids the use of buffers, membranes, or filters which can 

cause a loss of drug due to non-specific binding.54,72 The lack of membranes also mitigates any errors 

caused by the Gibbs-Donnan effect, where charged molecules sometimes fail to distribute across a 

semi-permeable membrane equally if ion strength and pH are not carefully controlled.53 Unfortunately, 

ultracentrifugation is more time-consuming and has a lower throughput compared to equilibrium 

dialysis and ultrafiltration as the number of samples analysed per day is limited to the rotor size55, in 

this case, 72 samples per ultracentrifuge run. 

Ultracentrifugation separates plasma into three distinct layers: a yellow protein pellet, a middle 

aqueous layer, and a top thin fatty layer (Figure 2.2). The protein pellet contains the plasma-protein 

bound drug concentration, while the aqueous layer contains the unbound drug concentrations.72 The 

middle layer must be carefully removed without removing any of the top lipoprotein layer. Thereafter 

it is referred to as ‘ultracentrifuged plasma”.  

 

Figure 2.2. Photo of ultracentrifuged plasma showing the three distinct layers. Note: the plasma 

sample presented here was slightly haemolysed, which caused the yellow protein pellet to be red. 

 

A micro-scale ultracentrifugation method described by Nakai et al. (2004) was shown to correlate with 

equilibrium dialysis and ultrafiltration methods for ten drugs with a slope of 0.99 and an r2 value of 

0.98. Their micro-scale method used a Beckman Coulter OptimaMAX ultracentrifuge with a TLA-100 



Chapter Two Unbound Drug Concentrations 41 

(Beckman Coulter) rotor, which could sufficiently separate the unbound drug concentrations from 200 

µL plasma when ultracentrifuged at 436 000 rcf at 4°C for only 140 minutes.73 An 18-hour 

ultracentrifugation using a Beckman Coulter Optima TLX ultracentrifuge and TLA-120.1 (Beckman 

Coulter) rotor at 52 000 rcf was used by Kieltyka et al. (2016) for 20 compounds covering a wide range 

of molecular weights (236 – 780 g/mol). Determination of the percentage protein binding of these 

compounds from 500 µL human serum was shown to correlate with reported values in literature with 

an r2 value of 0.920 despite the longer and slower ultracentrifugation.71  

Samples were ultracentrifuged with a Ti 42.2, Beckman Coulter ultracentrifuge at 42 000 rpm (223 000 

rcf). A small sample volume was important for future patient sample analysis. A sample volume of 200 

µL plasma was tested, but it was difficult to accurately remove the middle, aqueous layer without 

disturbing the protein pellet, and, as a result, the sample volume was increased to 250 µL. While the 

sample volume is larger than that of Nakai et al. (2004), it is equal to or smaller than that required by 

other reported ultrafiltration or equilibrium dialysis methods measuring unbound EFV, LPV, or RTV, 

which use 250 µL,52 500 µL,114 or 1.5 mL76 per sample.  

To determine the time required to separate the unbound drug concentrations from the plasma-

protein bound drug concentrations, aliquots of 250 µL of blank human plasma were ultracentrifuged 

at 42 000 rpm for either 4, 6, or 18 hours at 4°C. The collected middle, aqueous layer of the 

ultracentrifuged plasma was analysed for protein levels using the Pierce™ Bicinchoninic Acid (BCA) 

protein assay kit microplate procedure from Thermo Fisher Scientific.128 The BCA assay is a fast, simple, 

colourimetric assay where copper(II) sulphate is added to a sample, followed by bicinchoninic acid. 

Proteins in the sample reduce copper(II) to copper(I), which then chelate with the BCA. When no 

protein is present, the solution is blue-green in colour with a low UV absorbance – while the copper(I)-

BCA complex is purple and exhibits a strong UV absorbance at 562 nm. The reduction of copper(II) to 

copper(I) and subsequent chelation to the BCA is proportional to the protein content in the sample. 

Therefore, the absorbance at 562 nm is proportional to the sample protein concentration. The Pierce™ 

BCA assay kit includes a 2 mg/mL bovine serum albumin (BSA) standard to prepare a nine-point 

calibration curve through zero with a protein concentration range of 25–2000 µg/mL.  A blank sample 

containing no BCA was used to normalize the absorbance results. 

The calculated protein content of the plasma samples ultracentrifuged for 4 hours was greater than 

2000 µg/mL, which was the upper limit of quantification of the curve, while the samples 

ultracentrifuged for 6 hours had a calculated concentration of ~1000 µg/mL. The protein content of 

the plasma samples ultracentrifuged for 18 hours was found to be ~400 µg/mL, which is lower than 
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that reported in the literature.73 A more in-depth analysis of the protein content of the 

ultracentrifuged plasma is discussed during the validation of the ultracentrifuged method in Section 

3.13 of this chapter.  

To determine if the protein contamination test results were an accurate indication of the unbound 

drug concentrations, human plasma was spiked with a 14.4 µg/mL of EFV (only EFV was used to test 

the centrifugation time to simplify the experiment and remove any drug-drug interaction effects). The 

plasma was incubated at 37°C for one hour for the drug-protein binding to reach equilibrium. Aliquots 

of 250 µL were ultracentrifuged at 42 000 rpm for either 4 or 18 hours at 8°C. (It was noted that the 

ultracentrifuge was often at 8°C at the end of the 18-hour run time instead of the set 4°C, despite the 

ultracentrifugation being within calibration, and when the temperature was kept at 4°C, some of the 

samples were frozen. Therefore, to reduce the risk of freezing and to achieve a more reliable 

temperature, the ultracentrifuge temperature was changed to 8°C.) The ultracentrifuged plasma and 

total plasma were extracted in triplicate and submitted for HPLC-MS/MS analysis to determine the 

percentage binding. The results are presented in Table 2.1.  

Table 2.1. Calculated percentage binding from total and unbound EFV to determine effect of 4- versus 

18-hour ultracentrifugation

4 hours 18 hours 

Total EFV 

(peak area 

ratio) 

Unbound EFV 

(peak area 

ratio) 

%Bound 

Total EFV 

(peak area 

ratio) 

Unbound EFV 

(peak area 

ratio) 

%Bound 

Sample 1 1.28 0.0435 96.6 2.59 0.00562 99.8 

Sample 2 1.30 0.0214 98.4 2.51 0.00519 99.8 

Sample 3 1.17 0.0708 93.9 2.29 0.00520 99.8 

Average 1.25 0.0452 96.3 2.46 0.00534 99.8 

STDEV 0.0700 0.0247 2.22 0.155 0.000245 0.0102 

CV(%) 5.6 54.7 2.4 6.3 4.6 0.0 

%Bound = (Total – Unbound)/Total x 100 

The total EFV peak area ratios were different for the 4- and 18-hour experiments (1.25 and 2.46, 

respectively, even though they were prepared at the same concentration) as the 4- and 18-hour 

samples were extracted and analysed on two separate days, immediately after each ultracentrifuge 

run. The difference in total EFV peak area ratios is most likely due to a difference in internal standard 
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peak area between the two batches. The total and unbound samples for each experiment were 

extracted and analysed in the same batch.  

The percentage plasma-protein binding of EFV is reported to be >99%.24,55 The results of the 4- versus 

18-hour ultracentrifugation experiment show that the 4-hour ultracentrifugation led to an 

overestimation in unbound drug concentration with a percentage binding of 96.3%. The 4-hour 

ultracentrifugation also led to very variable unbound EFV results with a CV(%) of 54.7%. The 18-hour 

results showed a percentage binding of >99% and an unbound EFV CV(%) of 4.6%, indicating that the 

method is accurate and precise for separating the unbound drug from that which is protein bound. 

These findings confirm that the protein contamination test results were an accurate indication of the 

efficiency of the ultracentrifuge to separate the bound and unbound drug concentrations. Therefore, 

18-hour ultracentrifugation at 42 000 rpm at 8°C was used. An ultracentrifugation time greater than 

18 hours was not tested as the results above, in conjunction with the ultracentrifugation validation 

(which will be discussed in Section 3.13 of this chapter), showed that 18 hours was accurate, precise, 

and reproducible.   

2.3. EXTRACTION METHOD DEVELOPMENT 

The method discussed in this chapter was the first extraction method for unbound drug analysis 

developed within the UCT Division of Clinical Pharmacology. Therefore, all three extraction techniques 

discussed in Chapter 1 (Section 5.1) were investigated, namely protein precipitation, liquid-liquid 

extraction (LLE), and solid-phase extraction (SPE). 

Aliquots of 80 µL ultracentrifuged plasma were spiked with 125 ng/mL of EFV, LPV, and RTV and 

extracted in triplicate using one of the following precipitation solvents: 100% acetonitrile, 100% 

methanol, 0.1% formic acid in acetonitrile, 0.1% formic acid in methanol, and 100% ethyl acetate. 

Ethyl acetate is more commonly used as an LLE solvent; however, a method by Ramachandran et al. 

(2006) extracted EFV from plasma directly into ethyl acetate without the use of an aqueous buffer as 

a second solvent, and it was therefore included in this in the protein precipitation investigation.129 In 

each case, 500 µL of internal standard-containing solvent was added to the ultracentrifuged plasma, 

whereafter the samples were vortexed for approximately 30 seconds, sonicated for 5 minutes, and 

centrifuged for 5 minutes at 16000 rcf. The supernatant (500 µL) was removed, dried under nitrogen 

at 40°C, and reconstituted in 200 µL mobile phase (a mixture of acetonitrile and 0.1% formic acid in 

water, 3:1, v/v). The extraction efficiency was analysed using the mean peak areas (Figures 2.3–2.5) 
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while the precision of each extraction solvent was evaluated using the mean peak area ratios (data 

not shown).  

 
Figure 2.3. Mean peak areas of EFV when extracted using various solvents. 

 
Figure 2.4. Mean peak areas of LPV when extracted using various solvents. 

 
Figure 2.5. Mean peak areas of RTV when extracted using various solvents. 
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For all three analytes, there was no significant difference between the different solvents based on the 

results of a one-way ANOVA test at the p<0.05 level [EFV: F(4,10) = 0.9977, p = 0.4526. LPV: F(4,10) = 

1.009, p = 0.4476. RTV: F(4,10) = 1.059, p = 0.4253]. Ethyl acetate had the greatest peak areas for LPV 

and RTV, and while the error bars in the figures show it had the highest variation in peak areas, the 

variability is comparable with the other solvents when normalized to the internal standard peak areas 

(the percentage coefficient of variation for all solvents was less than 10.7% for all three analytes). 

Therefore, ethyl acetate produced a high recovery (though not significantly higher than the other 

solvents) with a high degree of precision when normalized against the internal standard. 

Next, an LLE method was investigated. The method required two optimization steps: the buffer type 

and pH of the aqueous layer and the non-polar organic solvent composition. Ethyl acetate is a common 

LLE solvent and was used during the buffer experiments. A Britton Robinson buffer was prepared by 

adding 5.724 mL acetic acid, 6.824 mL phosphoric acid, and 6.183 g boric acid to 1 L water. This was 

diluted with a 0.5 M sodium hydroxide solution to produce pH 3, 4, 5, 6, 7, 8, 9, and 10 buffers. 

Additionally, buffers were made using 100 mM ammonium acetate and adjusted with acetic acid to 

pH 6, 7, and 8. Aliquots of 80 µL ultracentrifuged plasma spiked with EFV, LPV, and RTV were diluted 

with 100 µL of each buffer in triplicate and vortexed for approximately 30 seconds.  Ethyl acetate (500 

µL) containing each internal standard was added, followed by a 1-minute vortex and 5-minute 

centrifugation at 16 000 rcf. The aqueous layers were frozen using a freezing plate at ~-30°C, and the 

organic layer was subsequently poured off and dried under nitrogen at 40°C. The samples were then 

reconstituted in 200 µL of a mixture of acetonitrile and 0.1% formic acid in water (3:1, v/v). As with 

the protein precipitation optimization results, extraction efficiency was analysed using the mean peak 

areas, while the precision of each buffer was evaluated using the mean peak area ratios.  

EFV has a pKa of 10.2 and has poor solubility in water over a pH range of 1.2 – 8.0.130 Likewise, LPV 

and RTV have pKa values of 13.4 and 13.7, respectively.131,132 All three analytes are highly non-polar 

with logP values over 4.131–133. It is, therefore, unsurprising that the results of the buffer optimization 

experiment showed good recovery across all the low and neutral pH values. There was no significant 

difference in the recovery over a pH range from 3–8 as the analytes are already highly non-polar: so 

very little pH adjustment was needed to partition the analytes into the organic phase. Only the pH 9 

and 10 buffers (where the analytes had improved solubility in the aqueous phase) had notably lower 

peak areas.  

It was decided to proceed with 0.2% acetic acid in a 100 mM ammonium acetate buffer (~pH 5) for 

the non-polar organic phase experiments. This buffer was chosen as it was simpler to prepare than 
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the Britton Robinson buffer, and there was concern over the use of sodium hydroxide as this could 

contaminate the mass spectrometer if not sufficiently removed. As the buffer experiment showed no 

significant difference over a large pH range, the final buffer was prepared volumetrically to a 

concentration of 0.2% acetic acid, which was shown to give reproducible results when prepared on 

different days.  

Ethyl acetate was again tested as the non-polar organic phase, as well as a mixture of ethyl acetate: 

hexane (1:1, v/v) as used by Avery et al. (2010) for the extraction of EFV from ultrafiltrate.115 Because 

the ethyl acetate protein precipitation had yielded such good results, the non-polar solvents were 

tested with and without the addition of the ammonium acetate buffer. Aliquots of 80 µL 

ultracentrifuged plasma were either diluted with 100 µL of buffer in triplicate and vortexed for 

approximately 30 seconds or left undiluted (no buffer). Either 500 µL ethyl acetate or ethyl acetate: 

hexane (1:1, v/v) containing each internal standard was added, followed by a 1-minute vortex and 5-

minute centrifugation at 16 000 rcf. The aqueous layers were frozen using a freezing plate at ~-30°C, 

and the organic layer was subsequently poured off and dried under nitrogen at 40°C. The samples 

were then reconstituted in 200 µL of a mixture of acetonitrile and 0.1% formic acid in water (3:1, v/v). 

Once again, the extraction efficiency was analysed using the mean peak areas as presented in Figures 

2.6–2.8, while the precision of each test condition was evaluated using the mean peak area ratios 

(data not shown). 

Figure 2.6. Mean peak areas of EFV when extracted using various LLE conditions. 
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Figure 2.7. Mean peak areas of LPV when extracted using various LLE conditions. 

 
Figure 2.8. Mean peak areas of RTV when extracted using various LLE conditions.  

Interestingly, the ethyl acetate (no buffer) once again resulted in the highest peak areas. However, 

these peak areas were not significantly different from the other test conditions according to a one-

way ANOVA test at the p<0.05 level for EFV [F(3,8) = 0.1051, p = 0.9548], LPV [F(3,8) = 0.3355, p = 

0.8003], or RTV [F(3,8) = 0.2480, p = 0.8606]. Since the plan was to compare the best LLE, SPE, and 

protein precipitation methods against each other using the same sample, the LLE conditions with the 

second-highest peak areas (though not significant) were chosen as the best LLE, namely, the ethyl 
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acetate and hexane mixture with the buffer – while the ethyl acetate (no buffer) was chosen as the 

best “protein precipitation” method.  

SPE involves five distinct steps: conditioning the solid-phase, equilibrating the solid-phase, loading the 

sample, washing contaminants from the sample, and eluting the analytes of interest from the solid-

phase. Each of these steps needs to be optimized to develop a selective method for the chosen 

analytes and sample matrix. The flow diagram in Figure 2.9 shows the various solvents tested in each 

step in the SPE process using Waters Sep-Pak® C18 (55–105 µm, 100 mg, 1 mL) cartridges. The 

equilibration, sample dilution, and wash tests were performed in triplicate on ultracentrifuged plasma 

containing a high (2000 ng/mL) and low (1.95 ng/mL) concentration of EFV, LPV, and RTV. The 

conditioning and elution tests were performed using a duplicate curve over a range of 1.95–2000 

ng/mL prepared by 2-fold serial dilutions. In each case, 80 µL of ultracentrifuged plasma was spiked 

with 4 µL of working solution (prepared in a mixture of acetonitrile and water (4:1, v/v)) and, after 

elution, was dried and reconstituted in the mobile phase before being submitted for HPLC-MS/MS 

analysis. 

 
Figure 2.9. SPE conditions tested for each extraction step during method development using Waters 

Sep-Pak® C18 (55–105 µm, 100 mg, 1 mL) cartridges. 
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The use of methanol to condition the SPE cartridges and elute the analytes produced linear curves 

which were accurate (85–115% of the nominal concentration) at every concentration for all three 

analytes. The calibrations curves from samples conditioned and eluted using acetonitrile were also 

linear but failed for EFV at the low concentrations, even with a weighting of 1/x2. The peak areas of 

the EFV low concentrations eluted with acetonitrile had very low intensities, which could explain the 

poor accuracies. At the high and low concentrations, similar peak areas were obtained after using each 

of the different equilibration and sample dilution solvents for all three analytes, and, as a result, water 

was chosen. 

These findings agree with those from the LLE buffer optimization experiments, where pH values under 

8 had little effect on analyte recovery. The wash 2 results for the low concentration EFV, LPV, and RTV 

samples were blank for all the wash solutions tested. However, at the high concentration, 

breakthrough of EFV was observed at 50% methanol, breakthrough of RTV was seen at 40 and 50% 

methanol, while breakthrough of LPV occurred at concentrations over 20% methanol. As a result, 10% 

methanol in water was chosen as the wash solution as this was the highest percentage of methanol 

that could be used to remove contaminants without eluting the analytes of interest. 

To ultimately decide which extraction method would proceed to method validation, the best of the 

three extraction methods were all compared on the same day and analysed in the same HPLC-MS/MS 

run. Eighteen aliquots of 80 µL ultracentrifuged plasma was spiked with 4 µL working solution to a 

concentration of 5.00 ng/mL. Six aliquots were extracted using 500 µL ethyl acetate containing 50 

ng/mL internal standards as per the protein precipitation method. Six aliquots were extracted using 

100 µL of a 0.2% acetic acid solution in a 100 mM ammonium acetate buffer and 500 µL of a hexane 

and ethyl acetate solution (1:1, v/v) containing 50.0 ng/mL internal standards. And finally, six aliquots 

were extracted using the optimized SPE method where the Waters Sep-Pak® C18 (55-105 µm, 100 mg, 

1 mL) cartridges were conditioned with 1 mL methanol and equilibrated with 1 mL water. The samples 

were diluted with water containing 50 ng/mL internal standards and loaded onto the SPE cartridges, 

after which they were washed with 500 µL water and then 500 µL 10% methanol in water. Lastly, the 

samples were eluted using 1 mL methanol.  

The protein precipitation supernatant, LLE organic phase, and SPE eluants were all dried under a 

gentle stream of nitrogen at 40°C and reconstituted in 200 µL mobile phase (acetonitrile: 0.1% formic 

acid in water, 3:1, v/v). The reconstituted samples were transferred to a 96-well plate and submitted 

for HPLC-MS/MS analysis. The resulting mean peak areas are presented in Figures 2.10–2.12.  
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Figure 2.10. Peak areas of EFV when extracted using protein precipitation (PP), LLE, or SPE.  

 
Figure 2.11. Peak areas of LPV when extracted using protein precipitation (PP), LLE, or SPE.  

 
Figure 2.12. Peak areas of RTV when extracted using protein precipitation (PP), LLE, or SPE.  
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Separate two-tailed t-tests (95% confidence interval) were conducted to compare protein 

precipitation with LLE, protein precipitation with SPE, and LLE with SPE for each analyte. There was a 

significant difference between SPE and protein precipitation for EFV [t(10) = 9.196, p <0.0001], LPV 

[t(10) = 10.11, p <0.0001], and RTV [t(10) = 8.600, p <0.0001]. There was also a significant difference 

between SPE and LLE for EFV [t(10) = 10.48, p <0.0001], LPV [t(10) = 10.18, p <0.0001], and RTV [t(10) 

= 5.772, p = 0.0002].  

Therefore, for all three analytes, the mean peak area of analyte extracted using SPE was significantly 

less than that extracted by the other methods. During the SPE optimization experiments, it was found 

that the loading and wash steps did not cause breakthrough, and the 1 mL methanol elution was 

sufficient to remove all analytes and internal standards from the cartridge, and so, the loss of analyte 

must have occurred prior to sample loading. It was hypothesized that this difference was due to the 

poor solubility of the analytes in aqueous solutions. During the protein precipitation and LLE, the 

sample was extracted in the same tube in which the ultracentrifuged sample was stored. Therefore, 

any analyte that may have precipitated out of solution during storage was redissolved during 

extraction. However, during the SPE method, the sample is diluted with water prior to loading onto 

the SPE cartridges. Approximately half of the analyte concentration appears to be lost during this 

transfer step. A potential remedy for this issue would have been to add some organic solvent to the 

ultracentrifuged plasma before transferring to the SPE cartridges; however, this may have resulted in 

poor retention on the stationary phase. Ultimately, it was decided to not return to the method 

development stage and to proceed using one of the other optimized methods.  

For EFV and LPV, there was no significant difference in analyte recovery using protein precipitation or 

LLE [EFV: t(10) = 0.6426, p = 0.5350. LPV: t(10) = 0.1460, p = 0.8868], while there was a significant 

difference between protein precipitation and LLE for RTV recovery [t(10) = 2.270, p = 0.0466]. 

Interestingly, these RTV results contradict the one-way ANOVA results from the LLE optimization 

experiment (Figure 2.8), where there was no significant difference found between the “ethyl acetate 

(no buffer)” and “hexane: ethyl acetate mixure” conditions. It is unclear what could have caused the 

different results as the volumes and procedures were the same in both cases (the ethyl acetate (no 

buffer) and hexane: ethyl acetate mixure conditions are simply refered to as “PP” and “LLE” in this 

experiment). The only difference in experimental design was the number of replicates – triplicate 

versus six-fold. Potentially, the smaller number of replicates used in the LLE optimization experiment 

lead to a Type II error (where the null hypothesis that there was no significant difference between the 

mean peak areas recovered using different extraction techniques was not rejected when it was 
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actually false) while the larger number of replicates in this experiment (Figure 2.12) reduced the 

chances of such an error occurring.  

Even though the RTV results indicate that the highest RTV recovery was achieved using protein 

precipitation with 500 µL ethyl acetate – the LLE using 100 µL of 0.2% acetic acid in a 100 mM 

ammonium acetate buffer and a mixture of 500 µL hexane and ethyl acetate (1:1, v/v) was chosen as 

the final extraction method due to its higher specificity and cleaner sample extract.  

Throughout the method development stage, 80 µL of ultracentrifuged plasma was used as the sample 

volume as this was the maximum volume of the middle aqueous layer that could be removed – it was 

decided to reduced the sample volume to 50 µL in the final method to reduce the risk of disturbing 

the protein layer which would contaminate the unbound drug concentration in patient samples.  

2.4. SUMMARY OF ASSAY METHOD 

After optimization, the final extraction method was performed as follows: 

Plasma samples (250 µL) were ultracentrifuged at 42 000 rpm (230 000 rcf) for 18 hours at 8°C. 

Subsequently, 50 µL of the clear middle layer was removed without disturbing the protein pellet or 

removing any of the top lipoprotein layer and transferred to individual 1.5 mL polypropylene 

microcentrifuge tubes. These ultracentrifuged plasma samples were stored at ~-80°C until required.  

On the day of extraction, 10 µL of blank acetonitrile and water solution (4:1, v/v) was added to each 

unknown and blank sample, while 10 µL of the corresponding working solution was added to the 

calibration standards and QC samples. Next, 100 µL of 0.2% acetic acid in a 100 mM ammonium 

acetate buffer was added to each sample and vortexed for 30 seconds. The samples were extracted 

using 500 µL of a mixture of hexane and ethyl acetate (1:1, v/v) containing internal standards (EFV-d5 

and LPV-d8 at 33.3 ng/mL and RTV-d6 at 16.7 ng/mL). The double blank sample was extracted using 

500 µL of blank hexane and ethyl acetate (1:1, v/v). The samples were vortexed for 1 minute and 

centrifuged for 5 minutes at 16 000 rcf. The entire extraction took place in the same 1.5 mL 

polypropylene tube that the sample was stored in to minimise any loss of analyte due to precipitation 

out of solution during storage.  

The aqueous phase was frozen at ~-30°C using a freezing plate for 10–15 minutes. The organic phase 

was poured off into borosilicate tubes and dried at 40°C under a gentle stream of nitrogen until 
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complete solvent evaporation was achieved, after which it was reconstituted in 200 µL of acetonitrile 

and 0.1% formic acid in water (3:1, v/v). The reconstituted samples were transferred to a 96-well plate 

and submitted for HPLC-MS/MS analysis.  

2.5. CHROMATOGRAPHY 

The routine TDM laboratory within the UCT Division of Clinical Pharmacology analyses plasma samples 

from Groote Schuur Hospital every two weeks for the standard TDM purposes of monitoring of EFV, 

LPV, and RTV. The laboratory uses a validated multiplex HPLC-MS/MS method for the determination 

of total EFV, LPV, and RTV from 10 µL of human plasma using an Agilent 1200 HPLC system coupled to 

an AB Sciex API 4000 Triple Quad mass spectrometer. The TDM method is validated for concentrations 

of greater than 195 ng/mL for EFV and LPV, and 48.8 ng/mL for RTV; however, the unbound drug 

method requires a concentration range in the low nanogram per millilitre range. Therefore, the 

sensitivity of the TDM method needed to be greatly improved and a more sensitive HPLC-MS/MS 

system was used – namely, an Agilent 1260 HPLC system coupled to an AB Sciex API 5500 QTrap mass 

spectrometer. 

Originally, this project only planned on developing a method for unbound EFV and LPV, and therefore, 

RTV is not included in some of the method development experiments. Prior to validation, RTV was 

added to the method as it is co-formulated with LPV.134  

The TDM method analytical column and mobile phases were used as the starting point for the 

chromatographic method development. The method consisted of separation using a Phenomenex 

Luna PFP (110A, 5 µm, 50 x 2 mm) analytical column kept at 20°C with an isocratic mobile phase 

consisting of 0.1% formic acid in water and 100% acetonitrile (1:1, v/v) at a flow rate of 350 µL/min 

over 4 minutes.  

A second analytical column, an Agilent Poroshell 120 (EC-C18, 2.7 µm, 50 x 4.6 mm), was also 

investigated as the routine laboratory found the Luna PFP column to be prone to modification over 

time and the front of the EFV peak overlapped with the tail of the LPV peak (as shown in Figure 2.13). 

While complete baseline separation is not necessary on modern triple-quadrupole mass 

spectrometers, it can make a multiplex method more robust and mitigate potential issues with 

crosstalk between analytes. Due to the very low LLOQ concentrations required for unbound drug 

analysis, it was decided that even a marginal improvement in analyte separation would be preferred. 
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Figure 2.13. Chromatography using the TDM HPLC method and Luna PFP analytical column.  

Various ratios of mobile phase A (0.1% formic acid in water) and B (acetonitrile) were investigated 

using the Poroshell column, as well as various flow rates and column temperatures to try to achieve 

better separation of the analytes. A gradient method seemed to only move the EFV peak earlier and 

resulted in more overlap with the LPV peak, so an isocratic elution was chosen. The following 

combinations of 0.1% formic acid in water: acetonitrile (v/v) were tested: 50:50, 40:60, 30:70, and 

25:75. All the ratios produced symmetrical peaks; however, the methods with the lower percentages 

of organic required a run time of 5 minutes, while 75% organic resulted in consistent retention times 

with a 4 minute run time, as shown in Figure 2.14.  The addition of 0.1% formic acid to the acetonitrile 

in mobile phase B was found to have no effect on analyte retention or peak height, and the use of 

methanol as the organic mobile phase (or a ratio of methanol: acetonitrile) resulted in less 

symmetrical peak shapes.    
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Figure 2.14. Chromatography using the Poroshell analytical column, 25:75 (v/v) mobile phase A:B, 

40°C column temperature, and 400 µL/min flow rate. 

During the development of the extraction method, RTV was added to the method. Fortunately, it 

showed good peak shapes and reproducible retention times when the optimised Poroshell method 

was used. However, the RTV peak co-eluted with the LPV peak, and so the chromatographic 

parameters were altered slightly. The mobile phase composition, run time, and column temperature 

remained 0.1% formic acid in water and 100% acetonitrile (25:75, v/v), 4 minutes, and 40°C, 

respectively. Better separation of the RTV and LPV peaks was achieved by simply increasing the flow 

rate to 500 µL/min; however, some peak overlap still occurred. The increase in flow rate is also why 

the final retention times of the analytes shown in Figure 2.15 are earlier than that in Figure 2.14.  

 

Figure 2.15. Final chromatography using a Poroshell analytical column, 25:75 v/v mobile phase A:B, 

40°C column temperature, and 500 µL/min flow rate. 
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While complete baseline separation of the analytes was not fully achieved, the selectivity of the mass 

spectrometer meant that this was not a requirement. Had the crosstalk experiments failed to meet 

acceptance criteria during validation, the chromatography would have had to be reoptimized until the 

analytes were completely baseline separated. Fortunately, no interference between the analytes was 

present, as shown during the crosstalk validation experiments in Section 3.6 of this chapter. 

Ultimately, separation of EFV, LPV, and RTV was achieved using reverse-phase chromatography with 

a Poroshell 120 column (EC-C18, 2.7 µm, 50 x 4.6 mm) kept at 40°C. An isocratic mobile phase system 

consisting of 25% mobile phase A (0.1% formic acid in LC-MS grade water) to 75% mobile phase B 

(acetonitrile) was used at a flow rate of 500 µL/min over a total run time of 4 minutes. The sample 

injection volume was 10 µL, and the autosampler temperature was kept at 8°C. 

2.6. MASS SPECTROMETRY 

Initially, all three analytes were ionized in the positive ionization mode as per the existing TDM 

method. However, EFV was later changed to the negative ionization mode as this greatly improved 

the sensitivity. The Electro Spray Ionisation (ESI) mode, MRM transitions, and main instrument 

parameters of each analyte and internal standard after infusion are summarized in Table 2.2. 

Table 2.2. Main instrument parameters and MRM transitions 

 
ESI 

mode 
Precursor 
ion (m/z) 

Product 
ions (m/z) 

Declustering 
potential 

(V) 

Collision 
energy 

(V) 

Entrance 
potential 

(V) 

Exit 
potential 

(V) 

EFV Negative 314.0 
243.9 
229.9 

-125 -22 -10 -21 

EFV-d5 Negative 319.0 248.1 -65 -24 -10 -13 

LPV Positive 629.4 
447.1 
155.0 

131 19 10 36 

LPV-d8 Positive 637.4 447.1 171 19 10 38 

RTV Positive 721.3 
296.0 
139.9 

146 23 10 24 

RTV-d6 Positive 727.4 301.9 116 23 10 12 

The first product ion of the analytes listed in Table 2.2 was used as the quantifier ion and was used for 

the quantification of calibration standards, QCs, and unknown samples. The second product ion listed 

was used as the qualifier ion and was used as a confirmatory result that the peaks seen in unknown 

samples were the analyte of interest.  
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Interestingly, it was found that the use of a split (where ~60% of the flow was diverted to waste) 

improved the ionization and signal-to-noise ratio of EFV. A decrease in sensitivity was consequently 

observed for LPV and RTV; however, the signal-to-noise of the lowest limit of quantitation samples 

(LLOQs) was still acceptable and therefore, improving the sensitivity of EFV was prioritized above the 

other analytes.  

Flow injection analysis was performed, in triplicate to optimize the following source parameters: 

collision gas, curtain gas, nebulizer gas (gas 1), and turbo gas (gas 2).  The mean peak area was used 

to determine the best setting for each source parameter, as well as the percentage variation between 

the triplicate results. While a greater peak area means better ionization and improved sensitivity, it 

was also important to consider how consistent the ionization was between injections. For each of the 

parameters tested, it was decided to use the best setting for EFV; due to the general poorer sensitivity 

of the analyte, even if this was not the optimal setting for LPV.  

The source temperature and ion spray voltage were optimized manually by injecting the same sample 

six times with various source temperatures and ion spray voltages. The first injection of each setting 

was not included in the average and standard deviation to allow the system to properly equilibrate 

during that first injection. The results of the source temperature optimization are shown in Figure 

2.16.  

Figure 2.16. Effect of source temperature on mean analyte peak area. 

There was no significant difference in EFV peak area for the different temperatures based on a one-

way ANOVA test at the p<0.05 level [F(3,16) = 3.228, p = 0.0505], and so, the LPV results were used to 

decide which source temperature was optimal. The source temperature was chosen to be 500°C as 

this gave significantly better peak areas for LPV compared to 350°C [t(8) = 55.26, p <0.0001] and 400°C 

[t(8) = 11.38, p <0.0001]. While there was no significant difference between 450°C and 500°C for LPV 

[t(8) = 2.053, p = 0.0741], 500°C resulted in less variable peak areas. RTV was not yet included in the 
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method at the time of this experiment; however, it ionized well under the chosen conditions, and 

therefore, the source optimization was not repeated to include RTV. Had RTV shown poor 

reproducibility or poor sensitivity, the source optimization would have been repeated.  

Unlike the source temperature, which had to be the same setting for all analytes, the ion spray voltage 

settings could be different for the positive and negative ionization modes. The allowed range of 

voltages is 0–5500 V and -45000–0 V for the positive and negative ionization modes, respectively. Ion 

spray voltages of 4000, 4500, 5000, and 5500 V were tested in the positive ionization mode for LPV 

and -3500, -4000, -4500 V were tested in the negative ionization mode for EFV. The optimal ion spray 

voltage for EFV and LPV, respectively, was found to be -4500 V and 5000 V. Once again, had RTV not 

ionized well under the final positive mode conditions, the experiment would have been repeated. 

To summarize, the final parameter settings for collision gas, curtain gas, nebulizer gas (gas 1), and 

turbo gas (gas 2) were set to medium, 30 psi, 60 psi, and 60 psi, respectively, for all analytes. The ion 

spray voltage in the positive mode was set to 5000 V for LPV, LPV-d8, RTV, and RTV-d6, while the ion 

spray voltage in the negative mode was set to -4500 V for EFV and EFV-d5. The dwell time was set to 

150 ms for EFV and EFV-d5 and 200 ms for LPV, LPV-d8, RTV, and RTV-d6. The source temperature 

was kept at 500°C, and a split (red Peek tubing inner diameter 0.0127 cm x 49.5 cm) diverting ~60% 

to waste was used to improve the ionization of EFV. 
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3. ASSAY VALIDATION

The method was validated according to the FDA and EMA  guidelines for bioanalytical methods.108,109 

The validation included the evaluation of the method’s accuracy, precision, reproducibility, sensitivity 

and specificity, crosstalk, matrix effects, recovery, process efficiency, anticoagulant effects, 

haemolysis, dilution integrity, and the stability of the analytes under various conditions. The accuracy, 

precision, and reproducibility of the ultracentrifuge method were also evaluated during the validation. 

In addition, a novel surrogate matrix was investigated and validated to reduce the volume of plasma 

required for calibration standards and quality control samples. 

