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Abstract 

Objectives

Adherence to antiretroviral therapy is essential for achieving viral suppression. 

Plasma separation cards (HemaSep; HS-DBS) provide advantages for pharmacoki-

netic (PK) analysis and adherence monitoring, including simplified sample collection. 

This study compared the PK of dolutegravir (DTG), nucleoside reverse transcriptase 

inhibitors (NRTIs), and their intracellular metabolites in the dried plasma and cellular 

fractions of HS-DBS against the appropriate gold-standard matrices: liquid plasma for 

parent drugs and Whatman DBS (WM-DBS) for NRTI metabolites.

Methods

The APT-POCT-01 clinical trial (NCT04302896) is an open-label study assessing 

drug concentrations following cessation in healthy volunteers. Participants were 

randomized (1:1) to receive DTG/FTC/TAF or DTG/3TC/TDF for 15 days. Paired 

liquid plasma (L-pL), HS-DBS, and WM-DBS samples were collected on Day 15 and 

following treatment cessation (0–336 hours post-final dose).

Results

29 individuals were included in the PK analysis (15-TDF/14-TAF). Tenofovir diphos-

phate (TFV-DP) was quantifiable up to 14 days post-cessation in HS-DBS (TAF/

TDF) and WM-DBS (TDF) (HS-DBS t½
 
> 17 days, WM-DBS t½

 
= 15 days). 3TC-TP 

and FTC-TP were eliminated more rapidly. Nucleoside di/triphosphate concentrations 
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were 3–7-fold higher, with prolonged half-lives (TFV-DP, FTC-TP), compared with 

WM-DBS. TFV-DP levels were ~12-fold higher with TDF compared to TAF. For 

NRTI and DTG, HS-plasma resulted in 1.8-fold higher exposures compared to L-pL. 

Measurable HS-DBS concentrations were correlated with L-pL and WM-DBS, with 

Bland-Altman analysis indicating agreement between methods.

Conclusions

This study provides important insights into the elimination kinetics of NRTI, their intra-

cellular metabolites and DTG. Plasma separation cards are a promising alternative 

for adherence monitoring, enabling simultaneous quantification of parent and intra-

cellular moieties from a single sample. Differences in TFV-DP levels between TDF 

and TAF regimens, and DBS sampling method, underscore the need for matrix and 

regimen-specific interpretation to validate adherence benchmarks.

Introduction

Adherence is a known predictor of the effectiveness oral ART and success of oral 
daily preexposure prophylaxis (PrEP). Quantification of antiretrovirals in individuals 
receiving ART or PrEP can be used as an objective measure of adherence.

Nucleoside/nucleotide reverse transcriptase inhibitors (NRTI), including tenofovir 
(TFV), emtricitabine (FTC) and lamivudine (3TC), are eliminated rapidly from plasma 
with terminal elimination half-lives between 10–15 hours [1]; such that, objective drug 
measurements following random or opportunistic sampling do not easily distinguish 
between recent dose ingestion and sustained adherence over a prolonged time period.

Dried blood spots (DBS) have been used as metrics for NRTI adherence. 
Tenofovir-diphosphate (TFV-DP) has a half-life in DBS of approximately 17 days, 
which translates to a predicted 25-fold accumulation from first dose to steady state 
with standard daily dosing of TDF [1,2]. The accumulation of TFV-DP in DBS over a 
prolonged period has enabled investigators to establish “concentration gradients” that 
distinguish different degrees of adherence, such as continuous daily dosing (7 doses/
week), sub-optimal dosing (2–3 doses/week) and potential non-adherence (<2 doses/
week) [1]. TFV-DP levels in DBS (Whatman Protein Saver cards) have proven to be 
a significant predictor of PrEP effectiveness in MSM populations in studies such as 
iPrEx OLE, ATN 110/113, and PrEP-Demo [3–5].

Emtricitabine-triphosphate (FTC-TP) has a relatively short half-life of approximately 
1.5 days in DBS and may serve as a marker of recent intake [2,6] . As TFV and FTC 
are often co-administered as part of fixed dose combinations, they can provide both 
cumulative and recent dosing information. For instance, white coat dosing may be sus-
pected if FTC-TP is quantifiable, but TFV-DP is low or unquantifiable. Currently there 
are no data detailing the kinetics of lamivudine triphosphate (3TC-TP) in DBS.

