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Abstract

Rationale—Assays to quantify antiretrovirals in hair samples are increasingly used to monitor
adherence and exposure in both HIV prevention and treatment studies. Atazanavir (ATV) is a
protease inhibitor used in combination antiretroviral therapy (ART). We developed and validated a
liquid chromatography/tandem mass spectrometry (LC/MS/MS)-based method to quantify ATV in
human hair, per the NIH Division of AIDS Clinical Pharmacology Quality Assurance (CPQA)
program and the FDA bioanalytical method validation guidelines.

Methods—ATV was extracted from hair using optimized methods and the extracts were injected
onto a BDS C-18 column (5 pm, 4.6 x 100 mm), followed by isocratic elution via a mobile phase
composed of 55% acetonitrile, 45% water, 0.15% acetic acid, and 4 mM ammonium acetate, at a
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flow rate of 0.8 mL/min prior to analysis by MS/MS. Levels were quantified using positive
electrospray ionization by multiple reaction monitoring (MRM) for the transitions MH* /2 705.3
to /m/z168.0 and MH* m/z710.2 to m/z168.0 for ATV and ATV-d5 (internal standard),
respectively.

Results—Our assay demonstrated a linear standard curve (r = 0.99) over the concentration range
of 0.0500 ng ATV/mg hair to 20.0 ng/mg hair. The inter- and intraday accuracy of ATV quality
control (QC) samples was —1.33 to 4.00% and precision (% coefficient of variation (%CV)) was
1.75t0 6.31%. The %CV for ATV levels in hair samples from highly adherent patients (incurred
samples) was less than 10%. No significant endogenous peaks or crosstalk were observed in the
specificity test with other HIV drugs. The overall extraction efficiency of ATV from incurred hair
samples was greater than 95%.

Conclusions—This highly sensitive, highly specific and validated assay can be considered for
therapeutic drug monitoring for HIV-infected patients on ATV-based ART.

1| INTRODUCTION

Morbidity and mortality has declined largely from human immunodeficiency virus (HIV) -1
infection as the result of access to antiretroviral therapy (ART).! There are, however, major
challenges with adhering to ART over a lifetime. Moreover, there is no gold standard for
measuring adherence in either HIV treatment or pre-exposure prophylaxis (PrEP). One way
to objectively monitor adherence is to analyze antiretroviral (ARV) drug concentrations in
different biomatrices. Our group has developed expertise in the measurement of ARV levels
in hair to assess adherence and its exposure in the context of both HIV prevention and
treatment.2-34

Atazanavir (ATV) is an azapeptide HIV protease inhibitor (PI) that targets the viral protease
enzyme during the late stages of HIV replication. ATV is metabolized primarily by
cytochrome P450 3A (CYP3A) isoenzymes and is typically given at a dose of 300 mg once-
daily with a pharmacoenhancer (e.g. CYP3A4 inhibitor, ritonavir (RTV) or cobicistat).3°
The maximum plasma concentration (Cpax) of RTV-boosted ATV is 5.23 ug/mL and the
minimum plasma concentration (Cpin) is 0.86 pg/mL.38 The elimination half-live of RTV-
boosted ATV is 8.6 h, time to Cpay is approximately 2 h,37 and steady-state plasma
concentrations are achieved by 6 days.3” The Cpax and area under the plasma ATV
concentration vs time curve (AUC) values increase in a dose-proportional manner,
suggesting that clearance is constant. Patients prescribed an ATV-based regimen may
experience adverse events which are dependent on ATV levels,38-41 including nausea and
indirect hyperbilirubinemia,3537:42