3.1. PREPARATION OF STOCK SOLUTIONS 

Stock solutions were prepared volumetrically for each analyte and internal standard to a final 

concentration of 1 mg/mL. The weighed mass of each analyte was adjusted for purity before the 

solvent was added; however, no mass adjustments were made for the internal standards. Stock 

solutions for EFV and EFV-d5 were prepared in acetonitrile, while LPV, LPV-d8, RTV, and RTV-d6 were 

prepared in methanol. All stock solutions were stored at ~-80°C.  

3.2. PREPARATION OF WORKING SOLUTIONS 

The 1 mg/mL stock solutions were used to spike two sets of working solutions. The first set was 

prepared volumetrically in a solution of acetonitrile and water (4:1, v/v) according to the dilution 

scheme presented in Table 2.3. These working solutions (WS 1–9) were used on the day of each 

extraction to spike the calibration standards. WS 0 was not used to spike calibration standard samples 

but was included in the dilution scheme to dilute the 1 mg/mL stock solution to a 3000 ng/mL working 

solution for EFV and LPV and 750 ng/mL for RTV.  The second set of working solutions was prepared 

independently by a second analyst, as shown in Table 2.4, and was used to spike the quality control 

samples.   
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Table 2.3. Preparation of calibration standard working solutions 

Working 
solution 

 Blank 
solvent 

volume (µL) 

Stock solution  
volume (µL) 

Dilution 
source 

Dilution 
source 

volume (µL) 

WS Conc. (ng/mL) 

EFV LPV RTV EFV, LPV RTV 

WS 0 810 40.0 40.0 10.0     44 444 11 111 

WS 1 3730       WS 0 270 3000 750 

WS 2 900       WS 1 2100 2100 525 

WS 3 900       WS 2 1200 1200 300 

WS 4 1800       WS 3 600 300 75.0 

WS 5 1200       WS 4 800 120 30.0 

WS 6 1800       WS 5 600 30.0 7.50 

WS 7 1000       WS 6 1000 12.0 3.00 

WS 8 1200       WS 7 800 6.00 1.50 

WS 9 750    WS 8 750 3.00 0.750 

Table 2.4. Preparation of quality control working solutions 

Working 
solution 

 Blank 
solvent  

volume (µL) 

Stock solution  
volume (µL) Dilution 

source 

Dilution 
source 

volume (µL) 

WS Conc. (ng/mL) 

EFV LPV RTV EFV, LPV RTV 

WS 0 810 40.0 40.0 10.0     44 444 11 111 

WS DIL 3460       WS 0 540 6000 1500 

WS H 2400       WS DIL 1600 2400 600 

WS M 2500       WS H 1500 900 225 

WS SYS 1500       WS M 1500 450 113 

WS X 600       WS SYS 200 113 28.1 

WS L 3470       WS X 280 8.40 2.10 

WS LLOQ 1800    WS L 1000 3.00 0.750 

The working solution referred to as “WS X” in Table 2.4. was not used to spike quality control samples 

but was included in the dilution scheme to dilute 450 ng/mL to 8.40 ng/mL. All working solutions were 

stored as aliquots of 150 µL in 1.5 mL polypropylene microcentrifuge tubes at ~-80°C until required. 

While only 20 µL of each working solution was needed per sample, the aliquot volume was 150 µL to 

allow for six-fold analysis per tube and to prevent working solution concentration due to evaporation. 

The calibration standard working solutions were previously stored as 50 µL aliquots; however, over 

time, the concentrations were observed to increase when compared to the quality control working 

solutions which were stored as aliquots of 150 µL. It was concluded that the smaller volume led to a 

higher rate of evaporation and consequent sample concentration, and therefore, a larger aliquot 

volume was used. Sample evaporation was shown to be mitigated when an aliquot volume of 150 µL 

was used – when compared to freshly prepared working solutions.  
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3.3. PREPARATION OF STANDARDS AND QUALITY CONTROLS 

The calibration ranges were chosen based on the theoretical percentage binding of the analytes and 

the calibration range of the method for the quantification of total EFV, LPV, and RTV plasma 

concentrations used routinely for TDM within the UCT Division of Clinical Pharmacology. The total 

plasma concentration range is 0.0195–20.0 µg/mL for EFV and LPV, and 0.00488–5.00 µg/mL for RTV. 

The range for RTV is a quarter of the other analytes as RTV is co-formulated with LPV as 100 mg RTV 

and 400 mg LPV.134 The percentage plasma-protein bindings of EFV, LPV, and RTV are all greater than 

98%,24,55,116,135, which results in their theoretical unbound concentrations lying in the low nanogram 

per millilitre range. The final calibration ranges were, therefore, chosen as 0.500–500 ng/mL for EFV 

and LPV and 0.125–125 ng/mL for RTV, which are in agreement with published methods.52,76,115  

Aliquots of 250 µL blank human plasma were ultracentrifuged as per the ultracentrifuge method, and 

50 µL of the middle, aqueous layer was removed and stored in individual 1.5 mL polypropylene 

microcentrifuge tubes. Calibration standards were prepared by adding 10 µL of each working solution 

to the 50 µL aliquots of blank ultracentrifuged plasma on the day of extraction to obtain the desired 

calibration standard concentrations, as shown in Table 2.5. The quality control samples were used to 

validate the calibration curve and were prepared using the same methodology as the calibration 

standards (Table 2.6).  

Table 2.5. Preparation of calibration standards from working solutions 

Calibration 
standard 

Working solution 
used 

Volume of WS 
(µL) 

Volume of blank 
matrix (µL) 

Concentration (ng/mL) 

EFV, LPV RTV 

S1 WS 1 10.0 50.0 500 125 

S2 WS 2 10.0 50.0 350 87.5 

S3 WS 3 10.0 50.0 200 50.0 

S4 WS 4 10.0 50.0 50.0 12.5 

S5 WS 5 10.0 50.0 20.0 5.00 

S6 WS 6 10.0 50.0 5.00 1.25 

S7 WS 7 10.0 50.0 2.50 0.625 

S8 WS 8 10.0 50.0 1.00 0.250 

S9 WS 9 10.0 50.0 0.500 0.125 
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Table 2.6. Preparation of quality control samples from working solutions 

Quality 
control 

Working solution 
used 

Volume of WS 
(µL) 

Volume of blank 
matrix (µL) 

Concentration (ng/mL) 

EFV, LPV RTV 

QC DIL WS DIL 10.0 50.0 1000 250 

QC H WS H 10.0 50.0 400 100 

QC M WS M 10.0 50.0 150 37.5 

SYS WS SYS 10.0 50.0 75.0 18.8 

QC L WS L 10.0 50.0 1.40 0.350 

QC LLOQ WS LLOQ 10.0 50.0 0.500 0.125 

The dilution quality control (QC DIL) was used during a validation batch to validate the dilution process 

should the calculated concentration of an unknown sample be reported as above the upper limit of 

quantitation (ULOQ), i.e. greater than 500 ng/mL for EFV and LPV or greater than 125 ng/mL for RTV. 

The high, medium, and low quality controls (QC H, QC M, and QC L respectively), and QC LLOQ (lower 

limit of quantification) were used in six-fold during all validations, while only the QC H, QC M, and QC 

L were used in duplicate during sample analysis. A system check (SYS) sample was included in every 

batch to serve as a reference sample for instrument sensitivity and analyte retention time, and to 

evaluate system equilibration prior to injecting a batch.  

3.4. INTER- AND INTRA-DAY ACCURACY AND PRECISION 

In order to show that the method was accurate, precise, and reproducible, duplicate standards and 

six-fold QC samples were prepared and extracted in three separate batches over three different days. 

The intra-day accuracy and precision were based on the three individual batches, and the inter-day 

accuracy, precision, and reproducibility were assessed using the combined results of the three 

batches, resulting in six replicates of each standard and 18 replicates of each quality control. According 

to the FDA and EMA guidelines, accuracy is measured as the closeness of the observed concentration 

of the analyte to the nominal concentration and is expressed as percentage accuracy. While precision 

is measured as the closeness of the replicates at a given concentration to each other, expressed as 

the coefficient of variation (CV(%)).108,109  

 

Using Analyst software version 1.6.3, the calibration standard peak area ratios (analyte peak area/ 

internal standard peak area) were plotted against the nominal concentrations to generate the 

calibration curves (Figures 2.17–2.19). The curves each fit a quadratic regression with a weighting of 

1/concentration for EFV and 1/concentration2 for LPV and RTV. 
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Figure 2.17. Calibration curve from validation day 1: EFV. 

The EFV curves showed good fit as the r values for day 1, day 2, and day 3 were 0.9998, 0.9998, and 

0.9999, respectively.  

 
Figure 2.18. Calibration curve from validation day 1: LPV. 

The LPV curves showed good fit with r values for day 1, day 2, and day 3 of 0.9994, 0.9992, and 0.9998, 

respectively. 
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Figure 2.19. Calibration curve from validation day 1: RTV. 

The RTV curves also showed good fit with r values for day 1, day 2, and day 3 of 0.9996, 0.9992, and 

0.9984, respectively. 

The FDA and EMA guidelines stipulate that for a bioanalytical method to be considered accurate and 

precise, the percentage accuracies must be within 85–115%, and the coefficients of variation must be 

less than 15% for all standards and quality controls, with the exception of the lowest standard (S9) 

and the QC LLOQ where the percentage accuracies must be within 80–120%, and the coefficients of 

variation must be less than 20%. Calibration standards may be excluded should they fail to meet 

acceptance criteria. However, quality control samples that do not meet acceptance criteria may not 

be excluded. Should a quality control sample be a statistical outlier, calculations excluding the outlier 

may be reported, provided that the calculations including this outlier are also reported.108,109  

The intra-day results for EFV, LPV, and RTV met acceptance criteria with percentage accuracies 

between 89.8–105.6% for standards and 88.3–113.6% for quality controls and coefficients of variation 

below 6.8% for standards, below 9.7% for high-, medium-, and low-concentration  quality controls, 

and below 15.5% for the LLOQs.  

The same acceptance criteria apply for the inter-day accuracy and precision, namely that the 

percentage accuracies and coefficients of variation must be within 15% for all standards and quality 

control samples, with the exception of the lowest standard (S9) and the LLOQ, which must be within 

20%. A summary of the inter-day results for each analyte is presented in Tables 2.7–2.12.  
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Table 2.7. Inter-day accuracy and precision results for calibration standards: EFV 

STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 STD 8 STD 9 

Nominal conc. 
(ng/mL) 

500 350 200 50.0 20.0 5.00 2.50 1.00 0.500 

Average calculated 
conc. (ng/mL) 

499 351 199 49.8 20.3 5.02 2.56 1.01 0.476 

n 6 6 6 6 6 5* 6 6 6 

STDEV 11.1 9.14 3.64 1.49 0.384 0.167 0.0918 0.0349 0.0219 

CV(%) 2.2 2.6 1.8 3.0 1.9 3.3 3.6 3.5 4.6 

%Accuracy 99.9 100.3 99.6 99.6 101.7 100.3 102.2 101.1 95.2 

* Failed calibration standard excluded

Table 2.8. Inter-day accuracy and precision results for quality controls: EFV 

QC H QC M QC L QC LLOQ 

Nominal conc. 
(ng/mL) 

400 150 1.50 0.500 

Average calculated 
conc. (ng/mL) 

388 142 1.33 0.467 

n 18 18 17* 18 

STDEV 14.2 6.24 0.145 0.0399 

CV(%) 3.7 4.4 10.9 8.5 

%Accuracy 96.9 94.6 94.7 93.5 

* Statistical outlier excluded due to spiking error where the working solution was added twice

As shown in Tables 2.7 and 2.8, the inter-day percentage accuracies for EFV were 95.2–102.2% for the 

standards and 93.5–96.9% for the quality controls and were within acceptable limits. The coefficients 

of variation for the standards and quality controls were all less than 15% and were also within 

acceptable limits. 

Table 2.9. Inter-day accuracy and precision results for calibration standards: LPV 

STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 STD 8 STD 9 

Nominal conc. 
(ng/mL) 

500 350 200 50.0 20.0 5.00 2.50 1.00 0.500 

Average calculated 
conc. (ng/mL) 

502 350 199 49.1 20.0 5.03 2.52 1.01 0.498 

n 6 6 6 6 6 5* 6 6 6 

STDEV 17.1 10.8 3.72 0.870 0.261 0.171 0.0594 0.0522 0.0121 

CV(%) 3.4 3.1 1.9 1.8 1.3 3.4 2.4 5.2 2.4 

%Accuracy 100.3 100.1 99.7 98.3 100.2 100.6 100.9 100.6 99.5 

* Failed calibration standard excluded
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Table 2.10. Inter-day accuracy and precision results for quality controls: LPV 

 QC H QC M QC L QC LLOQ 

Nominal conc. 
(ng/mL) 

400 150 1.50 0.500 

Average calculated 
conc. (ng/mL) 

410 150 1.35 0.491 

n 18 18 17* 18 

STDEV 17.2 5.97 0.141 0.0367 

CV(%) 4.2 4.0 10.4 7.5 

%Accuracy 102.4 100.1 96.5 98.2 
* Statistical outlier excluded due to spiking error where the working solution was added twice 

 

The inter-day percentage accuracies for LPV ranged from 98.3–100.9% for the standards and 96.5–

102.4% for the quality controls and were within acceptable limits (Tables 2.9 and 2.10). The 

coefficients of variation were all less than 15% and were also within acceptable limits. 

Table 2.11. Inter-day accuracy and precision results for calibration standards: RTV 

 STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 STD 8 STD 9 

Nominal conc. 
(ng/mL) 

125 87.5 50.0 12.5 5.00 1.25 0.625 0.250 0.125 

Average calculated 
conc. (ng/mL) 

126 87.7 49.3 12.4 5.00 1.26 0.641 0.254 0.125 

n 6 6 6 6 6 5* 6 6 6 

STDEV 4.13 1.77 1.24 0.320 0.146 0.0279 0.0187 0.0228 0.00908 

CV(%) 3.3 2.0 2.5 2.6 2.9 2.2 2.9 9.0 7.2 

%Accuracy 100.6 100.2 98.5 98.9 99.9 100.7 102.5 101.4 100.2 
* Failed calibration standard excluded 

Table 2.12. Inter-day accuracy and precision results for quality controls: RTV 

 QC H QC M QC L QC LLOQ 

Nominal conc. 
(ng/mL) 

100 37.5 0.350 0.125 

Average calculated 
conc. (ng/mL) 

110 39.8 0.372 0.132 

n 18 18 17* 18 

STDEV 4.73 1.61 0.0442 0.00983 

CV(%) 4.3 4.1 11.9 7.5 

%Accuracy 110.2 106.2 106.2 105.4 
* Statistical outlier excluded due to spiking error where the working solution was added twice 

 

The inter-day percentage accuracies for RTV were 98.5–102.5% for the standards and 105.4–110.2% 

for the quality controls (Tables 2.11 and 2.12) and were within acceptable limits. The coefficients of 

variation were all less than 15% and were also within acceptable limits.  
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In summary, the intra- and inter-day accuracy and precision met the acceptance criteria for each 

analyte at all standard and quality control concentrations. This indicates that the method developed 

was accurate, precise, and reproducible for the analysis of unbound EFV, LPV, and RTV from 

ultracentrifuged plasma over a range of 0.500–500 ng/mL for EFV and LPV and 0.125–125 ng/mL for 

RTV. This is the same range validated by Avery et al. (2010) for unbound EFV in ultrafiltrate.115 These 

ranges are also similar to the ranges validated by Ehrhardt et al. (2007), where the unbound LPV and 

RTV calibration ranges in ultrafiltrate were 0.200 – 500 ng/mL, and by Fayet et al. (2008), where the 

range of unbound EFV, LPV, and RTV in ultrafiltrate was 1.00–1000 ng/mL.52,76 However, each of these 

methods were validated according to the 2001 FDA guidelines,125 which have since been updated. The 

method discussed in this chapter has been validated according to the current guidelines from the FDA 

and EMA, which require a more thorough validation.108,109,136  

3.5. SENSITIVITY AND SPECIFICITY 

In order to assess the sensitivity of the method, six different sources of ultracentrifuged plasma (from 

six different lots of human plasma) were spiked at the lowest limit of quantitation (LLOQ) and 

extracted. The LLOQ of EFV and LPV was 0.500 ng/mL, while the LLOQ of RTV was 0.125 ng/mL. The 

signal-to-noise ratio of each peak was calculated using the S/N script (Analyst software version 1.6.3), 

where the noise was selected from the 15 seconds preceding the analyte peak. In addition, the six lots 

of blank ultracentrifuged plasma were extracted without internal standards (double blanks) and 

injected after the highest standard (S1) to evaluate any carry-over effects.  

Raw chromatograms of the LLOQ samples for EFV, LPV, and RTV are shown in Figures 2.20–2.22, 

respectively. The signal-to-noise ratios at the LLOQ are required to be greater than or equal to five to 

ensure that the analytes can be quantified with accuracy and precision.108,109 The signal-to-noise ratios 

at LLOQ extracted from six different lots of matrix were all greater than 76.6 for EFV, 210 for LPV, and 

89.1 for RTV, indicating that the mass spectrometry method was sensitive for all three analytes. Any 

samples with a calculated concentration of greater than or equal to 0.500 ng/mL for EFV and LPV and 

0.125 ng/mL for RTV can be reported, while any samples with a calculated concentration below these 

concentrations must be reported as “below the limit of quantitation” or “BLOQ.”  
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Figure 2.20. Representative chromatogram of EFV at LLOQ (0.500 ng/mL). 

Figure 2.21. Representative chromatogram of LPV at LLOQ (0.500 ng/mL). 

Figure 2.22. Representative chromatogram of RTV at LLOQ (0.125 ng/mL). 
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The double blank samples showed no carry-over for the analytes or internal standards when injected 

after the highest standard (Figure 2.23 a, b, and c). The double blank chromatograms showed that 

there was very low background noise throughout the run time and no peaks at the retention times of 

the analytes, indicating that the method was highly specific for the analytes and further explaining the 

very high signal-to-noise ratios calculated for the LLOQ samples. 

 
Figure 2.23. Representative chromatograms of double blank samples for a) EFV, b) LPV, c) RTV and 

their respective internal standards. 

Compared to a published method by Fayet et al. (2008), this method is slightly more sensitive for EFV 

and LPV with a lower limit of 0.500 ng/mL compared to 1.00 ng/mL and four times more sensitive for 

RTV with an LLOQ of 0.125 ng/mL compared to 1.00 ng/mL.52 The method is also ten times more 

sensitive for unbound EFV compared to the method by Almond et al. (2008), where the LLOQ of EFV 

from 200 µL ultrafiltrate was 5.00 ng/mL.24    
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3.6. CROSSTALK 

Crosstalk refers to any contribution of one analyte to a different analyte’s MRM channel, resulting in 

a false-positive result. Crosstalk can also occur between an analyte and its corresponding internal 

standard’s MRM channel.  

Six blank ultracentrifuged samples (without analyte but containing internal standards) were extracted 

to determine the possible contribution of the internal standard to the analyte MRM channel. 

Chromatograms of blank samples are presented in Figure 2.24 a, b, and c. Crosstalk between the three 

analytes was evaluated by extracting a sample containing each analyte separately at the highest 

standard concentration. For example, a sample would contain EFV at the highest concentration – but 

no LPV or RTV – and any subsequent peaks in the LPV or RTV channels would, therefore, be due to 

crosstalk from the EFV channel.  

 
Figure 2.24. Representative chromatograms of blank samples for a) EFV, b) LPV, c) RTV and their 

respective internal standards. 

The blank samples (without analytes but with internal standards) showed that there was no 

contribution of the internal standards to the analyte MRM channels as there were no peaks in the 

analyte channels. The sample containing EFV showed no peaks in the LPV and RTV channels, the LPV 
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sample showed no peaks in the EFV and RTV channels, and the RTV sample showed no peaks in the 

EFV and LPV channels, indicating that there is no crosstalk between any of the three analytes 

(chromatograms not shown).  

3.7. MATRIX EFFECTS 

In a bioanalytical method using HPLC-MS/MS, matrix effects refer to any substances present in a 

sample other than the analytes of interest that may impact ionization in the source. It is important to 

mitigate possible matrix effects by removing them during extraction and having an appropriate 

internal standard that will compensate for any ion enhancement or suppression.  

To evaluate matrix effects, the Matuszewski method was used.137 Six different blank sources of 

ultracentrifuged plasma (from six different lots of human plasma) were extracted without internal 

standards. After extraction, the samples were spiked at the theorectical post-extraction low, medium, 

and high concentrations (taking into account the dilution steps included in the method) and at one 

concentration of the internal standards.  

The peak area ratios of each of the quality control levels versus the respective concentrations were 

used to calculate the regression of each of the ultracentrifuged plasma sources (Tables 2.13–2.15).  

Table 2.13. Regression results to determine matrix effects: EFV 

 High Conc. Medium Conc. Low Conc. Peak Area Ratio 
 400 ng/mL 150 ng/mL 1.40 ng/mL versus Conc. 
 Peak Area Ratio Peak Area Ratio Peak Area Ratio Regression Slope 

Matrix 1 2.99 1.01 0.00876 0.00752 

Matrix 2 3.05 1.04 0.00922 0.00767 

Matrix 3 3.06 1.05 0.00933 0.00769 

Matrix 4 3.09 1.10 0.00865 0.00775 

Matrix 5 2.98 1.08 0.00875 0.00746 

Matrix 6 2.84 1.04 0.00945 0.00711 

Average 3.00 1.05 0.00903 0.00753 

STDEV 0.0902 0.0315 0.000346 0.000236 

CV(%) 3.0 3.0 3.8 3.1 

 

  



Chapter Two Unbound Drug Concentrations 72 

Table 2.14. Regression results to determine matrix effects: LPV 

High Conc. Medium Conc. Low Conc. Peak Area Ratio 

400 ng/mL 150 ng/mL 1.40 ng/mL versus Conc. 

Peak Area Ratio Peak Area Ratio Peak Area Ratio Regression Slope 

Matrix 1 1.79 0.699 0.00692 0.00445 

Matrix 2 1.73 0.704 0.00722 0.00431 

Matrix 3 1.79 0.732 0.00686 0.00445 

Matrix 4 1.75 0.721 0.00683 0.00435 

Matrix 5 1.75 0.714 0.00648 0.00435 

Matrix 6 1.67 0.682 0.00677 0.00416 

Average 1.75 0.709 0.00684 0.00434 

STDEV 0.0429 0.0175 0.000240 0.000109 

CV(%) 2.5 2.5 3.5 2.5 

Table 2.15. Regression results to determine matrix effects: RTV 

High Conc. Medium Conc. Low Conc. Peak Area Ratio 

100 ng/mL 37.5 ng/mL 0.350 ng/mL versus Conc. 

Peak Area Ratio Peak Area Ratio Peak Area Ratio Regression Slope 

Matrix 1 1.29 0.492 0.00448 0.0129 

Matrix 2 1.24 0.477 0.00473 0.0124 

Matrix 3 1.29 0.498 0.00479 0.0129 

Matrix 4 1.31 0.502 0.00463 0.0130 

Matrix 5 1.24 0.494 0.00439 0.0123 

Matrix 6 1.18 0.475 0.00421 0.0118 

Average 1.26 0.489 0.00454 0.0125 

STDEV 0.0449 0.0114 0.000220 0.000462 

CV(%) 3.6 2.3 4.9 3.7 

The mean variability of the individual slopes was determined to be 3.1% for EFV, 2.5% for LPV, and 

3.7% for RTV, which all meet the acceptance criteria of less than 5% as stipulated in the FDA and EMA 

guidelines.108,109 This means that there were no background components co-extracted with the 

analytes that would adversely affect the ionization of the analytes, such as causing ion suppression or 

enhancement. The low level of matrix effects may be due to the extraction method removing 

interfering components, but also due to the ultracentrifugation process, which separates the proteins 

and lipids and effectively serves as a clean-up step.  
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3.8. RECOVERY 

It is important that the analyte is not removed from the sample or lost during the extraction 

procedure. The percentage of analyte recovered from the sample need not be 100% but must be 

consistent across different concentrations and different matrix sources.  

Six lots of ultracentrifuged plasma were spiked at high, medium, and low concentrations and extracted 

as per the methodology described in Section 2.4 of this chapter. These were referred to as the “test” 

samples. The same six lots of ultracentrifuged plasma were extracted blank and spiked at high, 

medium, and low levels after extraction, accounting for the dilution steps included in the method. 

These samples were used as the reference samples, which represent 100% recovery. The test sample 

peak areas were compared to the reference sample peak areas to calculate the percentage recovery 

during extraction. The percentage recovery for each of the analytes is summarized in the tables below 

(Tables 2.16–2.17).  

Table 2.16. Recovery results for EFV 

 

High Concentration  
(400 ng/mL) 

Medium Concentration  
(150 ng/mL) 

Low Concentration  
(1.40 ng/mL) 

Reference: 
Peak Area   

Test:        
Peak Area 

Reference: 
Peak Area   

Test:        
Peak Area 

Reference: 
Peak Area   

Test:        
Peak Area 

Sample 1 5990000 4660000 2230000 1860000 23800 19800 

Sample 2 5570000 4720000 2260000 1940000 22400 20600 

Sample 3 4820000 4880000 2110000 1980000 18900 19700 

Sample 4 5670000 5130000 2200000 1970000 18400 19200 

Sample 5 5650000 5060000 2310000 1970000 18900 [45400] 

Sample 6 5400000 5450000 2050000 2000000 19100 20400 

Average 5516667 4983333 2193333 1953333 20250 19940 

STDEV 391697 293167 96885 49666 2263 564 

CV(%) 7.1 5.9 4.4 2.5 11.2 2.8 

%Recovery   90.3   89.1  98.5 
   Average %Recovery 92.6 
 

   Average CV(%) 5.5 

[ ] outlier excluded due to spiking error where the working solution was added twice 
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Table 2.17. Recovery results for LPV 

 

High Concentration  
(400 ng/mL) 

Medium Concentration  
(150 ng/mL) 

Low Concentration  
(1.40 ng/mL) 

Reference: 
Peak Area   

Test:        
Peak Area 

Reference: 
Peak Area   

Test:        
Peak Area 

Reference: 
Peak Area   

Test:        
Peak Area 

Sample 1 17500000 14400000 6800000 6650000 71200 51200 

Sample 2 16900000 13600000 7310000 6170000 71200 62800 

Sample 3 15200000 15000000 7000000 6120000 66500 65500 

Sample 4 17400000 15100000 7440000 6270000 66700 54500 

Sample 5 18700000 15100000 7370000 5600000 71800 [103000] 

Sample 6 18900000 11500000 7450000 5460000 71800 48300 

Average 17433333 14116667 7228333 6045000 69867 56460 

STDEV 1344123 1407717 266939 442301 2545 7416 

CV(%) 7.7 10.0 3.7 7.3 3.6 13.1 

%Recovery   81.0   83.6   80.8 
   Average %Recovery 81.8 
 

   Average CV(%) 1.9 

[ ] outlier excluded due to spiking error where the working solution was added twice 

Table 2.18. Recovery results for RTV 

 

High Concentration  
(100 ng/mL) 

Medium Concentration  
(37.5 ng/mL) 

Low Concentration  
(0.350 ng/mL) 

Reference: 
Peak Area   

Test:        
Peak Area 

Reference: 
Peak Area   

Test:        
Peak Area 

Reference: 
Peak Area   

Test:        
Peak Area 

Sample 1 3350000 3190000 1290000 1410000 13800 11700 

Sample 2 3560000 2880000 1490000 1270000 16500 13400 

Sample 3 3180000 3080000 1410000 1190000 17000 14200 

Sample 4 4020000 3160000 1470000 1260000 18400 11600 

Sample 5 4250000 2820000 1470000 940000 16600 [24200] 

Sample 6 4570000 2220000 1750000 1060000 16100 9990 

Average 3821667 2891667 1480000 1188333 16400 12178 

STDEV 545066 361354 151129 166783 1501 1653 

CV(%) 14.3 12.5 10.2 14.0 9.2 13.6 

%Recovery   75.7   80.3   74.3 
   Average %Recovery 76.7 
 

   Average CV(%) 4.1 

[ ] outlier excluded due to spiking error where the working solution was added twice 

The mean recovery for EFV, LPV, and RTV across concentration levels was determined to be 92.6%, 

81.8%, and 76.7%, respectively. While the recoveries were all greater than 75%, more importantly, 

recovery was consistent and precise across the different concentrations, with a required precision of 

less than 15%. The coefficient of variation for each quality control level was less than 15% for all three 

analytes, and the precision across the high, medium, and low concentrations were 5.5%, 1.9%, and 

4.1% for EFV, LPV, and RTV, respectively. 
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3.9. PROCESS EFFICIENCY 

Process efficiency assesses the effect of both recovery and matrix effects on an analyte’s response. It 

is tested using neat solvent (mobile phase) spiked in triplicate at the theoretical final concentrations 

of each quality control level as the reference samples, representing 100% recovery and zero matrix 

effects. Test samples were spiked into six different lots of ultracentrifuged plasma at high, medium, 

and low concentrations and were extracted as per the methodology described in Section 2.4 of this 

chapter. These peak areas were compared to the reference peak areas to calculate the percentage 

process efficiency. As with recovery, process efficiency need not be 100% but must be consistent 

across different concentrations and plasma sources.  

The analyte peak areas observed after extraction are compared to the peak areas of the neat samples 

and expressed as percentage process efficiency (Tables 2.19–2.21). 

Table 2.19. Process efficiency results for EFV 

 

High Concentration  
(400 ng/mL) 

Medium Concentration  
(150 ng/mL) 

Low Concentration  
(1.40 ng/mL) 

Reference: 
Peak Area   

Test:        
Peak Area 

Reference: 
Peak Area   

Test:        
Peak Area 

Reference: 
Peak Area   

Test:        
Peak Area 

Matrix 1 6020000 4660000 2490000 1860000 24300 19800 

Matrix 2 5770000 4720000 2550000 1940000 25100 20600 

Matrix 3 6070000 4880000 2340000 1980000 24600 19700 
Matrix 4   

  
  

5130000   
  
  

1970000   
  
  

19200 

Matrix 5 5060000 1970000 [45400] 
Matrix 6 5450000 2000000 20400 

Average 5953333 4983333 2460000 1953333 24667 19940 

STDEV 49666 293167 108167 45338 330 564 

CV(%) 0.8 5.9 4.4 2.3 1.3 2.8 

%Recovery   83.7   79.4   80.8 
  Average %Process Efficiency 81.3 
  Average CV(%) 2.7 

[ ] outlier excluded due to spiking error where the working solution was added twice 
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Table 2.20. Process efficiency results for LPV 

High Concentration 
(400 ng/mL) 

Medium Concentration 
(150 ng/mL) 

Low Concentration 
(1.40 ng/mL) 

Reference: 
Peak Area  

Test:  
Peak Area 

Reference: 
Peak Area  

Test:  
Peak Area 

Reference: 
Peak Area  

Test:  
Peak Area 

Matrix 1 18500000 14400000 7630000 6650000 76300 51200 
Matrix 2 17400000 13600000 7550000 6170000 76900 62800 
Matrix 3 17700000 15000000 6690000 6120000 80000 65500 
Matrix 4 15100000 6270000 54500 
Matrix 5 15100000 5600000 [103000] 
Matrix 6 11500000 5460000 48300 

Average 17866667 14116667 7290000 6045000 77733 56460 

STDEV 442301 1407717 521153 403764 1621 7416 

CV(%) 2.5 10.0 7.1 6.7 2.1 13.1 

%Recovery 79.0 82.9 72.6 

Average %Process Efficiency 78.2 

Average CV(%) 6.6 
[ ] outlier excluded due to spiking error where the working solution was added twice 

Table 2.21. Process efficiency results for RTV 

High Concentration 
(100 ng/mL) 

Medium Concentration 
(37.5 ng/mL) 

Low Concentration 
(0.350 ng/mL) 

Reference: 
Peak Area  

Test:  
Peak Area 

Reference: 
Peak Area  

Test:  
Peak Area 

Reference: 
Peak Area  

Test:  
Peak Area 

Matrix 1 3220000 3190000 1130000 1410000 13300 11700 

Matrix 2 3130000 2880000 1220000 1270000 12500 13400 
Matrix 3 2990000 3080000 1090000 1190000 12900 14200 

Matrix 4 3160000 1260000 11600 
Matrix 5 2820000 940000 [24200] 

Matrix 6 2220000 1060000 9990 

Average 3113333 2891667 1146667 1188333 12900 12178 

STDEV 115902 361354 66583 166783 400 1653 

CV(%) 3.7 12.5 5.8 14.0 3.1 13.6 

%Recovery 92.9 103.6 94.4 

Average %Process Efficiency 97.0 

Average CV(%) 6.0 

[ ] outlier excluded due to spiking error where the working solution was added twice 

The mean process efficiency of EFV, LPV, and RTV is 81.3%, 78.2%, and 97.0%, respectively. The mean 

process efficiency of EFV was 11.3% lower than its mean recovery, which suggests that there is some 

ion suppression occurring in the source of the mass spectrometer. Conversely, the mean process 

efficiency of RTV was 20.3% higher than its mean recovery, which suggests that there is some ion 

enhancement occurring. However, as the matrix effects experiment for these analytes showed, these 

effects were consistent across different lots of plasma and were compensated for by the internal 

standards and, therefore, do not negatively impact the method. The mean process efficiency and 
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recovery of LPV only differed by 3.6%, indicating that the ionization of LPV was not influenced by any 

background components present in the sample.  

While it is interesting to note the differences between the recovery and process efficiency results, 

they do not determine whether a method does or does not meet acceptance criteria. The precision of 

the measured process efficiency should not exceed 15% for any concentration, and the reproducibility 

between concentration levels should also not be greater than 15%.108,109 The precision at each 

concentration was below 15%, and the reproducibility between the concentrations was 2.7%, 6.6%, 

and 6.0% for EFV, LPV, and RTV, respectively.  

3.10. DILUTION INTEGRITY 

During analysis of unknown patient samples, a calculated concentration may be reported as greater 

than the ULOQ. As this concentration lies outside of the validated range and is calculated by 

extrapolating the calibration curve, this result may not be reported with confidence. To evaluate if 

these samples may be diluted to within the validated range and re-extracted with accuracy and 

precision, six QC DIL samples were prepared at twice the ULOQ (1000 ng/mL for EFV and LPV and 250 

ng/mL for RTV). These samples were diluted 1:4 pre-extraction with blank ultracentrifuged plasma, 

extracted as normal, and compared with the nominal concentration to calculate the percentage 

accuracy. Due to the highly aqueous nature of the ultracentrifuged plasma and the solubility issues 

noted during method development, a post-extraction dilution was also evaluated. Undiluted QC DIL 

samples were extracted in six-fold and were then diluted 1:4 with extracted blank samples (which 

contained internal standards) post-extraction. The resulting precision and accuracy data are shown 

(Tables 2.22–2.24).  