HemaSep™ filter cards (Ahlstrom-Munksjö, Helsinki, Finland) are a novel DBS 
technology that can separate plasma from whole blood upon contact within minutes 
without need for centrifugation. This permits simultaneous quantification of both the 
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parent NRTI (in plasma) and its phosphorylated metabolite (nucleoside di-/triphosphate; cellular fraction) from the same 
sample to derive recent and cumulative adherence metrics.

Here we report the pharmacokinetics (PK) of dolutegravir (DTG), nucleoside analogues (TFV, FTC, 3TC) and their 
nucleoside di-/triphosphates in the cellular components of dried blood and plasma using plasma separation cards 
(HemaSep™). Drug and phosphorylated metabolite concentrations obtained using this novel sampling technology were 
compared to those derived from established sampling approaches, including liquid plasma (for parent drugs) and What-
man DBS (for nucleoside di/triphosphates). Concentrations were measured over 14 days post- treatment cessation in a 
cohort of healthy volunteers (APT-POCT-01) receiving commonly prescribed NRTI-based regimens.

Materials and methods

Ethics

The study was conducted in accordance with the Declaration of Helsinki and applicable local and US regulatory require-
ments. Participants were asked to provide written informed consent, and the study protocol and consent documents were 
approved by the University of Pittsburgh Institutional Review Board (CR19100009−005).

Study design

APT-POCT-01 (ClinicalTrials.gov identifier - NCT04302896) is an open-label study performed in a healthy volunteer cohort 
which evaluated the decay PK of the nucleoside analogues (TFV, FTC, 3TC) and their phosphorylated metabolites in 
various matrices, including plasma, urine, saliva and DBS (HemaSep, Whatman) over a period of fourteen days following 
drug intake cessation [7]. The full trial protocol and the Statistical Analysis Plan can be accessed in the Supplementary 
Material. This article and supplementary material are open access.

Study participants were recruited at the Magee-Womens Hospital Clinical Translational Research Centre (MWH CTRC) 
between 31st August 2020 and 27th September 2021. Individuals ≥18 years of age were eligible if they were HIV-1 sero-
negative at screening, were in general good health and, if female, were willing to use an effective method of contraception 
(IUD, hormonal contraceptives) throughout the study duration. Participants that were pregnant, breastfeeding, or had 
been using PrEP within the last 3 months were excluded.

Study procedures

After screening, thirty participants were randomised (1:1) into one of two treatment arms. Arm 1 participants received 
dolutegravir 50 mg (Tivicay®; ViiV Healthcare BV) in combination with emtricitabine 200 mg/tenofovir alafenamide 25 mg 
(Descovy®; Gilead Sciences Ltd) once daily for 15 days. Arm 2 received dolutegravir 50 mg in combination with tenofo-
vir disoproxil fumarate 300 mg (Viread®; Gilead Sciences Ltd) and lamivudine 300 mg (Apotex, FL, USA) once daily for 
15 days (see Fig 1). Four of 15 doses (dose 1, 2, 8 and 15) were directly observed in clinic. All other doses were self-
administered and recorded by the participant, who maintained a dosing diary to monitor adherence.

Paired liquid plasma and DBS samples were collected during the “dosing phase” (day 1, 2 and 8), and after ingestion of 
the final dose on days 15 (samples taken at 0, 1, 4 hours post-dose), 16, 17, 18, 19, 22 (equivalent to 24, 48, 72, 96, 168, 336 
hours post-dose, respectively) during the “drug cessation phase”. Specimens were collected and processed at MWH CTRC. 
Whole blood was collected in 10mL K

2
EDTA vacutainer tubes, inverted several times, and spotted onto two types of filter card 

– HemaSep card (Ahlstrom-Munksjö, CytoSep®HV 1668) and Whatman 903 Protein Saver Card (Whatman; Fisher Scientific).

Sample processing

For Whatman cards (WM-DBS), exactly 50 µL of whole blood was spotted onto the centre each designated circle (5 spots 
per card) and air dried in a card holder at room temperature for at least 2 hours. Similarly, exactly 100 μL of whole blood 
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was spotted onto the centre of each inner (hatched) circle of the HemaSep (HS-DBS) card in a single fluid motion (2 spots 
per card) and the red blood cell (RBC) and plasma components were allowed to separate. Complete separation of plasma 
is achieved within 2 minutes. The HS-DBS cards were then left to air dry on the drying rack for at least 2 hours. Once fully 
air dried the DBS cards were placed in individual sealed bags containing humidity indicators and desiccant.