The most commonly used technique to analyze ARVSs in plasma is high-performance liquid
chromatography (HPLC) coupled with ultraviolet (UV), fluorescence or mass spectrometry
(MS) detection systems. Several analytical methods have also been reported for quantifying
ATV in dried blood spots (DBS)*3 and plasma*3-4° using HPLC coupled with UV,*4
fluorescence (FL)*6 and tandem mass spectrometry (MS/MS) techniques.*34547 The HPLC-
UV-based method detects plasma concentrations of ATV between 0.09 and 4.38 ug/mL
(retention time: 8.3 min, flow rate: 1.8 mL/min),** and the HPLC-FL-based method detects
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plasma concentrations of ATV between 0.025 and 10 pg/mL (retention time: 11.8 min, flow
rate: 1 mL/min).43 By comparison, MS detection, especially MS/MS, is highly sensitive,
selective, and specific.*8 HPLC-coupled with MS/MS (LC/MS/MS) can detect ATV in DBS
between 0.025 and 20 pg/mL (retention time: 3.0 min, flow rate: 0.6 mL/min),*3 and in
plasma between 1 and 1000 ng/mL (retention time: 4.96 min, flow rate: 0.35 mL/min)*° and
between 19.53 and 5000 ng/mL (retention time: 2.9 min, flow rate: 0.6 mL/min).4” In
LC/MS/MS, the separation allows for differentiation between co-eluting analytes,
particularly deuterated internal standards, which eliminates overlapping analyte peak signals
and miscalculation of drug levels. Furthermore, LC/MS/MS allows for shorter analysis times
because the drug can be eluted faster without interference based on selective analyte-specific
multiple reaction monitoring.4849 One of the disadvantages of LC/MS/MS is the potential
influence of the matrix effect on the sensitivities of an analyte via ionization suppression or
enhancement, which can be eliminated through sample clean-up and extraction steps.*8

Our Hair Analytical Laboratory (HAL) at the University of California, San Francisco, has
previously reported on the development of ARV hair assays utilizing LC/MS/MS, including
efavirenz, lopinavir and ritonavir,3 nevirapine,* tenofovir and emtricitabine.2 In this paper,
we describe a validated effective extraction method and a validated sensitive and specific
LC/MS/MS-based method for the analysis of ATV in human hair following NIH Division of
AIDS Clinical Pharmacology Quality Assurance (CPQA) program®9 and FDA bioanalytical
method validation guidelines.5?

2 | EXPERIMENTAL

2.1 | Materials

Atazanavir (ATV) sulfate reference compound and deuterated atazanavir-d5 (ATV-d5)
internal standard (IS) were purchased from U.S. Pharmacopeia (USP, Rockville, MD, USA)
and Toronto Research Chemicals, Inc. (TRC, Toronto, Canada), respectively. Acetonitrile
(ACN), acetic acid, ethyl acetate (EA), methanol (MeOH), methyl fert- butyl ether (MTBE),
sodium hydroxide (NaOH), and sodium phosphate dibasic anhydrous were all purchased
from Thermo Fisher (Waltham, MA, USA). Trifluoracetic acid (TFA) was purchased from
Acros Organics (Thermo Fisher). Ammonium acetate was obtained from Spectrum
Chemical (New Brunswick, NJ, USA). All reagents and solvents used for LC/MS/MS
analysis were of HPLC or analytical grade. Water was deionized and filtered using a
NANOpure 11 water purification system (Barnstead, Boston, MA, USA).

Control human hair samples were acquired from healthy HIV- negative volunteers who had
not received ATV and used as ARV-free blank hair samples. Hair samples for positive
controls were obtained from HIV-positive patients recruited under the “Shaved Heads
Study” from the UCSF San Francisco General Hospital (SFGH) -based HIV clinic (“Ward
86”). Patients enrolled into the “Shaved Heads Study” had to be on ATV-containing ART for
at least 6 months, maintained good adherence as reported by both provider and patient, and
have documented sustained virologic suppression (HIV RNA < 40 copies/mL) on ART.
After the participants had been deemed eligible for the study, their hair was cut down to 2
centimeters (cm) and the remainder shaved into bags to serve as “incurred” (drug dosed) QC
human hair samples for the laboratory. UCSF Institutional Review Board approved study
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procedures for the “Shaved Heads Study” (IRB#14-13687) and all participants provided
written informed consent prior to participation.

2.2 | Instrumentation

2.2.1 | LC/MS/MS conditions—The LC/MS/MS analyses were performed using a
Prominence UFLCxg system (Shimadzu, Kyoto, Japan) consisting of an LC pump (LC-20
ADxR), an autosampler (SIL-20 ACxR), a column oven (CTO-20 AC), a communications
bus module (CBM-20A) coupled to an AP1 5000 triple quadrupole mass spectrometer (AB
Sciex, Redwood City, CA, USA) and fitted with a Turbo V ion source. The analyses were
performed using a reversed-phase column (BDS, C-18, 5.0 um, 4.6 x 100 mm; Thermo
Fisher). Detection of ATV and ATV-d5 was carried out by electrospray ionization (ESI) in
positive ionization mode with an isocratic system that utilized a mobile phase composed of
55% ACN, 45% water, 0.15% acetic acid, and 4 mM ammonium acetate and a flow rate of
0.8 mL/min. Multiple reaction monitoring (MRM) was used to detect the analytes at the
mass transitions MH* /2 705.3 to /m/z168.0 and MH* m/z710.2 to m/z168.0 for ATV and
ATV-d5, respectively. The standard curves were generated by plotting peak area ratios of
ATV to ATV-d5 vs concentration of ATV with the weighted linear regression factor of 1/x.
Data processing was performed with Analyst software (version 1.6.2; AB Sciex).