Table 2.22. Dilution integrity results for EFV following a 5-fold pre- and post-extraction dilution 

 Nominal Conc. Pre-extraction dilution Post-extraction dilution 
 (ng/mL) calculated conc. (ng/mL) calculated conc. (ng/mL) 

Sample 1 1000 536 844 

Sample 2   474 832 

Sample 3   560 898 

Sample 4   467 778 

Sample 5   576 874 

Sample 6   520 923 
 Average 522 858 
 STDEV 44.6 51.7 
 CV(%) 8.5 6.0 
 %Accuracy 52.2 85.8 
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Table 2.23. Dilution integrity results for LPV following a 5-fold pre- and post-extraction dilution 

 Nominal Conc. Pre-extraction dilution Post-extraction dilution 
 (ng/mL) calculated conc. (ng/mL) calculated conc. (ng/mL) 

Sample 1 1000 507 1010 

Sample 2   443 1050 

Sample 3   527 1090 

Sample 4   443 934 

Sample 5   579 1070 

Sample 6   545 1100 
 Average 507 1042 
 STDEV 55.3 62.0 
 CV(%) 10.9 5.9 
 %Accuracy 50.7 104.2 

Table 2.24. Dilution integrity results for RTV following a 5-fold pre- and post-extraction dilution 

 Nominal Conc. Pre-extraction dilution Post-extraction dilution 
 (ng/mL) calculated conc. (ng/mL) calculated conc. (ng/mL) 

Sample 1 250 153 264 

Sample 2   131 279 

Sample 3   153 281 

Sample 4   139 242 

Sample 5   172 299 

Sample 6   156 295 
 Average 150 277 
 STDEV 13.9 21.1 
 CV(%) 9.3 7.6 
 %Accuracy 60.2 110.8 

The same acceptance criteria apply as for the high-, medium-, and low-concentration quality control 

samples, namely that the percentage accuracy and precision must be within 15%. The pre-extraction 

diluted samples did not meet these acceptance criteria for accuracy, with an average percentage 

accuracy of 52.5%, 50.7%, and 60.2% for EFV, LPV, and RTV, respectively. This indicates that reported 

concentrations above the upper limit of the validated calibration curve may not be diluted before they 

are extracted.  It is hypothesized that this low percentage accuracy is due to the poor solubility of the 

analytes in aqueous solutions. EFV, LPV, and RTV have respective logP values of 4.457, 4.688, and 

5.222131–133, which could result in approximately half the analyte molecules precipitating out of 

solution when diluted with the highly aqueous ultracentrifuged plasma prior to extraction.  

This effect was not noticeable when diluted post-extraction with blank extracted matrix, likely due to 

the organic nature of the sample and diluent. The calculated precision and accuracy for the post-

extraction dilutions of EFV, LPV, and RTV fall within the accepted limits. Therefore, patient samples 

that have a reported concentration above the upper limit of quantification or “ALOQ” (up to a 
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maximum concentration of 1000 ng/mL for EFV and LPV and 250 ng/mL for RTV) may be diluted 1:4 

with the “blank” from that batch (which was extracted using the same internal standard-containing 

extraction solution) and may be reanalysed reliably. It is, therefore, advisable to include additional 

extracted blank samples in any patient sample batch in the event that dilutions may be required. 

The use of a post-extraction dilution for ALOQ samples is particularly useful for this assay as it 

mitigates the need for the second aliquot of 250 µL plasma to be ultracentrifuged, especially as the 

plasma may not be thawed and refrozen prior to ultracentrifugation (see Section 3.16.3 for freeze-

thaw stability).  

3.11. ANTICOAGULANT CROSS-VALIDATION 

The method validated uses ultracentrifuged plasma originating from plasma containing K3EDTA as the 

anticoagulant for all the calibration standards and quality control samples. However, at times, clinical 

samples are collected in tubes containing other anticoagulants, and it is important to determine if 

such samples may still be analysed accurately and precisely. To evaluate the effect that a different 

anticoagulant may have on the ionization of the analytes and internal standards, quality control 

samples were prepared in six-fold in ultracentrifuged plasma originating from plasma containing 

either K2EDTA or lithium heparin as the anticoagulant. These test samples were analysed against a 

calibration curve prepared in the validated K3EDTA-containing matrix. The results are presented in 

Tables 2.25–2.27 below. To evaluate whether the use of a different anticoagulant had any effect on 

the selectivity of the method, a double blank sample was extracted from ultracentrifuged plasma 

originating from plasma containing K3EDTA, K2EDTA, or lithium heparin as the anticoagulant.  

Table 2.25. Anticoagulant cross-validation results: EFV 

K2EDTA Lithium Heparin 

QC High QC Med QC Low QC High QC Med QC Low 

Nominal conc. (ng/mL) 400 150 1.40 400 150 1.40 

Average calculated conc. (ng/mL) 390 146 1.31 392 147 1.31 

n 6 6 6 6 6 6 

STDEV 7.14 3.50 0.0653 3.87 1.75 0.0387 

CV(%) 1.8 2.4 5.0 1.0 1.2 2.9 

%Accuracy 97.5 97.6 93.3 98.0 98.2 93.7 
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Table 2.26. Anticoagulant cross-validation results: LPV 

K2EDTA Lithium Heparin 

QC High QC Med QC Low QC High QC Med QC Low 

Nominal conc. (ng/mL) 400 150 1.40 400 150 1.40 

Average calculated conc. (ng/mL) 413 158 1.40 419 159 1.39 

n 6 6 6 6 6 6 

STDEV 12.2 3.44 0.0592 11.3 3.06 0.0314 

CV(%) 2.9 2.2 4.2 2.7 1.9 2.3 

%Accuracy 103.3 105.6 99.8 104.7 105.9 99.5 

Table 2.27. Anticoagulant cross-validation results: RTV 

K2EDTA Lithium Heparin 

QC High QC Med QC Low QC High QC Med QC Low 

Nominal conc. (ng/mL) 400 37.5 0.350 100 37.5 0.350 

Average calculated conc. (ng/mL) 110 41.3 0.376 112 41.9 0.375 

n 6 6 6 6 6 6 

STDEV 3.14 0.973 0.0142 2.64 0.532 0.0156 

CV(%) 2.8 2.4 3.8 2.4 1.3 4.2 

%Accuracy 110.3 110.0 107.5 111.8 111.8 107.0 

The same acceptance criteria apply as for the inter- and intra-day quality control samples; namely, the 

percentage accuracy and precision must be within 15%. The results (Tables 2.25–2.27) show that the 

accuracy and precision for both anticoagulants at each concentration were within the acceptable 

limits for all three analytes. Likewise, the same acceptance criteria apply to the double blank samples, 

where any peak in the analyte channel should not be greater than 20% of the LLOQ peak, and any 

peak in the internal standard channel should not be greater than 5% of the internal standard peak at 

working concentrations. No interfering peaks were observed in either the analyte or internal standard 

channels for any of the three analytes when K2EDTA or lithium heparin were used instead of K3EDTA 

(chromatograms not shown). Overall, these results indicate that the use of K2EDTA or lithium heparin 

does not influence the accuracy, precision, or selectivity of the method, and clinical samples 

containing these anticoagulants may be analysed with confidence.  
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3.12. EFFECT OF HAEMOLYSIS 

During sample collection, whole blood is centrifuged to separate the red blood cells from the plasma. 

Sometimes the red blood cells burst – known as haemolysis – and their contents partition into the 

plasma. Haemolysis may occur during phlebotomy due to an incorrect needle size or tube used, 

excessive tourniquet, or during sample handling due to prolonged time before centrifugation or 

excessive centrifuge speed.138 Haemolyzed plasma contains charged species such as haemoglobin and 

increased potassium levels which may affect the ionization of analytes and internal standards 

compared to non-haemolyzed samples.139 Sample extraction and chromatography may remove any 

interfering molecules, or the internal standard may compensate for any change in analyte response; 

however, it is important to test for this during method validation.  

Haemolysis was tested at 2% haemolysed blood in plasma which was ultracentrifuged as normal. Six-

fold high- and low-quality controls were prepared in haemolyzed ultracentrifuged plasma and in non-

haemolyzed ultracentrifuged plasma and extracted. The resulting peak area ratios are presented in 

Tables 2.28–2.30.  

Table 2.28. Effect of 2% haemolysis on EFV peak area ratios 

 High conc. (400 ng/mL) Low conc. (1.40 ng/mL) 

 No haemolysis 2% haemolysis No haemolysis 2% haemolysis 

Average peak area ratio 3.68 3.67 0.0152 0.0135 

n 6 6 6 6 

STDEV 0.162 0.146 0.00193 0.000531 

CV(%) 4.4 4.0 12.7 3.9 

%Difference  -0.4  -10.7 

Table 2.29. Effect of 2% haemolysis on LPV peak area ratios 

 High conc. (400 ng/mL) Low conc. (1.40 ng/mL) 

 No haemolysis 2% haemolysis No haemolysis 2% haemolysis 

Average peak area ratio 2.18 2.18 0.00899 0.00847 

n 6 6 5* 6 

STDEV 0.0795 0.0717 0.00123 0.000255 

CV(%) 3.6 3.3 13.7 3.0 

%Difference  0.2  -5.8 

* Statistical outlier excluded   
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Table 2.30. Effect of 2% haemolysis on RTV peak area ratios 

 High conc. (100 ng/mL) Low conc. (0.350 ng/mL) 

 No haemolysis 2% haemolysis No haemolysis 2% haemolysis 

Average peak area ratio 1.02 1.02 0.00374 0.00374 

n 6 6 5* 6 

STDEV 0.0364 0.0359 0.000347 0.000141 

CV(%) 3.6 3.5 9.3 3.8 

%Difference  -0.3  -0.1 

* Statistical outlier excluded 

A percentage difference of greater than 15% between the test and reference samples indicates that 

2% haemolysis negatively impacts the ionization of the analytes and that the internal standard failed 

to compensate. In such a case, haemolyzed plasma samples would have to be rejected. As presented 

in Tables 2.28–2.30, the peak area ratios of the haemolyzed quality control samples were all within 

10.7% of the reference non-haemolyzed samples, which shows that 2% haemolysis has no significant 

effect on the quantification of EFV, LPV, and RTV. The coefficients of variation for the haemolyzed 

samples were less than 4.0% for all three analytes, indicating that 2% haemolysis also had no 

significant effect on the precision of the assay. A double blank sample originating from haemolysed 

plasma that was ultracentrifuged and extracted as normal showed no interfering peaks in any of the 

analyte or internal standard channels, indicating that the presence of 2% haemolysis also has no effect 

on the selectivity of the method (chromatograms not shown).  

It is interesting to note that after ultracentrifugation, there was visually no difference in the aqueous 

layer observed between the haemolyzed and non-haemolyzed samples. The protein pellet at the 

bottom of the tube was yellow-orange for the reference samples and red for the haemolyzed samples, 

indicating that the haemoglobin and red blood cell fragments were removed during 

ultracentrifugation. Any additional small molecules from the haemolyzed red blood cells that could 

not be seen with the naked eye, such as potassium, could have contaminated the aqueous middle 

layer; however, such contaminants were either removed during sample clean up, compensated for by 

the internal standards, or they had no significant effect on analyte ionization.  

3.13. ULTRACENTRIFUGE METHOD VALIDATION 

To the best of the authors’ knowledge, validated methods for the quantification of unbound drug 

concentrations using HPLC-MS/MS have only assessed the accuracy, precision, and reproducibility of 

the method after the unbound drug has been separated from that to which it is bound. The three-day 
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validation is performed in ultracentrifuged plasma, filtrate, or dialysate, depending on the separation 

method used (ultracentrifugation, ultrafiltration, or equilibrium dialysis, respectively), where the 

analytes of interest are added after the separation procedure. The acceptance criteria stipulated by 

the FDA and EMA guidelines for method validations108,109 are, therefore, only evaluating the extraction 

and HPLC-MS/MS methods. Typically, equilibrium dialysis is used as a reference method to which 

other separation methods are compared. While the separation method may be optimized or 

standardized, its reproducibility is not held to the same strict acceptance criteria. 

To evaluate if the ultracentrifuge method was performing reliably, plasma samples from three 

different sources were ultracentrifuged in six-fold over three independent runs. The collected 

ultracentrifuged plasma was analysed for protein levels using the Pierce™ BCA protein assay kit 

microplate procedure from Thermo Fisher Scientific, as described in Section 2.2. The assay kit includes 

a 2 mg/mL BSA standard which was used to prepare a nine-point calibration curve through zero with 

a protein concentration range of 25.0–2000 µg/mL. The mean absorbance value of duplicate blank 

samples, containing no BCA, was subtracted from the absorbance values for each duplicate standard 

and unknown sample to normalize the results; and to draw the curve through zero as advised by the 

assay kit user guide. The mean absorbance values were plotted against their respective protein 

concentration to generate the standard curve presented in Figure 2.25. While one would expect 

absorbance values to fit a linear regression, the assay kit user guide states that a “quadratic of best-

fit curve provides more accurate results than a purely linear fit.”128 

Figure 2.25. Calibration curve of mean absorbance versus protein concentration (n=2) to determine 

the protein concentration of ultracentrifuged plasma samples. 
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The calculated protein concentration of each aliquot of ultracentrifuged plasma collected over the 

three independent runs was determined. The intra- and inter-day precision and reproducibility results 

are presented in Table 2.31.  

Table 2.31. Ultracentrifuge intra- and inter-day validation: Calculated protein concentrations (µg/mL) 

Day 1 Day 2 Day 3 

Sample 1 452 398 388 

Sample 2 366 408 369 

Sample 3 360 463 422 

Sample 4 387 420 480 

Sample 5 354 526 404 

Sample 6 469 363 392 

Average protein conc. (µg/mL) 398 430 409 

STDEV 50.0 57.3 38.8 

Intra-day CV(%) 12.6 13.3 9.5 

%Difference from Day 1 8.0 2.8 

Overall average protein conc. in µg/mL (n = 18) 412 

STDEV (n = 18) 48.3 

Inter-day CV(%) 11.7 

There are no specific acceptance criteria for an ultracentrifugation method; however, the same 

acceptance criteria were applied as for a standard three-day bioanalytical method validation. Namely, 

the intra- and inter-day precision must be less than 15% to show that the method is precise every day 

and over separate runs. The ultracentrifuge method developed and validated in this chapter had an 

intra-day precision of less than 13.3% and an overall precision of 11.7%, which shows that each sample 

will be separated into its three layers to the same degree, even when different lots of plasma were 

used. The percentage difference between each validation day was less than 8.0%, indicating that the 

ultracentrifuge method was reproducible. This is the first report of an ultracentrifuge method being 

validated to the same strict acceptance criteria as an extraction or the HPLC-MS/MS method.  

It is difficult to assess the accuracy of the ultracentrifuge method as there is no nominal concentration 

with which to compare. A study by Nakai et al. (2004) investigated the protein contamination of the 

middle, aqueous layer of ultracentrifuged plasma and its effect on unbound drug concentrations. They 

found a mean protein concentration of 702 ± 100 µg/mL but concluded that this protein 

contamination had a negligible effect on the measured unbound drug level as the majority of the 

protein detected was found to be small peptides and tyrosine and tryptophan amino acids, whose 

presence form the basis of the BCA test. This is supported by the fact that albumin contributed only 

50 µg/mL of the total 702 µg/mL protein contamination, and no AAG was detected.73 In practice, Nakai 

et al. (2004) found that the unbound drug concentration determined by ultracentrifugation had a 
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correlation factor of 0.99 when compared to other methods such as equilibrium dialysis, despite the 

protein contamination observed. This validation found an even lower level of total protein 

contamination of 412 ± 48.3 µg/mL in the aqueous layer, suggesting that the drug levels found in the 

aqueous layer do accurately represent the unbound drug concentration.    

3.14. SURROGATE MATRIX 

To collect enough blank ultracentrifuged plasma for the calibration curve and quality control samples, 

a large volume of plasma is required (~5 mL of blank human plasma per duplicate curve). 

Ultracentrifuging the blank plasma is a timely process that reduces the number of unknown samples 

that can be processed per day as the ultracentrifuge rotor only holds 72 samples at a time. Therefore, 

to reduce the volume of plasma required per batch and to increase the number of unknown samples 

ultracentrifuged per batch, the use of a surrogate matrix was investigated. Based on the BCA test 

results used in the ultracentrifuge 3-day validation in Section 3.13 of this chapter, as well as the 

published results from Nakai et al. (2004), a 1:200 dilution of plasma in water was used to mimic the 

protein content of ultracentrifuged plasma. To evaluate the accuracy of the surrogate matrix, a set of 

high-, medium-, and low-concentration  quality control samples were prepared in 1:200 diluted 

plasma. These samples were extracted as per the methodology described in Section 2.4 and analysed 

against a calibration curve prepared in ultracentrifuged plasma. The measured concentrations and 

calculated differences are presented (Tables 2.32–2.34). A double blank 1:200 diluted plasma sample 

was also extracted to investigate the effect of using the surrogate matrix on the method’s selectivity.  

Table 2.32. Surrogate matrix accuracy and precision results: EFV 

 1:200 diluted plasma 

 QC High QC Med QC Low 

Nominal conc. (ng/mL) 400 150 1.40 

Average calculated conc. (ng/mL) 370 133 1.38 

n 6 6 6 

STDEV 10.9 2.79 0.0564 

CV(%) 3.0 2.1 4.2 

%Accuracy 92.4 88.6 95.1 
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Table 2.33. Surrogate matrix accuracy and precision results: LPV 

 1:200 diluted plasma 

 QC High QC Med QC Low 

Nominal conc. (ng/mL) 400 150 1.40 

Average calculated conc. (ng/mL) 395 143 1.26 

n 6 6 6 

STDEV 10.9 4.03 0.0519 

CV(%) 2.8 2.8 4.1 

%Accuracy 98.7 95.6 89.9 

Table 2.34. Surrogate matrix accuracy and precision results: RTV 

 1:200 diluted plasma 

 QC High QC Med QC Low 

Nominal conc. (ng/mL) 100 37.5 0.350 

Average calculated conc. (ng/mL) 105 38.1 0.355 

n 6 6 6 

STDEV 2.59 0.828 0.0263 

CV(%) 2.5 2.2 7.4 

%Accuracy 104.5 101.6 101.4 

 

The resulting precision and accuracy fall within the accepted values, which indicate that the use of 

1:200 diluted plasma in water is an acceptable surrogate matrix for ultracentrifuged plasma to be used 

for EFV, LPV, and RTV calibration curve and quality control samples preparation. No interfering peaks 

were observed in the analyte channel or internal standard channel for all three analytes when 1:200 

diluted plasma was used instead of ultracentrifuged plasma, indicating that the use of this surrogate 

matrix has no effect on the selectivity of the method (chromatograms not shown).  

 

The validation of this surrogate matrix means that during patient sample analysis, only 5 µL of blank 

human plasma is required to prepare 1 mL of 1:200 diluted plasma for the calibration standards, 

quality control samples, double blank, blank, and system check samples per batch. This is far less than 

the 5 mL of blank human plasma required to collect 1 mL of ultracentrifuged plasma. Additionally, the 

use of a surrogate matrix reduces the number of overnight ultracentrifuge runs required to complete 

a study, as the ultracentrifuge rotor can be filled with only unknown samples.   

 

 



Chapter Two Unbound Drug Concentrations  

 

87 

3.15. ANALYTE STABILITY ASSESSMENTS 

Various stability assessments were performed to evaluate the stability of EFV, LPV, and RTV in 

different conditions. The stability tests in solvents were performed to determine if there was any 

analyte degradation in the stock or working solutions during storage or on-bench. The stability tests 

in matrix were planned to try and mimic the conditions that a patient sample might go through to 

determine if the concentration of analyte would be affected under certain conditions.  

3.15.1. STOCK AND WORKING SOLUTION STABILITY 

Stability of the 1 mg/mL stock solutions at ~-80°C has already been proven within the Division of 

Clinical Pharmacology, UCT for 601 days for EFV in acetonitrile, 266 days for LPV in methanol, and 304 

days for RTV in methanol, and was not retested during this validation. See Appendix B, C, and D, 

respectively, for the data. 

Stability of the three analytes at ~-80°C in the working solution solvent (acetonitrile: water (4:1, v/v)) 

was tested by comparison with freshly prepared working solutions. After the given storage period, 

both the test and fresh working solutions were diluted with internal standard-containing 

reconstitution solution and submitted for HPLC-MS/MS analysis. Tables 2.35–2.37 show the resulting 

analyte/internal standard peak area ratios for EFV for 38 days at ~-80°C, and LPV and RTV for 16 days 

at ~-80°C at the highest and lowest working solution concentrations (WS 1 and WS 9, respectively). By 

testing stability at the highest and lowest concentrations, one can infer stability under the test 

conditions for all concentrations within this range. Short term stability of WS 0 was tested at room 

temperature for 7 hours and met the acceptance criteria for all three analytes. However, the long 

term stability of WS 0 was not tested as this working solution is never stored and is only included in 

the dilution scheme to dilute the 1 mg/mL stock solution to a 3000 ng/mL working solution for EFV 

and LPV and 750 ng/mL for RTV.  
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Table 2.35. Working solution stability of EFV when stored at ~-80°C for 38 days 

WS 1 (3000 ng/mL) WS 9 (3.00 ng/mL) 

Fresh ~-80°C Fresh ~-80°C 

Average peak area ratio 5.30 5.70 0.0110 0.0119 

n 6 6 6 6 

STDEV 0.0666 0.0943 0.000602 0.000735 

CV(%) 1.3 1.7 5.5 6.2 

%Difference 7.4 8.6 

Table 2.36. Working solution stability of LPV when stored at ~-80°C for 16 days 

WS 1 (3000 ng/mL) WS 9 (3.00 ng/mL) 

Fresh ~-80°C Fresh ~-80°C 

Average peak area ratio 0.449 0.438 0.00598 0.00558 

n 6 6 6 6 

STDEV 0.0118 0.00416 0.000315 0.000247 

CV(%) 2.6 1.0 5.3 4.4 

%Difference -2.6 -6.6

Table 2.37. Working solution stability of RTV when stored at ~-80°C for 16 days 

WS 1 (750 ng/mL) WS 9 (0.750 ng/mL) 

Fresh ~-80°C Fresh ~-80°C 

Average peak area ratio 0.290 0.312 0.00322 0.00333 

n 6 6 6 6 

STDEV 0.00461 0.00607 0.000287 0.000108 

CV(%) 1.6 1.9 8.9 3.2 

%Difference 7.8 3.5 

The acceptance criteria for working solution stability as stipulated by the FDA and EMA guidelines is 

that the percentage difference must be less than 10% for an analyte to be considered stable in the 

tested solvent and storage conditions. The results presented in Tables 2.35–2.37 indicate that EFV is 

stable for a minimum of 38 days when stored at ~-80°C, while LPV and RTV are stable for a minimum 

of 16 days. The difference in storage time for the three analytes is not because LPV and RTV failed 

after 38 days, but rather that a preparation issue occurred with EFV during the 16-day fresh working 

solutions and was repeated after 38 days where LPV and RTV were not included. A potential oversight 

of this validation was not including LPV and RTV in the 38-day working solution stability test. There is 

little reason to believe that these analytes would be unstable after a longer storage period as stock 

solution stability at ~-80°C has been shown for over eight months when stored in pure solvent 

(Appendix B, C, and D). However, testing would be required to confirm that the addition of 20% water 

would not affect the analytes’ stability. Nevertheless, working solutions older than 16 days were not 

used during validation or sample analysis. 
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To evaluate the stability of the analytes in the working solutions while on bench prior to extraction, 

aliquots of WS 1 and WS 9 were stored at room temperature for 24 hours. Thereafter, these aliquots 

were diluted with internal standard-containing reconstitution solution and compared to reference 

aliquots that were kept at ~-80°C (Tables 2.38–2.40).   

Table 2.38. Working solution stability of EFV when stored at room temperature for 24 hours 

WS 1 (3000 ng/mL) WS 9 (3.00 ng/mL) 

~-80°C Room temp. ~-80°C Room temp. 

Average peak area ratio 1.05 1.04 0.0108 0.0111 

n 6 6 6 6 

STDEV 0.0126 0.0134 0.000435 0.000501 

CV(%) 1.2 1.3 4.0 4.5 

%Difference -1.1 2.7 

Table 2.39. Working solution stability of LPV when stored at room temperature for 24 hours 

WS 1 (3000 ng/mL) WS 9 (3.00 ng/mL) 

~-80°C Room temp. ~-80°C Room temp. 

Average peak area ratio 0.438 0.434 0.00461 0.00454 

n 6 6 6 6 

STDEV 0.00416 0.00599 0.000193 0.000156 

CV(%) 1.0 1.4 4.2 3.4 

%Difference -0.9 -1.4

Table 2.40. Working solution stability of RTV when stored at room temperature for 24 hours 

WS 1 (750 ng/mL) WS 9 (0.750 ng/mL) 

~-80°C Room temp. ~-80°C Room temp. 

Average peak area ratio 0.312 0.312 0.00333 0.00329 

n 6 6 6 6 

STDEV 0.00607 0.00585 0.000108 0.000201 

CV(%) 1.9 1.9 3.2 6.1 

%Difference -0.3 -1.2

Again, the percentage difference between the test and reference samples must be less than 10% for 

an analyte to be considered stable under those conditions. The difference between the working 

solutions left at room temperature compared to those stored at ~-80°C was less than 3% for all three 

analytes; therefore, all three analytes are stable at room temperature for 24 hours.  

Lastly, the stability of the deuterated internal standard stock solutions was tested for 7 hours at room 

temperature. This was done to ensure that the internal standards were stable for the duration of the 

extraction procedure. Table 2.41 summarizes the three internal standards’ stabilities on-bench 

compared to aliquots kept at ~-80°C for the same period of time.  
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Table 2.41. Stability of each internal standard when at room temperature for 7 hours 

EFV-d5 LPV-d8 RTV-d6 

~-80°C RT ~-80°C RT ~-80°C RT 

Average peak area 2900000 2981667 8390000 8135000 2350000 2388333 

n 6 6 6 6 6 6 

STDEV 137986 165459 147105 309758 52154 78081 

CV(%) 4.8 5.5 1.8 3.8 2.2 3.3 

%Difference 2.8 -3.0 1.6 

EFV-d5, LPV-d8, and RTV-d6 stock solutions were shown to be stable on-bench for 7 hours at room 

temperature with percentage differences of less than 10%. This indicates that there is no breakdown 

of the internal standards for the duration of the extraction procedure.  

3.15.2. BENCHTOP STABILITY 

Benchtop stability refers to the time that samples will be left at room temperature prior to being 

extracted. Should benchtop stability fail at room temperature, it should be tested for a shorter period 

of time or on ice. For this assay, benchtop stability needs to be considered in two parts: stability of 

the analytes in plasma prior to being ultracentrifuged, and stability of the analytes in ultracentrifuged 

plasma prior to being extracted. Stability of EFV, LPV, and RTV in plasma has already been shown for 

four hours at room temperature as part of the routine TDM assay validation (see Appendix E for data). 

During the validation of the unbound drug method, high- and low-quality control samples were 

prepared in ultracentrifuged plasma and left on-bench for approximately six hours at room 

temperature. After six hours, the stability samples were extracted with a freshly prepared valid 

calibration curve. The measured concentrations of the benchtop quality control samples and the 

calculated percentage differences are presented in Table 2.42. 

Table 2.42. Analyte stability in ultracentrifuged plasma for ~6 hours on-bench 

EFV LPV RTV 

Nominal conc. (ng/mL) 400 1.40 400 1.40 100 0.350 

Average calculated conc. (ng/mL) 378 1.22 403 1.27 106 0.347 

n 6 6 6 6 6 6 

STDEV 10.0 0.0569 11.7 0.0690 2.05 0.0220 

CV(%) 2.6 4.7 2.9 5.4 1.9 6.3 

%Difference from nominal -5.6 -13.1 0.7 -9.2 6.4 -0.8
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According to the FDA and EMA guidelines for bioanalytical method validations, analytes are 

considered stable on-bench if the percentage difference from the nominal and percentage coefficient 

of variation is below 15%.108,109 The results in Table 2.42 show that all three analytes meet these 

acceptance criteria at the high- and low-quality control concentrations, indicating that EFV, LPV, and 

RTV are stable in ultracentrifuged plasma for at least six hours at room temperature.  

3.15.3. FREEZE-THAW STABILITY  

Freeze-thaw stability testing during validation should attempt to mimic the sample handling 

conditions as closely as possible. As with the benchtop stability experiment, one needs to evaluate 

the freeze-thaw stability of patient samples in two parts: freeze-thaw stability in plasma prior to 

ultracentrifugation and freeze-thaw stability in ultracentrifuged plasma prior to extraction.  

3.15.3.1. FREEZE-THAW STABILITY AFTER ULTRACENTRIFUGATION 

First, the freeze-thaw stability of EFV, LPV, and RTV was investigated in ultracentrifuged plasma. High 

and low quality control samples were prepared in six-fold and frozen at ~-80°C. These samples were 

then subjected to three thawing and refreezing cycles, where the samples were thawed at room 

temperature for approximately four hours and frozen for at least 24 hours per cycle. The freeze-thaw 

samples were then extracted with a fresh calibration curve and assessed against the nominal 

concentration for accuracy and precision (Table 2.43).  

Table 2.43. Stability of EFV, LPV, and RTV after 3 freeze-thaw cycles in ultracentrifuged plasma 

 EFV LPV RTV 

Nominal conc. (ng/mL) 400 1.40 400 1.40 100 0.350 

Average calculated conc. (ng/mL) 404 1.37 434 1.47 107 0.384 

n 6 6 6 5* 6 5* 

STDEV 9.37 0.105 13.0 0.0743 2.73 0.0353 

CV(%) 2.3 7.7 3.0 5.1 2.5 9.2 

%Difference from nominal 1.1 -1.9 8.5 4.9 7.3 9.8 

* Statistical outlier excluded 

The results presented in Table 2.43 show that the percentage differences from the nominal 

concentrations and percentage coefficients of variation are within the required 15%, which indicates 
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that, after ultracentrifugation, all three analytes are stable in ultracentrifuged plasma for three freeze-

thaw cycles.  

3.15.3.2. FREEZE-THAW STABILITY IN PLASMA PRIOR TO ULTRACENTRIFUGATION 

In order to ascertain whether plasma samples may be thawed and refrozen prior to 

ultracentrifugation, blank human plasma was spiked at a high and a low concentration for each analyte 

separately, followed by a one-hour incubation at ~37°C to mimic in vivo conditions and allow adequate 

equilibration time for plasma-protein binding. These plasma samples were then frozen at ~-80°C and 

put through three or five consecutive freeze and thaw cycles prior to ultracentrifugation and 

extraction.  Each cycle consisted of sufficient thawing time at room temperature, a 30-second vortex 

and 5-minute sonication to mimic patient sample handling, followed by at least 24 hours of freezing 

time. These samples were analysed using samples only thawed on the day of ultracentrifugation as 

the reference. It was not possible to compare to the nominal concentration (as the freeze-thaw 

stability in ultracentrifuged plasma experiment did) as the analytes were spiked prior to 

ultracentrifugation, and, therefore, the spiked concentration refers to the total concentration and not 

the unbound concentration, which is what the standard curve assesses.  

The results showed that RTV concentrations were within 15% of the reference samples and, therefore, 

were stable over three and five freeze-thaw cycles. However, the EFV and LPV samples failed to meet 

acceptance criteria with percentage differences greater than 15% (see Appendix F for data). While the 

EFV and LPV results did not meet acceptance criteria, the percentage differences were consistent 

across the high and low concentrations. This implied that a factor of 1.56 or 2.80 could be applied to 

the EFV concentrations of samples that have undergone three or five freeze-thaw cycles, respectively, 

to calculate the concentration of EFV after a single freeze-thaw cycle. Likewise, a factor of 1.26 and 

1.33 could be applied to LPV concentrations for samples that went through three and five freeze-thaw 

cycles, respectively.  

To confirm the spiked plasma sample results, freeze-thaw stability was also assessed using authentic 

patient samples. Plasma samples from patients currently on EFV (n=10) or LPV/r (n=12) therapy were 

sent to the Division of Clinical Pharmacology, UCT, for routine monitoring of these analytes. Prior to 

storing the plasma at ~-80°C, four aliquots of >250 µL were made from each sample. One aliquot was 

analysed for routine TDM purposes, and the remaining three were used to evaluate the effect of 

freezing and thawing the plasma on the accuracy and precision of unbound EFV, LPV, and RTV 

determination. The use of the remnant plasma for this purpose was approved by the University of 
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Cape Town Human Research Ethics Committee (HREC #272/2018, Appendix G).  On day 1 of the 

experiment, one aliquot of each TDM sample was thawed and refrozen. As with the spiked sample 

validation experiment, each freeze-thaw cycle consisted of sufficient thawing time at room 

temperature, a 30-second vortex and 5-minute sonication to mimic patient sample handling, followed 

by at least 24 hours of freezing time.  On day 2, the first aliquots of each sample were thawed for a 

second time, and the second aliquot of each sample was also thawed. On day 3, all aliquots were 

thawed and ultracentrifuged together in the same run resulting in an aliquot of each sample having 

undergone one, two, or three freeze-thaw cycles. The samples thawed for the first time on the day of 

ultracentrifugation were used as the reference (Tables 2.44–2.46) for EFV, LPV, and RTV, respectively. 

A limitation of this experiment was the lack of a fresh reference sample to determine the effect of a 

single freezing event. However, clinical study plasma samples will have to be frozen after collection 

for shipping and storage, and therefore, a single freezing event was chosen as the reference.  

 

Table 2.44. Stability of EFV after 2 and 3 freeze-thaw cycles in plasma (TDM samples) 

 Ref 2 x freeze-thaw cycles 3 x freeze-thaw cycles 

Sample 
ID 

Conc. 
(ng/mL) 

Conc. 
(ng/mL) 

%Diff. 
from Ref 

Pass/Fail 
Conc. 

(ng/mL) 
%Diff. 

from Ref 
Pass/Fail 

TDM 01 109 156 43.1 Fail 153 40.4 Fail 

TDM 02 13.3 13.1 -1.5 Pass 15.1 13.5 Pass 

TDM 03 9.69 9.9 2.2 Pass 10.5 8.4 Pass 

TDM 04 20.2 20.8 3.0 Pass 50.7 151.0 Fail 

TDM 05 21.7 23.6 8.8 Pass 25.6 18.0 Fail 

TDM 06 59.7 59.9 0.3 Pass 42.3 -29.1 Fail 

TDM 07 0.937 1.30 38.7 Fail 1.19 27.0 Fail 

TDM 08 375 455 21.3 Fail 392 4.5 Pass 

TDM 09 6.88 9.12 32.6 Fail * N/A N/A 

TDM 10 19.5 5.11 -73.8 Fail 5.55 -71.5 Fail 

Pass = %Diff of <15% from Ref 
Fail = %Diff of >15% from Ref 

50.0% 
Pass 

  
33.3% 
Pass 

* Sample contaminated with protein pellet during aqueous layer removal 
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Table 2.45. Stability of LPV after 2 and 3 freeze-thaw cycles in plasma (TDM samples) 

Ref 2 x freeze-thaw cycles 3 x freeze-thaw cycles 

Sample 
ID 

Conc. 
(ng/mL) 

Conc. 
(ng/mL) 

%Diff. 
from Ref 

Pass/Fail 
Conc. 