Plasma was obtained from the same K
2
EDTA vacutainer tubes as the DBS. After spotting, the vacutainer tube was 

centrifuged at 1500 x g for 10 minutes at 4°C and the plasma aliquoted. All samples were stored at −70°C pending 
analysis.

Drug quantification (Bioanalysis)

All analytes were measured using validated LC-MS assays [9]. Nucleoside di-/triphosphates were extracted and quantified 
from the inner cellular fraction of the HS-DBS (inner spot; HS-C) as previously described, using a combination of protein 
precipitation (70:30 methanol:20% formic acid in water) with a solid phase extraction (SPE) clean-up step [10]. Nucleoside 

Fig 1.  CONSORT 2025 flow diagram of the progress through the phases of a randomised trial of two groups (that is, enrolment, intervention 
allocation, follow-up, and data analysis) [8].

https://doi.org/10.1371/journal.pone.0341252.g001

https://doi.org/10.1371/journal.pone.0341252.g001
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di-/triphosphates were also quantified from WM-DBS, serving as the gold standard DBS matrix (1 x 6 mm sub-punch) 
using an adaptation of this methodology. The calibration ranged between 1.25–250 pmol/sample, and concentrations were 
expressed as fmol/punch. The calibration range was later extended to 0.25–250 pmol/sample in order to capture lower 
concentrations of TFV-DP from TAF samples.

Parent NRTI (TFV, FTC, 3TC) were quantified from the outer plasma ring of HS-DBS (HS-pL) and from paired liquid 
plasma samples (L-pL), the latter serving as the gold standard metric. The NRTI were extracted from L-pL as previ-
ously described [11,12]. For HS-pL, the entire outer ring was excised and extracted with 80:20 (v/v) acetonitrile:0.1% 
formic acid, after which samples were dried and reconstituted in 300 µL 99:1 (v/v) H

2
O:ACN. The calibration curves 

were 1–1000 ng/mL (TFV) and 5–5000 ng/mL (FTC/3TC) in L-pL; and 0.05–50 ng/sample (TFV), 0.25–250 ng/sample 
(FTC/3TC) for HS-pL, respectively.

Quantification of DTG from L-pL was achieved using a liquid-liquid extraction method (TBME), as previously described 
[13]. For HS-pL, a pre-soaking step (500 µL 1.8 mg/mL EDTA in H

2
O) was incorporated prior to the addition of TBME, after 

which extracts were dried down and reconstituted in 500 µL 80:20 (v/v) MeOH:0.1% formic acid. DTG calibration curves 
were 10–10000 ng/mL (L-pL) and 0.5–500 ng/sample (HS-pL).

To compare with L-pL, measured HS-pL concentrations were normalised to ng/mL by assuming an approximate outer 
ring plasma volume of 50 µL. This was based on a haematocrit level of ~50% which is consistent with normal physiologi-
cal ranges for healthy adults [14].

Pharmacokinetic analysis

Pre-dose samples taken at baseline (Day 1) that were below the assay lower limit of quantification (LLQ) were set as 0 ng/
mL. Post-dose samples that were <LLQ were assigned half LLQ values, and for consecutive post-dose samples <LLQ, 
the first was assigned a half LLQ value and any subsequent samples excluded from data analysis. PK parameters includ-
ing half-life (t½), C

max
, T

max
, and area under the concentration time curve to the last measurable time point (AUC

last
) were 

calculated using non-compartmental methods (Phoenix 64 WinNonlin, version 8.3).

Statistical analysis

Quantifiable concentrations were log transformed, and a coefficient of determination (r2) used to determine the 
presence of statistically significant relationships in drug exposures between matrices. Geometric mean ratios 
(GMR) were calculated to assess differences between the PK parameters derived from paired HS-pL and L-pL 
(DTG/3TC/FTC/TFV) and paired HS-DBS and WM-DBS (3TC-TP/FTC-TP/TFV-DP). GMR were calculated with 
WM-DBS and L-pL serving as the reference matrix. Confidence intervals (CIs) were derived from the logarithms of 
individual ratios, and the resulting limits were subsequently back-transformed to provide linear values. Differences 
in PK parameters were considered statistically significant when the 95% CI did not cross the value of 1.

The agreement between the two methods was evaluated using Bland-Altman plots (SigmaPlot version 14.5, Sys-
tat Software, Inc). Bland–Altman statistics, including the mean difference and limits of agreement, were calculated on 
log-transformed concentrations and then back-transformed to yield fold-change estimates.