2.3 | Validation methods

2.3.1 | Standard and QC solutions—ATYV was weighed and prepared independently in
two sets of stock solutions with 50% MeOH: standard curve (SC) and quality control (QC)
at a concentration of 1.00 mg/mL. Working solutions were diluted with 50% MeOH from
the stock solutions at a concentration of 4.00 pg/mL for the high working and 0.100 pg/mL
for the low working solutions. One set of working solutions is prepared for calibrating the
assay (SC), while another set is made for QC. The stock and working solutions were stable
for at least 6 months at 4°C. The internal standard (1S) of ATV-d5 was dissolved in 100%
MeOH and prepared at a final concentration of 1.00 mg/mL. A working solution of 1.00
mg/mL of IS stock was diluted with 50% MeOH at a final concentration of 0.200 ug/mL and
kept at 4°C.

2.3.2 | Sample preparation (with preparation of standard controls and QCs)—
The standard curve (SC) was prepared by spiking ATV working solutions in accordance to
the standard curve range (0 to 20.0 ng/mg hair) to cut blank human hair (2 mg) in
borosilicate glass test tubes containing 9:1 MeOH/TFA (v/v) solution. Afterwards, 1S
working solution was added, the sample was vortexed, and the mixture incubated at 37°C
overnight in a water shaking bath. The MeOH/TFA was evaporated to dryness by nitrogen
(N2) gas at room temperature. The samples were mixed with 0.2 M sodium phosphate
aqueous solution (pH adjusted to 9.4 with 1 M NaOH) followed by 3 mL of MTBE/EA (1:1,
v/v). Following centrifugation at 3000 rpm for 10 min, the samples were frozen in a
MeOH/dry ice bath. The organic layer was transferred to a glass test tube, evaporated to
dryness by N, gas, and reconstituted with 50% ACN (200 uL). Aliquots (2 uL) were injected
for analysis by LC/MS/MS.
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QC drug concentrations for high, medium, and low, 14.0, 1.00, and 0.150 ng/mg,
respectively, were spiked into cut blank hair (2 mg) in borosilicate glass test tubes containing
MeOH/TFA solution. Preparation of the QC samples was carried out employing the same
method as described above.

For incurred hair QC sample analysis, approximately 2 mg of incurred hair was weighed and
processed for the preparation of standard curve and QC samples as described above.

2.3.3 | Specificity—Six lots of blank human hair samples were obtained from healthy
volunteers (HIV non-infected, not on medications). The blank hair samples were assayed in
duplicate along with one lower limit of quantitation (LLOQ) sample following the SC and
QC preparation steps described above. Interference from endogenous peaks was assessed at
the retention times of the test analyte by evaluating the drug and IS peak areas of the LLOQ
sample to any endogenous peaks observed in the blank hair samples.

2.3.4 | Linearity—Linearity was determined by generating the standard curve. The
standard curve was made up of one double blank sample (blank hair without ATV and IS),
one blank sample (blank hair with only IS), and standard curve samples spiked at nine ATV
concentrations (0.0500, 0.100, 0.200, 0.500, 1.00, 2.00, 4.00, 10.0, and 20.0 ng/mg hair).
The linearity of the standard curve was evaluated by the analyte to IS peak area ratio using a
1/x weighted linear regression equation and the correlation coefficient (r). Normalized
concentration was defined by the calculated concentration obtained from the standard curve
multiplied by 2 mg (the target weight) and divided by the actual weight of the hair sample.
The accuracy and precision acceptance criteria were < +15% for %RE and <15% for %CV
for the standard curve samples except for LLOQ, which was < £20% for %RE and <20% for
%CV. Following the FDA Guidance for Bioanalytical Method Validation,52 up to two
standard curve samples (not including the LLOQ and upper limit of quantitation) which do
not meet acceptance criteria were excluded from the standard curve.