(ng/mL) 
%Diff. 

from Ref 
Pass/Fail 

TDM 11 94.1 105 11.6 Pass 99.9 6.2 Pass 

TDM 12 53.1 46.0 -13.4 Pass 45.6 -14.1 Pass 

TDM 13 28.1 67.6 140.6 Fail 71.8 155.5 Fail 

TDM 14 123 101 -17.9 Fail 104 -15.4 Fail 

TDM 15 19.1 0.47 -97.5 Fail 0.509 -97.3 Fail 

TDM 16 78.1 388 396.8 Fail 615 687.5 Fail 

TDM 17 332 582 75.3 Fail 665 100.3 Fail 

TDM 18 0.886 1.12 26.4 Fail 0.898 1.4 Pass 

TDM 19 9.31* 8.40* -9.8 Pass 7.79* -16.3 Fail 

TDM 20 400 10.1 -97.5 Fail 16.2 -96.0 Fail 

TDM 21 71.9 35.4 -50.8 Fail 1.86 -97.4 Fail 

TDM 22 50.6 44.4 -12.3 Pass 62.7 23.9 Fail 

Pass = %Diff of <15% from Ref 
Fail = %Diff of >15% from Ref 

33.3% 
Pass 

25.0% 
Pass 

* Concentrations were ALOQ; peak area ratios reported instead

Table 2.46. Stability of RTV after 2 and 3 freeze-thaw cycles in plasma (TDM samples) 

Ref 2 x freeze-thaw cycles 3 x freeze-thaw cycles 

Sample 
ID 

Conc. 
(ng/mL) 

Conc. 
(ng/mL) 

%Diff. 
from Ref 

Pass/Fail 
Conc. 

(ng/mL) 
%Diff. 

from Ref 
Pass/Fail 

TDM 11 3.63 3.57 -1.7 Pass 3.33 -8.3 Pass 

TDM 12 3.55 3.41 -3.9 Pass 3.30 -7.0 Pass 

TDM 13 2.17 2.91 34.1 Fail 3.27 50.7 Fail 

TDM 14 3.7 3.53 -4.6 Pass 3.32 -10.3 Pass 

TDM 15 0.691 BLOQ N/A N/A BLOQ N/A N/A 

TDM 16 3.27 11.4 248.6 Fail 15.3 367.9 Fail 

TDM 17 9.89 15.3 54.7 Fail 17.0 71.9 Fail 

TDM 18 BLOQ BLOQ N/A N/A BLOQ N/A N/A 

TDM 19 94.8* 75.2* -20.7 Fail 56.9* -40.0 Fail 

TDM 20 2.47 0.256 -89.6 Fail 0.263 -89.4 Fail 

TDM 21 1.11 0.517 -53.4 Fail BLOQ N/A N/A 

TDM 22 5.64 5.59 -0.9 Pass 6.20 9.9 Pass 

Pass = %Diff of <15% from Ref 
Fail = %Diff of >15% from Ref 

40.0% 
Pass 

44.4% 
Pass 

* Concentrations were ALOQ; peak area ratios reported instead

The EFV TDM sample data (Table 2.44) indicate that half the samples meet the acceptance criteria 

after two freeze-thaws, and only a third of samples met the acceptance criteria after three freeze-

thaw cycles. Those samples with a percentage difference of greater than 15% showed no clear 

direction or order of change with a range of -73.8–43.1% change in EFV levels after two freeze-thaw 
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cycles and -71.5–151.0% after three freeze-thaw cycles. This wide range in EFV concentration changes 

indicates that freezing and thawing plasma samples multiple times will give inaccurate unbound EFV 

results and that a factor cannot be applied to back-calculate the original concentration of EFV. 

Similarly, the LPV TDM results in Table 2.45 showed that only a third of the samples met acceptance 

criteria after two freeze-thaws, and a quarter of samples met acceptance criteria after three freeze-

thaw cycles. As with the EFV results, there was no clear direction or order of change, with a range of 

-97.5–396.8% change in LPV levels after two freeze-thaw cycles and -97.4–687.5% after three freeze-

thaw cycles. Once again, these results contradict the spiked sample results and show that the use of 

a factor to adjust results after multiple freeze-thaw cycles is not possible.  

The RTV TDM results (Table 2.46) also contradict the spiked RTV results. When RTV was spiked into 

plasma, the data showed that samples could be frozen and thawed up to five times without impacting 

the quantification of unbound RTV. However, when TDM samples were used, more than half the 

samples had percentage differences of greater than 15% after only two freeze-thaw cycles.  

The indiscriminate percentage changes observed for all three analytes in the TDM samples are likely 

due to disruptions in plasma-protein binding and not due to analyte stability, as all other validation 

experiments have shown these analytes to be stable under various conditions. Regardless, the results 

indicate that plasma samples may not be thawed and refrozen prior to ultracentrifugation. Therefore, 

during patient sample analysis, either multiple aliquots of plasma must be made or, should only one 

aliquot be available, analysis of other analytes or determination of total EFV, LPV, and RTV must be 

scheduled for after unbound drug concentration quantification. Alternatively, when the sample is 

thawed for the first time, 250 µL must be removed and ultracentrifuged before refreezing.  

Although the spiked plasma results should be disregarded, and conclusions should only be made using 

the TDM patient data, both experiments are discussed in this chapter as it is interesting to note the 

different conclusions that can be drawn based on the two experiment designs.  

3.15.4. REINJECTION REPRODUCIBILITY 

After extraction, samples are added to a 96-well plate and submitted for HPLC-MS/MS analysis. 

However, it is not always possible to analyse the samples on the day of extraction due to instrument 

availability. Additionally, a batch may need to be reinjected in the case of instrument failure. It is, 
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therefore, important to determine whether or not a batch may be reinjected and for how long 

extracted samples may be stored without affecting the accuracy and precision of the method.  

Following the initial injection of the second accuracy and precision batch (validation day 2), the 

extracted samples were left in the autosampler (at ~8°C) for ten days, after which the batch was 

reinjected. Reinjection reproducibility was assessed by evaluating whether the batch passed or failed 

as a whole.  The reinjection reproducibility results from reinjecting the standards and quality controls 

from validation day 2 after ten days are summarised in Tables 2.47–2.49.  

Table 2.47. EFV reinjection reproducibility: validation 2 reinjected after ten days 

Sample ID 
Nominal Conc. 

(ng/mL) 
Mean Observed Conc. 

(ng/mL) 
STDEV CV(%) %Accuracy n 

S1 500 500 18.2 3.6 100.0 2 of 2 

S2 350 350 13.3 3.8 100.0 2 of 2 

S3 200 200 5.38 2.7 100.2 2 of 2 

S4 50.0 49.3 0.713 1.4 98.6 2 of 2 

S5 20.0 20.3 0.791 3.9 101.3 2 of 2 

S6 5.00 5.10 0.273 5.4 102.0 2 of 2 

S7 2.50 2.55 0.126 4.9 102.1 2 of 2 

S8 1.00 0.966 0.0568 5.9 96.6 2 of 2 

S9 0.500 0.496 0.0530 10.7 99.1 2 of 2 

QC H 400 386 3.62 0.9 96.6 6 of 6 

QC M 150 147 5.51 3.8 97.7 6 of 6 

QC L 1.40 1.38 0.0931 6.7 98.8 6 of 6 

QC LLOQ 0.500 0.536 0.0270 5.0 107.2 6 of 6 

Table 2.48. LPV reinjection reproducibility: validation 2 reinjected after ten days 

Sample ID 
Nominal Conc. 

(ng/mL) 
Mean Observed Conc. 

(ng/mL) 
STDEV CV(%) %Accuracy n 

S1 500 502 2.06 0.4 100.3 2 of 2 

S2 350 347 3.74 1.1 99.1 2 of 2 

S3 200 202 1.10 0.5 100.9 2 of 2 

S4 50.0 49.1 0.808 1.6 98.1 2 of 2 

S5 20.0 20.4 1.01 5.0 101.8 2 of 2 

S6 5.00 5.27 0.345 6.5 105.4 2 of 2 

S7 2.50 2.56 0.196 7.7 102.5 2 of 2 

S8 1.00 0.947 0.0450 4.8 94.7 2 of 2 

S9 0.500 0.486 0.0000180 0.0 97.1 2 of 2 

QC H 400 421 7.0 1.7 105.2 6 of 6 

QC M 150 155 3.6 2.3 103.6 6 of 6 

QC L 1.40 1.42 0.132 9.3 101.4 6 of 6 

QC LLOQ 0.500 0.539 0.0400 7.4 107.9 6 of 6 
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Table 2.49. RTV reinjection reproducibility: validation 2 reinjected after ten days 

Sample ID 
Nominal Conc. 

(ng/mL) 
Mean Observed Conc. 

(ng/mL) 
STDEV CV(%) %Accuracy n 

S1 125 125 4.18 3.3 100.2 2 of 2 

S2 87.5 86.9 1.59 1.8 99.3 2 of 2 

S3 50.0 50.4 0.681 1.4 100.8 2 of 2 

S4 12.5 12.4 0.0910 0.7 99.0 2 of 2 

S5 5.00 5.03 0.351 7.0 100.6 2 of 2 

S6 1.25 1.27 0.0766 6.0 101.8 2 of 2 

S7 0.625 0.631 0.0287 4.5 101.0 2 of 2 

S8 0.250 0.238 0.0142 6.0 95.0 2 of 2 

S9 0.125 0.128 0.00736 5.8 102.3 2 of 2 

QC H 100 112 3.74 3.3 112.2 6 of 6 

QC M 37.5 41.3 1.72 4.2 110.2 6 of 6 

QC L 0.350 0.376 0.0132 3.5 107.4 6 of 6 

QC LLOQ 0.125 0.133 0.0123 9.2 106.1 6 of 6 

The accuracies of each standard and quality control from the reinjected batch fell within a range of 

94.7–112.2%. A batch is required to have at least 75% of its standards and 66.7% of its quality controls 

pass (with 50% at each level) to be considered valid.108,109 All of the calibration standards and quality 

control samples met these requirements for EFV, LPV, and RTV. The coefficients of variation for each 

quality control concentration were all equal to or less than 9.3%, which shows that the precision of 

the method is still acceptable. Therefore, should it not be possible to inject the batch on the day of 

extraction or should instrument interruptions occur, the extracted samples may be injected and 

analysed accurately and precisely for up to ten days after extraction, when stored in the autosampler 

at ~8°C.  

3.15.5. AUTOSAMPLER STABILITY 

Autosampler stability is assessed using the same results as for reinjection reproducibility, whereby the 

extracted samples from validation day 2 were left in the autosampler (at ~8°C) and reinjected after 

ten days. The difference between the two experiments is that reinjection reproducibility evaluates 

whether a batch passes or fails as a whole, while autosampler stability evaluates the stability of the 

analytes and how well the internal standards compensate, thereby determining if a batch may be 

reinjected in part.  
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The peak area ratios of the high- and low-quality control samples were compared to the results from 

the original injection to determine absolute autosampler stability. The percentage differences 

between the mean peak area ratios of the initial injection and the reinjection are shown in Tables 

2.50–2.52 below.  

Table 2.50. Ten-day autosampler stability of EFV in extracted samples 

High Concentration Low Concentration 

Initial injection Reinjection Initial injection Reinjection 

Average Peak Area Ratio 3.42 3.30 0.0127 0.0128 

STDEV 0.0419 0.0304 0.000288 0.000829 

CV(%) 1.2 0.9 2.3 6.5 

n 6 6 6 6 

%Difference -3.6 1.2 

Table 2.51. Ten-day autosampler stability of LPV in extracted samples 

High Concentration Low Concentration 

Initial injection Reinjection Initial injection Reinjection 

Average Peak Area Ratio 2.89 2.92 0.0115 0.0123 

STDEV 0.0485 0.0408 0.000229 0.00104 

CV(%) 1.7 1.4 2.0 8.5 

n 6 6 6 6 

%Difference 1.1 6.3 

Table 2.52. Ten-day autosampler stability of RTV in extracted samples 

High Concentration Low Concentration 

Initial injection Reinjection Initial injection Reinjection 

Average Peak Area Ratio 0.855 0.871 0.00320 0.00333 

STDEV 0.0152 0.0271 0.000229 0.000108 

CV(%) 1.8 3.1 7.2 3.3 

n 6 6 6 6 

%Difference 1.9 4.1 

The percentage differences after ten days for the high- and low-quality controls were respectively -

3.6% and 1.2% for EFV, 1.1% and 6.3% for LPV, and 1.9% and 4.1% for RTV. These meet the acceptance 

criteria such that the reinjection results are within 15% of the initial peak area ratio. This data indicates 

that if a run stops midway, the batch may be reinjected in part, starting from the last accepted 

standard or quality control sample that was injected prior to the instrument interruption, after careful 

evaluation of instrument response.  
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4. CHAPTER CONCLUSIONS

This chapter describes the development and validation of a method for the separation and 

quantification of unbound EFV, LPV, and RTV from human plasma. The method uses 

ultracentrifugation to separate the unbound drug from the plasma-protein bound drug, followed by 

LLE of the ultracentrifuged plasma and quantitation of the analytes using HPLC-MS/MS analysis. 

During the bioanalytical method validation, the method was tested as per the most recent FDA and 

EMA guidelines108,109 and was shown to be robust, accurate, and precise over a range of 0.500–500 

ng/mL for EFV and LPV and 0.125–125 ng/mL for RTV even when other anti-coagulants or 2% 

haemolyzed plasma samples were used. A novel surrogate matrix was investigated and validated to 

reduce the volume of plasma required for calibration standards and quality control samples and to 

increase the number of unknown samples that can be ultracentrifuged per run. In future, the 

surrogate matrix, a 1:200 dilution of plasma in water, may also be used for method development of 

other unbound drug methods, which will reduce the volume of plasma and time required.   

The ultracentrifuge method itself was also shown to be reproducible across different sources of 

plasma and different days, which indicates that the unbound drug concentrations of patient samples 

determined using this method will be reliable. To the best of the authors’ knowledge, this is the first 

assay to validate the precision and reproducibility of an ultracentrifuge method by quantifying the 

amount of protein contamination in the protein-free layer of ultracentrifuged plasma.  

Endogenous matrix components were found to have no adverse effects on the reproducibility of the 

method when ultracentrifuged human plasma originating from six different sources was analysed. 

Recovery was greater than 75% and reproducible at each level of the dynamic range for all three 

analytes. Five-fold (1:4) dilutions were valid for the analytes when diluted post-extraction with an 

extracted blank sample; however, pre-extraction dilutions were shown to be inaccurate and may not 

be used. No significant carry-over of EFV, LPV, or RTV were observed with the autosampler, and no 

crosstalk was observed between the analytes or their internal standards.  

The stock and working solutions were stable at room temperature, 4°C and ~-20°C for up to 24 hours. 

This 24-hour stability was anticipated as stock solution stability at ~-80°C has already been shown for 

601 days for EFV in acetonitrile, 266 days for LPV in methanol, and 304 days for RTV in methanol. All 

three analytes were stable in ultracentrifuged plasma at room temperature for up to ~6 hours and 

when subjected to three freeze-thaw cycles. Importantly, plasma samples may not be thawed and 

refrozen prior to ultracentrifugation without disrupting the plasma-protein binding and yielding 
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inaccurate results. Therefore, an additional plasma aliquot must be kept for any unbound EFV, LPV, or 

RTV analysis. EFV, LPV, and RTV were stable in whole blood at room temperature and on ice for up to 

2 hours. All analytes were shown to be stable on-instrument over a period of 10 days. Stability in 

plasma has been shown at ~-80C for up to 6 (EFV), 5 (LPV), and 6 (RTV) years, while stability in 

ultracentrifuged plasma was shown for 11 days when stored at ~-80C.  

The assay method and all validation data presented in this chapter have been submitted to the CPQA 

group (NAIADS/DAIDS)112 for peer review and have been approved for use on human samples in 

clinical applications. As of February 2022, this assay method is the only CPQA-approved assay for the 

quantification of unbound EFV, LPV, and RTV across all participating laboratories worldwide.127 The 

approval documentation can be found in Appendix H. A clinical application of this method is discussed 

in Chapter Four, in conjunction with the intracellular concentration assay method described in Chapter 

Three. 
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CHAPTER THREE: INTRACELLULAR 

DRUG CONCENTRATIONS 
 

1. CHAPTER SUMMARY 

For many antiretrovirals, patient treatment response and tolerability have shown a large level of 

variability, with some patients even failing treatment. It has been suggested that this may be due to 

variability in the amount of drug reaching the target site within the HIV-infected cells, and as a result, 

intracellular drug levels are being investigated.77 Subtherapeutic concentrations within the cell will 

apply selective pressure on the virus and could lead to the emergence of drug resistance, while high 

concentrations may lead to increased toxicity and decreased patient compliance.76 Peripheral blood 

mononuclear cells (PBMCs) are a heterogeneous collection of cells that HIV infects and are relatively 

easy to isolate from whole blood. As a result, these cells are used to measure intracellular drug 

concentrations.79 

A method is presented for the quantification of EFV, LPV, and RTV in one million PBMCs collected from 

whole blood using sodium citrate cell preparation tubes (CPT). The method uses methanol to lyse the 

cells, followed by solid-phase extraction (SPE) to remove any salts and contaminants remaining from 

the cell isolation procedure and to reconstitute the sample in a solvent compatible with the 

chromatographic method. Stable isotopically labelled EFV-d5, LPV-d8, and RTV-d6 are used as the 

internal standards.   

The extraction procedure is followed by liquid chromatographic separation using an Agilent Poroshell 

120 (EC-C18, 2.7 µm, 50 x 4.6 mm) analytical column. An isocratic mobile phase consisting of 0.1% 

formic acid in water and acetonitrile (25:75, v/v) at a flow rate of 500 µL/minute over 4 minutes was 

used. The retention times for EFV, LPV, RTV, EFV-d5, LPV-d8, and RTV-d6 were ~1.8, ~1.6, ~1.5, ~1.8, 

~1.6, and ~1.5 minutes, respectively.  

An AB Sciex API 5500 Q trap mass spectrometer at unit resolution in the multiple reaction monitoring 

(MRM) mode was used to monitor the transition of the deprotonated precursor ion m/z 314.0 to 

product ion m/z 243.9 for EFV and the protonated precursor ions m/z 629.4 and m/z 721.3 to product 
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ions m/z m/z 447.1 and m/z 296.0 for LPV and RTV, respectively. MRM mode was also used to monitor 

the transition of the deprotonated precursor ion m/z 319.0 to product ion m/z 248.1 for EFV-d5 and 

the protonated precursor ions m/z 637.4 and m/z 727.4 to product ions m/z 447.1 and m/z 301.9 for 

LPV-d8 and RTV-d6, respectively. Electro Spray Ionisation was used for ion production.  

The method was validated according to the FDA and EMA guidelines108,109 and was shown to be 

accurate, precise, and reproducible. Additional validation experiments included sensitivity, crosstalk, 

matrix effects, recovery, process efficiency, dilution integrity, and the stability of the analytes under 

various conditions.   

The assay method and all validation data were submitted for CPQA review.110 Subsequently, the 

method has been approved for use on human samples in NAIAD/DAIDS HIV Clinical Trial Networks and 

other clinical applications. 
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2. ASSAY DEVELOPMENT

2.1. CHEMICALS AND REAGENTS 

Reference standards for EFV, LPV, RTV and their respective stable deuterated internal standards, EFV-

d5, LPV-d8, and RTV-d6, were all purchased from Toronto Research Chemicals (Ontario, Canada); for 

their chemical structures, see Figure 2.1 in Chapter Two. 

Methanol, acetonitrile, and acetone were purchased from Honeywell (North Carolina, USA), 

isopropanol from Merck (Darmstadt, Germany), and formic acid from Fisher Chemical (Illinois, USA). 

The phosphate-buffered saline (PBS) and trypan blue used for the cell isolation and counting were 

purchased from Sigma (Missouri, USA). All water used was filtered in-house (Millipore, 18.2 mΩ.cm at 

25°C) using a Synergy Water Purification System from Merck Millipore (Darmstadt, Germany). PBMC 

isolation was achieved using BD Vacutainer cell preparation tubes from Becton, Dickinson & Company 

(New Jersey, USA). 

All reference standards, internal standards, chemicals, and reagents were used within the expiry dates 

provided by the manufacturers.  

2.2. PBMC ISOLATION 

While there are multiple reported isolation methods to separate PBMCs from the plasma and red 

blood cells, such as the Ficoll method, these methods have multiple transfer steps and are more time- 

and labour-intensive compared to the BD Vacutainer cell preparation tube (CPT) method.140 It is 

important to isolate the PBMCs within two hours of sampling to maintain cell viability94 and, therefore, 

the BD Vacutainer CPT method was chosen as it is a rapid and simple isolation method that makes it 

easier to process multiple samples at the same time – without impacting the yield of PBMCs.141  

PBMCs were collected with informed consent from eight healthy in-house volunteers for use in 

method development and validation (HREC #773/2015, Appendix I). Approximately 16 mL of whole 

blood was collected per healthy volunteer in sodium heparin BD Vacutainer CPT tubes and gently 

inverted 5–10 times at room temperature to mix the anticoagulant. The tubes were centrifuged at 

1800 rcf with no brake for 30 minutes at 21°C, which resulted in four distinct layers, as shown in Figure 

3.1.  
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Figure 3.1. Photo of BD Vacutainer cell preparation tube after centrifugation. 

The plasma was removed and discarded. The PBMC layers were transferred to 15 mL conical tubes, 

and ice-cold Dulbecco’s PBS was added to bring the volume to 15 mL to wash off any plasma that may 

have been transferred with the cells. It is important to wash off the plasma as any analyte in the 

plasma will contaminate the cell sample and lead to inaccurate intracellular results. It is also important 

that the PBMCs be kept cold (on ice or at 4°C) during the wash steps to prevent drug efflux from the 

cells, which would also lead to inaccurate results.76,81–85 The tubes were inverted five times to mix the 

cells and the PBS, followed by centrifugation at 300 rcf for 15 minutes at 4°C. The supernatant was 

removed and replaced with 10 mL ice-cold PBS for a second wash. The cells were re-suspended by 

inverting the tubes five times and centrifuged at 300 rcf for 10 minutes at 4°C. The supernatant was 

again removed and replaced with 1 mL ice-cold PBS for cell counting.  

A 20 µL aliquot of each cell suspension was removed and added to 20 µL of Trypan Blue, resulting in 

a 1:1 dilution (v/v). A 20 µL aliquot of the 1:1 dilution was added to 80 µL Trypan Blue resulting in a 

final cell dilution of 1:5 (v/v). From this final cell dilution, 10 µL was added into the chamber of a cell 

counter plate and counted using a Bio-Rad TC20 automated cell counter (Bio-Rad Laboratories Inc., 

California, USA) with the lower and upper limits set to 6 and 8 µm, respectively. The gate limits were 

determined by the automated cell counter during the first PBMC isolation and were confirmed during 

a second isolation. All subsequent isolations used these gate limits for cell counting. The calculated 

cells/mL value was multiplied by five to determine the number of cells in the 1 mL cell suspension. To 

determine the aliquot volume required to make aliquots of one million cells, 980 µL (the volume of 

the cell suspension remaining after counting) was divided by the calculated number of cells. Aliquots 

of one million cells were transferred to individual polypropylene microcentrifuge tubes and 
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centrifuged at 850 rcf for 5 minutes at 4°C. The supernatant was removed, and the cell pellets were 

stored at approximately -80°C until required. 

2.3. EXTRACTION METHOD DEVELOPMENT 

There is no standard procedure for PBMC lysis as some laboratories use a mixture of methanol and 

water in the ratio (50:50, v/v), while others use the ratio (60:40, v/v),82,142,143, or (70:30, v/v).  Most 

PBMC work uses a lysing solution of methanol and water (70:30, v/v).85,122,144–147 Other lysing solutions 

are used, such as combinations of methanol and a TRIS buffer instead of water,120,148,149 a 2 mM 

tripotassium phosphate solution and tert-butylmethylether,76 or 100% methanol.77,83,84 There is often 

no clear explanation of the rationale for the chosen lysing solution, but it appears that compatibility 

with the extraction and detection method is the justification for many research groups. It was decided 

to lyse the cells with 100% methanol and then dilute with water to a ratio compatible with extraction 

(the ratios tested are explained in further detail below).  

The use of methanol to lyse the cells is technically a protein precipitation extraction method and could 

have been the only sample preparation required; however, additional sample clean-up was 

investigated to remove any intracellular salts or PBS remaining from the cell washing procedure.  

Liquid-liquid extraction (LLE) was found to be the optimal extraction method for the unbound EFV, 

LPV, and RTV from ultracentrifuged plasma, as discussed in Chapter Two, as this was more selective 

than protein precipitation and had a higher recovery than SPE. The poor recovery of the SPE method 

was hypothesized to be due to the lack of analyte solubility in the aqueous matrix. However, in this 

assay, the three analytes are all dissolved in the cell lysate, and as a result, very little analyte was lost 

when loading the samples on the solid-phase cartridges. SPE is also a much more selective method 

and thus, was chosen as the optimal extraction technique.  

SPE involves five distinct steps: conditioning the solid-phase, equilibrating the solid-phase, loading the 

sample, washing contaminants from the sample, and eluting the analytes of interest from the solid-

phase. Each of these steps needs to be optimized to develop a selective method for the chosen 

analytes and sample matrix. The equilibration step and aqueous wash step were not optimized for 

this extraction method as they were already explored during the SPE optimization for unbound EFV, 

LPV, and RTV (see Chapter Two, Section 2.3), where it was shown that 500 µL water was sufficient to 



Chapter Three Intracellular Drug Concentrations  

 

106 

equilibrate the cartridges and to wash the polar compounds off the cartridges without analyte 

breakthrough.  

Reversed-phase SPE was used due to the analytes’ affinity for non-polar environments and poor 

solubilities in aqueous solutions (logP values all greater than 4).23,36,150 Two SPE cartridges were tested: 

Phenomenex Strata-X (33 µm, 200 mg, 3 mL) and Waters Sep-Pak® C18 (55-105 µm, 100 mg, 1 mL) 

cartridges. The Phenomenex Strata-X cartridges contain a modified polymer-based sorbent made 

from styrene and divinylbenzene, which allows for analyte retention through three different 

interactions, namely hydrophobic interactions, pi-pi bonds, and hydrogen bonds. The Strata-X 

cartridges are, therefore, referred to as a “universal SPE material” as they are able to retain polar, 

non-polar, acidic, basic, and neutral compounds.151 The Waters Sep-Pak® C18 cartridges are a more 

traditional reversed-phase SPE that utilise a silica-based sorbent with a polar surface and C18 

functional groups to retain polar and non-polar analytes through hydrophobic interactions.  

The ratio of methanol to water in the loading step was tested to evaluate any analyte breakthrough 

and to decide on the cell lysing solution. Solutions of 25%, 50%, and 75% methanol in water (v/v), as 

well as 100% methanol, were prepared and spiked with 40 ng/mL EFV and LPV, and 10 ng/mL RTV. A 

500 µL aliquot of each solution was loaded onto both cartridge types in triplicate, and the eluent 

collected and analysed using HPLC-MS/MS. Each of the spiked solvents (without running through the 

cartridges) were also analysed as a reference to calculate the percentage breakthrough. 

Figures 3.2–3.4 show the breakthrough results from the SPE loading step optimization experiment. 

Only the Waters Sep-Pak® cartridge results are shown; however, the Phenomenex Strata-X cartridges 

showed similar results with the exception of RTV, which showed no breakthrough even when loaded 

with 100% methanol.  

 
Figure 3.2. Results showing breakthrough of EFV from the Waters Sep-Pak® C18 cartridges.  
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Figure 3.3. Results showing breakthrough of LPV from the Waters Sep-Pak® C18 cartridges. 

Figure 3.4. Results showing breakthrough of RTV from the Waters Sep-Pak® C18 cartridges. 

No breakthrough was observed for all three analytes for the 25% and 50% methanol samples. 

Breakthrough did occur for the 75% and 100% methanol samples for EFV, LPV, and RTV and, as a 

result, were not suitable as loading solvents, as the percentage organic was too high to allow for 

adequate analyte interactions with the stationary phase of the cartridges. The reference samples 

prepared in 25% methanol showed peak areas that were approximately 9.6%, 36.9%, and 28.9% lower 

than the mean peak areas seen in the other reference samples for EFV, LPV, and RTV, respectively. It 

was suspected this was due to the analytes’ poor solubility in a 75% aqueous solution, which resulted 

in a portion of analyte precipitating out of solution and not being transferred to the cartridge; 

therefore, 25% methanol in water was not a suitable loading solvent.23,36,150 This experiment was later 

repeated at a higher concentration (500 ng/mL for EFV and LPV, and 125 ng/mL for RTV compared to 

40 ng/mL and 10 ng/mL, respectively) and again, no breakthrough was detected using 50% methanol 

in water as the loading solvent. Consequently, a 1:1 ratio of methanol and water was chosen as the 
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loading solvent as it showed good solubility of the analytes and no breakthrough from the cartridges. 

These findings were in agreement with the literature.98  

Next, the elution solvent was investigated. The Strata-X and Sep-Pak® C18 cartridges were conditioned 

with 500 µL acetonitrile or methanol and equilibrated with 500 µL water. Triplicate samples at high 

(500 ng/mL for EFV and LPV and 125 ng/mL for RTV) and low (2.00 ng/mL for EFV and LPV and 0.500 

ng/mL for RTV) concentrations were loaded onto each cartridge type, followed by elution with either 

500 µL acetonitrile or 500 µL methanol (cartridges preconditioned with acetonitrile were eluted with 

acetonitrile and the cartridges preconditioned with methanol were eluted with methanol). A second 

elution of 500 µL acetonitrile or methanol was performed and collected in separate tubes to evaluate 

if a single elution step would be enough to remove all the retained analytes from the cartridges. All 

eluents were dried at ~40°C under a gentle stream of nitrogen and reconstituted in 200 µL mobile 

phase (a mixture of acetonitrile and 0.1% formic acid in water (3:1, v/v)) and submitted for HPLC-

MS/MS analysis. 

The first elution of 500 µL acetonitrile or 500 µL methanol had large peak areas for all three analytes, 

with a small peak area observed in the second elution. To compare the two elution solvents, the peak 

areas of the first and second elution were summed for each sample. The results (Tables 3.1–3.3) 

showed that acetonitrile eluted EFV and RTV better than methanol, while methanol eluted LPV better.   

Table 3.1. Peak area results from eluting EFV using acetonitrile or methanol from different cartridges 

 Sep-Pak C18 Strata-X 

 Low Conc. High Conc. Low Conc. High Conc. 
 ACN MeOH ACN MeOH ACN MeOH ACN MeOH 

Mean peak 
area (n=3) 

185333 171000 41900000 40866667 185333 167667 40966667 35866667 

STDEV 7234 13229 608276 230940 7024 10786 776745 4565450 

CV(%) 3.9 7.7 1.5 0.6 3.8 6.4 1.9 12.7 

%Difference ref -7.7 ref -2.5 ref -9.5 ref -12.4 

Table 3.2. Peak area results from eluting LPV using acetonitrile or methanol from different cartridges 

 Sep-Pak C18 Strata-X 

 Low Conc. High Conc. Low Conc. High Conc. 
 ACN MeOH ACN MeOH ACN MeOH ACN MeOH 

Mean peak 
area (n=3) 

125333 134000 31933333 32433333 106667 107667 29100000 29466667 

STDEV 11240 5292 896289 503322 5774 3215 692820 1365040 

CV(%) 9.0 3.9 2.8 1.6 5.4 3.0 2.4 4.6 

%Difference ref 6.9 ref 1.6 ref 0.9 ref 1.3 
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Table 3.3. Peak area results from eluting RTV using acetonitrile or methanol from different cartridges 

 Sep-Pak C18 Strata-X 

 Low Conc. High Conc. Low Conc. High Conc. 
 ACN MeOH ACN MeOH ACN MeOH ACN MeOH 

Mean peak 
area (n=3) 

29000 26100 7763333 7316667 21867 20967 6546667 6175000 

STDEV 800 1562 172143 110151 58 1242 174738 106066 

CV(%) 2.8 6.0 2.2 1.5 0.3 5.9 2.7 1.7 

%Difference ref -10.0 ref -5.8 ref -4.1 ref -5.7 

The percentage difference between eluting with acetonitrile and methanol were all equal to or less 

than 12.4%, which shows that there was a minimal difference between the two elution solvents and 

the two cartridge types. It was decided to focus on the EFV results to choose which elution solvent 

and cartridge to use for the final method as EFV had the poorest sensitivity of the three analytes, and 

therefore, any marginal improvement in EFV recovery was prioritised over LPV and RTV. 

As a result, acetonitrile was chosen as the preconditioning and elution solvents as these results had 

higher peak areas and greater precision (lower coefficients of variation) compared to methanol (Table 

3.1). There was no statistically significant difference for EFV between the Sep-Pak® C18 and Strata-X 

stationary phases when conditioned and eluted with acetonitrile at the high [t(4) = 1.639, p = 0.1766] 

or low concentration [t(4) = 0.000, p = 1.000], and so, it was decided to continue using the Strata-X 

cartridges, as these were more readily available.  

2.4. SUMMARY OF ASSAY EXTRACTION METHOD 

After optimization, the final extraction method was performed as follows: 

An aliquot containing one million PBMCs was lysed using 250 µL of methanol containing internal 

standards (EFV-d5 and LPV-d8 at 40 ng/mL and RTV-d6 at 20 ng/mL). The double blank sample was 

lysed with 250 µL of blank methanol. All samples were vortexed for 30 seconds and sonicated for 5 

minutes to ensure complete cell lysis. Unknown samples and the double blank sample were diluted 

with 250 µL of water, while the calibration standards and quality control samples were diluted with 

230 µL of water and 20 µL of the corresponding working solution, resulting in a final sample volume 

of 500 µL. The difference in solvent composition between the unknowns and standards is 4% and is 

considered negligible. 
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Phenomenex Strata-X (33 µm, 200 mg, 3 mL) cartridges were conditioned with 500 µL of acetonitrile 

followed by equilibration with 500 µL water. The samples were vortexed briefly and loaded onto the 

cartridges. The cartridges were rinsed with 1 mL water, followed by 1 mL 40% methanol in water.  

Finally, the cartridges were eluted three times using 500 µL of acetonitrile (the third elution of 500 µL 

acetonitrile was included in the final method to ensure that all the analytes were removed from the 

cartridges, as a small peak was still observable in the second elution step.)  

The eluted samples were dried at 40°C under a gentle stream of nitrogen until complete solvent 

evaporation was achieved, after which it was reconstituted in 200 µL of a mixture of acetonitrile and 

0.1% formic acid in water (3:1, v/v). The reconstituted samples were transferred to a 96-well plate and 

submitted for HPLC-MS/MS analysis. 

2.5. CHROMATOGRAPHY 

The chromatography method described in Chapter Two for the unbound drug assay was also used for 

the intracellular drug analysis. To summarize, an Agilent 1260 HPLC system coupled to an AB Sciex API 

5500 QTrap mass spectrometer was used. Separation of EFV, LPV, and RTV was achieved using 

reversed-phase chromatography with an Agilent Poroshell 120 column (EC-C18, 2.7 µm, 50 x 4.6 mm) 

kept at 40°C. An isocratic mobile phase system consisting of 25% mobile phase A (0.1% formic acid in 

LC-MS grade water) to 75% mobile phase B (acetonitrile) was used at a flow rate of 500 µL/minute. 

The total run time was 4 minutes.  

The only difference compared to the unbound drug assay was the injection volume used. The injection 

volume was reduced from 10 µL (as used in the unbound drug assay) to 5 µL as the larger injection 

volume resulted in very quadratic calibration curves for LPV, which made it difficult to differentiate 

between the highest two standards and resulted in poor accuracy at the low concentrations. 