Results

Study population

Demographics and clinical measurements of the study population are summarised in Table 1. A total of 29 patient PK 
profiles were evaluated (15 subjects in Arm 1 and 14 subjects in Arm 2). Among the participants, 21 (72%) were female at 
birth and 26 (90%) were Caucasian. The median (range) age was 36 years (20–67), and weight was 73.0 kg (49.0–97.5). 
There were no substantial differences in mean clinical measures between the 2 arms.
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Geometric mean (GM) 95% confidence interval (95% CI) concentrations of the nucleoside di-/triphosphates in 
DBS (HS-C and WM-DBS) over the 14-day cessation period are shown in Fig 2 (individual profiles are shown in  
S3 Fig). NRTI drug concentration profiles in HS-pL and L-pL are depicted in Fig 3 (individual profiles are shown  
in S4 Fig). The PK parameters for the nucleoside di-/triphosphates and parent drugs are summarised in Table 2 
and Table 3, and Bland Altman plots are depicted in Fig 4 (nucleoside di-/triphosphates) and Fig 5 (NRTI and DTG), 
respectively. Correlations were created using log-transformed data (see S1 and S2 Figs). Individual participant pro-
files can be found in S3 and S4 Figs.

Nucleoside di-/triphosphate pharmacokinetics

Maximum TFV-DP concentrations (C
max

) in HS-C were ~12-fold higher (p < 0.001) in participants that received TDF 
(17166 fmol/sample) compared to those receiving TAF (1374 fmol/sample) and were quantifiable for a longer period 
post-cessation (336 versus. 259.2 hours). TFV-DP was undetectable in all WM-DBS from the TAF arm. TFV-DP C

max
 

was ~ 7.6-fold higher in HS-C compared with WM-DBS (2271 fmol/sample) and quantifiable in all DBS up to 336 hours. 
The elimination of TFV-DP appeared to be prolonged in HS-C (t½ = 23 days) compared to WM-DBS (t½ = 15 days), but 
this was not significant [GMR = 1.23 (0.51, 2.97)].

FTC-TP C
max

 concentrations were ~4-fold higher in HS-C (7460 fmol/sample) compared with WM-DBS (1900 fmol/sam-
ple) and t½ was extended (3 days) in relation to WM-DBS (21 hours).

FTC-TP was quantifiable in HemaSep for up to 12 days post-cessation, compared to only 3.8 days in WM-DBS. For 
3TC-TP, HS-C levels were ~7-fold higher and quantifiable for up to 13 days post-cessation, but the rate of elimination was 
comparable between the DBS sample types (HS-C ~ 3 days; WM-DBS ~ 2 days).

Nucleoside di-/triphosphate concentrations measured in WM-DBS and HS-C were significantly correlated: 
TFV-DP (r2 = 0.6609, P = < 0.0001), FTC-TP (r2 = 0.4281, P = < 0.0001), 3TC-TP (r2 = 0.6890, P = < 0.0001) (S1 Fig). 
For TFV-DP, correlation analysis could only be performed in the TDF arm as all WM-DBS samples were <LLQ in 
the TAF arm.

Table 1.  Participant demographics and clinical characteristics (n = 29).

Parameter Arm 1 (TAF|FTC) Arm 2 (TDF|3TC) Total P valueb

N (%) 15 (51.7) 14 (48.3) 29 (100)

Age (yr) 34 (21-58) 38 (20-67) 36 (20-67) 0.948

Weight (kg) 77.1 (56.2-97.5) 68.0 (49.0-97.5) 73.0 (49.0-97.5) 0.407

Height (cm) 165.1 (152.4-185.4) 165.1 (142.2-185.4) 165.1 (142.2-185.4) 0.878

BMI (kg/m2) 29.5 (20.2-36.5) 25.9 (20.4-29.9) 26.7 (20.2-36.5) 0.138

Sex at birth, N (%)

  Female 13 (86.7)a 8 (57.1) 21 (72.4) 0.075

  Male 2 (13.3) 6 (42.9) 8 (27.6)

Ethnicity

  White 12 (80.0) 13 (92.9) 25 (86.2) 0.316

  Black African-American 1 (6.7) 0 (0.0) 1 (3.4)

  Asian 2 (13.3) 1 (7.1) 3 (10.3)