2.3.5| Accuracy and precision—The inter- and intraday accuracy and precision of the
method were evaluated on three separate days by analyzing QC samples containing human
hair with known spiked concentrations of ATV, through 6 sets (n = 3) of control samples at
three QC concentrations; high (14.0 ng/mg hair), medium (1.00 ng/mg hair), and low (0.150
ng/mg hair). We also tested the precision of the assay on incurred QC samples obtained from
HIV-infected patients on ATV-containing ART. In addition, the accuracy and precision of the
LLOQ samples were evaluated. Accuracy was defined as the percent relative error (%RE)
between the mean and nominal concentrations. The acceptance criterion for the LLOQ
samples was < +20% for %RE; the criterion for SC samples, and QC samples at the three
QC concentrations was < £15% for %RE. Precision was defined as the percent coefficient of
variation (%CV) between the mean and standard deviation (SD). The acceptance criterion
for LLOQ samples was <20% for %CV; the criterion for incurred QC hair samples, SC
samples, and QC samples at three QC concentrations was <15% for %CV.

2.3.6 | Recovery—The recovery of spiked ATV was obtained by comparing the peak area

ratio of extracted to unextracted hair samples at three QC concentrations (high, medium,
low) in triplicates. The IS was added after the extraction process. The recovery of IS (ATV-
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d5) is obtained by comparing the IS peak area ratio of extracted IS with spiked IS to
unextracted IS in hair samples in triplicates. QC medium concentration was added after the
extraction process. The acceptance criterion is that the percent difference between the
averages of three QC concentration recoveries should be no more than 30%.

2.3.7 | Extraction efficiency of incurred samples—The extraction efficiency of
incurred QC hair samples was determined by measuring the ATV concentration present in
the hair residue after repeated extractions. ATV from incurred hair samples, in triplicate, was
extracted following normal sample preparation conditions (for the first extraction). The hair
was then separated from the first extracted solution, dried under N, gas, combined with new
extraction solution, including IS, and processed for further extraction. For the second and
third extractions, the incurred hair samples were treated under the same conditions as in the
first extraction.

2.3.8 | Matrix effect—The matrix effect was determined by comparing the peak responses
of ATV and IS in post-extracted blank samples (in the presence of hair) to those in pure
solution samples (in the absence of hair). The matrix effect was evaluated at three QC
concentrations (high, medium, low) in six different lots of blank human hair and processed
under the sample preparation conditions as described above. The acceptance criterion was
set at <15% for %CV.

2.3.9 | Stability—The stability of the extracted samples in the refrigerator at 4°C was
evaluated at two concentrations (high and low QC) in triplicate for up to 1 week. The drug to
IS area ratio was evaluated by using a freshly prepared standard curve and QC samples. The
exclusion criterion of ATV nominal mean concentration deviation is defined as less than or
equal to £15% of the spiked nominal concentration at day 0.

The stability of spiked samples in incubation was evaluated at three QC concentrations, in
triplicate. Incubated samples were analyzed against non-incubated samples at the same
concentrations. The %RE of the stability test was defined as incubated peak area ratio minus
the non-incubated peak area ratio and divided by non-incubated peak area ratio. The
acceptance criterion of ATV concentration deviation is %RE being less than or equal to
+15% between incubated and non-incubated samples.

The stability of stored incurred QC samples was assessed at room temperature in triplicate
and at selected time points. The acceptance criterion of ATV concentration deviation is %RE
being less than or equal to £15% between time points and initial test samples.

The light-sensitivity stability of incurred hair samples was evaluated by placing the incurred
QC hair samples underneath a light source for 24 and 48 h. After each time interval, the
concentrations of incurred QC hair samples underneath a light source were compared
against the concentrations of incurred QC hair samples stored in the absence of light, which
serve as 0 h. %RE between average normalized concentrations was defined as n-h
concentration minus the 0-h concentration and then divided by the 0-h concentration. The
acceptance criterion of ATV concentration deviation is %RE being less than or equal to
+15% between light-exposed hair samples and hair samples kept in the dark (0-h samples).
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3 | RESULTS
3.1 | Specificity

The specificity of the extraction and analytical method for ATV from human hair was tested
using six lots of blank hair acquired from healthy HIV-non-infected volunteers.
Chromatograms are shown in Figure 1. The chromatograms of blank hair samples showed
no interference peaks at ATV or IS retention times in tandem with an ATV LLOQ sample.
This indicated that the present method is specific for the analysis of ATV in hair samples.

3.2 | Linearity

The linearity of the standard curve was back-calculated by plotting peak area ratios of ATV
to IS against the nominal concentrations of the standard curve range (0.0500-20.0 ng/mg
hair) and is shown in Figure 2. The three individual validation standard curves showed good
correlation coefficients (r) of 1.00, 0.999, and 0.998, respectively.