2.6. MASS SPECTROMETRY 

The same mass spectrometry settings from the unbound drug assay described in Chapter Two were 

used in the intracellular drug assay. The ESI mode, MRM transitions, and main instrument parameters 

of each analyte and internal standard after infusion are summarized in Table 3.4 below. The ion spray 
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voltage in the positive mode was set to 5000 V for LPV, LPV-d8, RTV, and RTV-d6 while the ion spray 

voltage in the negative mode was set to -4500 V for EFV and EFV-d5. The source temperature, collision 

gas, curtain gas, nebulizer gas (gas 1), and turbo gas (gas 2) were set to 500°C, medium, 30 psi, 60 psi, 

and 60 psi, respectively, for all analytes. The dwell time was set to 150 ms for EFV and EFV-d5 and 200 

ms for LPV, LPV-d8, RTV, and RTV-d6. A split (red Peek tubing inner diameter 0.0127 cm x 49.5 cm) 

diverting ~60% to waste was used to improve the ionization of EFV. 

Table 3.4. Main instrument parameters and MRM transitions 

ESI 
mode 

Precursor 
ion (m/z) 

Product 
ions (m/z) 

Declustering 
potential 

(V) 

Collision 
energy 

(V) 

Entrance 
potential 

(V) 

Exit 
potential 

(V) 

EFV Negative 314.0 
243.9 
229.9 

-125 -22 -10 -21

EFV-d5 Negative 319.0 248.1 -65 -24 -10 -13

LPV Positive 629.4 
447.1 
155.0 

131 19 10 36 

LPV-d8 Positive 637.4 447.1 171 19 10 38 

RTV Positive 721.3 
296.0 
139.9 

146 23 10 24 

RTV-d6 Positive 727.4 301.9 116 23 10 12 

The first product ion of the analytes listed in Table 3.4. was used as the quantifier ion and was used 

for the quantification of calibration standards, quality controls, and unknown samples. The second 

product ion listed was used as the qualifier ion and was used as a confirmatory result that the peaks 

seen in unknown samples were the analyte of interest. 
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3. ASSAY VALIDATION 

The method was validated according to the FDA and EMA guidelines for bioanalytical methods.108,109 

The validation included the evaluation of the method’s accuracy, precision, reproducibility, sensitivity, 

specificity, crosstalk, matrix effects, recovery, process efficiency, dilution integrity, and the stability of 

the analytes under various conditions. 

3.1. PREPARATION OF STOCK SOLUTIONS 

Stock solutions were prepared volumetrically for each analyte and internal standard to a final 

concentration of 1 mg/mL. The weighed mass of each analyte was adjusted for purity before the 

solvent was added; however, no mass adjustments were made for the internal standards. Stock 

solutions for EFV and EFV-d5 were prepared in acetonitrile, while LPV, LPV-d8, RTV, and RTV-d6 were 

prepared in methanol. All stock solutions were stored at ~-80°C.  

3.2. PREPARATION OF WORKING SOLUTIONS 

The 1 mg/mL stock solutions were used to spike two sets of working solutions. The first set was 

prepared volumetrically in acetonitrile: water (4:1, v/v) according to the dilution scheme presented in 

Table 3.5. These working solutions were later used to spike the calibration standards. The second set 

of working solutions was prepared independently by a second analyst, as shown in Table 3.6, and was 

later used to spike the quality control samples.   
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Table 3.5. Dilution scheme for calibration standard working solutions 

Working 
solution 

 Blank 
solvent 

volume (µL) 

Volume stock 
solution (µL) 

Dilution 
source 

Dilution 
source 

volume (µL) 

WS Conc. (ng/mL) 

EFV LPV RTV EFV, LPV RTV 

WS 1 9330  120 120 30.0     12500 3125 

WS 2 1200       WS 1 2800 8750 2188 

WS 3 1350       WS 2 1800 5000 1250 

WS 4 2700        WS 3 900 1250 313 

WS 5 2100        WS 4 1400 500 125 

WS 6 3600        WS 5 1200 125 31.3 

WS 7 2000        WS 6 2000 62.5 15.6 

WS 8 2550        WS 7 1700 25.0 6.25 

WS 9 1400        WS 8 1400 12.5 3.13 

Table 3.6. Dilution scheme for quality control working solutions 

Working 
solution 

 Blank 
solvent 

volume (µL) 

Volume stock      
solution (µL) 

Dilution 
source 

Dilution 
source 

volume (µL) 

WS Conc. (ng/mL) 

EFV LPV RTV EFV, LPV RTV 

WS DIL 4530  120 120 30.0     25000 6250 

WS H 3300        WS DIL 2200 10000 2500 

WS M 2500        WS H 1500 3750 938 

WS X 2500        WS M 500 625 156 

WS SYS 4160        WS X 840 105 26.3 

WS L 3000        WS SYS 1500 35.0 8.75 

WS LLOQ 2520        WS L 1400 12.5 3.13 

The working solution referred to as “WS X” in Table 3.6. was not used to spike quality control samples 

but was included in the dilution scheme to dilute 3750 ng/mL to 105 ng/mL.  All working solutions 

were stored as aliquots of 150 µL in 1.5 mL polypropylene microcentrifuge tubes at ~-80°C until 

required. While only 20 µL of each working solution was needed per sample, the aliquot volume was 

150 µL to allow for six-fold analysis per tube and to prevent working solution concentration due to 

evaporation (which was seen when the calibration standard working solutions were previously stored 

as 50 µL aliquots).  

3.3. PREPARATION OF STANDARDS AND QUALITY CONTROLS 

It was decided to report the calibration range in nanograms per millilitre of lysate instead of 

nanograms per million cells, as this eliminates the need for a mean cell volume in the calculation. This 

also means that only the patient samples’ mean cell volumes need to be determined in order to 

directly compare the intracellular concentrations in nanograms per millilitre, and these results are not 
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skewed by presuming the mean cell volume of the calibration standards. Using referenced volumes 

has been shown to provide an overestimation of patient cell volumes resulting in an underestimated 

intracellular drug concentration.79,101 Calibration standards and quality controls were prepared by 

spiking an aliquot of one million blank PBMCs at room temperature using the stored working solutions 

presented in Tables 3.5. and 3.6. A 20 µL aliquot of each working solution was spiked into 250 µL 

methanol (containing internal standards) in a 1.5 ml polypropylene microcentrifuge tube containing 

one million PBMCs at the time of sample analysis to lyse the cells. This was then diluted with 230 µL 

water, resulting in a final lysate volume of 500 µL to obtain the desired calibration standard 

concentrations over a range from 0.500–500 ng/mL for EFV and LPV and 0.125–125 ng/mL for RTV, as 

shown in Table 3.7. The volume of the one million cell pellet is considered negligible (<1 µL) and was 

not included in the calculations. The quality control samples were used to validate the calibration 

curve and were prepared using the same methodology as the calibration standards (Table 3.8).  

Table 3.7. Spiking scheme for calibration standards from working solutions 

Calibration 
standard 

Working solution 
used 

Volume WS spiked 
into lysate (µL) 

Volume blank 
lysate (µL) 

Conc. in lysate (ng/mL) 

EFV, LPV RTV 

S1 WS 1 20.0 480 500 125 

S2 WS 2 20.0 480 350 87.5 

S3 WS 3 20.0 480 200 50.0 

S4 WS 4 20.0 480 50.0 12.5 

S5 WS 5 20.0 480 20.0 5.00 

S6 WS 6 20.0 480 5.00 1.25 

S7 WS 7 20.0 480 2.50 0.625 

S8 WS 8 20.0 480 1.00 0.250 

S9 WS 9 20.0 480 0.500 0.125 

Table 3.8. Spiking scheme for quality control samples from working solutions 

Quality 
control 

Working solution 
used 

Volume WS spiked 
into lysate (µL) 

Volume blank 
lysate (µL) 

Conc. in lysate (ng/mL) 

EFV,  LPV RTV 

QC DIL WS DIL 20.0 480 1000 250 

QC H WS H 20.0 480 400 100 

QC M WS M 20.0 480 150 37.5 

SYS WS SYS 20.0 480 4.20 1.05 

QC L WS L 20.0 480 1.40 0.350 

QC LLOQ WS LLOQ 20.0 480 0.500 0.125 

The QC DIL was used during a validation batch to validate the dilution process should the calculated 

concentration of an unknown sample be reported as above the upper limit of quantification (ULOQ), 

i.e. greater than 500 ng/mL for EFV and LPV or greater than 125 ng/mL for RTV. The QC H, QC M, QC 

L, and QC LLOQ were used in six-fold during all validations, while only the QC H, QC M, and QC L were 

used in duplicate during sample analysis. A system check sample was included in every batch to serve 



Chapter Three Intracellular Drug Concentrations  115 

as a reference sample for instrument sensitivity and analyte retention time, and to evaluate system 

equilibration prior to injecting a batch. 

3.4. INTER- AND INTRA-DAY ACCURACY AND PRECISION 

In order to show that the method was accurate, precise, and reproducible, duplicate standards and 

six-fold quality control samples were prepared and extracted in three separate batches over three 

different days. The calibration range was 0.500 – 500 ng/mL for EFV and LPV and 0.125 – 125 ng/mL 

for RTV. The intra-day accuracy and precision were based on the three individual batches, and the 

inter-day accuracy, precision, and reproducibility were assessed using the combined results of the 

three batches, resulting in six replicates of each standard and 18 replicates of each quality control. 

Accuracy is measured as the closeness of the observed concentration of the analyte to the nominal 

concentration and is expressed as percentage accuracy. While precision is measured as the closeness 

of the replicates at a given concentration to each other, expressed as the coefficient of variation 

(CV(%)). 

The calibration standard peak area ratios (analyte peak area/ internal standard peak area) were 

plotted against the nominal concentrations to generate the calibration curves (Figures 3.5–3.7). The 

curves each fit a quadratic regression with a weighting of 1/concentration for EFV and LPV, and 

1/concentration2 for RTV. 

Figure 3.5. Calibration curve from validation day 1: EFV. 
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The EFV curves showed good fit as the r values for day 1, day 2, and day 3 were 0.9999, 0.9998, and 

0.9999, respectively.  

Figure 3.6. Calibration curve from validation day 1: LPV. 

The LPV curves were the most quadratic of the three analytes but still showed a good fit. The r values 

for LPV day 1, day 2, and day 3 were 0.9996, 0.9999, and 0.9995, respectively. 

Figure 3.7. Calibration curve from validation day 1: RTV. 

The RTV curves showed good fit with r values for day 1, day 2, and day 3 of 0.9996, 0.9980, and 0.9998, 

respectively. 
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The FDA and EMA stipulate that for a bioanalytical method to be considered accurate and precise, the 

percentage accuracies must be within 85 – 115%, and the coefficients of variation must be less than 

15% for all standards and quality controls, with the exception of the lowest standard (S9) and the QC 

LLOQ where the percentage accuracies must be within 80–120%, and the coefficients of variation 

must be less than 20%. Calibration standards may be excluded should they fail to meet acceptance 

criteria, provided 75% of standards pass; however, quality control samples that do not meet 

acceptance criteria may not be excluded. Should a quality control sample be a statistical outlier, 

calculations excluding the outlier may be reported, provided that the calculations including this outlier 

are also reported.108  

The intra-day results for EFV, LPV, and RTV met acceptance criteria with percentage accuracies 

between 93.6–104.4% for standards and 92.6–113.3% for quality controls and coefficients of variation 

below 6.4% for standards, below 6.3% for high-, medium-, and low-concentration quality controls, and 

below 19.1% for the LLOQs.  

The same acceptance criteria apply for the inter-day accuracy and precision, namely that the 

percentage accuracies and coefficients of variation must be within 15% for all standards and quality 

control samples, with the exception of the lowest standard (S9) and the LLOQ, which must be within 

20%. A summary of the inter-day results for each analyte is presented in Tables 3.9–3.14. 

Table 3.9. Inter-day accuracy and precision results for calibration standards: EFV 

 
STD 

1 
STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 STD 8 STD 9 

Nominal conc. 
(ng/mL) 

500 350 200 50.0 20.0 5.00 2.50 1.00 0.500 

Average calculated 
conc. (ng/mL) 

501 349 200 50.8 20.1 4.95 2.53 0.987 0.497 

n 6 6 5* 5* 6 6 6 5* 6 

STDEV 9.33 5.96 2.88 1.08 0.256 0.206 0.0344 0.0289 0.0251 

CV(%) 1.9 1.7 1.4 2.1 1.3 4.2 1.4 2.9 5.1 

%Accuracy 100.2 99.6 99.8 101.6 100.6 98.9 101.3 98.7 99.3 

* Failed calibration standard excluded 
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Table 3.10. Inter-day accuracy and precision results for quality controls: EFV 

 QC H QC M QC L QC LLOQ 

Nominal conc. 
(ng/mL) 

400 150 1.50 0.500 

Average calculated 
conc. (ng/mL) 

424 156 1.46 0.543 

n 18 18 18 18 

STDEV 10.3 4.44 0.0433 0.0709 

CV(%) 2.4 2.8 3.0 13.0 

%Accuracy 105.9 104.1 104.3 108.6 

The inter-day percentage accuracies for EFV were 98.7–101.6% for the standards and 104.1–108.6% 

for the quality controls and were within acceptable limits (Tables 3.9–3.10). The coefficients of 

variation for the standards and quality controls were all less than 15% and were also within acceptable 

limits. 

Table 3.11. Inter-day accuracy and precision results for calibration standards: LPV 

 STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 STD 8 STD 9 

Nominal conc. 
(ng/mL) 

500 350 200 50.0 20.0 5.00 2.50 1.00 0.500 

Average calculated 
conc. (ng/mL) 

516 339 201 51.5 20.2 5.07 2.51 0.975 0.488 

n 6 6 5* 5* 6 6 6 5* 6 

STDEV 21.1 10.4 2.95 2.40 0.596 0.194 0.0668 0.0354 0.0189 

CV(%) 4.1 3.1 1.5 4.7 3.0 3.8 2.7 3.6 3.9 

%Accuracy 103.1 96.9 100.6 103.0 100.8 101.5 100.5 97.5 97.6 

* Failed calibration standard excluded 

Table 3.12. Inter-day accuracy and precision results for quality controls: LPV 

 QC H QC M QC L QC LLOQ 

Nominal conc. 
(ng/mL) 

400 150 1.50 0.500 

Average calculated 
conc. (ng/mL) 

423 160 1.53 0.539 

n 18 18 18 18 

STDEV 19.9 6.24 0.0629 0.0710 

CV(%) 4.7 3.9 4.1 13.2 

%Accuracy 105.8 106.4 109.3 107.8 

The inter-day percentage accuracies for LPV ranged from 96.9–103.1% for the standards and 105.8– 

109.3% for the quality controls and were within acceptable limits (Tables 3.11–3.12). The coefficients 

of variation were all less than 15% and were also within acceptable limits. 
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Table 3.13. Inter-day accuracy and precision results for calibration standards: RTV 

 STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 STD 8 STD 9 

Nominal conc. 
(ng/mL) 

125 87.5 50.0 12.5 5.00 1.25 0.625 0.250 0.125 

Average calculated 
conc. (ng/mL) 

125 87.4 50.0 12.6 5.00 1.25 0.621 0.248 0.126 

n 6 6 5* 5* 6 6 6 5* 6 

STDEV 2.40 2.32 1.41 0.227 0.118 0.0469 0.0169 0.00559 0.0125 

CV(%) 1.9 2.7 2.8 2.2 2.4 3.8 2.7 2.3 9.9 

%Accuracy 99.9 99.9 100.0 101.0 99.9 100.0 99.4 99.4 100.5 

* Failed calibration standard excluded 

Table 3.14. Inter-day accuracy and precision results for quality controls: RTV 

 QC H QC M QC L QC LLOQ 

Nominal conc. 
(ng/mL) 

100 37.5 0.350 0.125 

Average calculated 
conc. (ng/mL) 

101 37.5 0.355 0.130 

n 18 18 18 18 

STDEV 4.34 1.41 0.0181 0.0219 

CV(%) 4.3 3.8 5.1 16.8 

%Accuracy 100.6 100.0 101.3 104.1 

The inter-day percentage accuracies for RTV were 99.4–101.0% for the standards and 100.0–104.1% 

for the quality controls (Tables 3.13 and 3.14) and were within acceptable limits. The coefficients of 

variation were less than or equal to 9.9% for the standards and 5.1% for the quality controls (other 

than the LLOQ) and were within the acceptable limits of less than 15%. The QC LLOQ had a coefficient 

of variation of 16.8%, which meets the acceptance criteria of less than 20% for the lowest 

concentration.  

In summary, the intra- and inter-day accuracy and precision met the acceptance criteria for each 

analyte at all standard and quality control concentrations. This indicates that the method developed 

was accurate, precise, and reproducible for the analysis of intracellular EFV, LPV, and RTV from human 

PBMCs over a range of 0.500–500 ng/mL for EFV and LPV and 0.125–125 ng/mL for RTV which is the 

same range as the unbound drug method discussed in Chapter Two and is similar to the ranges 

validated by Ter Heine et al. (2009) where the PBMC lysate calibration ranges were 1.00–500 ng/mL 

for EFV, LPV, and RTV and by Colombo et al. (2005) where the range for quantifying EFV, LPV and RTV 

in PBMC lysate was 0.400–100 ng/mL.98,101  However, these methods required four million PBMCs or 

more per sample and were validated prior to the 2012 EMA and 2013/2018 FDA guidelines.  
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3.5. SENSITIVITY AND SPECIFICITY 

In order to assess the sensitivity of the method, six different lots of matrix (PBMCs originating from 

six different lots of whole blood donated by healthy volunteers) were spiked at LLOQ and extracted. 

The LLOQ of EFV and LPV was 0.500 ng/mL, while the LLOQ of RTV was 0.125 ng/mL. The signal-to-

noise ratio of each peak was calculated using the S/N script (Analyst software version 1.6.3), where 

the noise was selected from the 15 seconds preceding the analyte peak.  

Six lots of blank matrix were extracted without internal standards (double blanks) and injected after 

the highest standard (S1) to evaluate the assay’s specificity for each analyte and any carry-over effects. 

Raw chromatograms of the LLOQs for EFV, LPV, and RTV are shown in Figures 3.8–3.10, respectively. 

The signal-to-noise ratios at the LLOQ are required to be greater than or equal to five to ensure that 

the analytes can be quantified with accuracy and precision.108,109 The signal-to-noise ratios at the LLOQ 

level extracted from six different lots of matrix were all greater than 76.6 for EFV, 210 for LPV, and 

89.1 for RTV, indicating that the mass spectrometry method was sensitive for all three analytes. Any 

samples with a calculated concentration of greater than or equal to 0.500 ng/mL for EFV and LPV, and 

0.125 ng/mL for RTV can be reported; while any samples with a calculated concentration below these 

concentrations must be reported as “below the limit of quantitation” or “BLOQ.”  

It is difficult to compare this sensitivity with other published methods due to the variability in 

concentration units without first converting the reported LLOQs to nanograms per millilitre of lysate. 

Some methods quantifying intracellular EFV, LPV, and RTV have validated LLOQs of 1 ng/mL,101 0.5 

ng/mL,98 or 0.125 ng/mL122, which are comparable to the LLOQs of this method. Other methods report 

LLOQs of 0.1 ng/3 million cells for LPV and RTV76, which corresponds to a lysate concentration of 4 

ng/mL (25 µL lysate volume and 400 fL cell volume) or 2 ng/3 million cells for EFV and LPV and 1 ng/3 

million cells for RTV119 which corresponds to a lysate concentration of 10 ng/mL for EFV and LPV and 

5 ng/mL for RTV (200 µL lysate volume and 400 fL cell volume) which are far less sensitive and require 

a greater cell number than the method validated in this chapter. A method published by De Nicolò et 

al. (2020) validated an LLOQ of 0.390 ng/sample for EFV and 0.0390 ng/sample for RTV, where each 

sample consisted of 16 million cells, 500 µL lysate, and 100 µL working solutions.123 This results in a 

respective LLOQ in lysate of 0.650 ng/mL for EFV and 0.0650 ng/mL for RTV. While the De Nicolò et al. 

(2020) method is more sensitive for RTV, it requires 16 million cells per sample from 16 mL of whole 

blood (two 8 mL CPT tubes) whereas the method validated in this chapter only requires one million 

cells per sample.  
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Figure 3.8. Representative chromatogram of EFV at LLOQ (0.500 ng/mL). 

 

Figure 3.9. Representative chromatogram of LPV at LLOQ (0.500 ng/mL). 

 
Figure 3.10. Representative chromatogram of RTV at LLOQ (0.125 ng/mL). 
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The double blank samples showed no carry-over for the analytes or internal standards when injected 

after the highest standard (Figure 3.11 a–c). The double blank chromatograms showed that there was 

very low background noise throughout the run time and no peaks at the retention times of the 

analytes, indicating that the method was highly specific for the analytes and further explained the very 

high signal-to-noise ratios calculated for the LLOQs. 

 
Figure 3.11. Representative chromatograms of double blank samples for a) EFV, b) LPV, c) RTV, and 

their respective internal standards. 

3.6. CROSSTALK 

Crosstalk refers to any contribution of an analyte to a different analyte’s MRM channel, resulting in 

false-positive results. Crosstalk can also occur between an analyte and its corresponding internal 

standard’s MRM channels.  

Crosstalk between EFV, LPV, and RTV was assessed during the validation for unbound EFV, LPV, and 

RTV (see Chapter Two, Section 3.6). Crosstalk between the internal standards and respective analytes 
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was also evaluated in Chapter Two, however, the concentrations of internal standards in the 

intracellular method were different from that previously tested. Therefore, the contribution of the 

internal standards on the analyte MRM channel was re-evaluated.  

Six blank samples (without analyte, containing internal standards) originating from six different lots of 

whole blood were extracted to determine the possible contribution of the internal standard to the 

analyte.  

The blank samples (without analytes but with internal standards) showed that there was no 

contribution of the internal standards to the analyte MRM channels as there were no peaks in the 

analyte channels (Figure 3.12 a–c).  

 
Figure 3.12. Representative chromatograms of blank samples for a) EFV, b) LPV, c) RTV, and their 

respective internal standards. 
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3.7. MATRIX EFFECTS 

In a bioanalytical method using HPLC-MS/MS, matrix effects refer to any substances present in a 

sample other than the analytes of interest that may impact ionization in the source. It is important to 

mitigate possible matrix effects by removing any endogenous matrix components that cause the 

interference during extraction and having an appropriate internal standard that will compensate for 

any ion enhancement or suppression.  

To evaluate matrix effects, the Matuszewski method was used.137 Six different sources of PBMCs 

(isolated from whole blood donated by six different healthy volunteers) were extracted without 

analytes and without internal standards.  After extraction, the samples were spiked at low, medium, 

and high concentrations, taking into account the concentration steps included in the method, and at 

one concentration of the internal standards.  

The peak area ratios of each of the high-, medium-, and low-concentration quality control levels versus 

their respective concentrations was used to calculate the regression slope of each of the PBMC 

sources (Tables 3.15–3.17).  

Table 3.15. Regression results to determine matrix effects: EFV 

High Conc. Medium Conc. Low Conc. Peak Area Ratio 

400 ng/mL 150 ng/mL 1.40 ng/mL versus Conc. 

Peak Area Ratio Peak Area Ratio Peak Area Ratio Regression Slope 

Matrix 1 55.4 22.0 0.235 0.138 

Matrix 2 57.6 22.8 0.243 0.143 

Matrix 3 56.9 23.8 0.249 0.141 

Matrix 4 57.3 22.5 0.248 0.143 

Matrix 5 57.2 22.9 0.230 0.142 

Matrix 6 57.6 23.0 0.223 0.143 

Average 57.0 22.8 0.238 0.142 

STDEV 0.817 0.618 0.0106 0.00206 

CV(%) 1.4 2.7 4.5 1.5 
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Table 3.16. Regression results to determine matrix effects: LPV 

 High Conc. Medium Conc. Low Conc. Peak Area Ratio 
 400 ng/mL 150 ng/mL 1.40 ng/mL versus Conc. 
 Peak Area Ratio Peak Area Ratio Peak Area Ratio Regression Slope 

Matrix 1 18.6 7.70 0.0910 0.0460 

Matrix 2 19.3 7.91 0.0851 0.0478 

Matrix 3 18.8 8.56 0.0964 0.0463 

Matrix 4 18.3 8.44 0.0951 0.0451 

Matrix 5 18.9 8.37 0.0897 0.0467 

Matrix 6 18.8 9.08 0.0864 0.0460 

Average 18.8 8.35 0.0906 0.0463 

STDEV 0.313 0.490 0.00453 0.000897 

CV(%) 1.7 5.9 5.0 1.9 

Table 3.17. Regression results to determine matrix effects: RTV 

 High Conc. Medium Conc. Low Conc. Peak Area Ratio 
 100 ng/mL 37.5 ng/mL 0.350 ng/mL versus Conc. 
 Peak Area Ratio Peak Area Ratio Peak Area Ratio Regression Slope 

Matrix 1 5.15 1.85 0.0198 0.0516 

Matrix 2 5.25 1.92 0.0210 0.0525 

Matrix 3 5.29 2.04 0.0216 0.0527 

Matrix 4 5.15 1.90 0.0211 0.0515 

Matrix 5 5.20 2.00 0.0192 0.0519 

Matrix 6 5.29 2.02 0.0191 0.0528 

Average 5.22 1.95 0.0203 0.0522 

STDEV 0.0635 0.0749 0.00106 0.000578 

CV(%) 1.2 3.8 5.2 1.1 

The mean variability of the individual regression slopes was determined to be 1.5% for EFV, 1.9% for 

LPV, and 1.1% for RTV, which all meet the acceptance criteria of less than 5% as stipulated in the FDA 

and EMA guidelines.108,109 This means that there were no significant endogenous matrix components 

co-eluting with the analytes that would adversely affect the ionization of the analytes, such as causing 

ion suppression or enhancement.137  
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3.8. RECOVERY 

During sample extraction, some analyte may not be removed from the sample or may be lost during 

the extraction procedure. The percentage of analyte recovered from the sample need not be 100% 

but must be consistent across different concentrations and different matrix sources.  

Six lots of matrix were spiked at high, medium, and low concentrations and extracted as per the 

methodology described in Section 2.4 of this chapter. These were referred to as the “test” samples. 

The same six lots of matrix were extracted blank and spiked at high, medium, and low levels after 

extraction, accounting for the concentration steps included in the method. These samples were used 

as the reference samples, which represent 100% recovery. The test sample peak areas were compared 

to the reference sample peak areas to calculate the percentage recovery during extraction.  

The mean recovery for EFV, LPV, and RTV across concentrations was determined to be 92.9%, 91.7%, 

and 91.0%, respectively (Tables 3.18–3.20). Recoveries were all greater than 90% and, more 

importantly, were consistent and precise across the different concentrations, with a required 

precision of less than 15%.  

Table 3.18. Recovery results for EFV 

 

High Concentration  
(400 ng/mL) 

Medium Concentration  
(150 ng/mL) 

Low Concentration  
(1.40 ng/mL) 

Reference:       
Peak Area 

Test:       
Peak Area 

Reference:       
Peak Area 

Test:       
Peak Area 

Reference:       
Peak Area 

Test:       
Peak Area 

Sample 1 23000000 23000000  9930000 9720000 117000 95900 

Sample 2 23600000 22000000 9820000 9530000 122000 101000 

Sample 3 22300000 21900000 10100000 9940000 120000 104000 

Sample 4 22800000 21400000 9590000 9140000 108000 93500 

Sample 5 22600000 21100000 9500000 8970000 103000 93000 

Sample 6 22300000 21700000 10100000 9170000 99300 95300 

Average 22766667 21850000 9840000 9411667 111550 97117 

STDEV 492612 653452 253693 378281 9445 4411 

CV(%) 2.2 3.0 2.6 4.0 8.5 4.5 

%Recovery   96.0   95.6   87.1 
   Average %Recovery 92.9 
 

   Average CV(%) 5.4 
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Table 3.19. Recovery results for LPV 

High Concentration 
(400 ng/mL) 

Medium Concentration 
(150 ng/mL) 

Low Concentration 
(1.40 ng/mL) 

Reference:  
Peak Area 

Test:  
Peak Area 

Reference:  
Peak Area 

Test:  
Peak Area 

Reference:  
Peak Area 

Test:  
Peak Area 

Sample 1 23200000 22700000 10400000 10600000 131000 108000 

Sample 2 23700000 21500000 11000000 10600000 126000 108000 

Sample 3 23100000 21600000 10700000 10700000 135000 116000 

Sample 4 22200000 20900000 10300000 9340000 116000 94500 

Sample 5 22500000 20600000 9790000 9740000 113000 95500 

Sample 6 22700000 21500000 10900000 9660000 108000 99700 

Average 22900000 21466667 10515000 10106667 121500 103617 

STDEV 540370 722957 447828 593386 10747 8439 

CV(%) 2.4 3.4 4.3 5.9 8.8 8.1 

%Recovery 93.7 96.1 85.3 

Average %Recovery 91.7 

Average CV(%) 6.2 

Table 3.20. Recovery results for RTV 

High Concentration 
(100 ng/mL) 

Medium Concentration 
(37.5 ng/mL) 

Low Concentration 
(0.350 ng/mL) 

Reference:  
Peak Area 

Test:  
Peak Area 

Reference:  
Peak Area 

Test:  
Peak Area 

Reference:  
Peak Area 

Test:  
Peak Area 

Sample 1 5250000 5300000 2090000 2030000 22800 20100 

Sample 2 5350000 4880000 2170000 1980000 23500 19300 

Sample 3 5340000 4860000 2080000 2040000 24800 22300 

Sample 4 5130000 4680000 1940000 1790000 21100 17000 

Sample 5 5200000 4570000 1920000 1870000 20300 18900 

Sample 6 5340000 4560000 2010000 1810000 19900 18100 

Average 5268333 4808333 2035000 1920000 22067 19283 

STDEV 90646 277302 96073 110995 1940 1818 

CV(%) 1.7 5.8 4.7 5.8 8.8 9.4 

%Recovery 91.3 94.3 87.4 

Average %Recovery 91.0 

Average CV(%) 3.8 

The coefficient of variation for each quality control concentration was less than 10% for all three 

analytes, and the reproducibility across the high, medium, and low concentrations was 5.4%, 6.2%, 

and 3.8% for EFV, LPV, and RTV, respectively which shows that the recovery of analyte is consistent 

across the calibration range.  
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3.9. PROCESS EFFICIENCY 

Process efficiency assesses the effect of both recovery and matrix effects on an analyte’s response. It 

is tested using neat solvent (mobile phase) spiked in triplicate at the theoretical final concentrations 

of each quality control level as the reference samples, representing 100% recovery and zero matrix 

effects. Test samples were spiked into six different lots of matrix at high, medium, and low 

concentrations and were extracted as per the methodology described in Section 2.4. These peak areas 

were compared to the reference peak areas to calculate the percentage process efficiency. As with 

recovery, process efficiency need not be 100% but must be consistent across different concentration 

levels and matrix sources.  

The mean process efficiency of EFV, LPV, and RTV is 80.5%, 86.2%, and 90.1%, respectively (Tables 

3.21–3.23). The mean process efficiencies for EFV and LPV are 12.4% and 5.5%: lower than their 

respective mean recoveries. This suggests that there is some ion suppression occurring; however, as 

the matrix effects experiment showed, these effects were consistent across different lots of matrix. 

The mean process efficiency and recovery of RTV only differed by 0.9%, indicating that the ionization 

of RTV was not influenced by any background components present in the sample.   

Table 3.21. Process efficiency results for EFV 

 

High Concentration  
(400 ng/mL) 

Medium Concentration  
(150 ng/mL) 

Low Concentration  
(1.40 ng/mL) 

Reference:       
Peak Area 

Test:       
Peak Area 

Reference:       
Peak Area 

Test:       
Peak Area 

Reference:       
Peak Area 

Test:       
Peak Area 

Matrix 1 25600000 23000000 11700000 9720000 129000 95900 
Matrix 2 25600000 22000000 11700000 9530000 126000 101000 

Matrix 3 25300000 21900000 11700000 9940000 132000 104000 
Matrix 4 

 
21400000 

 
9140000 

 
93500 

Matrix 5 21100000 8970000 93000 

Matrix 6 21700000 9170000 95300 

Average 25500000 21850000 11700000 9411667 129000 97117 

STDEV 378281 653452 0.00 345322 2449 4411 

CV(%) 1.5 3.0 0.0 3.7 1.9 4.5 

%Recovery  85.7  80.4  75.3 
  Average %Process Efficiency 80.5 
  Average CV(%) 6.5 
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Table 3.22. Process efficiency results for LPV 

 

High Concentration  
(400 ng/mL) 

Medium Concentration  
(150 ng/mL) 

Low Concentration  
(1.40 ng/mL) 

Reference:       
Peak Area 

Test:       
Peak Area 

Reference:       
Peak Area 

Test:       
Peak Area 

Reference:       
Peak Area 

Test:       
Peak Area 

Matrix 1 24400000 22700000 11700000 10600000 132000 108000 
Matrix 2 23300000 21500000 11300000 10600000 124000 108000 

Matrix 3 23700000 21600000 11300000 10700000 132000 116000 
Matrix 4 

 
20900000 

 
9340000 

 
94500 

Matrix 5 20600000 9740000 95500 
Matrix 6 21500000 9660000 99700 

Average 23800000 21466667 11433333 10106667 129333 103617 

STDEV 593386 722957 230940 541685 3771 8439 

CV(%) 2.5 3.4 2.0 5.4 2.9 8.1 

%Recovery  90.2  88.4  80.1 
  Average %Process Efficiency 86.2 
  Average CV(%) 6.2 

Table 3.23. Process efficiency results for RTV 

 

High Concentration  
(100 ng/mL) 

Medium Concentration  
(37.5 ng/mL) 

Low Concentration  
(0.350 ng/mL) 

Reference:       
Peak Area 

Test:       
Peak Area 

Reference:       
Peak Area 

Test:       
Peak Area 

Reference:       
Peak Area 

Test:       
Peak Area 

Matrix 1 5370000 5300000 2100000 2030000 21000 20100 

Matrix 2 5330000 4880000 2080000 1980000 22100 19300 

Matrix 3 5380000 4860000 2030000 2040000 22800 22300 
Matrix 4 

 
4680000 

 
1790000 

 
17000 

Matrix 5 4570000 1870000 18900 

Matrix 6 4560000 1810000 18100 

Average 5360000 4808333 2070000 1920000 21967 19283 

STDEV 26458 277302 36056 110995 907 1818 

CV(%) 0.5 5.8 1.7 5.8 4.1 9.4 

%Recovery  89.7  92.8  87.8 
  Average %Process Efficiency 90.1 
  Average CV(%) 2.8 

The acceptance criteria were met for all three analytes. The precision of the measured process 

efficiency should not exceed 15% for any concentration, and the reproducibility between 

concentration levels should also not be greater than 15%.108,109 The precision at each concentration 

was below 10%, and the reproducibility between the concentrations was 6.5%, 6.2%, and 2.8% for 

EFV, LPV, and RTV, respectively.  
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3.10. DILUTION INTEGRITY 

During sample analysis of unknown patient samples, a calculated concentration may be reported as 

greater than the ULOQ. As this concentration lies outside of the validated range, this result may not 

be reported with confidence. To evaluate if these samples may be diluted to within the validated range 

and re-extracted with accuracy and precision, six QC DIL samples were prepared at twice the ULOQ 

(1000 ng/mL for EFV and LPV and 250 ng/mL for RTV). These samples were diluted 1:4 (v/v) with blank 

lysate, extracted as normal, and compared with the nominal concentration to calculate the 

percentage accuracy.  