Creatinine (mg/dL) 0.76 (0.59-1.10) 0.87 (0.69-1.11) 0.80 (0.59-1.11) 0.029

Bilirubin (mg/dL) 0.50 (0.30-0.70) 0.55 (0.30-1.60) 0.50 (0.30-1.60) 0.168

ALT (U/L) 13.0 (9.0-49.0) 13.5 (8.0-34.0 13.0 (8.0-49.0) 0.599

AST (U/L) 15.0 (10.0-24.0) 17.5 (10.0-21.0) 17.0 (10.0-24.0) 0.417

https://doi.org/10.1371/journal.pone.0341252.t001

https://doi.org/10.1371/journal.pone.0341252.t001
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NRTI pharmacokinetics

TFV C
max

 HS-pL and L-pL concentrations were 9-fold and 14-fold higher in participants receiving TDF versus TAF. When 
comparing the sampling methods, HS-pL exposures (AUC

last
) were 1.77 (TFV

TAF
) and 1.24-fold (TFV

TDF
) higher than corre-

sponding L-pL exposures, over the course of the sampling period (Table 3).
For FTC, HS-pL exposures were approximately 1.5-fold higher than L-pL. The FTC t½ was comparable for HS-pL and 

L-pL (2.1 days, 1.8 days). 3TC exposures in HS-pL were ~1.7-fold greater than L-pL. Interestingly, HS-pL exhibited a lon-
ger window of drug detection, with a T

last
 of 11 days, compared to L-pL (7.7 days) post-final dose, as well as a prolonged 

t
1/2

 (2.7 days, 1.8 days).
NRTI measurements in HS-pL and L-pL were significantly correlated: TFV

TAF
 (r2 = 0.6528, P = < 0.0001), TFV

TDF
 

(r2 = 0.9623, P = < 0.0001), FTC (r2 = 0.9566, P = < 0.0001) and 3TC (r2 = 0.9578, P = < 0.0001) (S2 Fig A-D).

Fig 2.  Geometric mean (95% confidence interval) nucleoside di-/triphosphate concentrations in HS-C and WM-DBS samples for (A) TFV-DPTAF, 
(B) FTC-TP, (C) TFV-DPTDF and (D) 3TC-TP during the 14-day drug intake cessation period. HS-C is indicated with a solid black line (circles) and 
WM with a grey line (triangles). Metabolite concentrations are presented in fmol/sample (HS-C = 12 mm punch; WM-DBS = 6 mm punch). Detectable 
concentrations below the assay limit of quantification (HS-C = 250 fmol/sample, WM-DBS = 62.5 fmol/sample) are expressed as half LLQ values. Fig 2A 
displays HS-C data only, as all WM-DBS had undetectable TFV-DP

TAF
.

https://doi.org/10.1371/journal.pone.0341252.g002

https://doi.org/10.1371/journal.pone.0341252.g002
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DTG pharmacokinetics

DTG (50 mg) was measured in both arms. HS-pL displayed a 1.4-fold increase in DTG exposure compared to  
L-pL in those receiving TAF, but no differences were noted in the TDF arm. DTG t

1/2
 (~20 hours) was comparable 

in both arms and matrices (Table 3). In relation to known therapeutic targets for DTG, HS-pL (and L-pL)  
concentrations remained above the recommended minimum effective concentration (MEC) (324 ng/mL) [15]  
in 69% (and 55%) of participants at 24 hours post-cessation (equivalent to C

48
 timepoint). However, at 48- and 

72-hours post-cessation (equivalent to C
72

 and C
96

 timepoints) only 17% (and 7%) and 3% (and 3%) participants 
were above the MEC. DTG measurements in HS-pL and L-pL were significantly correlated (r2 = 0.9544,  
P = < 0.0001) (S2E Fig).

Bland Altman plots

Bland Altman plots for nucleoside di-/triphosphates, with HS-C plotted against WM-DBS, demonstrated a consistent posi-
tive bias with HS-C yielding higher concentrations than WM-DBS for all three analytes. The mean difference was greatest 
for TFV-DP (7.67), followed by 3TC-TP (6.20) and FTC-TP (2.82) as shown in Fig 4A–C. Although most measurements 
fell within the limits of agreement there was evidence of “concentration dependency”, with most outliers located at higher 
concentrations.