3.3 | Accuracy and precision

The inter- and intraday accuracy and precision for spiked ATV into blank hair samples at
four concentrations (LLOQ, high QC, medium QC, and low QC) were evaluated over three
sets of preparations and are summarized in Table 1. The interday precisions (%CVs) of the
four concentrations were between 3.13 and 10.8%, and accuracies (%RE) were between
-4.00 and 2.00%. The intraday precisions of four concentrations were between 1.75 and
6.31% with accuracies from -14.6 to 8.00%. The incurred QC hair sample analysis was
assessed for three preparations, as summarized in Table 2. The intra- and interday precisions
for incurred hair samples were 6.15% and between 5.22 and 7.35%, respectively. These
results suggest that the present method is accurate, precise, and reproducible for extraction
as well as quantitation of ATV from hair samples.

3.4 | Recovery

The recovery of spiked samples of ATV was assessed at three QC concentrations (high,
medium and low), along with the internal standard, and the results are summarized in Table
3. The percentage of recoveries for the three QC concentrations and internal standard were
76.6%, 88.4%, 93.7%, and 104%, respectively. The overall average recovery for the three
QC ATV concentrations was 86.2%. The percentage difference between high QC and
medium QC, high QC and low QC, and medium QC and low QC were 11.8%, 17.1%, and
5.30%, respectively.

3.5 | Extraction efficiency

The extraction efficiency of ATV from incurred hair samples was evaluated in repeated
extractions (three extraction processes) under the current condition to measure the amounts
of ATV extracted from the hair residue. The percentage extracted at each of the three steps is
presented in Figure 3. The sum of the total extracted ATV in these three extraction steps was
used as the total amount of ATV in the hair. More than 95% of ATV was extracted during
the first extraction, and the remaining hair residue contained an insignificant amount of ATV,
as demonstrated by the second and third extractions. Since more than 95% of ATV was
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extracted at the first extraction, we decided to proceed with only one extraction process
when finalizing our method.

3.6 | Matrix effect

The matrix effect (ion suppression or enhancement) of the hair extract was evaluated at three
QC concentrations (high, medium, and low) by determining the matrix factor (MF) using six
lots of blank human hair samples in triplicate. The 1S-normalized MF mean of three QC
concentrations was 1.01, 0.986, and 1.00, and the %CVs were 2.11, 1.34, and 2.53,
respectively. Based on these results, we demonstrated that there was minimum matrix effect
for our method.

3.7 | Stability

ATV levels in extracted human hair were shown to be stable for 1 week in the refrigerator at
4°C; the percentage deviation was between 2.50 and 5.07% for processed sample stability.
Furthermore, in an incubation shaker at 37°C overnight, the percentage change in ATV
levels between the non-incubated and incubated samples at the three QC concentrations was
-2.2510 0.863%. ATV levels in hair when stored at room temperature in the absence of light
(as represented by work with the incurred QC hair samples) were also stable for at least 10
months; the percentage deviation in ATV levels from the initial test (day 0) to levels
determined at 10 months was -11.8 to 2.94%. The levels of ATV extracted from incurred QC
hair were also stable when exposed to light for 24 h and 48 h; the percentage differences
between the average normalized concentrations were 2.94% and 11.8%, respectively,
demonstrating no significant changes in concentration after exposure to light. Since all the
stability experiments met our acceptance criteria, we concluded extracted ATV was stable at
4°C for 1 week, 37°C overnight, and after being exposed to light. ATV levels in hair were
not significantly changed after prolonged storage of the hair at room temperature and in the
absence of light.

4 | DISCUSSION

4.1 | Why develop a method to analyze ARVs in hair samples?