Published work has validated a 1:2 and 1:3 dilution of PBMC lysate for EFV, LPV, and RTV with precision 

and accuracy.98 In this study, a 1:4 dilution was investigated.  The concentrations of QC DIL samples 

that were diluted 1:4 with blank lysate were determined (incorporating the dilution factor of five) and 

compared to the nominal concentrations (Table 3.24).  

Table 3.24. Dilution integrity results following a 5-fold dilution with blank cell lysate 

 EFV LPV RTV 

Nominal conc. (ng/mL) 1000 1000 250 

Average calculated conc. (ng/mL) 1026 1086 240 

n 6 6 6 

STDEV 18.9 31.6 3.62 

CV(%) 1.8 2.9 1.5 

%Accuracy 102.6 108.6 95.8 

The same acceptance criteria apply as for the high-, medium-, and low-quality controls; namely, the 

percentage accuracy and precision must be within 15%. The dilution results met all acceptance criteria 

meaning that concentrations calculated as above the upper limit may be reanalysed reliably when the 

extracted sample is diluted into the calibration range (1:4) with blank lysate. 

3.11. ANALYTE STABILITY ASSESSMENTS 

Various stability assessments were performed to evaluate the stability of EFV, LPV, and RTV in 

different conditions. The stability tests in solvents were performed to determine if there was any 

analyte degradation in the stock or working solutions during storage or on-bench. The stability tests 
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in matrix were planned to try and mimic the conditions that a patient sample might go through to 

determine if the concentration of analyte would be affected under such conditions.  

3.11.1. STOCK SOLUTION STABILITY 

Long term storage stability at ~80°C was shown for the stock solutions, as shown in Appendix B, C, and 

D. A 1 mg/mL stock of EFV in acetonitrile is stable for 601 days and 1 mg/mL stock of LPV or RTV in

methanol is stable for 266 and 304 days, respectively. Based on the stock solution stability, working 

solutions may be prepared approximately eight months after the stock solutions are made. This is 

important as working solutions are often not prepared on the same day that the stock solutions were 

prepared.  

Each of the internal standards used, EFV-d5, LPV-d8, and RTV-d6 were shown to be stable at room 

temperature for up to 7 hours (see Chapter Two, Section 3.15.1), which shows that the internal 

standards will not degrade over the course of the extraction.  

3.11.2. WORKING SOLUTION STABILITY 

During the stability testing for the unbound drug method described in Chapter Two, Section 3, working 

solution stability was shown for 38 days at ~-80°C and 24 hours at room temperature, ~4°C and ~-

20°C. The highest concentration of analytes in these working solutions was 44.4 µg/mL for EFV and 

LPV and 11.1 µg/mL for RTV, and the lowest concentration was 3.00 ng/mL for EFV and LPV and 0.750 

ng/mL for RTV. The working solution concentrations used in the PBMC method fall within the range 

tested in Chapter Two and were prepared in the same solvent composition (acetonitrile: water, 4:1, 

v/v) and therefore infer stability of EFV, LPV, and RTV in the working solutions presented in Tables 3.5 

and 3.6 of Section 3.2 of this chapter.  

3.11.3. BENCHTOP STABILITY 

Benchtop stability could only be tested in lysate as it was not feasible to spike known concentrations 

into the cells prior to lysis. In order to ascertain the benchtop stability in lysate, low and high quality 
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controls were spiked in cell lysate and left on the bench for approximately five hours at room 

temperature. Five hours was anticipated to be the maximum time that future study samples might be 

left thawed until extracted. 

The measured concentrations and calculated percentage differences of the high- and low- 

concentration quality control samples that had been left on-bench for five hours prior to extraction 

are summarized in Table 3.25.  

Table 3.25. Analyte stability in lysate after ~5 hours on-bench 

 EFV LPV RTV 

Nominal conc. (ng/mL) 400 1.40 400 1.40 100 0.350 

Average calculated conc. (ng/mL) 430 1.45 436 1.51 98.4 0.347 

n 6 6 6 6 6 6 

STDEV 51.5 0.0440 24.8 0.0412 3.68 0.00965 

CV(%) 12.0 3.0 5.7 2.7 3.7 2.8 

%Difference from nominal 7.5 3.7 9.1 7.7 -1.7 -1.0 

The percentage differences from the nominal concentrations and the coefficients of variation are 

required to be less than 15%. All three analytes met these acceptance criteria. Therefore, samples 

may be left on-bench for up to five hours prior to extraction without compromising the results.  

3.11.4. FREEZE-THAW STABILITY 

The freeze-thaw stability evaluation of intracellular analytes is difficult without incurred samples or 

PBMCs containing certified concentrations of analytes which are not currently commercially 

available.78 The experiment was consequently performed in lysate, and the results analysed as peak 

areas compared to freshly spiked quality control peak areas to infer the absolute analyte stability 

during freezing and thawing.98  

Therefore, to determine if samples may be frozen and thawed multiple times, high and low quality 

controls were spiked in cell lysate and subjected to three freezing and thawing cycles. Each freeze-

thaw cycle consisted of approximately 24 hours at ~-80°C and 2 hours at room temperature, which 

included a 30-second vortex and a 5-minute sonication to mimic patient sample handling. The freeze-

thaw quality control test samples were then extracted with freshly prepared valid quality control 

reference samples.  
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Typically, the calculated concentrations of the freeze-thaw samples are compared to their respective 

nominal concentrations; however, in this experiment, the calculated concentrations or peak area 

ratios could not be used because the test and reference samples were lysed with lysing solution 

containing internal standards prepared on different days (day of cell lysis for the test samples prior to 

freezing and thawing and the day of extraction for the fresh samples), resulting in varied internal 

standard peak areas. Therefore, the analyte peak areas were used to calculate the percentage 

differences to assess absolute analyte stability over three freeze-thaw cycles (Tables 3.26–3.28).  

The peak area ratios are included in the EFV low concentration table (Table 3.26) to show that the 

high coefficient of variation seen for the EFV QC L sample peak areas (CV(%) = 19.1%) was due to 

instrument variability, as when normalised to the internal standard peak areas, the coefficient of 

variation of peak area ratios was 6.5%.  

Table 3.26. Stability of EFV in lysate after 3 freeze-thaw cycles  

Table 3.27. Stability of LPV in lysate after 3 freeze-thaw cycles  

 High Concentration Low Concentration 
 Ref QC H Test QC H Ref QC L Test QC L 

Average Peak Areas 33633333 32566667 228500 215833 

n 6 6 6 6 

STDEV 524087 571548 14734 21995 

CV(%) 1.6 1.8 6.4 10.2 

%Difference  -3.2  -5.5 

 

 

 

 

 High Concentration Low Concentration 

 Ref QC H Test QC H Ref QC L Test QC L 

 Analyte 
Peak Area 

Analyte 
Peak Area 

Analyte 
Peak Area 

ISTD  
Peak Area 

Peak Area 
Ratio 

Analyte 
Peak Area 

Average 25016667 22916667 114067 2156667 0.0525 125333 

n 6 6 6 6 6 6 

STDEV 793515 3019547 21753 273691 0.00340 5645 

CV(%) 3.2 13.2 19.1 12.7 6.5 4.5 

%Difference  -8.4    9.9* 
* The percentage difference was still calculated using the Ref QC L analyte peak area. The ISTD peak area and peak area 
ratio data are only included to show that the ISTD compensated for the instrument variability.  
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Table 3.28. Stability of RTV in lysate after 3 freeze-thaw cycles  
 

High Concentration Low Concentration  
Ref QC H Test QC H Ref QC L Test QC L 

Average Peak Areas 6140000 6008333 27917 26833 

n 6 6 6 6 

STDEV 901288 687413 3103 2745 

CV(%) 14.7 11.4 11.1 10.2 

%Difference 
 

-2.1  -3.9 

All quality control samples that were put through the three freeze-thaw cycles were within the 

acceptable limits for accuracy and precision, as the percentage differences ranged from -5.5–9.9%, 

and the coefficients of variation were all less than 15%. These results show that all three analytes will 

be stable during three freeze-thaw cycles if isolated PBMCs are frozen and thawed prior to cell lysis, 

which confirms the findings of Colombo et al. (2005), who showed that EFV, LPV, and RTV were stable 

in PBMC lysate, inferring stability of the analytes prior to lysis, after three freeze-thaw cycles.98 Many 

research groups validating intracellular drug methods either reference freeze-thaw stability of the 

analytes in human plasma to infer stability in PBMCs24,120,122 or do not mention freeze-thaw stability 

in PBMCs at all.76,101,119,142,152  

3.11.5. REINJECTION REPRODUCIBILITY 

It is important to determine the stability of the analytes after extraction as it is not always possible to 

analyse the batch on the day of extraction, and sometimes a batch needs to be reinjected due to 

instrument interruptions that can occur during HPLC-MS/MS analysis. To evaluate how long a batch 

may be left in the autosampler, the extracted samples from validation day 1 were left in the 

autosampler (at ~8°C) for five days, after which the batch was reinjected. Reinjection reproducibility 

was assessed by evaluating whether the batch passed or failed as a whole.   

The reinjection reproducibility results from reinjecting the standards and quality controls from 

validation day 1 after five days are summarised in Tables 3.29–3.31. 
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Table 3.29. EFV reinjection reproducibility: validation 1 reinjected after five days 

Sample ID 
Nominal Conc. 

(ng/mL) 
Mean Observed Conc. 

(ng/mL) 
STDEV CV(%) %Accuracy n 

S1 500 501 10.4 2.1 100.2 2 of 2 

S2 350 350 5.93 1.7 99.9 2 of 2 

S3 200 199 1.95 1.0 99.4 2 of 2 

S4 50.0 50.9 0.871 1.7 101.7 2 of 2 

S5 20.0 20.0 0.211 1.1 99.8 2 of 2 

S6 5.00 5.01 0.0874 1.7 100.2 2 of 2 

S7 2.50 2.55 0.0324 1.3 101.8 2 of 2 

S8 1.00 0.972 0.0168 1.7 97.2 2 of 2 

S9 0.500 0.499 0.0195 3.9 99.8 2 of 2 

QC H 400 429 6.95 1.6 107.2 6 of 6 

QC M 150 155 3.59 2.3 103.6 6 of 6 

QC L 1.40 1.43 0.0287 2.0 102.2 6 of 6 

QC LLOQ 0.500 0.512 0.0108 2.1 102.4 6 of 6 

Table 3.30. LPV reinjection reproducibility: validation 1 reinjected after five days 

Sample ID 
Nominal Conc. 

(ng/mL) 
Mean Observed Conc. 

(ng/mL) 
STDEV CV(%) %Accuracy n 

S1 500 499 2.34 0.5 99.8 2 of 2 

S2 350 356 14.4 4.1 101.6 2 of 2 

S3 200 192 5.02 2.6 96.2 2 of 2 

S4 50.0 52.5 2.04 3.9 105.0 2 of 2 

S5 20.0 20.5 0.0579 0.3 102.4 2 of 2 

S6 5.00 5.06 0.114 2.2 101.2 2 of 2 

S7 2.50 2.60 0.00523 0.2 104.0 2 of 2 

S8 1.00 0.982 0.0650 6.6 98.2 2 of 2 

S9 0.500 0.458 0.0209 4.6 91.7 2 of 2 

QC H 400 435 10.7 2.5 108.7 6 of 6 

QC M 150 162 7.76 4.8 107.9 6 of 6 

QC L 1.40 1.49 0.0341 2.3 106.6 6 of 6 

QC LLOQ 0.500 0.524 0.0244 4.7 104.8 6 of 6 
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Table 3.31. RTV reinjection reproducibility: validation 1 reinjected after five days 

Sample ID 
Nominal Conc. 

(ng/mL) 
Mean Observed Conc. 

(ng/mL) 
STDEV CV(%) %Accuracy n  

S1 125 126 1.63 1.3 100.7 2 of 2 

S2 87.5 86.5 1.91 2.2 98.8 2 of 2 

S3 50.0 50.0 0.359 0.7 100.0 2 of 2 

S4 12.5 12.8 0.562 4.4 102.4 2 of 2 

S5 5.00 4.94 0.160 3.2 98.9 2 of 2 

S6 1.25 1.24 0.00691 0.6 99.0 2 of 2 

S7 0.625 0.610 0.0301 4.9 97.7 2 of 2 

S8 0.250 0.260 0.00382 1.5 104.2 2 of 2 

S9 0.125 0.123 0.00517 4.2 98.5 2 of 2 

QC H 100 101 4.16 4.1 101.1 6 of 6 

QC M 37.5 36.5 0.741 2.0 97.4 6 of 6 

QC L 0.350 0.352 0.00710 2.0 100.5 6 of 6 

QC LLOQ 0.125 0.124 0.00661 5.3 99.4 6 of 6 

The accuracies of each standard and quality control from the reinjected batch fell within a range of 

91.7–108.7%. All the calibration standards and quality control samples passed for EFV, LPV, and RTV. 

A batch is required to have at least 75% of its standards and 66.7% of its quality controls pass (with 

50% at each level) to be considered valid.108,109 The coefficients of variation for each concentration 

level were all equal to or less than 6.6%, which shows that the precision of the batch is still acceptable. 

Therefore, should it not be possible to inject the batch on the day of extraction or should instrument 

interruptions occur, the samples may be injected and analysed with confidence and accuracy up to 

five days after extraction, when stored in the autosampler at ~8°C. 

3.11.6. AUTOSAMPLER STABILITY 

Autosampler stability is assessed using the same results as for reinjection reproducibility, whereby the 

extracted samples from validation day 1 were left in the autosampler (at ~8°C) and reinjected after 

five days. However, instead of evaluating if the batch passes or fails as a whole, autosampler stability 

determines if a batch may be reinjected in part. The peak area ratios of the high and low quality control 

samples were compared to the results from the original injection to determine absolute autosampler 

stability. 
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The percentage differences after five days for the high and low quality controls were respectively -

4.8% and -1.0% for EFV, 6.2% and -8.1% for LPV, and 9.8% and 14.9% for RTV (Tables 3.32–3.34). These 

meet the acceptance criteria such that the percentage differences are less than ±15%.  

Table 3.32. Five days autosampler stability of EFV in extracted samples 

 High Concentration Low Concentration 
 Initial injection Reinjection Initial injection Reinjection 

Average Peak Area Ratio 13.0 12.4 0.0480 0.0475 

n 6 6 6 6 

STDEV 0.134 0.195 0.000896 0.000876 

CV(%) 1.0 1.6 1.9 1.8 

%Difference  -4.8  -1.0 

Table 3.33. Five days autosampler stability of LPV in extracted samples 

 High Concentration Low Concentration 
 Initial injection Reinjection Initial injection Reinjection 

Average Peak Area Ratio 19.8 21.0 0.0910 0.0836 

n 6 6 6 6 

STDEV 0.802 0.459 0.00229 0.00203 

CV(%) 4.1 2.2 2.5 2.4 

%Difference  6.2  -8.1 

Table 3.34. Five days autosampler stability of RTV in extracted samples 

 High Concentration Low Concentration 
 Initial injection Reinjection Initial injection Reinjection 

Average Peak Area Ratio 5.08 5.58 0.0182 0.0209 

n 6 6 6 6 

STDEV 0.184 0.200 0.000589 0.000414 

CV(%) 3.6 3.6 3.2 2.0 

%Difference  9.8  14.9 

The autosampler stability for RTV at the low concentration just met acceptance criteria with 

reinjection peak area ratios 14.9% higher than the initial injection results. The observed increase is 

likely due to evaporation of the injection solution in the 96-well plate; however, the internal standard 

adequately compensates, and the FDA and EMA acceptance criteria are still met.108,109 This indicates 

that batches may be reinjected in part after five days when stored in the autosampler at ~8°C. These 

findings are in agreement with those found by Ter Heine et al. (2009), who showed autosampler 

stability of EFV, as well as LPV and RTV, in extracted human PBMCs over a range of 1.00–500 ng/mL 

for four days.101 Colombo et al. (2005) has shown autosampler stability of extracted PBMC samples 

for EFV, LPV, and RTV for 24 hours98 while other PBMC research groups have either referenced 
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autosampler stability of EFV, LPV, and RTV determined from plasma methods122 or have not tested or 

referenced autosampler stability at all.24,76,119    
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4. CHAPTER CONCLUSIONS

This chapter describes the development and validation of a method for the quantification of 

intracellular EFV, LPV, and RTV from human PBMCs. The method uses BD Vacutainer cell preparations 

tubes to quickly and easily isolate the cells from whole blood, followed by SPE of the cell lysate and 

HPLC-MS/MS analysis. 

During the bioanalytical method validation, the method was rigorously tested as per the FDA and EMA 

guidelines and was shown to be robust, accurate, and precise over a range of 0.500–500 ng/mL of 

lysate for EFV and LPV and 0.125–125 ng/mL of lysate for RTV. The ranges were reported in nanograms 

per millilitre of lysate as opposed to nanograms per million cells, as this would simplify future 

calculations for patient intracellular concentrations. Conversion between the concentration in lysate 

and intracellular concentration requires the mean cell volume of the sample, which can differ 

depending on the literature cited. Using referenced volumes has been shown to be an overestimation 

of patient cell volumes resulting in an underestimated intracellular drug concentration. By validating 

the method using the concentration in lysate, it allows for the principal investigator of a study to 

choose their preferred cited cell volume or for the cell volume of each study sample to be individually 

measured and used in the calculation for more accurate results.  

Endogenous matrix components were found to have no adverse effects on the reproducibility of the 

method when PBMCs originating from six different sources of whole blood were analysed. Recovery 

was greater than 85% and reproducible for all three analytes. Five-fold (1:4) dilutions were valid for 

the analytes when diluted with blank lysate. No significant carry-over of EFV, LPV, or RTV were 

observed with the autosampler, and no crosstalk was observed between the analytes and their 

respective internal standards.  

Various stability experiments were performed in cell lysate, but unfortunately, the stability of the 

analytes within the cells prior to cell lysis could not be evaluated without the use of incurred patient 

samples and could only be inferred from the stability of the analytes in solvent. All three analytes were 

stable in cell lysate at room temperature for up to ~5 hours and when subjected to three freeze-thaw 

cycles. Autosampler stability and reinjection reproducibility were shown for five days for EFV, LPV, 

and RTV when stored in the autosampler at approximately 8°C. 

The assay method and all validation data presented in this chapter have been submitted to the CPQA 

group (NAIADS/DAIDS)112 for peer review and have been approved for use on human samples in 

clinical applications. As of February 2022, this assay method is the only CPQA-approved assay in Africa 
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for the quantification of intracellular EFV, LPV, and RTV.127 The approval documentation can be found 

in Appendix J. A clinical application of this method is discussed in Chapter Four, in conjunction with 

the method that was described in Chapter Two. 
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CHAPTER FOUR: CLINICAL 

APPLICATION OF ASSAY METHODS 
 

1. CHAPTER SUMMARY 

Sub-Saharan Africa has the highest prevalence of HIV infection worldwide.11 In South Africa, 19.1% of 

adults aged 15–49 years are HIV-positive.3 Of these, 71% of HIV-positive adults and 47% of HIV-

positive children in South Africa are on antiretroviral therapy.11 Since the mid-1980s, when HIV was 

causatively linked to AIDS, there have been more drugs approved by the FDA for the treatment of HIV 

than for all other viral infections combined.12 This thesis has focused on three of these ARVs: EFV, LPV, 

and RTV. 

EFV is an NNRTI that formed part of the first-line treatment for newly diagnosed patients until 2020. 

While dolutegravir has replaced EFV as the preferred first-line treatment, EFV is still widely used in 

South Africa.19,31 LPV is a protease inhibitor that is co-formulated with RTV as a fixed combination 

(LPV/r) used in the second-line treatment of HIV. In vivo, LPV undergoes hepatic metabolism and 

usually has a high extraction ratio, but RTV inhibits the CYP3A4 enzyme that metabolizes LPV, thereby 

increasing the bioavailability of LPV and lowering its hepatic extraction ratio.35 RTV also inhibits the 

drug efflux pump P-glycoprotein, of which LPV is a substrate, further increasing the bioavailability of 

LPV.153 

Chapter Two describes the development and validation of a method to determine the unbound drug 

concentrations in plasma of EFV, LPV, and RTV. For drugs that are less than 80% bound to plasma 

proteins, a change in the protein concentration to which the drug binds is considered to have no 

clinically significant effect on unbound concentrations.58 However, drugs with a higher percentage 

binding are susceptible to dramatic fluctuations in unbound drug concentrations caused by small 

changes in the concentrations of the proteins. Disease, infections, and pregnancy can markedly 

perturb the concentrations of AAG and/or albumin and, as a result, the protein binding capacity of 

blood plasma.43,59,60 EFV, LPV, and RTV are highly plasma-protein bound (>98%) to albumin and AAG 

and have large inter-patient variability. Sub-therapeutic concentrations can lead to treatment failure 

and drug resistance, while too high levels can cause adverse effects.26,77   
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In healthy patients, the total drug concentration can be measured, and the data adjusted using the 

known percentage plasma-protein binding, clearance, and volume of distribution of the drug. 

However, during pregnancy and in patients with hypoalbuminemia caused by malnourishment or 

nephrotic syndrome, for example, this becomes much harder to model, and the total drug 

concentration may not be an accurate representation of the pharmacologically-active drug.44,58 In this 

case, the most accurate way to monitor and adjust the patient's dose is to quantify the unbound drug 

concentration.57   

Alternatively, it has been suggested that the variability in treatment response to ART may be due to 

the variability in the amount of drug reaching the target site within the HIV-infected cells, and as a 

result, intracellular drug concentrations should be measured in patients failing treatment.77 A review 

by Bazzoli et al. (2010) summarising studies focusing on intracellular ARV concentrations found that, 

while most of the studies also measured plasma concentrations, only 8 out of 31 did any statistical 

analysis to determine if these concentrations were correlated.86 However, none of these studies 

focused on South African populations. Genetic diversity is highest in people of African ancestry with 

respect to drug response, and therefore, these findings might not reflect a South African 

population.89,90 Chapter Three describes the development and validation of a method to determine 

the intracellular drug levels of EFV, LPV, and RTV in PBMCs.  

This chapter aims to act as a proof-of-concept study for the assays described in Chapters Two and 

Three by comparing the plasma total, plasma unbound, and intracellular concentrations of EFV and 

LPV in HIV-positive patients. Plasma and PBMC samples were collected from remnant whole blood 

submitted for therapeutic drug monitoring of EFV from six patients, while plasma and PBMCs from a 

single patient currently receiving LPV-based therapy were collected at various time points.  

The unbound and intracellular assays, when used in conjunction with the routine TDM assay for total 

plasma analysis, provided a tool for physicians to evaluate the relationship between total, unbound, 

and intracellular concentrations in a complicated patient. The clinical application supports the use of 

the assays as a form of individualized medicine in future patients who are not responding to treatment 

or are presenting with side effects that the TDM results alone cannot explain.  
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2. PROOF-OF-CONCEPT STUDY

To evaluate the validity and feasibility of the methods developed in Chapters Two and Three, a proof-

of-concept study was implemented. The study made use of remnant whole blood from samples 

submitted to the TDM laboratory within the Division of Clinical Pharmacology for monitoring of EFV 

or LPV/RTV. The use of these remnant samples did not impact the TDM service nor deliver additional 

results to the requesting clinician. Ethical approval was granted by the UCT Human Research Ethics 

Committee (HREC #259/2021, Appendix K). 

2.1. METHODOLOGY 

2.1.1. SAMPLE COLLECTION 

Samples were collected over a period of two months with the following inclusion and exclusion 

criteria: 

Inclusion criteria: 

• Samples from adults (over the age of 18 years old)

• Samples from patients currently receiving EFV or LPV/r therapy

• Samples from patients providing whole blood to Groote Schuur Hospital for routine TDM

purposes

Exclusion criteria: 

• Samples from children under 18 years of age

• Samples sent to the TDM laboratory as fresh or frozen plasma

The chosen maximum sample size was small, as the purpose of the study was to evaluate the assay 

applicability in HIV-positive clinical samples. It was not possible to perform this proof-of-concept study 

using laboratory spiked samples as the spiked drug concentrations will not distribute into the cells 

biologically after spiking in vitro and, therefore, the use of samples from patients on ART was required. 

The study was not designed to answer specific questions about the effects or impact of the chosen 

drugs, nor was extensive statistical analysis performed. The relationship between the total, unbound, 

and intracellular concentrations were evaluated using correlation coefficients.  
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A detailed data safety and monitoring plan was not required, as the study was not designed to answer 

specific questions about the chosen drugs, nor did it include any behavioural or psychosocial 

interventions. Likewise, as there was no recruitment or enrolment of participants, no informed 

consent or reimbursement was required. 

2.1.2. SAMPLE PROCESSING 

Whole blood samples collected into EDTA-lined tubes were received by the TDM laboratory and 

processed according to the flow diagram shown in Figure 4.1. 

Figure 4.1. Whole blood sample processing procedure. The pathway in green shows the uninterrupted 

flow of samples analysed for TDM purposes. 
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Upon receipt, half of the whole blood was immediately poured off into a BD Vacutainer CPT tube. The 

remaining whole blood was left in the EDTA-lined tube and processed as per the TDM procedure 

(centrifuged at 1500–2000 rcf for 10 minutes) to collect the plasma. This plasma was stored at ~-80°C 

as at least two aliquots (for total and unbound drug analysis) as the unbound drug assay required 

plasma that had not been thawed and refrozen. The CPT tube was processed in parallel as per the 

PBMC isolation procedure described in Chapter Three, Section 2.2. Cell pellets of approximately one 

million PBMCs were isolated, washed, and stored at ~-80°C within two hours of sample receipt.  

During sample processing, a laboratory ID was assigned to each sample and subsequent aliquots. Only 

the laboratory ID was recorded on the aliquots to pair the EDTA tube and BD Vacutainer CPT tube for 

each sample. The patient’s name or any other identifiable information was not made available.  

Over a period of two months, ten samples met the inclusion criteria for EFV analysis. One sample could 

not be processed for analysis in PBMCs due to insufficient volume transferred into the CPT tube. Prior 

to sample analysis, nine paired plasma and PBMC samples were collected for EFV analysis. Of these, 

three were found to be BLOQ for plasma total EFV (<0.0195 µg/mL) when analysed for TDM purposes 

and were subsequently not analysed for unbound or intracellular EFV concentrations, resulting in a 

final sample size of six paired plasma and PBMC samples. For the purposes of providing proof-of-

concept for the assay methods described in Chapters Two and Three of this thesis, a sample size of six 

was deemed sufficient.  

No whole blood samples were received for monitoring of LPV/r during this period. The case study 

discussed in Section 3 of this chapter centred around LPV/r analysis and, therefore, it was decided not 

to extend the collection period of TDM samples in the hope that LPV/r samples would arrive but rather 

proceed with only the EFV samples.  

2.1.3. SAMPLE ANALYSIS 

Plasma sample analysis for the total EFV concentrations was performed within the routine TDM 

laboratory, whereby 10 µL of plasma was extracted by protein precipitation with 120 µL of acetonitrile 

containing 200 ng/mL EFV-d5. The supernatant is dried under nitrogen gas at ~40°C and reconstituted 

in 100 µL of a mixture of acetonitrile and 0.1% formic acid in water (1:1, v/v), followed by HPLC-MS/MS 

analysis. Concentrations of EFV were reportable within a validated range of 0.0195–20.0 µg/mL. 
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Samples with total concentrations less than 0.0195 µg/mL were not analysed for unbound or 

intracellular EFV.  

The second aliquot of plasma was ultracentrifuged and extracted according to the method described 

in Chapter Two, Section 2.4, to determine the unbound EFV concentrations. The PBMC pellets 

containing approximately one million cells were lysed and extracted according to the method 

described in Chapter Three, Section 2.4. The resulting concentration of EFV in lysate was converted to 

the intracellular concentration using the following formula: 

 

This conversion was performed using two reported values for the mean cell volume (MCV) to 

investigate the effect of assumed MCV on the interpretation of the results. The first MCV value being 

400 fL which is the most commonly used value in literature.76–78,92–101 The second MCV used in the 

conversion of these data was 282 fL, which is closer to Gao’s “inactivated” cell volume. Studies by 

D’Avolio et al. (2011) measuring the MCV from 20 and 86 HIV-positive participants reported mean 

values of 281.2 fL and 282.5 fL, respectively.122 Similarly, Simiele et al. (2011) reported a mean volume 

of 282.9 fL from 190 HIV-positive participants.79  

2.2. RESULTS AND DISCUSSION 

The resulting intracellular, plasma total, and unbound EFV concentrations of each TDM sample are 

presented in Table 4.1. 

Table 4.1. Plasma total, unbound, and intracellular concentrations of EFV and subsequent percentage 

protein binding and intracellular accumulation ratios 

Patient 
Total plasma 

conc. 
(µg/mL) 

Unbound 
plasma 
conc. 

(µg/mL) 

Intracellular 
conc. 

(µg/mL) 
400 fL MCV 

Intracellular 
conc. 

(µg/mL) 
282 fL MCV 

Plasma-
protein 

binding (%) 

Intracellular: 
total ratio 

(400 fL MCV) 

TDM 1 ALOQ (>20.0) 0.203 3.24 4.59 99.0* 0.162* 

TDM 2 9.07 0.379 3.84 5.44 95.8 0.423 

TDM 3 1.74 0.0167 0.574 0.814 99.0 0.330 

TDM 4 6.14 0.146 5.14 7.29 97.6 0.837 

TDM 5 3.22 0.411 8.60 12.2 87.2 2.67 

TDM 6 0.452 0.0797 1.81 2.57 82.4 4.01 

* 20.0 µg/mL was used as the total plasma concentration in these calculations. 
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TDM 1 had a total plasma concentration above the upper limit of quantification (ALOQ) of 20.0 µg/mL 

and was excluded from the correlation calculations (Figure 4.2 a and b) as it is TDM practice to report 

such samples as “ALOQ" and not dilute and reanalyse. The wide range of total EFV concentrations 

(0.452 to >20.0 µg/mL) agrees with the large inter-patient CV(%) of 118% reported in literature.26 This 

variability could also be due to different dosages or different times of sampling after dose; however, 

no information about dose or sampling times was available. 

Figure 4.2. Graphs showing the correlation between a) unbound plasma and total plasma 

concentrations, b) intracellular, and total plasma concentrations, and c) intracellular and unbound 

plasma concentrations of EFV from remnant whole blood samples collected for TDM purposes from 

adults currently receiving EFV. Note: an MCV of 400 fL was used for the intracellular concentrations. 
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The unbound EFV concentrations (range 16.7–411 ng/mL) had a weak correlation with the total 

plasma levels with a correlation factor (r2) of 0.347, as shown in Figure 4.2a. Four of the six patients 

had calculated percentage protein bindings of 98% (CV(%) = 1.5%) while TDM 5 and 6 had 87% and 

82% protein-bound EFV, respectively. The lower percentage of protein binding observed with TDM 5 

and 6 could be due to the patients’ disease state causing different protein profiles as EFV is reported 

to be 86% bound to albumin in the absence of other plasma proteins,154 however no information on 

the patients’ protein profile was available. A study by Fayet et al. (2008) found that EFV protein-

binding was consistent over a dosing interval, and so, any differences in time of sampling after dose is 

unlikely to be the cause of these low protein-binding results.52  

As shown in Figure 4.2b, the intracellular EFV concentrations (range 0.574–8.60 µg/mL, assuming an 

MCV of 400 fL) did not correlate with the total plasma concentrations at all, with an r2 value of 0.0968. 

Patients TDM 1–4 had intracellular concentrations lower than the total plasma concentrations (mean 

intracellular: plasma accumulation ratio of 0.438 ± 0.287), while patients TDM 5 and 6 had intracellular 

concentrations greater than the respective plasma concentrations (mean intracellular: plasma 

accumulation ratio of 3.34 ± 0.947) which suggests that the total plasma concentrations do not 

accurately represent the EFV levels at the target site within the cells. The high variability of EFV 

intracellular accumulation ratios is not surprising as a large inter-patient accumulation ratio CV(%) of 

78% has been reported in literature.78 

Using the 400 fL MCV value in the calculation can underestimate the intracellular concentration by a 

factor of 0.7 compared to the 282 fL value. For five of the six TDM samples, the use of either MCV 

value did not change the pattern of intracellular EFV compared to total plasma EFV (Table 4.1). For 

TDM 4, however, using an MCV value of 282 fL instead of 400 fL changed the intracellular: plasma 

total accumulation ratio from 0.837 to 1.19. This highlights a potential issue. Should an intracellular 

concentration be calculated using the 400 fL value and be reported as below the desired 

concentration, a physician may decide to increase the dose when it is not necessary. While the 252 fL 

value may also not be the true MCV value, the discrepancy supports the need for measuring the MCV 

in specific patients or populations and warrants further investigation.  

The unbound plasma concentrations and intracellular concentrations had the strongest correlation 

(Figure 4.1c, r2 = 0.626), which supports the theory that only the unbound drug is able to enter the 

cells. This agrees with a study by Tanaka et al. (2008) in which a strong correlation factor (r2 = 0.76) 

was reported to exist between unbound and intracellular EFV concentrations. They reported on EFV 

concentrations from samples of 13 HIV-positive Japanese males and could also indicate a relatively 
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high correlation (r2 = 0.66) between total EFV plasma concentrations with both unbound and 

intracellular concentrations. Another study correlating the total, unbound, and intracellular EFV 

concentrations in 10 British HIV-positive adults (6 males and 4 females; 7 Caucasian and 3 Black) 

reported conflicting findings. They found no correlation between the unbound and intracellular EFV 

concentrations (r2 = 0.13) while the total and intracellular concentrations had the strongest correlation 

(r2 = 0.59).24 The relatively poor correlations described in this chapter (total plasma concentration to 

unbound and intracellular concentrations) may be due to the smaller sample size or other factors such 

as disease state, dose, time of last dose etc. 

Perhaps most interestingly, there appears to be a strong inverse relationship (r2 = 0.968) between the 

percentage protein binding and the intracellular accumulation ratio, as shown in Figure 4.3.  

 
Figure 4.3. Graph showing the inverse linear relationship between the percentage plasma-protein 

binding and the intracellular accumulation ratio of EFV. 

This indicates that the lower the percentage of protein binding, the more unbound drug is available 

to enter and accumulate inside the cells, which highly supports the free-drug theory. While the 

unbound versus intracellular concentration results were well correlated (r2 = 0.626) and, when the 

total plasma concentrations are also taken into account when comparing the unbound and 

intracellular drug concentrations, the correlation becomes much stronger (r2 = 0.968). This shows how 

closely the three compartments (total, unbound, and intracellular) are linked despite the small sample 

size and lack of controlled dosing and sampling conditions.   

The strong correlation also implies that it may be possible to develop a mathematical model to predict 

intracellular EFV concentrations given the plasma total and unbound concentrations. If feasible, such 

a model could be useful for clinicians as the intracellular concentrations are the most clinically 

relevant, and yet plasma is much easier to collect and process compared to PBMCs. However, a study 
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with a much larger sample size and more controlled conditions would be required to investigate if 

such a model is possible.  
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3. LPV/R CASE STUDY 

In 2020, the Department of Immunology of the University of Pretoria approached the UCT Division of 

Clinical Pharmacology about a complicated case. A 50-year-old female (hereafter referred to as the 

Pretoria Patient) tested positive for HIV in 2005 and, despite various ART regimens, has never been 

virally suppressed. According to her physicians, she is an adherent patient who understands her 

illness, never misses a clinic visit, and is not taking any other medications or herbs that are known to 

interfere with the absorption and metabolism of the drugs – with routine TDM levels to support this. 