Bland Altman analysis for the NRTI and DTG (Fig 5A-E), with HS-pL plotted against L-pL, showed good agreement 
between HS-pL and liquid plasma for all parent drugs, with a small positive bias (mean difference 1.23–1.65). Most obser-
vations fell within the limits of agreement, with no evidence of meaningful proportional bias.

Fig 3.  Geometric mean (95% confidence interval) drug concentrations in dried (HS-pL) and liquid plasma (L-pL) for (A) TFVTAF, (B) FTC, (C) 
TFVTDF (D) 3TC and (E) DTG during the 14-day drug intake cessation period. HS-pL is indicated with a solid black line (circles) and L-pL with a grey 
line (squares). Drug concentrations are presented in ng/mL. Concentrations below the assay limit of quantification for HS-pL (TFV – 0.05 ng/50 µL, TAF – 
0.025 ng/50 µL, FTC/3TC – 0.25 ng/50 µL) and L-pL (TFV – 1.01ng/mL, TAF – 0.5ng/mL, FTC/3TC – 5ng/mL) are expressed as half LLQ values.

https://doi.org/10.1371/journal.pone.0341252.g003

https://doi.org/10.1371/journal.pone.0341252.g003
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Discussion

The APT-POCT-01 trial evaluated NRTI and DTG PK in whole blood, plasma, urine, and saliva [7]. This sub-study focused 
on the kinetics of NRTI phosphorylated metabolites in paired WM-DBS and HS-DBS.

Reported t
1/2

 for NRTI phosphorylated metabolites in this study align with prior estimates in WM-DBS, including approx-
imately 17 days for TFV-DP and 1.5 days for FTC-TP. Notably, this study is the first to characterize 3TC-TP kinetics 

Fig 4.  Bland Altman plots comparing WM-DBS and HS-C for TFV-DPTDF (A), FTC-TP (B) and 3TC-TP (C) as a measure of agreement between 
the two methods. Concentration data were log-transformed, and the mean differences and limits of agreement are presented as back-transformed 
ratios.

https://doi.org/10.1371/journal.pone.0341252.g004

Fig 5.  Bland Altman plots comparing L-pL and HS-pL for TFVTAF (A), FTC (B), TFVTDF (C), 3TC (D) and DTG (E) as a measure of agreement 
between the two methods. Concentration data were log-transformed, and the mean differences and limits of agreement are presented as back-
transformed ratios.

https://doi.org/10.1371/journal.pone.0341252.g005

https://doi.org/10.1371/journal.pone.0341252.g004
https://doi.org/10.1371/journal.pone.0341252.g005
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in DBS, with a t
1/2

 of 3 days in HS-C and 2 days in WM-DBS. These data can be used to support clinicians in making 
adherence assessments for PLWH who are taking 3TC-based regimens, such as TFV/3TC/DTG (TLD), which is one 
of the first-line WHO recommended treatments for HIV [16]. The rapid elimination of 3TC-TP and FTC-TP makes them 
suitable for short-term adherence monitoring [17], whilst prolonged elimination of TFV-DP reinforces its utility for assess-
ing longer-term adherence [18,19]. The longer apparent half-lives observed in HS-C compared with WM-DBS could be 
seen as an analytical effect, whereby HS-C higher concentrations allow quantification further into the terminal elimination 
phase, whilst lower WM-DBS concentrations truncate this phase, leading to a shorter estimated half-life [17].

The marked difference in TFV-DP concentrations observed between participants receiving TDF and TAF, reflected in 
a 12-fold higher C

max
 of TFV-DP in HS-C in the TDF arm, underscores the impact of formulation on intracellular TFV-DP 

accumulation. This was reinforced by our inability to detect TFV-DP levels in all WM-DBS samples from the TAF arm. 
These results are consistent with our previous data showing ~15-fold higher TFV-DP levels in HS-DBS from TDF- versus 
TAF-based ART [10] and with data from another WM-DBS study, where pooling of WM-DBS sub-punches was required to 
increase assay sensitivity and enable quantification of TFV-DP in individuals receiving TAF [20]. A potential explanation is 
due to differences in enzymatic activity for each analyte. Lysosomal carboxypeptidase A (cathepsin A) is an enzyme local-
ised within peripheral blood mononuclear cells (PBMC) which has been recognised as the primary hydrolase responsible 
for activation of TAF intracellularly. TAF requires hydrolysis by cathepsin A into its parent moiety, which is then phosphor-
ylated into its active form (TFV-DP) by intracellular kinases, which leads to an accumulation of TFV-DP within PBMC [21]. 
However, cathepsin A is not present in RBC, therefore hydrolysis does not take place in these cells, resulting in reduced 
concentrations of TFV and therefore, TFV-DP. Conversely, the metabolism of TDF is not dependent on cathepsin A activ-
ity, as it is phosphorylated intracellularly by nucleoside diphosphate kinase and AMP kinase into TFV-DP [22], leading to 
increased TFV-DP concentrations in RBC.

