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Abstract

With the development of highly sensitive bioanalytical techniques, the volume of samples
necessary for accurate analysis has reduced. Microsampling, the process of obtaining small
amounts of blood, has thus gained popularity as it offers minimal-invasiveness, reduced
logistical costs and biohazard risks while simultaneously showing increased sample stability
and potential for the decentralization of the approach and at-home self-sampling. Although
the benefits of microsampling have been recognized, its adoption in clinical practice has been
slow. Several microsampling technologies and devices are currently available and employed
in research studies for various biomedical applications. This review provides an overview of
the state-of-the-art in microsampling technology with a focus on the latest developments and
advancements in the field of microsampling. Research published in the year 2022, including
studies i) developing strategies for the quantitation of analytes in microsamples, and ii)
bridging and comparing the interchangeability between matrices and choice of technology
for a given application, is reviewed to assess the advantages, challenges, and limitations of
the current state of microsampling. Successful implementation of microsampling in routine
clinical care requires continued efforts for standardization and harmonization.
Microsampling has been shown to facilitate data-rich studies and a patient-centric approach
to healthcare and is foreseen to play a central role in the future digital revolution of healthcare
through continuous monitoring to improve the quality of life.
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1. Introduction

Although invasive intravascular access has been the gold standard for blood sampling for
decades and remains one of the most prevalent medical procedures in healthcare, its use is
limited by several drawbacks.! The process of acquiring intravascular access with a
hypodermic needle for blood sample collection (typically > 1 mL) requires a qualified
phlebotomist and a sterile clinical environment.? This invasive and centralized approach is
often associated with inconveniences such as frequent clinical visits, discomfort, anxiety,
pain, and phobia, which can lead to reduced patient compliance.? Poor vascular puncture
practices can result in hemoconcentration or hemolysis, rendering the samples unsuitable for
analysis and subjecting patients to the inconvenience of a second blood draw. In addition,
they expose healthcare personnel to the risk of sharp injuries and bloodborne pathogens.
Occasionally, they may also lead to complications such as hematoma, infection, nerve
damage, and iatrogenic anemia, potentially causing physical, psychological, and economic
distress.>® Consequently, medical procedures may be delayed or disregarded, and
participation in clinical research may be reduced.” Furthermore, these samples necessitate
time-consuming, resource-intensive, and expensive sample collection and preparation
protocols to minimize pre-analytical variability.® About 75% of samples require
centrifugation to obtain plasma or serum for analysis, which increases economic costs and is
a substantial factor for delays in a laboratory workflow.® Wet blood samples require cold-

chain storage and shipping to prevent sample degradation and bacterial growth. !

Blood microsampling, the process of capturing small volumes of capillary blood (typically
<100 pL), often in a minimally-invasive manner, presents a viable alternative to vascular
puncture and is a significant contributor in the revolutionization of human healthcare towards
preventive, participative, and personalized approaches in disease management. The minimal
invasiveness of a low-volume blood draw provides benefits over conventional blood
sampling by enabling amenable self-sampling without the need for trained personnel or
hospital visits, which can advance primary healthcare in rural and remote geographical
areas,'! and improve patient recruitment and retention, thereby increasing statistical power in
clinical studies.'” Reduced blood volumes enhance the feasibility of sampling volume-limited
candidates and serial sampling, which can facilitate longitudinal investigations with fewer
participants.'? In addition, dried microsamples eliminate the requirement for centrifugation
and aliquoting, may be transported at ambient temperatures without compromising analyte
stability, can facilitate direct processing, and are compatible with automated workflows.
Dried matrices also render most pathogens inactive, reducing the biohazard risk generally

associated with the transfer of clinical samples.’* The enhanced feasibility of sample
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processing, storage, and shipment significantly reduce the turnaround time of blood testing,

hence promoting shorter time-to-diagnosis. !4

The complexity of the blood matrix often necessitates elaborate sample clean-up procedures
such as protein precipitation, liquid-liquid extraction, and SPE to reduce matrix effects and
enrich analytes to the desired detection limit."> Since microsamples comprise only a few
hundred microliters, highly sensitive bioanalytical assays are required for analysis in addition
to improved sample clean-up, particularly for low-abundant target analytes. In addition to the
conventional sample clean-up procedures, microsample preparation has been enhanced by
the development of new techniques such as porous polymeric thin-film extraction,'® micro
SPE with pipette tips and spin columns,!” and three-phase electroextraction, which is capable
of achieving simultaneous clean-up and high enrichment of 20 pL. microsamples in a short
amount of time.'® Automation of miniaturized extraction techniques and direct hyphenation
to analytical instrumentation minimizes sample loss and alleviates the sample-preparation
bottlenecks in volume-limited samples.!” The most extensively employed quantitative
analytical technique for microsample analysis is LC separation coupled with MS detection
due to its ability to detect analytes in pg/mL concentrations. Other separation techniques such
as CE-MS provide a potent analytical tool for the efficient profiling of polar and charged
analytes in small sample volumes via separation by an electric field.?’ Furthermore, paper-
based ionization techniques such as paper spray ionization (PSI) for MS have enabled the
direct analysis of a broad spectrum of analytes in dried microsamples without the requirement
of any prior sample pretreatment.?! These sophisticated approaches have driven the
implementation of microsampling in various biomedical domains; newborn and metabolic
screening,?>?* biomarker research,?!**% pharmacokinetic (PK) and pharmacodynamic (PD)