Although ART has changed the course of HIV infection from a highly morbid process to a
chronic condition, challenges in adhering to daily regimens remain. Moreover, there is no
gold standard for assessing adherence in the context of HIV treatment or prevention. Self-
reported adherence is subject to recall bias, social desirability bias, or failure to remember
dosing patterns over time.>3:54 Pill counts are subject to patients discarding pills before
clinic or study visits and do not provide information on dose timing lapses, both of which
can make this measure unreliable in predicting outcomes.?>-57 Medication electronic
monitoring devices on bottle caps (e.g. MEMS caps) to record openings are subject to
patients not taking the pill despite bottle opening,>® expense,>® stigma due to bulk of the
monitoring device,59:61 and incompatibility with pillboxes (a commonly employed
adherence tool).52 There is therefore increasing interest in therapeutic drug monitoring
(TDM) to analyze ARV levels in a specific biomatrix as an objective biomarker of
adherence.
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Plasma and serum are the most commonly used matrices in drug analysis and TDM, but
have limitations including the requirement for a phlebotomist and sterile equipment and their
infectious potential, requiring biohazardous precautions or viral deactivation. The use of
anticoagulants in plasma collection tubes may interfere with analyses by formation of
fibrinogen.%3 Serum collection tubes do not use anticoagulant but clot formation can be
incomplete or delayed, which may result in analyte instability.53 Moreover, single plasma
levels of ARVs, like single glucose measurements, are limited in their ability to predict long-
term treatment outcomes, because they reflect only a short duration of exposure,84-66
demonstrate significant day-to-day variation,64 and are subject to “white-coat” effects,
where adherence improves transiently prior to study or clinic visits.57:68

Assessing drug levels in DBS for TDM has some advantages in that blood collection can be
less invasive if fingerprick testing is available, the sample required is small, and DBS can be
stored and transported for short periods of time at ambient temperature before being put in
cold storage.89 Furthermore, pharmacogenomics testing (genotyping)®? can be performed
using DBS. Caveats to DBS monitoring include the need to ensure that the blood spot (and
therefore drug levels) on the filter paper is uniformly distributed,*® the requirement for a dry
time of 90 min to 4 h, and the need to avoid exposure to sunlight. Moreover, biological
factors (e.g. blood viscosity and hematocrit) may contribute to variability in sample quality.
69 Analytes in DBS must remain stable during the drying process and during the process of
selectively eluting for the analyte of interest.52:69 Since DBS contain blood, the same
biohazardous safety precautions during sample collection, storage and shipment are
required.

Hair can provide a retroactive timeline of a person's drug exposure over prolonged periods,
from weeks to months (even years).279.71 Drug is incorporated into the hair through the
systemic circulation. Since the rate of hair growth is approximately 1 cm per month, a rate
that remains steady in different populations and age groups,’2~"4 the length of the hair
serves as a marker of time and can provide drug exposure over different time points through
the use of segmental analysis.2 707 Furthermore, hair has certain advantages as a clinical
sample, such as ease of collection (no phlebotomy required so noninvasive), stability at room
temperature (obviating the need of a cold chain in storage and shipping), and the fact that it
is non-infectious (so it can be stored and shipped without biohazardous precautions).”

There are also disadvantages to analyzing drug levels in hair due to both external and
internal factors, such as cosmetic treatments or cleaning products (e.g. hair shampoo,
conditioner and hair-dye), weather (such as sun exposure or humidity), hair color, and
structure (e.g. straight, curly). The pigmentation in hair is from melanin, which is associated
with the drug binding rate in hair only if the drug is primarily basic (although not acidic).”?
Despite these limitations, our group (the UCSF Hair Analytical Laboratory) has found that
hair ARV measurements are stronger predictors of HIV outcomes than self-reported
adherence,87:910.20.21 o single plasma ARV concentrations,®11 in HIV treatment, and are
useful for adherence and toxicity monitoring in the context of pre-exposure prophylaxis
(PrEP).22-34 Moreover, we have not found significant differences in median and range hair
concentrations of ARVs by race/ethnicity.
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4.2 | Overcoming challenges to develop a TDM method using hair

The biggest challenge of drug analysis using hair as a biological matrix is in the sample
extraction process. The extraction recovery of ATV in human hair in our assay was assessed
in two ways: (1) spiked standard curve and QC concentrations into blank hair samples, and
(2) analyzing hair from shaved head specimens from HIV-infected patients on ATV- based
therapy with documented, sustained virologic suppression and good adherence. These large
hair samples (from shaving the head of highly adherent patients on ART) represent a
strength in our method development process, allowing for repeated experiments (e.g.
different solvents, different lengths of time for extraction) to ultimately optimize the method.

We report our results in the form of weight of drug/weight of hair as opposed to
concentration of weight of drug/volume of hair because hair is a solid and not a liquid like
plasma. During sample processing, the exact weight of the hair sample is recorded, which
should be within 20% of the target weight (2 mg). For the reported results, the final drug
concentration in hair are normalized by the actual hair weight (e.g. Normalized
concentration = [(Calculated concentration) x (Target hair weight)]/(Actual hair weight)).
Normalizing the calculated concentration to 2 mg allows for the accurate reporting of drug
concentration at measured weight £20% of the target weight. The results are still consistent
in regard to the relationship between weights to concentration. Huang et al examined if
different hair weights alter the accuracy of the assay by weighing and analyzing 0.1-4.0 mg
of shaved hair sample under the assay's conditions;3# the results showed linearity for the
drug to IS peak area ratio and consistency for the peak area ratio to hair weight. This work
led us to conclude that hair weights have no influence on the assay once the weighed
weights are normalized.