The comparison between WM-DBS and HS-DBS (TDF arm) revealed approximately 7-fold higher TFV-DP lev-
els in HS-C, with the HS-DBS method yielding systematically higher values, particularly at the upper concentration 
ranges. This discrepancy likely stems from differences in card materials, applied blood volumes (100 µL for HemaSep 
vs. 50 µL for Whatman) and thus higher cell densities per unit area, and sub-punch sizes (12 mm for HemaSep vs. 
6 mm for Whatman). Despite these variations, positive and significant correlations were observed between the two 
methods, and most measurements were within the limits of agreement via Bland-Altman analysis, indicating good 
overall concordance. However, it is important to recognise that Bland–Altman are typically used for cross-validation 
between methods or laboratories measuring the same “true” sample. In this context, HS-C and WM-DBS represent 
distinct specimen types rather than interchangeable measures of a single reference matrix, and therefore identical 
absolute concentrations are not expected. Accordingly, the Bland–Altman analysis in this study should be interpreted 
as assessing agreement and systematic differences between the sampling approaches, rather than as a validation of 
absolute accuracy against a gold standard.

The observed differences between traditional DBS and plasma separation cards, as well as the distinct PK profiles 
between TDF and TAF, have important implications for interpreting adherence from intracellular TFV-DP concentrations. 
Lower TFV-DP DBS concentrations in those receiving TAF may lead to underestimation of adherence if the sampling 
approach and regimen aren’t considered. This reinforces the need for developing drug regimen and matrix-specific 
adherence thresholds to ensure accurate clinical interpretation and avoid misclassification of adherence status. HemaSep 
could serve as a useful tool for adherence monitoring for those receiving TAF-based regimens and in individuals receiving 
on-demand PrEP where TFV-DP concentrations are expected to be lower.

Previous studies identifying adherence benchmarks for TFV-DP and FTC-TP have been performed using WM-DBS 
[1,2,23]. Pharmacokinetic analyses from the iPrEx study, for example, identified TFV-DP concentrations in WM-DBS 
of: ~ 350 fmol/punch for 2 doses/week, ~ 700 fmol/punch for 4 doses/week, and ≥1250 fmol/punch for daily dosing (6–7 
doses/week). Based on our paired data, equivalent adherence thresholds in the cellular fraction of HS-DBS would be 
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approximately 5-fold (FTC-TP) to 8-fold (TFV-DP
TDF

) higher than those derived from WM-DBS, though these differences 
are influenced by the volume of blood applied and the punch size used for extraction.

HS-DBS are advantageous in that they enable the simultaneous quantification of parent NRTI and their nucleoside 
di-/triphosphates from one sample as a measure of both short- and long-term adherence. The novel plasma separation 
technology also lends itself to applications for ‘at-home’ testing, which allows for patient-centric sampling to be performed 
outside clinical settings via finger prick kits. In contrast, WM-DBS drug concentrations are influenced by drug-specific red 
blood cell partitioning, variations in haematocrit and dilution effects from the cellular components of whole blood, such that 
correction factors need to be applied to align with relatable liquid plasma values.

NRTI concentrations in HS-pL reported in this study align with L-pL levels previously reported [24–27]. Similarly, 
higher TFV concentrations in the TDF arm were expected due to the higher TDF dose (300 mg TDF vs. 25 mg TAF) 
and are consistent with previous findings [28]. The quantification of the TAF pro-drug itself was not included in the 
PK analysis due to most samples reading <LLQ for both HS-pL and L-pL. This was expected due to rapid elimina-
tion of TAF from plasma (t

1/2
 ~ 25 minutes) [29]. The half-lives of the parent NRTI drugs observed in this study were 

longer than previously reported (14 hr for TFV, 10 hr for FTC, 3–4 hr for 3TC) [1,15,27], likely because the half-lives 
were determined over a 14-day period, which includes the terminal elimination phase as concentrations approach the 
assay LLQ.