26,27 34-36

studies,?®?’ therapeutic drug monitoring (TDM),?*3* forensic toxicology, sports anti-

37-3% metabolomics,?>***! and proteomics.?**>* Since 70% of medical decisions are

doping,
governed by diagnostic blood tests,* several medical technology companies are investing in
the development of innovative at-home blood microsampling devices to make blood work
more accessible and convenient. Being an integral part of the paradigm shift towards patient-
centric healthcare systems, the microsampling devices market is projected to reach a value

of US$ 2.4 Bn by 2030 at a compound growth annual rate of ~7%.4’

This review provides an extensive overview of the state-of-the-art in blood microsampling,
with a focus on recent significant developments, technological advancements, and
applications, published in the year 2022. It includes a discussion on the working principles,
advantages, and challenges of various microsampling technologies, and associated

commercially-available devices. The key developments in microsampling, which include i)
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development and validation of bioanalytical methods for the quantification of analytes, i)
validation of microsampling by comparison with conventional sampling with emphasis on
interchangeability between matrices and subsequent determination of matrix conversion
factors if needed, and iii) evaluation and comparison of the performance of two or more
microsampling devices to determine the optimum for a given application, are summarized
and reviewed. Figure 1 provides a visual summary of the benefits of microsampling and

statistics of microsampling technology and applications in 2022.
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Figure 1. Graphical summary of the benefits of microsampling and 2022 publication statistics of
microsampling technologies and applications.

2. Microsampling Technologies and Innovations

Microsamples can be collected either as dried or liquid matrix microsamples. Existing
technologies for collection of the former include the dried matrix spot, dried blood spheroid,
and volumetric absorptive microsampling. The latter can be collected either using a capillary-
based or tube-based technology. The following sections provide a comprehensive overview
of the microsampling technologies, including commercially-available devices and recent

innovative concepts for microsampling.

2.1 Dried Matrix Microsampling
An overview of commercially-available dried matrix microsampling devices can be found in
Table 1.
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2.1.1  Dried Matrix Spot: Dried Blood Spot, Dried Plasma Spot, and Dried Serum Spot
The Dried Blood Spot (DBS) is the oldest microsampling technique and is well-established
in developed countries for newborn screening of more than 50 inborn genetic and metabolic
disorders, while gaining popularity in various other biomedical applications.***® DBS
samples are capillary blood droplets from a lancet prick on the finger, heel, or toe, dripped
onto specially-manufactured filter paper comprising a sheet of thick cellulose cardstock
affixed to an envelope for sample identification and handling. The saturated filter paper is
dried at ambient temperature for a minimum of 4 hours and shipped to a laboratory for
analysis, where fixed-diameter discs are punched out from the filter paper to provide
volumetric defined measurements, and blood components are extracted by rehydrating the

filter matrix with an elution buffer."

Despite its simple blood collection process, DBS use in biomedical applications is limited by
multiparametric sources of variability that can impact quantitative analytical accuracy.'
Hematocrit (Hct), i.e., the volume proportion of red blood cells (RBCs) in blood is the
predominant issue of DBS as it influences DBS spot size, spot homogeneity, and extraction
recovery of analytes.*’ Blood with higher Hct levels spreads more slowly on filter paper due
to increased blood viscosity, producing a smaller spot than blood with lower Hct levels for
the same volume of blood (Figure 2A).>° This spot bias results in unreliable volumes in fixed-

diameter punches impacting the accuracy of analyte quantitations.*>!