Furthermore, drug resistance tests performed in 2012, 2016, and 2020 all showed no resistance. Table 

4.2 shows her history of regimens, viraemias, and CD4 cell counts.  

Table 4.2. ART regimens, viraemias, and CD4 cell counts of the Pretoria Patient 

Date ART Regimen* 
Viraemia 

(copies/mL) 
CD4 Cell Count 

(cells/µL) 
CD4% 

2010 - - 1 565 - 

2011 TDF, FTC, EFV - - - 

2015 

AZT, 3TC, LPV/r 

- - - 

May 2016 67 852 10 897 87.5 

Nov 2016 59 856 16 303 83.7 

May 2017 

3TC "holding 
regimen" 

85 200 12 000 79.0 

Aug 2017 346 000 11 644 79.5 

Jan 2018 627 000 16 203 86.3 

July 2018 279 749 - - 

Mar 2019 
ABC, 3TC, LPV/r 

270 145 - - 

Dec 2019 819 637 14 362 75.7 

Apr 2020 AZT, 3TC, LPV/r 1 323 020 21 116 78.2 

* Tenofovir (TDF), emtricitabine (FTC), zidovudine (AZT), lamivudine (3TC), abacavir (ABC)  

 

A viraemia of <50 copies/mL is considered virally suppressed, while >1000 copies/mL is indicative of 

virologic failure (due to either poor adherence or drug resistance).155,156 A CD4 count of approximately 

500–1500 cells/µL is expected for healthy and HIV-controlled adults, whereas HIV-uncontrolled adults 

tend to have CD4 counts of <500 cells/µL.155,157 The CD4% refers to the percentage of lymphocytes 

that are CD4 cells. Typically, HIV-negative adults will have a CD4 percentage of around 40% compared 

to 25% or less for uncontrolled HIV-positive individuals.158 The CD4% value helps contextualize the 

CD4 count absolute values. For instance, the CD4 count could increase over time, but if the percentage 

remains the same, this means that the patient’s total immune cell count is increasing and not the CD4 

count specifically. As shown in Table 4.2, the patient’s CD4 cell count and HIV viraemia have increased 
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over the course of treatment with levels outside of the normal range. The CD4 percentage has 

remained ~80% over the years, which is double the normal ratio of healthy adults. As of 2020, the 

patient had a CD4 count approximately 200 times the norm and a viraemia of greater than a million 

copies/mL.  

The Pretoria Patient is also positive for Human T-lymphotropic Virus (HTLV), which, when co-infected 

with HIV, results in higher CD4 counts159 and increased HIV transcription160, which could potentially 

explain the unusually high CD4 count and viraemia. A similar case was reported by Nasreddine et al. 

(2019), where an HIV-1/HLTV-1 co-infected male failed to respond to ART.161 The paper reported a 

CD4 count of 21 000 cells/µL and a viraemia of 13 400 copies/mL, which did not improve even when 

Direct Observed Therapy was initiated and genotyping indicated no drug resistance. Only once the 

male patient was treated for HTLV-associated Adult T-cell Leukemia (ATL) could the HIV viral load be 

controlled, which suggested the HTLV-associated ATL was linked to the HIV treatment failure. The 

authors proposed that the HTLV could be causing an increased expression of the p-glycoprotein efflux 

transporters, which could be removing the ARVs from the cells, thereby decreasing the accumulation 

of the drugs at their target sites.  

The Pretoria Patient has not been diagnosed with ATL – with skin biopsies, lumbar punctures, and 

bone marrow aspirates all being non-conclusive. However, ART failure due to an HTLV-induced 

overexpression of the drug efflux transporters was still a valid hypothesis. While RTV is known to 

inhibit the drug efflux pump p-glycoprotein153, it is possible that the levels of RTV reaching the cells 

are too low to inhibit all the efflux transporters if they are highly over-expressed. 

To test this hypothesis, plasma and PBMC samples were collected to determine the intracellular LPV 

concentrations compared to the respective plasma concentrations.  

3.1. METHODOLOGY 

3.1.1. SAMPLE COLLECTION AND PROCESSING 

Collection and processing of the whole blood samples were performed by the Department of 

Immunology at the University of Pretoria. Informed consent was given for the intracellular, plasma 

total, and plasma unbound analysis of LPV to be used in this study (see Appendix L).  
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Whole blood was drawn into CPT and EDTA-lined tubes at the time points listed in Table 4.3. At each 

time point, the EDTA-lined tube was centrifuged at 1500–2000 rcf for 10 minutes to collect the plasma, 

which was separated into multiple aliquots of 250 µL and stored at ~-80°C. At the same time, each 

CPT tube was processed for PBMC isolation as described in Chapter Three, Section 2.2. Cell pellets of 

approximately one million PBMCs were isolated, washed, and stored at ~-80°C within two hours of 

each blood sampling.   

Table 4.3. Timing of blood sampling and sample collection 

Time after dose (hours) Samples collected 

0 (15 min pre-dose) Plasma and PBMCs 

1 Plasma and PBMCs 

2 Plasma and PBMCs 

4 Plasma only (CPT broke during processing) 

6 Plasma and PBMCs 

7 Plasma and PBMCs 

The plasma and PBMC samples were transported on dry ice at ~-80°C to the UCT Division of Clinical 

Pharmacology for analysis.  

3.1.2. SAMPLE ANALYSIS 

Analysis of the Pretoria Patient’s samples for LPV and RTV was performed together with the EFV 

samples collected during the proof-of-concept study described in Section 2.1.3. Briefly, the total 

plasma concentrations were determined within the TDM laboratory using the routine TDM assay, 

while the plasma unbound and intracellular concentrations were determined using the methods 

developed in Chapters Two and Three, respectively.  

The resulting concentrations of LPV and RTV in lysate were converted to the intracellular 

concentrations using the same formula indicated in Section 2.1.3. Unlike the EFV proof-of-concept 

study, this conversion was only performed using the 400 fL MCV value as this allowed for direct 

comparison with intracellular LPV/r concentrations reported in the literature.76,77   

 



Chapter Four Clinical Application  

 

154 

3.2. RESULTS AND DISCUSSION 

The resulting intracellular, plasma total and unbound LPV concentrations of each time point are 

presented in Figure 4.4.  

 
Figure 4.4. LPV total plasma concentration, unbound plasma concentration, and intracellular 

concentration vs time profile in the Pretoria Patient after a single oral dose of Kaletra® 400 mg 

LPV/100 mg RTV. Time 0 hours represents 15 minutes pre-dose. (Note: 4 hours after dose does not 

have an intracellular concentration as the CPT tube broke during sample collection). 

The intracellular LPV concentrations (range 5.73–33.0 µg/mL) are comparable with the total plasma 

concentrations (range 11.2–14.5 µg/mL) with a correlation factor (r2) of 0.808, although the 

intracellular concentrations were more variable over time. The unbound LPV plasma concentrations 

(range 63.5–117 ng/mL) correlated with the total plasma concentrations with a factor of 0.891 and 

equated to a mean plasma protein binding of 99.3% (CV(%) = 0.2), which is in agreement with 

literature.36,76,114 The unbound plasma and intracellular concentrations had a correlation factor of 

0.792. It is interesting that the unbound and intracellular results had the lowest correlation factor 

when it is thought that the unbound drug concentrations would correlate better than the total plasma 

concentrations.55 However, all three correlations were strong considering the small number of data 

points.    

Figure 4.5 shows two figures appended from studies in healthy volunteers showing LPV intracellular 

and plasma profiles.76,77 In both cases, the intracellular concentrations are within a similar range as 

the total plasma concentrations, similar to the data in Figure 4.4. However, the Pretoria Patient’s 
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results differ in two significant aspects. Firstly, the concentrations in the Pretoria Patient are much 

higher than those in Figure 4.5 despite the same given dose of LPV and secondly, the concentration-

time profile is a flat line which does not show the expected decline between two and seven hours 

post-dose. Slow or low clearance of the drug could potentially explain the high concentrations 

observed (even pre-dose when one would expect low concentrations), which could also explain the 

flat profile; however, further investigations would be required, which are not within the scope of this 

study.  

 
Figure 4.5. LPV plasma and intracellular concentration-time profiles after a single oral dose (Kaletra® 

400 mg LPV/100 mg RTV) each in a healthy volunteer amended from a) Azoulay et al. (2004) and b) 

Ehrhardt et al. (2007). 

The data in Figures 4.4 and 4.5 confirm that the intracellular concentration of LPV in the Pretoria 

Patient reaches the therapeutic levels within the cells. Therefore, the high viraemia values are likely 

not due to the lack of LPV at the target site. While these findings do not explain the cause of the 

virological failure in this patient, they do eliminate a suspected possible cause. It would have been 

potentially useful to know the plasma and intracellular concentrations of the other ARVs in the 

treatment regimen – zidovudine and lamivudine – to determine if all the drugs were reaching the 

target site; however, such methods are not available in our laboratory at present. Unfortunately, any 

further investigation into this complicated case is not within the scope of this thesis and will be left to 

the patient’s primary physicians. 
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4. CHAPTER CONCLUSIONS

The methods developed in Chapters Two and Three were applied to analyse paired plasma and PBMC 

samples from six patients receiving EFV therapy and one patient receiving LPV/r therapy. The proof-

of-concept study and the Pretoria Patient case report described in this chapter show the feasibility 

and usefulness of these methods in clinical settings. 

The correlations between total, unbound, and intracellular LPV concentrations were strong (r2 ≥ 0.792) 

within a single individual over time, as shown by the Pretoria patient. However, the Pretoria patient 

was an unusual case, and these results may not be generalisable for other patients receiving LPV 

therapy. The EFV data show weaker correlations between the three physiological compartments 

(total, unbound, and intracellular), although this could be because the data were from six separate 

individuals where a high inter-patient variability is expected. However, when the EFV unbound, and 

intracellular concentrations are normalised to the total plasma concentrations and are compared as 

percentage protein binding and intracellular accumulation ratios, the correlation is very close to one 

with an inverse linear relationship (r2 = 0.968). These results support the free-drug theory whereby a 

lower percentage binding to plasma proteins results in a higher degree of unbound drug available to 

diffuse into the cells, resulting in a higher intracellular accumulation ratio. This warrants investigation 

into the possibility of a mathematical model to predict intracellular EFV concentrations from plasma 

total and unbound concentrations.  

A limitation of intracellular and unbound drug work that has been noted in literature is the large 

volume of whole blood required, which makes sampling over multiple time points difficult.10 The EFV 

proof-of-concept study shows how total, unbound, and intracellular concentrations can be 

determined from a single 8 mL blood sample, which would make PK sampling over multiple time points 

feasible. 

Overall, these results show the validity and feasibility of the methods developed during this thesis for 

the quantification of unbound and intracellular concentrations of EFV and LPV, which could be used 

in individualised medicine when patients are not responding to treatment or having side effects that 

cannot be explained by the routine drug monitoring results. The assays may also be used in future 

studies and clinical trials which require CQPA-approved methods.    
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CHAPTER FIVE: CONCLUSIONS 
 

1. THESIS SUMMARY 

While there are many published methods for the determination of unbound or intracellular 

concentrations of EFV, LPV, and RTV, there are very few studies that analyse both fractions in the 

same patient, and no published studies have quantified paired total, unbound, and intracellular 

concentrations in South African HIV-positive patients using assays validated according to the latest 

FDA, EMA, and CPQA guidelines.108,109,112  

The method described in Chapter Two appears to be the first fully validated method according to FDA 

and EMA guidelines for the quantification of unbound EFV, LPV, and RTV using ultracentrifugation.  

This assay has been peer-reviewed and approved by CPQA. This assay has also added to the field of 

unbound drug analysis an alternative surrogate matrix which was shown to be an accurate 

replacement of ultracentrifuged plasma to be used for method development, calibration standards, 

and quality control samples.  

An earlier method for intracellular EFV, LPV, and RTV has been used by the UCT Division of Clinical 

Pharmacology laboratory; however, this method was not fully validated and failed to meet current 

FDA, EMA, and CPQA guidelines. The intracellular assay described in Chapter Three has been shown 

to be more accurate, precise, and robust than the previous method. The new method is also the first 

and only validated method in South Africa for the quantification of intracellular EFV, LPV, and RTV that 

has been peer-reviewed and approved by CPQA. 

The proof-of-concept study described in Chapter Four shows the utility of the assays in a clinical 

setting. The unbound and intracellular assays may be used in conjunction with the routine TDM assay 

for total plasma analysis as a tool to evaluate the relationship between total, unbound, and 

intracellular concentrations in individual patients. The total, unbound, and intracellular relationship 

tool may be applied to patients who are not responding to treatment or are presenting side effects 

that the TDM results alone cannot explain as a form of individualized medicine. The fact that PBMC 

and plasma samples could be collected from a single blood collection tube taken for the purposes of 
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TDM, without disrupting the routine TDM procedure is especially promising – as clinicians may request 

all three assays without additional blood draws.   

Ultimately, the research aims and objectives were met. Bioanalytical methods were developed and 

validated according to the latest FDA and EMA guidelines for the quantitative determination of 

unbound EFV, LPV, and RTV from human plasma and for the quantitative determination of 

intracellular EFV, LPV, and RTV from human PBMCs. The methods were successfully used for the 

analysis of paired plasma and PBMC samples from HIV-positive patients. This demonstrated the ease 

with which a clinician could have unbound and intracellular results, in addition to the standard TDM 

results, to help manage patient treatment and support their application in individualized medicine for 

complicated patients.   

 

2. LIMITATIONS 

One of the limitations of the intracellular method validation was the lack of incurred samples. Without 

incurred samples, where multiple aliquots exist of the same sample, it was impossible to do stability 

testing of intracellular concentrations prior to cell lysis. All long-term or freeze-thaw stability testing, 

therefore, had to be performed in cell lysate, which cannot give the absolute stability of the analytes 

in matrix. The proof-of-concept study discussed in Chapter Four used a small volume of whole blood 

to collect the PBMCs samples, as half the blood volume was needed to collect plasma. Of the final six 

EFV-containing TDM samples, only two had sufficient cell volume for more than one aliquot of one 

million cells and therefore could not be used to perform long-term or freeze-thaw testing as both tests 

require analysis in six-fold.  

A second limitation of the intracellular method was the inability to measure the MCV of each patient 

sample. This meant that the MCV value had to be assumed as 400 fL or 282 fL as reported in the 

literature, which may not have accurately reflected the true cell volume of the study population as 

neither reported values are from South African HIV-positive patients.  

The focus of this doctorate was on developing and validating bioanalytical methods to be used in a 

clinical laboratory. The proof-of-concept study showed the feasibility of the methods in a clinical 

setting. However, the small sample size did not allow for extensive statistical analysis on the 

relationship between the plasma total, unbound, and intracellular concentrations of the three ARVs 

and, therefore, did not add statistically significant information to the larger scientific knowledge base 
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about EFV, LPV, or RTV. In addition, the Pretoria patient was an unusual case and the resulting 

correlations between total, unbound, and intracellular LPV may not be generalisable for other patients 

receiving LPV therapy.  

Since 2017, dolutegravir has been replacing EFV in South Africa’s first- and second-line ARV 

combination therapies as it is cheaper, has fewer side effects, and is less likely to lead to drug 

resistance, according to the WHO.31 While EFV is still widely used in South Africa, the usefulness of 

including EFV in the methods is likely to reduce over time with the decreased use of the drug. For the 

methods to be used to their full potential in South Africa, it may be prudent to include dolutegravir 

and other commonly prescribed ARVs such as emtricitabine and tenofovir in the methods in future.   

3. CONTRIBUTIONS

The methods described in this thesis have been used to analyse samples from two clinical trials. The 

method to determine unbound LPV concentrations in human plasma was used to analyse plasma 

samples as part of a secondary objective of the P1092 phase IV study by the International Maternal 

Paediatric Adolescent AIDS Clinical Trials Network (IMPAACT) intended to evaluate the steady-state 

pharmacokinetics of zidovudine, lamivudine, and LPV/r in severely malnourished HIV-1 infected 

children.  

The method to determine intracellular LPV concentrations was used to analyse PBMC samples as a 

secondary objective in the DATiC study, a pharmacokinetic study investigating the dosing of ARVs and 

first-line TB drugs in children.  

3.1. CONFERENCE PROCEEDINGS 

The validation data of the method described in Chapter Two was presented at the 2018 South African 

Society of Basic and Clinical Pharmacology (SASBCP) conference held in Pretoria, South Africa. The 

presentation entitled “Determination of unbound concentrations of efavirenz, lopinavir, and ritonavir 

in human plasma using ultracentrifugation and LC-MS/MS”, was awarded first place for basic 

pharmacology podium presentation in the Young Scientist Award competition.  
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4. FUTURE PROSPECTS

The PK Laboratory at the University of Cape Town analyses samples for two global clinical trial groups: 

IMPAACT and AIDS Clinical Trial Group (ACTG). Both networks require the laboratory assays involved 

in their trials to be approved by the Clinical Pharmacology Quality Assurance (CPQA) group 

(NAIADS/DAIDS).112 As of February 2022, the intracellular method described in this thesis is the only 

CPQA-approved method for the quantification of intracellular EFV, LPV, and RTV in South Africa, while 

the unbound EFV, LPV, RTV assay is the only such method across all participating laboratories 

worldwide.127 Both assay methods may be used in future studies and clinical trials which require CQPA-

approved methods.    

The Pretoria patient case discussed in Chapter Four shows the applicability of the methods in 

individualized patient care. While the results did not indicate why the patient was failing treatment, 

they did refute the hypothesis that the intracellular lopinavir concentrations were at subtherapeutic 

concentrations and added to the physicians’ knowledge base for future potential treatment decisions 

regarding this patient. The methods developed may be used in future such cases where standard 

therapeutic drug monitoring is found to be insufficient.  

The strong correlation (r2 = 0.968) between the percentage protein binding and the intracellular 

accumulation ratio of EFV across six different HIV-positive individuals suggests that the intracellular 

concentrations could be calculated from the unbound and total plasma concentrations. Plasma is 

much easier to collect and process compared to PBMCs, and yet the intracellular concentrations are 

the most clinically relevant.75,78 Despite the small sample size, these findings suggest that a model 

could be possible to determine the intracellular concentrations of EFV from paired plasma total and 

unbound concentrations and warrants further investigation; however, a much larger, statistically 

significant sample size would be required.



Chapter Five Conclusions  

 

161 

REFERENCE LIST 

1.  Dwyer-Lindgren L, Cork MA, Sligar A, et al. Mapping HIV prevalence in sub-Saharan Africa 
between 2000 and 2017. Nature. 2019;570(7760):189-193. doi:10.1038/s41586-019-1200-9 

2.  Mabaso M, Makola L, Naidoo I, Mlangeni LL, Jooste S, Simbayi L. HIV prevalence in South Africa 
through gender and racial lenses: results from the 2012 population-based national household 
survey. Int J Equity Health. 2019;18(1):167. doi:10.1186/s12939-019-1055-6 

3.  UNAIDS. AIDS Info: South Africa. UNAIDS.org. 
https://www.unaids.org/en/regionscountries/countries/southafrica. Published 2020. 
Accessed December 14, 2021. 

4.  Dunkle KL, Jewkes RK, Brown HC, Gray GE, McIntryre JA, Harlow SD. Gender-based Violence, 
Relationship Power, and Risk of HIV Infection in Women Attending Antenatal Clinics in South 
Africa. Lancet. 2004;363(9419):1415-1421. doi:10.1016/S0140-6736(04)16098-4 

5.  Zuma K, Shisana O, Rehle TM, et al. New insights into HIV epidemic in South Africa: key findings 
from the National HIV Prevalence, Incidence and Behaviour Survey, 2012. African J AIDS Res. 
2016;15(1):67-75. doi:10.2989/16085906.2016.1153491 

6.  Cloyde MW. Human Retroviruses. In: Baron S, ed. Medical Microbiology. Fourth. Galveston 
(TX); 1996. 

7.  Tavassoli A. Targeting the protein–protein interactions of the HIV lifecycle. Chem Soc Rev. 
2011;40(3):1337-1346. doi:10.1039/C0CS00092B 

8.  AIDSinfo. The HIV Life Cycle. https://aidsinfo.nih.gov/education-materials/fact-
sheets/19/73/the-hiv-life-cycle#. Published 2016. Accessed March 29, 2017. 

9.  Arts EJ, Hazuda DJ. HIV-1 Antiretroviral Drug Therapy. Cold Spring Harb Perspect Med. 
2012;2(4):a007161-a007161. doi:10.1101/cshperspect.a007161 

10.  Archibald TL, Murrell DE, Brown SD. Chromatographic Methods in HIV Medicine: Application 
to Therapeutic Drug Monitoring. Biomed Chromatogr. 2018;32(2):e4170. 
doi:10.1002/bmc.4170 

11.  Avert. HIV and AIDS in South Africa. Avert.org. https://www.avert.org/professionals/hiv-
around-world/sub-saharan-africa/south-africa. Published 2020. Accessed December 14, 2021. 

12.  Mehellou Y, De Clercq E. Twenty-Six Years of Anti-HIV Drug Discovery: Where Do We Stand and 
Where Do We Go? J Med Chem. 2010;53(2):521-538. doi:10.1021/jm900492g 

13.  Care International Association of Providers of AIDS. Fact Sheet 445: Amprenavir. The AIDS 
InfoNet. http://www.aidsinfonet.org/fact_sheets/view/445. Published 2017. Accessed 
January 31, 2022. 

14.  Alcorn K, Hughson G. A to Z of Antiretroviral Medications. aidsmap.com. 
https://www.aidsmap.com/about-hiv/a-z-antiretroviral-medications. Published 2021. 
Accessed January 24, 2022. 



Chapter Five Conclusions  

 

162 

15.  Pebody R. Types of Antiretroviral Medications. aidsmap.com. 
https://www.aidsmap.com/about-hiv/types-antiretroviral-medications. Published 2021. 
Accessed January 24, 2022. 

16.  Back D, Gatti G, Fletcher C, et al. Therapeutic Drug Monitoring in HIV Infection: Current Status 
and Future Directions. AIDS. 2002;16:S5-S37. doi:10.1097/00002030-200203001-00002 

17.  Kappelhoff BS, Crommentuyn KML, de Maat MMR, Mulder JW, Huitema ADR, Beijnen JH. 
Practical Guidelines to Interpret Plasma Concentrations of Antiretroviral Drugs. Clin 
Pharmacokinet. 2004;43(13):845-853. doi:10.2165/00003088-200443130-00002 

18.  Decosterd LA, Widmer N, André P, Aouri M, Buclin T. The Emerging Role of Multiplex Tandem 
Mass Spectrometry Analysis for Therapeutic Drug Monitoring and Personalized Medicine. TrAC 
Trends Anal Chem. 2016;84(Part B):5-13. doi:10.1016/j.trac.2016.03.019 

19.  Gounden V, van Niekerk C, Snyman T, George JA. Presence of the CYP2B6 516G> T 
Polymorphism, Increased Plasma Efavirenz Concentrations and Early Neuropsychiatric Side 
Effects in South African HIV-infected Patients. AIDS Res Ther. 2010;7(1):32. doi:10.1186/1742-
6405-7-32 

20.  Browne RW, Rosenkranz SL, Wang Y, Taylor CR, DiFrancesco R, Morse GD. Sources of Variability 
and Accuracy of Performance Assessment in the Clinical  Pharmacology Quality Assurance 
Proficiency Testing Program for Antiretrovirals. Ther Drug Monit. 2019;41(4):452-458. 
doi:10.1097/FTD.0000000000000612 

21.  Alcorn K. Efavirenz Detailed Information. aidsmap.com. https://www.aidsmap.com/about-
hiv/arv-background-information/efavirenz. Published 2021. 

22.  Witvrouw M, Pannecouque C, Switzer WM, Folks TM, De Clercq E, Heneine W. Susceptibility of 
HIV-2, SIV and SHIV to Various Anti-HIV-1 Compounds: Implications for Treatment and 
Postexposure Prophylaxis. Antivir Ther. 2004;9(1):57-65. doi:10.1177/135965350400900115 

23.  National Center for Biotechnology Information. Efavirenz, CID=64139. Pubchem Database. 
https://pubchem.ncbi.nlm.nih.gov/compound/efavirenz. Published 2019. Accessed April 2, 
2020. 

24.  Almond LM, Hoggard PG, Edirisinghe D, Khoo SH, Back DJ. Intracellular and Plasma 
Pharmacokinetics of Efavirenz in HIV-infected Individuals. J Antimicrob Chemother. 
2005;56(4):738-744. doi:10.1093/jac/dki308 

25.  De Clercq E. Antiviral Drugs in Current Clinical Use. J Clin Virol. 2004;30(2):115-133. 
doi:10.1016/j.jcv.2004.02.009 

26.  Marzolini C, Telenti A, Decosterd LA, Greub G, Biollaz J, Buclin T. Efavirenz Plasma Levels Can 
Predict Treatment Failure and Central Nervous System Side Effects in HIV-1-infected Patients. 
AIDS. 2001;15(1):71-75. doi:10.1097/00002030-200101050-00011 

27.  Csajka C. Population pharmacokinetics and effects of efavirenz in patients with human 
immunodeficiency virus infection. Clin Pharmacol Ther. 2003;73(1):20-30. 
doi:10.1067/mcp.2003.22 



Chapter Five Conclusions  

 

163 

28.  Burhenne J, Matthée A-K, Pasáková I, et al. No Evidence for Induction of ABC Transporters in 
Peripheral Blood Mononuclear Cells in Humans after 14 Days of Efavirenz Treatment. 
Antimicrob Agents Chemother. 2010;54(10):4185-4191. doi:10.1128/AAC.00283-10 

29.  Elens L, Vandercam B, Yombi J-C, Lison D, Wallemacq P, Haufroid V. Influence of Host Genetic 
Factors on Efavirenz Plasma and Intracellular Pharmacokinetics in HIV-1-infected Patients. 
Pharmacogenomics. 2010;11(9):1223-1234. doi:10.2217/pgs.10.94 

30.  Sulkowski MS, Thomas DL, Mehta SH, Chaisson RE, Moore RD. Hepatotoxicity Associated with 
Nevirapine or Efavirenz-containing Antiretroviral Therapy: Role of Hepatitis C and B Infections. 
Hepatology. 2002;35(1):182-189. doi:10.1053/jhep.2002.30319 

31.  World Health Organization. WHO Recommends Dolutegravir as Preferred HIV Treatment 
Option in All Populations. WHO.int. July 22, 2019. 

32.  Mu Y, Kodidela S, Wang Y, Kumar S, Cory TJ. The Dawn of Precision Medicine in HIV: State of 
the Art of Pharmacotherapy. Expert Opin Pharmacother. 2018;19(14):1581-1595. 
doi:10.1080/14656566.2018.1515916 

33.  Solas C, Poizot-Martin I, Drogoul M-P, et al. Therapeutic Drug Monitoring of Lopinavir/ritonavir 
Given Alone or with a Non-Nucleoside Reverse Transcriptase Inhibitor. Br J Clin Pharmacol. 
2004;57(4):436-440. doi:10.1046/j.1365-2125.2003.02020.x 

34.  Wanke R, Harjivan SG, Pereira SA, Marques MM, Antunes AMM. The Role of Competitive 
Binding to Human Serum Albumin on Efavirenz–Warfarin Interaction: a Nuclear Magnetic 
Resonance Study. Int J Antimicrob Agents. 2013;42(5):443-446. 
doi:10.1016/j.ijantimicag.2013.06.023 

35.  Dumond JB, Rigdon J, Mollan K, et al. Brief Report: Significant Decreases in Both Total and 
Unbound Lopinavir and Amprenavir Exposures During Coadministration. J Acquir Immune Defic 
Syndr. 2015;70(5):510-514. doi:10.1097/QAI.0000000000000777 

36.  National Center for Biotechnology Information. Lopinavir, CID=92727. Pubchem Database. 
https://pubchem.ncbi.nlm.nih.gov/compound/Lopinavir. Published 2019. Accessed April 2, 
2020. 

37.  Gulati A, Boudinot FD, Gerk PM. Binding of Lopinavir to Human α 1 -Acid Glycoprotein and 
Serum Albumin. Drug Metab Dispos. 2009;37(8):1572-1575. doi:10.1124/dmd.109.026708 

38.  Colombo S, Buclin T, Decosterd LA, et al. Orosomucoid (α1-Acid Glycoprotein) Plasma 
Concentration and Genetic Variants: Effects on Human Immunodeficiency Virus Protease 
Inhibitor Clearance and Cellular Accumulation. Clin Pharmacol Ther. 2006;80(4):307-318. 
doi:10.1016/j.clpt.2006.06.006 

39.  Cahn P, Renz C, Saez-Llorens X, Violari A, Gomez P, Sun E. Treatment of HIV-infected children 
with Kaletra (lopinavir/ritonavir) oral solution: 60 week follow-up. 1st Int AIDS Soc Conf HIV 
Pathog Treat Buenos Aires, Argentina. 2001:779. 

40.  Sáez-Llorens X, Violari A, Deetz CO, et al. Forty-eight-week Evaluation of Lopinavir/Ritonavir, a 
New Protease Inhibitor, in Human Immunodeficiency Virus-Infected Children. Pediatr Infect Dis 
J. 2003;22(3):216-223. doi:10.1097/01.inf.0000055061.97567.34 



Chapter Five Conclusions  164 

41. Chadwick EG, Capparelli E V, Yogev R, et al. Pharmacokinetics, Safety and Efficacy of
Lopinavir/ritonavir in Infants Less than 6 Months of Age: 24 Week Results. AIDS.
2008;22(2):249-255. doi:10.1097/QAD.0b013e3282f2be1d

42. Chadwick EG, Pinto J, Yogev R, et al. Early Initiation of Lopinavir/Ritonavir in Infants Less Than
6 Weeks of Age. Pediatr Infect Dis J. 2009;28(3):215-219. doi:10.1097/INF.0b013e31818cc053

43. Fayet-Mello A, Buclin T, Guignard N, et al. Free and total plasma levels of lopinavir during
pregnancy, at delivery and in postpartum: implication for dosage adjustments in pregnant
women. Antivir Ther. 2012;18(2):171-182. doi:10.3851/IMP2328

44. Patterson KB, Dumond JB, Prince HA, et al. Protein Binding of Lopinavir and Ritonavir During 4
Phases of Pregnancy. J Acquir Immune Defic Syndr. 2013;63(1):51-58.
doi:10.1097/QAI.0b013e31827fd47e

45. Markowitz M. A Preliminary Study of Ritonavir, an Inhibitor of HIV-1 Protease, to Treat HIV-1
Infection. N Engl J Med. 1995;333(23):1534-1540. doi:10.1056/NEJM199512073332304

46. Molla A, Mo H, Vasavanonda S, et al. In Vitro Antiviral Interaction of Lopinavir with Other
Protease Inhibitors. Antimicrob Agents Chemother. 2002;46(7):2249-2253.
doi:10.1128/AAC.46.7.2249-2253.2002

47. Alcorn K. Cobicistat Factsheet. aidsmap.com. https://www.aidsmap.com/about-hiv/arv-
factsheet/cobicistat. Published 2021. Accessed January 24, 2022.

48. Sulebhavikar A V., Pawar UD, Mangoankar K V., Prabhu-Navelkar ND. HPTLC Method for
Simultaneous Determination of Lopinavir and Ritonavir in Capsule Dosage Form. J Chem.
2008;5(4):706-712. doi:10.1155/2008/539849

49. Hsu A, Granneman GR, Bertz RJ. Ritonavir. Clin Pharmacokinet. 1998;35(4):275-291.
doi:10.2165/00003088-199835040-00002

50. Nation RL, Theuretzbacher U, Tsuji BT. Concentration-dependent Plasma Protein Binding:
Expect the Unexpected. Eur J Pharm Sci. 2018;122:341-346. doi:10.1016/j.ejps.2018.07.004

51. Heuberger J, Schmidt S, Derendorf H. When is Protein Binding Important? J Pharm Sci.
2013;102(9):3458-3467. doi:10.1002/jps.23559

52. Fayet A, Béguin A, de Tejada BM, et al. Determination of Unbound Antiretroviral Drug
Concentrations by a Modified Ultrafiltration Method Reveals High Variability in the Free
Fraction. Ther Drug Monit. 2008;30(4):511-522. doi:10.1097/FTD.0b013e3181817318

53. Bowman CM, Benet LZ. An Examination of Protein Binding and Protein-Facilitated Uptake
Relating to In Vitro-In Vivo Extrapolation. Eur J Pharm Sci. 2018;123:502-514.
doi:10.1016/j.ejps.2018.08.008

54. Bohnert T, Gan L-S. Plasma Protein Binding: From Discovery to Development. J Pharm Sci.
2013;102(9):2953-2994. doi:10.1002/jps.23614

55. Boffito M, Back DJ, Blaschke TF, et al. Protein Binding in Antiretroviral Therapies. AIDS Res Hum
Retroviruses. 2003;19(9):825-835. doi:10.1089/088922203769232629



Chapter Five Conclusions  

 

165 

56.  Lambrinidis G, Vallianatou T, Tsantili-Kakoulidou A. In Vitro, In Silico and Integrated Strategies 
for the Estimation of Plasma Protein Binding: A Review. Adv Drug Deliv Rev. 2015;86:27-45. 
doi:10.1016/j.addr.2015.03.011 

57.  Smith DA, Di L, Kerns EH. The Effect of Plasma Protein Binding on In Vivo Efficacy: 
Misconceptions in Drug Discovery. Nat Rev Drug Discov. 2010;9(12):929-939. 
doi:10.1038/nrd3287 

58.  Dasgupta A. Usefulness of Monitoring Free (Unbound) Concentrations of Therapeutic Drugs in 
Patient Management. Clin Chim Acta. 2007;377(1-2):1-13. doi:10.1016/j.cca.2006.08.026 

59.  Wright JD, Boudinot FD, Ujhelyi MR. Measurement and Analysis of Unbound Drug 
Concentrations. Clin Pharmacokinet. 1996;30(6):445-462. doi:10.2165/00003088-199630060-
00003 

60.  Anderson G. Pregnancy-induced changes in pharmacokinetics: a mechanistic-based approach. 
Clin Pharmacokinet. 2005;44:989-1008. 

61.  Deitchman AN, Singh RSP, Derendorf H. Nonlinear Protein Binding: Not What You Think. J 
Pharm Sci. 2018;107(7):1754-1760. doi:10.1016/j.xphs.2018.03.023 

62.  Lamorde M, Wang X, Neary M, et al. Pharmacokinetics, Pharmacodynamics, and 
Pharmacogenetics of Efavirenz 400 mg Once Daily During Pregnancy and Post-Partum. Clin 
Infect Dis. 2018;67(5):785-790. doi:10.1093/cid/ciy161 

63.  Buclin T, Nicod M, Kellenberger S. Extraction Ratio. Faculty of Biology and Medicine, University 
of Lausanne. https://sepia2.unil.ch/pharmacology/index.php?id=63. Published 2009. Accessed 
June 4, 2018. 