NRTI exposures in HS-pL were between 1.2 to 1.8-fold higher than in L-pL across the sampling period, with TFV 
levels in HS-pL up to 2-fold higher during the C

max
 phase (TAF arm). Although, drug absorption and elimination kinet-

ics (T
max

, t½) in HS-pL were largely consistent with paired L-pL data. Significant positive correlations were observed 
between HS-pL and L-pL concentrations for all NRTI (P < 0.0001). Due to their relatively short elimination half-lives, 
direct quantification of NRTI parent compounds in plasma are a reliable indicator of recent dosing, and HS-pL may 
serve as a viable alternative matrix for this purpose in remote settings where collection, transport and processing of 
liquid plasma is not practicable.

The strong correlation between HS-pL and L-pL DTG concentrations (r² = 0.9544, P < 0.0001) supports the suitability of 
HS-DBS for short-term PK monitoring. DTG exposures were ~1.4 fold higher in HS-pL compared to L-pL in the TAF arm, 
though both arms and sampling types demonstrated similar elimination kinetics (DTG t

1/2
 ~ 20 hours). Therapeutic levels 

were maintained, with comparable proportions of participants above the target DTG concentration (MEC: 324 ng/mL) in 
both matrices. However, as the MEC is defined using liquid plasma, comparisons of proportions above this threshold in 
HS-pL are intended to be descriptive and to contextualise relative trends between matrices, rather than to imply direct 
clinical equivalence. Inter-subject variability, as well as systematically higher levels of parent drug in HS-pL compared with 
liquid plasma, as reflected by higher GMRs, likely stems from methodological factors, including excision and extraction of 
the entire plasma ring and uncertainty in the “partitioned” plasma volume which is potentially influenced by haematocrit 
and blood viscosity.

Further studies are warranted to establish adherence thresholds for HS-DBS using simulated dosing regimens, or 
through validation in real-world patient cohorts, in both treatment and PrEP contexts. For DTG there is particular inter-
est in understanding whether its intracellular half-life is prolonged relative to the parent drug in plasma – which our data 
indicate, falls below target after 48 hours. In this context, HS-DBS could offer a practical alternative to PBMC isolation for 
assessing intracellular DTG levels (in the central spot), while simultaneously enabling measurement of plasma concen-
trations from the same card (via the outer ring). HS-DBS offer a logistically simpler, more scalable approach that could 
feasibly be implemented in remote settings to support such strategies.

Conclusion

In conclusion, this study offers important insights into the pharmacokinetics of NRTIs and their active phosphorylated 
metabolites across different blood matrices following treatment cessation, aiding the validation of adherence benchmarks. 
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Plasma separation cards, which allow simultaneous quantification of parent drugs (for short-term adherence) and nucle-
oside triphosphates (for long-term adherence) from both plasma and cellular fractions, represent a practical alternative 
to conventional sampling methods like liquid plasma and whole blood DBS. The observed differences in TFV-DP levels 
between TDF and TAF regimens, and between DBS sampling approaches, highlight the importance of regimen and 
matrix-specific interpretation in DBS adherence monitoring.

Supporting information

S1 Fig. Correlation of quantifiable nucleoside di-/triphosphate concentrations in HS-C and WM (expressed in 
fmol/punch) for (A) FTC-TP, (B) TFV-DPTDF, and (C) 3TC-TP. Data are log transformed. All correlations were significant 
(p = < 0.001).
(TIF)

S2 Fig. Correlation of quantifiable dried plasma (HS-pL) and liquid plasma concentrations (expressed in ng/mL) 
for (A) TFVTAF, (B) FTC, (C) TFVTDF, (D) 3TC and (E) DTG. Data are log transformed. All correlations were significant  
(p = < 0.001).
(TIF)

S3 Fig. Individual participant profiles displaying concentrations of nucleoside di-/triphosphates over the study 
washout period (0–336 hours post-cessation). Comparison of arms 1 and 2 (TFV

TAF
, TFV-DP

TDF
) (A) indicates greater 

concentrations of TFV-DP in arm 2. Matrix-specific comparisons are found graphs B (TFV-DP), C (FTC-TP) and D 
(3TC-TP).(TIF)

S4 Fig. Individual participant profiles displaying concentrations of TFVTAF (A), TFV-DPTDF (B), FTC (C), 3TC (D) 
and DTG (E – arm 1, F – arm 2). Comparison of paired HS-pL and L-pL samples over the study washout period (0 – 336 
hours post-cessation).
(TIF)
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