We chose the target weight of 2 mg because this mass can be weighed accurately on a
laboratory balance, is sufficient for drug detection, and lower weights can be accommodated
for dilutions if a sample's concentration is over the highest calibrator (e.g. 1 mg vs 2 mg).
Participant hair samples received from research study sites can be scant (<10 strands of
hair), despite our request for 2030 strands to analyze ATV. This becomes a challenge, as a
result of insufficient amounts of hair, when we need to reanalyze the sample due to
unacceptable chromatograms or dilutions because the concentration is over the highest
calibrator on our standard curve.

Crosstalk between other ARV as well as other concomitant medications is a possibility
because ARVs are prescribed in combination; hence, it is important that we do not see any
crosstalk between the drugs in our method. We have tested effects of ritonavir, which is a
booster and often co-administered with ATV, and lopinavir, which is another PI, and did not
see crosstalk between these drugs and ATV (data not shown). Therefore, the current
analytical method is specific and suitable for ATV quantitation in hair.

Even though matrix effects were tested with six lots of blank hair, these are not
representative of all types of hair; they represent hair that is clean, devoid of chemical
products, and not chemically processed. We did an experiment with six lots of blank hair
weighing approximately to 2, 5, and 10 mg, following the same processing procedure as
described above, testing the relationship between increase in the hair matrix and matrix
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effect. The results of the experiment indicated that more matrix can affect the assay.
However, due to our use of the deuterated IS, we can compensate for the matrix effect.
Finally, our analytical method does not take into account potential variables caused by hair
dyes, shampoos, conditioners, bleach, hair products (e.g. gel, baby powder, hair spray, etc.),
and other treatments (e.g. straighteners, permanent wave chemicals) that may be present in
research samples. All of these can potentially cause matrix effects but, from our experiments
(relationship between hair weights and matrix effect), these variables can be compensated
for by using a deuterated IS, which helps in interpreting the results due to its behavioral
similarities to the drug. We are currently working on experiments to elucidate the effects of
hair dyes and other treatments on ARV levels in hair.

4.3 | Reproducibility of our assay and validation standards

Studies have shown strong relationships between ATV levels in hair and virologic outcomes
among HIV-infected patients on ATV-based therapy.’20 The most recently published study
was conducted among adolescents in Zimbabwe failing second-line ART20 and our
laboratory analyzed the ATV concentrations in hair samples collected at baseline and 3
months. The median ATV hair concentrations among those experiencing virologic failure
(defined by HIVV RNA >400 copies/mL) was 0.99 ng/mg and the median ATV hair levels
among those with virologic success was 3.33 ng/mg (p = 0.0042). To confirm our assay's
reproducibility we conducted further experiments, where we randomly selected 20 patient
hair samples from that study2 and reanalyzed them. Table 4 shows the original ATV
concentrations of the assay runs for these 20 samples, the re-run concentrations, and the
percentage differences between the two values. The percentage difference between the
original and reanalyzed results met the acceptance criterion by the Food and Drug
Administration (FDA) guidelines for Bioanalytical Method Validation,®! thus demonstrating
our method's reproducibility for participant samples.

Validation of our method was conducted based on FDA guidelines for analytical
procedures®! and methods validation for drugs and biologics; Clinical Pharmacology
Quality Assurance (CPQA) guidelines for chromatographic method development and
validation®? from the National Institutes of Health' Division of AIDS (DAIDS); and
European Medicines Agency guidelines on bio-analytical method validation.”® In 2017, our
assay was peer-reviewed and approved by the DAIDS' supported CPQA program.