64.  Wan H, Bergström F. High Throughput Screening of Drug‐Protein Binding in Drug Discovery. J 
Liq Chromatogr Relat Technol. 2007;30(5-7):681-700. doi:10.1080/10826070701190989 

65.  Banker M, Clark T. Plasma / Serum Protein Binding Determinations. Curr Drug Metab. 
2008;9(9):854-859. doi:10.2174/138920008786485065 

66.  Vuignier K, Schappler J, Veuthey J-L, Carrupt P-A, Martel S. Drug–Protein Binding: a Critical 
Review of Analytical Tools. Anal Bioanal Chem. 2010;398(1):53-66. doi:10.1007/s00216-010-
3737-1 

67.  Di L, Breen C, Chambers R, et al. Industry Perspective on Contemporary Protein-Binding 
Methodologies: Considerations for Regulatory Drug-Drug Interaction and Related Guidelines 
on Highly Bound Drugs. J Pharm Sci. 2017;106(12):3442-3452. doi:10.1016/j.xphs.2017.09.005 

68.  Curran RE, Claxton CRJ, Hutchison L, Harradine PJ, Martin IJ, Littlewood P. Control and 
Measurement of Plasma pH in Equilibrium Dialysis: Influence on Drug Plasma Protein Binding. 
Drug Metab Dispos. 2011;39(3):551-557. doi:10.1124/dmd.110.036988 

69.  Howard M, Hill J, Galluppi G, McLean M. Plasma Protein Binding in Drug Discovery and 
Development. Comb Chem High Throughput Screen. 2010;13(2):170-187. 
doi:10.2174/138620710790596745 



Chapter Five Conclusions  

 

166 

70.  Srikanth CH, Chaira T, Sampathi S, V. B. S, Bambal RB. Correlation of In Vitro and In Vivo Plasma 
Protein Binding Using Ultracentrifugation and UPLC-Tandem Mass Spectrometry. Analyst. 
2013;138(20):6106. doi:10.1039/c3an01116j 

71.  Kieltyka K, McAuliffe B, Cianci C, Drexler DM, Shou W, Zhang J. Application of Cassette 
Ultracentrifugation Using Non-labeled Compounds and Liquid Chromatography-Tandem Mass 
Spectrometry Analysis for High-Throughput Protein Binding Determination. J Pharm Sci. 
2016;105(3):1036-1042. doi:10.1016/S0022-3549(15)00177-X 

72.  Zhang F, Xue J, Shao J, Jia L. Compilation of 222 drugs’ plasma protein binding data and 
guidance for study designs. Drug Discov Today. 2012;17(9-10):475-485. 
doi:10.1016/j.drudis.2011.12.018 

73.  Nakai D, Kumamoto K, Sakikawa C, Kosaka T, Tokui T. Evaluation of the Protein Binding Ratio 
of Drugs by a Micro-scale Ultracentrifugation Method. J Pharm Sci. 2004;93(4):847-854. 
doi:10.1002/jps.20012 

74.  Gonzalez D, Schmidt S, Derendorf H. Importance of Relating Efficacy Measures to Unbound 
Drug Concentrations for Anti-Infective Agents. Clin Microbiol Rev. 2013;26(2):274-288. 
doi:10.1128/CMR.00092-12 

75.  Jadav T, Jain S, Kalia K, Sengupta P. Current Standing and Technical Guidance on Intracellular 
Drug Quantification: A New Site Specific Bioavailability Prediction Approach. Crit Rev Anal 
Chem. 2020;50(1):50-61. doi:10.1080/10408347.2019.1570462 

76.  Ehrhardt M, Möck M, Haefeli WE, Mikus G, Burhenne J. Monitoring of Lopinavir and Ritonavir 
in Peripheral Blood Mononuclear Cells, Plasma, and Ultrafiltrate Using a Selective and Highly 
Sensitive LC/MS/MS Assay. J Chromatogr B. 2007;850(1-2):249-258. 
doi:10.1016/j.jchromb.2006.11.037 

77.  Azoulay S, Nevers M-C, Créminon C, et al. An Enzyme Immunoassay for the Quantification of 
Plasma and Intracellular Lopinavir in HIV-Infected Patients. J Immunol Methods. 2004;295(1-
2):37-48. doi:10.1016/j.jim.2004.08.016 

78.  Elens L, Veriter S, Yombi JC, et al. Validation and Clinical Application of a High Performance 
Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) Method for the Quantitative 
Determination of 10 Anti-retrovirals in Human Peripheral Blood Mononuclear Cells. J 
Chromatogr B. 2009;877(20-21):1805-1814. doi:10.1016/j.jchromb.2009.04.046 

79.  Simiele M, D’Avolio A, Baietto L, et al. Evaluation of the Mean Corpuscular Volume of Peripheral 
Blood Mononuclear Cells of HIV Patients by a Coulter Counter To Determine Intracellular Drug 
Concentrations. Antimicrob Agents Chemother. 2011;55(6):2976-2978. 
doi:10.1128/AAC.01236-10 

80.  Tanaka R, Hanabusa H, Kinai E, Hasegawa N, Negishi M, Kato S. Intracellular Efavirenz Levels in 
Peripheral Blood Mononuclear Cells from Human Immunodeficiency Virus-Infected Individuals. 
Antimicrob Agents Chemother. 2008;52(2):782-785. doi:10.1128/AAC.01613-06 

81.  Meaden ER. P-glycoprotein and MRP1 Expression and Reduced Ritonavir and Saquinavir 
Accumulation in HIV-infected Individuals. J Antimicrob Chemother. 2002;50(4):583-588. 
doi:10.1093/jac/dkf161 



Chapter Five Conclusions  

 

167 

82.  Khoo SH, Hoggard PG, Williams I, et al. Intracellular Accumulation of Human Immunodeficiency 
Virus Protease Inhibitors. Antimicrob Agents Chemother. 2002;46(10):3228-3235. 
doi:10.1128/AAC.46.10.3228-3235.2002 

83.  Roullet-Renoleau F, Lemaitre F, Antignac M, Zahr N, Farinotti R, Fernandez C. Everolimus 
Quantification in Peripheral Blood Mononuclear Cells Using Ultra High Performance Liquid 
Chromatography Tandem Mass Spectrometry. J Pharm Biomed Anal. 2012;66:278-281. 
doi:10.1016/j.jpba.2012.03.042 

84.  Lemaitre F, Antignac M, Fernandez C. Monitoring of Tacrolimus Concentrations in Peripheral 
Blood Mononuclear Cells: Application to Cardiac Transplant Recipients. Clin Biochem. 
2013;46(15):1538-1541. doi:10.1016/j.clinbiochem.2013.02.011 

85.  Pensi D, De Nicolò A, Pinon M, et al. An UPLC–MS/MS Method Coupled with Automated On-
line SPE for Quantification of Tacrolimus in Peripheral Blood Mononuclear Cells. J Pharm 
Biomed Anal. 2015;107:512-517. doi:10.1016/j.jpba.2015.01.054 

86.  Bazzoli C, Jullien V, Le Tiec C, Rey E, Mentré F, Taburet A-M. Intracellular Pharmacokinetics of 
Antiretroviral Drugs in HIV-Infected Patients, and their Correlation with Drug Action. Clin 
Pharmacokinet. 2010;49(1):17-45. doi:10.2165/11318110-000000000-00000 

87.  Becher F, Pruvost A, Goujard C, et al. Improved Method for the Simultaneous Determination 
of d4T, 3TC and ddl Intracellular Phosphorylated Anabolites in Human Peripheral-Blood 
Mononuclear Cells Using High-Performance Liquid Chromatography/Tandem Mass 
Spectrometry. Rapid Commun Mass Spectrom. 2002;16(6):555-565. doi:10.1002/rcm.605 

88.  Ford J, Khoo SH, Back DJ. The Intracellular Pharmacology of Antiretroviral Protease Inhibitors. 
J Antimicrob Chemother. 2004;54(6):982-990. doi:10.1093/jac/dkh487 

89.  Parathyras J, Gebhardt S, Hillermann-Rebello R, Grobbelaar N, Venter M, Warnich L. A 
Pharmacogenetic Study of CD4 Recovery in Response to HIV Antiretroviral Therapy in Two 
South African Population Groups. J Hum Genet. 2009;54(5):261-265. doi:10.1038/jhg.2009.20 

90.  Dandara C, Lombard Z, Du Plooy I, McLellan T, Norris SA, Ramsay M. Genetic Variants in CYP ( 
-1A2 , -2C9 , -2C19 , -3A4 and -3A5 ), VKORC1 and ABCB1 genes in a Black South African 
Population: a Window into Diversity. Pharmacogenomics. 2011;12(12):1663-1670. 
doi:10.2217/pgs.11.106 

91.  Gao WY, Cara A, Gallo RC, Lori F. Low Levels of Deoxynucleotides in Peripheral Blood 
Lymphocytes: a Strategy to Inhibit Human Immunodeficiency Virus Type 1 Replication. Proc 
Natl Acad Sci. 1993;90(19):8925-8928. doi:10.1073/pnas.90.19.8925 

92.  Mosnier-Thoumas S, Djabarouti S, Xuereb F, et al. A Sensitive Liquid Chromatography Coupled 
with Mass Spectrometry Method for the Intracellular and Plasma Quantification of Raltegravir 
After Solid-Phase Extraction. J Pharm Pharmacol. 2011;63(12):1559-1565. doi:10.1111/j.2042-
7158.2011.01368.x 

93.  Belkhir L, De Laveleye M, Vandercam B, et al. Quantification of Darunavir and Etravirine in 
Human Peripheral Blood Mononuclear Cells Using High performance Liquid Chromatography 
Tandem Mass Spectrometry (LC–MS/MS), Clinical Application in a Cohort of 110 HIV-1 Infected 
Patients... Clin Biochem. 2016;49(7-8):580-586. doi:10.1016/j.clinbiochem.2015.12.011 



Chapter Five Conclusions  168 

94. Xiao D, Ling KHJ, Custodio J, Majeed SR, Tarnowski T. Quantitation of Intracellular Triphosphate
Metabolites of Antiretroviral Agents in Peripheral Blood Mononuclear Cells (PBMCs) and
Corresponding Cell Count Determinations: Review of Current Methods and Challenges. Expert
Opin Drug Metab Toxicol. 2018;14(8):781-802. doi:10.1080/17425255.2018.1500552

95. Breilh D, Pellegrin I, Rouzés A, et al. Virological, Intracellular and Plasma Pharmacological
Parameters Predicting Response to Lopinavir/Ritonavir (KALEPHAR Study). AIDS.
2004;18(9):1305-1310. doi:10.1097/00002030-200406180-00009

96. Crommentuyn KML, Mulder JW, Mairuhu ATA, et al. The Plasma and Intracellular Steady-State
Pharmacokinetics of Lopinavir/Ritonavir in HIV-1-Infected Patients. Antivir Ther.
2004;9(5):779-785. doi:10.1177/135965350400900520

97. Hennessy M, Clarke S, Spiers JP, et al. Intracellular Accumulation of Nelfinavir and Its
Relationship to P-Glycoprotein Expression and Function in HIV-Infected Patients. Antivir Ther.
2004;9(1):115-122. doi:10.1177/135965350400900103

98. Colombo S, Beguin A, Telenti A, et al. Intracellular Measurements of Anti-HIV Drugs Indinavir,
Amprenavir, Saquinavir, Ritonavir, Nelfinavir, Lopinavir, Atazanavir, Efavirenz and Nevirapine
in Peripheral Blood Mononuclear Cells by Liquid Chromatography Coupled to Tandem Mass
Spectrometry. J Chromatogr B. 2005;819(2):259-276. doi:10.1016/j.jchromb.2005.02.010

99. Colombo S, Telenti A, Buclin T, et al. Are Plasma Levels Valid Surrogates for Cellular
Concentrations of Antiretroviral Drugs in HIV-infected Patients? Ther Drug Monit.
2006;28(3):332-338. doi:10.1097/01.ftd.0000211807.74192.62

100. Djabarouti S, Breilh D, Pellegrin I, et al. Intracellular and Plasma Efavirenz Concentrations in
HIV-Infected Patients Switching from Successful Protease Inhibitor-Based Highly Active
Antiretroviral Therapy (HAART) to Efavirenz-Based HAART (SUSTIPHAR Study). J Antimicrob
Chemother. 2006;58(5):1090-1093. doi:10.1093/jac/dkl348

101. ter Heine R, Davids M, Rosing H, et al. Quantification of HIV Protease Inhibitors and Non-
Nucleoside Reverse Transcriptase Inhibitors in Peripheral Blood Mononuclear Cell Lysate Using
Liquid Chromatography Coupled with Tandem Mass Spectrometry. J Chromatogr B.
2009;877(5-6):575-580. doi:10.1016/j.jchromb.2009.01.011

102. Bylda C, Thiele R, Kobold U, Volmer DA. Recent Advances in Sample Preparation Techniques to
Overcome Difficulties Encountered During Quantitative Analysis of Small Molecules from
Biofluids Using LC-MS/MS. Analyst. 2014;139(10):2265. doi:10.1039/c4an00094c

103. Chang MS, Ji Q, Zhang J, El-Shourbagy TA. Historical Review of Sample Preparation for
Chromatographic Bioanalysis: Pros and Cons. Drug Dev Res. 2007;68(3):107-133.
doi:10.1002/ddr.20173

104. Kole PL, Venkatesh G, Kotecha J, Sheshala R. Recent Advances in Sample Preparation
Techniques for Effective Bioanalytical Methods. Biomed Chromatogr. 2011;25(1-2):199-217.
doi:10.1002/bmc.1560

105. Berthelot M, Jungfleisch E. On the laws that operate for the partition of a substance between
two solvents. Ann Chim Phys. 1872;26:396-407.



Chapter Five Conclusions  169 

106. Dearden JC, Bresnen GM. The Measurement of Partition Coefficients. Quant Struct
Relationships. 1988;7(3):133-144. doi:10.1002/qsar.19880070304

107. Gillespie TA, Winger BE. Mass Spectrometry for Small Molecule Pharmaceutical Product
Development: A Review. Mass Spectrom Rev. 2011;30(3):479-490. doi:10.1002/mas.20289

108. U.S. Department of Health and Human Services. Food and Drug Administration. Guidance for
Industry: Bioanalytical Method Validation. Silver Spring, MD; 2018.

109. European Medicines Agency. Guidelines for Bioanalytical Method Validation. London; 2012.

110. The Research Foundation on behalf of the State University of New York at Buffalo. Method
Review: A Bioanalyical Method Validation Program for Laboratories Performing Pharmacology
Assays. cpqaprogram.org. http://www.cpqaprogram.org/methods/. Published 2021. Accessed
February 11, 2022.

111. DiFrancesco R, Tooley K, Rosenkranz SL, et al. Clinical Pharmacology Quality Assurance for HIV
and Related Infectious Diseases Research. Clin Pharmacol Ther. 2013;93(6):479-482.
doi:10.1038/clpt.2013.62

112. The Research Foundation on behalf of the State University of New York at Buffalo. Clinical
Pharmacology Quality Assurance (CPQA) Guidelines for Bioanalytical Chromatographic Method
Development, Validation, and Application V2.0.; 2019.

113. van Rensburg R, Nightingale S, Brey N, et al. Pharmacogenetics of the Late-Onset Efavirenz
Neurotoxicity Syndrome (LENS). Clin Infect Dis. November 2021. doi:10.1093/cid/ciab961

114. Boffito M, Hoggard PG, Lindup WE, et al. Lopinavir Protein Binding In Vivo Through the 12-Hour
Dosing Interval. Ther Drug Monit. 2004;26(1):35-39. doi:10.1097/00007691-200402000-00008

115. Avery LB, Parsons TL, Meyers DJ, Hubbard WC. A Highly Sensitive Ultra Performance Liquid
Chromatography–Tandem Mass Spectrometric (UPLC–MS/MS) Technique for Quantitation of
Protein free and Bound Efavirenz (EFV) in Human Seminal and Blood Plasma. J Chromatogr B.
2010;878(31):3217-3224. doi:10.1016/j.jchromb.2010.09.011

116. Illamola SM, Labat L, Benaboud S, et al. Determination of Total and Unbound Concentrations
of Lopinavir in Plasma Using Liquid Chromatography–Tandem Mass Spectrometry and
Ultrafiltration Methods. J Chromatogr B. 2014;965:216-223.
doi:10.1016/j.jchromb.2014.06.034

117. Habtewold A, Amogne W, Makonnen E, et al. Long-term Effect of Efavirenz Autoinduction on
Plasma/Peripheral Blood Mononuclear Cell Drug Exposure and CD4 Count is Influenced by
UGT2B7 and CYP2B6 Genotypes Among HIV Patients. J Antimicrob Chemother.
2011;66(10):2350-2361. doi:10.1093/jac/dkr304

118. Podany AT, Winchester LC, Robbins BL, Fletcher C V. Quantification of Cell-Associated
Atazanavir, Darunavir, Lopinavir, Ritonavir, and Efavirenz Concentrations in Human
Mononuclear Cell Extracts. Antimicrob Agents Chemother. 2014;58(5):2866-2870.
doi:10.1128/AAC.02551-13

119. Rouzes A, Berthoin K, Xuereb F, et al. Simultaneous Determination of the Antiretroviral Agents:



Chapter Five Conclusions  

 

170 

Amprenavir, Lopinavir, Ritonavir, Saquinavir and Efavirenz in Human Peripheral Blood 
Mononuclear Cells by High-Performance Liquid Chromatography-Mass Spectrometry. J 
Chromatogr B. 2004;813(1-2):209-216. doi:10.1016/j.jchromb.2004.09.041 

120.  Pèlerin H, Compain S, Duval X, Gimenez F, Bénech H, Mabondzo A. Development of an Assay 
Method for the Detection and Quantification of Protease and Non-Nucleoside Reverse 
Transcriptase Inhibitors in Plasma and in Peripherical Blood Mononuclear Cells by Liquid 
Chromatography Coupled with Ultraviolet or Tandem Mass Spec. J Chromatogr B. 
2005;819(1):47-57. doi:10.1016/j.jchromb.2005.01.024 

121.  van Kampen JJA, Reedijk ML, Burgers PC, et al. Ultra-Fast Analysis of Plasma and Intracellular 
Levels of HIV Protease Inhibitors in Children: A Clinical Application of MALDI Mass 
Spectrometry. Stoddart CA, ed. PLoS One. 2010;5(7):e11409. 
doi:10.1371/journal.pone.0011409 

122.  D’Avolio A, Simiele M, Siccardi M, et al. A HPLC–MS Method for the Simultaneous 
Quantification of Fourteen Antiretroviral Agents in Peripheral Blood Mononuclear Cell of HIV 
Infected Patients Optimized Using Medium Corpuscular Volume Evaluation. J Pharm Biomed 
Anal. 2011;54(4):779-788. doi:10.1016/j.jpba.2010.10.011 

123.  De Nicolò A, Ianniello A, Ferrara M, et al. Validation of a UHPLC-MS/MS Method to Quantify 
Twelve Antiretroviral Drugs within Peripheral Blood Mononuclear Cells from People Living with 
HIV. Pharmaceuticals. 2020;14(1):12. doi:10.3390/ph14010012 

124.  Ren Y. The Plasma, Whole Blood and Intracellular Concentrations of Antiretroviral Agents in 
South African Children Receiving Combination Antiretroviral Therapy with and without 
Concomitant Antitubercular Treatment. 2009. 

125.  U.S. Department of Health and Human Services. Food and Drug Administration. Guidance for 
Industry: Bioanalytical Method Validation.; 2001. 

126.  U.S. Department of Health and Human Services. Food and Drug Administration. Guidance for 
Industry: Bioanalytical Method Validation Draft. Rockville, MD; 2013. 

127.  The Research Foundation on behalf of the State University of New York at Buffalo. CPQA Drug 
Assay Directory (09-February-2022). 2022. 

128.  Thermo Fisher Scientific. PierceTM BCA Protein Assay Kit User Guide.; 2020. 

129.  Ramachandran G, Kumar AKH, Swaminathan S, Venkatesan P, Kumaraswami V, Greenblatt DJ. 
Simple and Rapid Liquid Chromatography Method for Determination of Efavirenz in Plasma. J 
Chromatogr B. 2006;835(1-2):131-135. doi:10.1016/j.jchromb.2006.03.014 

130.  Committee for Medicinal Products for Human Use. Assessment Report 
EMA/CHMP/630402/2017: Efavirenz/Emtricitabine/Tenofovir Disoproxil Mylan. London (UK); 
2017. 

131.  Chemicalize. Lopinavir. ChemAxon’s Chemicalize. 
https://chemicalize.com/app/calculation/lopinavir. Published 2021. Accessed October 5, 
2021. 



Chapter Five Conclusions  171 

132. Chemicalize. Ritonavir. ChemAxon’s Chemicalize.
https://chemicalize.com/app/calculation/ritonavir. Published 2021. Accessed October 5, 2021.

133. Chemicalize. Efavirenz. ChemAxon’s Chemicalize.
https://chemicalize.com/app/calculation/efavirenz. Published 2021. Accessed October 5,
2021.

134. Alcorn K. Lopinavir/ritonavir Detailed Information. aidsmap.com. 
https://www.aidsmap.com/about-hiv/arv-background-information/lopinavirritonavir. 
Published 2021. Accessed January 24, 2022. 

135. Dumond J, Chen J, Cottrell M, et al. Population Pharmacokinetics Modeling of Unbound
Efavirenz, Atazanavir, and Ritonavir in HIV‐Infected Subjects With Aging Biomarkers.
Pharmacometrics Syst Pharmacol. 2017;6(2):128-135. doi:10.1002/psp4.12151

136. Kaza M, Karaźniewicz-Łada M, Kosicka K, Siemiątkowska A, Rudzki PJ. Bioanalytical Method
Validation: New FDA Guidance vs. EMA Guideline. Better or Worse? J Pharm Biomed Anal.
2019;165:381-385. doi:10.1016/j.jpba.2018.12.030

137. Matuszewski BK, Constanzer ML, Chavez-Eng CM. Strategies for the Assessment of Matrix
Effect in Quantitative Bioanalytical Methods Based on HPLC−MS/MS. Anal Chem.
2003;75(13):3019-3030. doi:10.1021/ac020361s

138. Wan Azman WN, Omar J, Koon TS, Tuan Ismail TS. Hemolyzed Specimens: Major Challenge for
Identifying and Rejecting Specimens in Clinical Laboratories. Oman Med J. 2019;34(2):94-98.
doi:10.5001/omj.2019.19

139. Hughes NC, Bajaj N, Fan J, Wong EY. Assessing the Matrix Effects of Hemolyzed Samples in
Bioanalysis. Bioanalysis. 2009;1(6):1057-1066. doi:10.4155/bio.09.91

140. Puleo A, Carroll C, Maecker H, Gupta R. Isolation of Peripheral Blood Mononuclear Cells Using
Vacutainer® Cellular Preparation Tubes (CPTTM). Bio-protocol. 2017;7(2):e2103.
doi:10.21769/BioProtoc.2103

141. Ruitenberg JJ, Mulder CB, Maino VC, Landay AL, Ghanekar SA. VACUTAINER® CPTTM and Ficoll
Density Gradient Separation Perform Equivalently in Maintaining the Quality and Function of
PBMC from HIV Seropositive Blood Samples. BMC Immunol. 2006;7(1):11. doi:10.1186/1471-
2172-7-11

142. Moore JD, Valette G, Darque A, Zhou X-J, Sommadossi J-P. Simultaneous Quantitation of the
5′-Triphosphate Metabolites of Zidovudine, Lamivudine, and Stavudine in Peripheral
Mononuclear Blood Cells of HIV Infected Patients by High-Performance Liquid Chromatography
Tandem Mass Spectrometry. J Am Soc Mass Spectrom. 2000;11(12):1134-1143.
doi:10.1016/S1044-0305(00)00178-1

143. Jemal M, Rao S, Gatz M, Whigan D. Liquid Chromatography-Tandem Mass Spectrometric
Quantitative Determination of the HIV Protease Inhibitor Atazanavir (BMS-232632) in Human
Peripheral Blood Mononuclear Cells (PBMC): Practical Approaches to PBMC Preparation and
PBMC Assay Design for High-Th. J Chromatogr B. 2003;795(2):273-289. doi:10.1016/S1570-
0232(03)00589-0



Chapter Five Conclusions  

 

172 

144.  King T, Bushman L, Kiser J, et al. Liquid Chromatography–Tandem Mass Spectrometric 
Determination of Tenofovir-Diphosphate in Human Peripheral Blood Mononuclear Cells. J 
Chromatogr B. 2006;843(2):147-156. doi:10.1016/j.jchromb.2006.05.043 

145.  Jansen RS, Rosing H, Kromdijk W, ter Heine R, Schellens JH, Beijnen JH. Simultaneous 
Quantification of Emtricitabine and Tenofovir Nucleotides in Peripheral Blood Mononuclear 
Cells Using Weak Anion-Exchange Liquid Chromatography Coupled with Tandem Mass 
Spectrometry. J Chromatogr B. 2010;878(7-8):621-627. doi:10.1016/j.jchromb.2010.01.002 

146.  Robbins BL, Nelson SR, Fletcher C V. A Novel Ultrasensitive LC–MS/MS Assay for Quantification 
of Intracellular Raltegravir in Human Cell Extracts. J Pharm Biomed Anal. 2012;70:378-387. 
doi:10.1016/j.jpba.2012.05.035 

147.  Baietto L, Calcagno A, Motta I, et al. A UPLC-MS-MS Method for the Simultaneous 
Quantification of First-Line Antituberculars in Plasma and in PBMCs. J Antimicrob Chemother. 
2015;70(9):2572-2575. doi:10.1093/jac/dkv148 

148.  Pruvost A, Becher F, Bardouille P, et al. Direct Determination of Phosphorylated Intracellular 
Anabolites of Stavudine (d4T) by Liquid Chromatography/Tandem Mass Spectrometry. Rapid 
Commun Mass Spectrom. 2001;15(16):1401-1408. doi:10.1002/rcm.384 

149.  Becher F, Pruvost A, Gale J, et al. A Strategy for Liquid Chromatography/Tandem Mass 
Spectrometric Assays of Intracellular Drugs: Application to the Validation of the 
Triphosphorylated Anabolite of Antiretrovirals in Peripheral Blood Mononuclear Cells. J Mass 
Spectrom. 2003;38(8):879-890. doi:10.1002/jms.500 

150.  National Center for Biotechnology Information. Ritonavir, CID=392622. Pubchem Database. 
https://pubchem.ncbi.nlm.nih.gov/compound/Ritonavir. Published 2019. Accessed April 2, 
2020. 

151.  Qureshi M, Stecher G, Huck C, Bonn G. Preparation of Polymer Based Sorbents for Solid Phase 
Extraction of Polyphenolic Compounds. Open Chem. 2011;9(2):206-212. doi:10.2478/s11532-
011-0006-x 

152.  Coulier L, Gerritsen H, van Kampen JJA, et al. Comprehensive Analysis of the Intracellular 
Metabolism of Antiretroviral Nucleosides and Nucleotides Using Liquid Chromatography–
Tandem Mass Spectrometry and Method Improvement by Using Ultra Performance Liquid 
Chromatography. J Chromatogr B. 2011;879(26):2772-2782. 
doi:10.1016/j.jchromb.2011.07.045 

153.  Baxter K. Stockley’s Drug Interactions. Ninth. (Baxter K, ed.). London (UK): Pharmaceutical 
Press; 2010. 

154.  Bocedi A, Notaril S, Narciso P, Bolli A, Fasano M, Ascenzi P. Binding of Anti-HIV Drugs to Human 
Serum Albumin. Int Union Biochem Mol Biol Life. 2004;56(10):609-614. 
doi:10.1080/15216540400016286 

155.  Nel J, Dlamini S, Meintjes G, et al. Southern African HIV Clinicians Society Guidelines for 
Antiretroviral Therapy in Adults: 2020 Update. South Afr J HIV Med. 2020;21(1). 
doi:10.4102/sajhivmed.v21i1.1115 



Chapter Five Conclusions  173 

156. Wessels J, Sherman G, Bamford L, et al. The updated South African National Guideline for the
Prevention of Mother to Child Transmission of Communicable Infections (2019). South Afr J
HIV Med. 2020;21(1). doi:10.4102/sajhivmed.v21i1.1079

157. Battistini Garcia SA, Guzman N. Acquired Immune Deficiency Syndrome CD4+ Count. In:
StatPearls. Treasure Island (FL): StatPearls Publishing; 2021.

158. Ford N, Meintjes G, Vitoria M, Greene G, Chiller T. The Evolving Role of CD4 Cell Counts in HIV
Care. Curr Opin HIV AIDS. 2017;12(2):123-128. doi:10.1097/COH.0000000000000348

159. Isache C, Sands M, Guzman N, Figueroa D. HTLV-1 and HIV-1 Co-Infection: A Case Report and
Review of the Literature. IDCases. 2016;4:53-55. doi:10.1016/j.idcr.2016.03.002

160. Geddes VEV, José DP, Leal FE, Nixon DF, Tanuri A, Aguiar RS. HTLV-1 Tax Activates HIV-1
Transcription in Latency Models. Virology. 2017;504:45-51. doi:10.1016/j.virol.2017.01.014

161. Nasreddine R, de Wind R, De Wit S, Martin C. HIV Virological Failure in a Patient with Human
T-Lymphotropic Virus Type 1-Associated Leukemia. AIDS. 2019;33(1):159-160.
doi:10.1097/QAD.0000000000002013



Chapter Five Conclusions  174 

APPENDIX A 



Chapter Five Conclusions  175 

APPENDIX B 



Chapter Five Conclusions  176 

APPENDIX C 



Chapter Five Conclusions  177 

APPENDIX D 



Chapter Five Conclusions  178 

APPENDIX E 



Chapter Five Conclusions  179 

APPENDIX F 

Validation ID No. VL2016/175   Page 59 of 140 

THIS SOP REMAINS THE PROPERTY OF THE DIVISION OF PHARMACOLOGY 

Version No. 1 CONFIDENTIAL Date Authorised: January 2019 

Table 4.28. Freeze and thaw stability of EFV: Spiked plasma 

High Conc. Low Conc. 

1 F/T (ref) 3 F/T 5 F/T 1 F/T (ref) 3 F/T 5 F/T 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 

Sample 1 12.5 5.67 1.64 0.0683 0.0353 0.0438 

Sample 2 10.9 5.19 1.87 [0.103] 0.0332 0.0381 

Sample 3 5.9 8.22 1.84 0.0777 0.0385 0.0263 

Sample 4 6.43 7.62 [5.90] 0.0563 [0.124] 0.0333 

Sample 5 12.5 5.34 1.71 0.0763 0.036 0.0384 

Sample 6 6.49 9.25 1.94 0.0623 0.0359 0.0317 

Average 9.13 6.88 1.8 0.0682 0.0358 0.0353 

STDEV 3.19 1.71 0.121 0.00911 0.00192 0.00611 

CV(%) 34.9 24.9 6.7 13.4 5.4 17.3 

%Difference Ref -24.6 -80.3 Ref -47.5 -48.2 

Average %Difference after 3 F/T -36.1 

Average %Difference after 5 F/T -64.3 

[]Significant outlier. P < 0.05 

Table 4.29. Freeze and thaw stability of LPV: Spiked plasma 

High Conc. Low Conc. 

1 F/T (ref) 3 F/T 5 F/T 1 F/T (ref) 3 F/T 5 F/T 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 

Sample 1 4.28 4.92 3.98 0.0246 0.0197 0.0173 

Sample 2 5.29 4.26 4.07 0.024 0.0209 0.0183 

Sample 3 5.73 4.23 4.02 0.0246 0.0200 0.0167 

Sample 4 4.83 3.63 4.43 0.0271 0.0189 0.0182 

Sample 5 [9.20] 3.71 4.06 0.0236 0.0193 0.0178 

Sample 6 6.20 3.94 4.27 0.0209 0.0182 0.0163 

Average 5.26 4.12 4.14 0.0241 0.0195 0.0174 

STDEV 0.751 0.471 0.174 0.00200 0.000930 0.000818 

CV(%) 14.3 11.4 4.2 8.3 4.8 4.7 

%Difference Ref -21.8 -21.4 Ref -19.2 -27.7 

Average %Difference after 3 F/T -20.5 

Average %Difference after 5 F/T -24.6 

[]Significant outlier. P < 0.05 

Table 4.30. Freeze and thaw stability of RTV: Spiked plasma 

High Conc. Low Conc. 

1 F/T (ref) 3 F/T 5 F/T 1 F/T (ref) 3 F/T 5 F/T 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 
Peak Area 

Ratio 

Sample 1 0.338 0.365 0.367 0.0102 0.00935 0.00839 

Sample 2 0.342 0.324 0.332 0.00981 0.00946 0.0102 

Sample 3 0.340 0.363 0.326 0.00969 0.0102 0.00867 

Sample 4 0.394 0.327 0.339 0.00974 0.0103 0.00878 

Sample 5 [1.58] 0.342 [0.656] 0.0114 0.0100 0.00898 

Sample 6 0.410 0.399 0.307 0.0113 0.00961 0.00912 

Average 0.365 0.353 0.334 0.0104 0.00981 0.00903 

STDEV 0.03433 0.0281 0.0216 0.000798 0.000392 0.000638 

CV(%) 9.4 7.9 6.5 7.7 4.0 7.1 

%Difference Ref -3.1 -8.4 Ref -5.3 -12.9 

Average %Difference after 3 F/T -4.2 

Average %Difference after 5 F/T -10.7 

[]Significant outlier. P < 0.05 
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APPENDIX H 

AVR SOP Review Comments for Submission ID: 2019123cpqa635

AVR SOP Submission Utility FSTRF

Other AVR

IS acceptance criteria should be discussed with CPQA

Other SOP

Changes made

Final Summary

Nice work good job.

Score

Your AVR and/or SOP has been assigned a score of 1.

Your assay support documents are final; no further submissions are necessary.

Please update your stability information as it becomes available.

Page 52 of 52 17-August-2019 10:00 EST | Version 3Data Management Center
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APPENDIX J 

AVR SOP Review Comments for Submission ID: 20191113cpqa99

AVR SOP Submission Utility FSTRF

Other AVR

ok

Other SOP

ok

Final Summary

Thank you for addressing all my comments. No further corrections need to be made to this AVR and SOP except to update it 

with appropriate stability assessments in harvested PBMC samples obtained from incurred samples. 

I look forward to reviewing this data.

Thank you.

Score

Your AVR and/or SOP has been assigned a score of 1.

Your assay support documents are final; no further submissions are necessary.

Please update your stability information as it becomes available.

Page 52 of 52 07-October-2020 21:15 EST | Version 3Data Management Center
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APPENDIX L 

Room 5-46, Level 5, Institute for Pathology  

University of Pretoria, Private Bag X20  

Hatfield 0028, South Africa 

Tel +27 (0)12 319 2626 

Fax +27 (0)86 684 7362 

Email theresa.rossouw@up.ac.za  

www.up.ac.za 

14 March 2022 

To Whom It May Concern: 

RE: PERMISSION TO USE PATIENT DATA 

With this letter I give Katie Kriegler, PhD student at the University of Cape Town, permission to use the 

data generated from a patient sample (reference number 19292) I had sent to their laboratory for further 

investigation of possible drug resistance. Ms Kriegler may use the patient data as a clinical example of the 

laboratory methods she had developed.  

Kind regards 

Professor Theresa Rossouw 
MBChB, MPH, DPhil, PhD 