5| CONCLUSIONS

The aim of this study was to develop and validate a sensitive and specific LC/MS/MS
analytical method for ATV in human hair. Our method was accurate and precise, displayed
good linearity, had minimal matrix effect, and extracted samples were stable under a variety
of conditions. The proposed method can be utilized to monitor long-term adherence and
exposure to ATV in HIV-infected patients.
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LC/MS/MS chromatograms obtained by applying the present method: (A) blank hair
sample, (B) blank hair sample with internal standard, and (C) LLOQ sample [Color figure

can be viewed at wileyonlinelibrary.com]
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Plot of back-calculated concentrations of calibration standards of atazanavir
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Extraction efficiency of atazanavir from incurred samples by present method (n = 3) [Color

figure can be viewed at wileyonlinelibrary.com]
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TABLE 3
Recovery of spiked samples of atazanavir
Peak arearatio

SampleNo.  Spiked conc. (hg/mghair)  Unprocessed sample  Processed sample
1 14.0 8.29 6.83
2 9.11 6.67
3 9.47 7.08
MEAN += SD 8.96 £ 0.61 6.86 £ 0.21
RECOVERY (6.86/8.96) X 100 = 76.6%
1 1.00 0.578 0.526
2 0.639 0.615
3 0.694 0.547
MEAN * SD 0.637 + 0.058 0.563 + 0.047
RECOVERY (0.563/0.637) X 100 = 88.4%
1 0.150 0.0915 0.0801
2 0.0961 0.0839
3 0.0898 0.0962
MEAN += SD 0.0925 + 0.0033 0.0867 + 0.0084

RECOVERY (0.0867/0.0925) x 100 = 93.7%

OVERALL AVERAGE RECOVERY = 86.2%

% DIFFENCE BETWEEN H QC AND M QC |76.6 —88.4%]| = 11.8%

% DIFFENCE BETWEEN H QC AND L QC |76.6-93.7%| = 17.1%

% DIFFENCE BETWEEN M QC AND L QC |88.4-93.7%|= 5.30%

INTERNAL STANDARD (IS)

1 1.49 1.55
2 1.35 1.42
3 1.55 1.60
MEAN * SD 1.46 +£0.10 1.52 +£0.09

IS RECOVERY (1.52/1.46) x 100 = 104%
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TABLE 4

Page 23

Reproducibility of clinical sample results for our LC/MS/MS-based method to analyze ATV in small hair

*
samples

Normalized original conc.

Normalized repeat conc.

Aver age normalized conc.

Participant sample no (ng/mg) (ng/mg) (ng/mg) Difference (%)"
1 275 2.99 2.87 8.36
2 6.09 5.49 5.79 -10.4
3 2.25 2.85 255 235
4 3.20 3.40 3.30 6.06
5 17.3 15.7 16.5 -9.70
6 1.92 1.61 1.77 -175
7 2.97 2.80 2.89 -5.88
8 1.27 1.50 1.39 16.5
9 1.87 2.28 2.08 19.7
10 NA NA NA ND
11 3.30 3.62 3.46 9.25
12 3.07 3.60 3.34 15.9
13 2.46 3.06 276 217
14 2.09 211 2.10 0.952
15 372 3.84 3.78 3.17
16 2.39 261 2.50 8.80
17 2.20 2.18 2.19 -0.913
18 3.25 3.45 3.35 5.97
19 2.20 2.37 2.29 7.42
20 5.15 5.59 5.37 8.19

*
FDA incorporated Incurred Sample Reanalysis Table.

Aok

Percentage (%) Difference = ((Normalized repeat conc. — Normalized original conc.)/(Average normalized conc.) x 100.

NA — Not Applicable; ND — No Difference

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2018 September 15.



	Abstract
	1 | INTRODUCTION
	2 | EXPERIMENTAL
	2.1 | Materials
	2.2 | Instrumentation
	2.2.1 | LC/MS/MS conditions

	2.3 | Validation methods
	2.3.1 | Standard and QC solutions
	2.3.2 | Sample preparation (with preparation of standard controls and QCs)
	2.3.3 | Specificity
	2.3.4 | Linearity
	2.3.5 | Accuracy and precision
	2.3.6 | Recovery
	2.3.7 | Extraction efficiency of incurred samples
	2.3.8 | Matrix effect
	2.3.9 | Stability


	3 | RESULTS
	3.1 | Specificity
	3.2 | Linearity
	3.3 | Accuracy and precision
	3.4 | Recovery
	3.5 | Extraction efficiency
	3.6 | Matrix effect
	3.7 | Stability

	4 | DISCUSSION
	4.1 | Why develop a method to analyze ARVs in hair samples?
	4.2 | Overcoming challenges to develop a TDM method using hair
	4.3 | Reproducibility of our assay and validation standards

	5 | CONCLUSIONS
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	TABLE 1
	TABLE 2
	TABLE 3
	TABLE 4