Further analytical
biases are introduced by the inherent component of DBS technology that enables the drying
of blood: the filter paper. Filter paper properties determine the maximum loading capacity,
blood spreadability, chromatographic effects, analyte stability, and recovery. During the
formation of DBS, the content of blood droplets may undergo a chromatographic effect or
coffee-ring effect due to differential diffusion across the filter paper. Besides hematocrit,
other factors such as humidity, drying conditions, and material of the filter paper also
contribute to the uneven distribution of analytes.’?> A variety of filter papers with different
functionalities are commercially available; 7) standard untreated cellulose papers such as
Whatman 903 and Ahlstrom 226, ii) pre-treated cellulose papers such as Whatman FTA
Elute, FTA DMPK-A, and FTA DMPK-B for enzyme inhibition or protein denaturation,>
iii) cellulose-based variants such as water-soluble carboxymethyl cellulose paper to improve
protein precipitation,’ and iv) non-cellulose based alternatives such as hydrophilic-coated

woven polyester fibers to provide spot sizes independent of hematocrit.>

Baillargeon et al. developed a patterned DBS (pDBS) card that uses hydrophobic wax
barriers to define distinct areas for sample addition, distribution, and storage, thereby
regulating sample application, distribution, and volume control.> These pDBS cards provide
an enhanced sampling technology to obtain four uniform replicates independently of the Hct
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over a broad range of clinical values (20-60%; Figure 2B). Compared to standard DBS cards,
the use of pDBS demonstrated a 3-fold improvement in the accuracy of hemoglobin
estimation at low Hct (20%). Additionally, pDBS revealed no statistically significant
difference between the recovery of sodium and certain amino acids in dried versus liquid
blood samples. A potential downside of their pDBS is the incompatibility of the wax barriers
with organic solvents (e.g., methanol, acetonitrile) and harsh surfactants (e.g., Triton X-100,
sodium dodecyl sulfate) which could interfere with accurate sample analysis if leached into
the sample during extraction.’® A commercially-available microsampling device that allows
for multiple punches from a single sample, similar to the pDBS technology, is HemaSpot™
HD.>” HemaSpot™ HD consists of a large membrane which reduces the hematocrit effect
and enables the collection of DBS of ~160 pL. The greater surface area provides an
opportunity to run a variety of assays on a single sample via multiple punches. The membrane
is incorporated in a moisture-tight cartridge with a built-in desiccant to facilitate a robust
storage and shipping solution.’’
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Figure 2. Dried Matrix Spot Technology. (A) Dried Blood Spot at different levels of blood hematocrit. (B)
Patterned Dried Blood Spot with four uniform replicates. (C) Telimmune Plasma Separation Card with cross-
sectional view. (D) HemaSpot SE device with spiral membrane to facilitate separation of whole blood into
constituent parts. (Adapted from References 50, 56, 69, 70)

Although different modifications to traditional DBS cards exist to minimize the Hct effects,
the easiest approach to eliminate the Hct bias related to spot size and inhomogeneity is to
analyze the complete DBS spot formed from a volumetric application of blood. Volumetric
DBS can be obtained either by punching the entire DBS after the volumetric application of
blood or by volumetrically applying blood on pre-punched discs.** Accurate volumes of

blood for application can be procured using a micropipette or microfluidic channels.
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However, effective pipetting requires skilled personnel, which limits its scope of application
due to the reduced feasibility of self-sampling. In contrast, microfluidic channels are
increasingly being used in the development of self-sampling-compliant microsampling
devices to produce volumetric DBS for analysis. HemaXis™ DB 10, Capitainer® B,> and
HemaPEN®® are commercially-available devices for volumetric DBS collection that
operate on the principle of passive volumetric control using microfluidic channel geometry.
Blood obtained from a finger prick by lancet is introduced to the microfluidic channel for
initiation of DBS collection. The contents of the filled channels are subsequently transferred
onto a standard filter card in HemaXis™ DB 10 and pre-punched paper discs in Capitainer®
B and HemaPEN®. Another device for volumetric DBS collection is the HemaSpot™ HF
which is based on the principle of absorbent paper membrane. The fan-shaped design of the
collection matrix with eight blades made of the HemaForm™ absorbent paper promotes the

uniform distribution and volumetric collection of blood droplets applied to its surface.®!

Although these microsampling devices provide a robust approach for collecting volumetric
DBS samples to overcome the Hct spot size and inhomogeneity bias, they fail to eliminate
the impact of Hct on the extraction efficiency of analytes. DBS with high Hct tends to create
a barrier for extraction, resulting in decreased recovery and an underestimation of analyte

concentration.*-62

Therefore, optimization of extraction procedures and evaluation of analyte
recovery and quantitation accuracy at different Hct levels are absolute necessities during DBS
assay validation to ensure biases are within acceptable limits. Carniel ef al. evaluated the
influence of Hct at levels 30%, 40%, and 50% on the accuracy and recovery of clozapine and
norclozapine from DBS samples.?’ The extraction efficiency was observed to be in the range
of 63-67% for clozapine and 58-69% for norclozapine with no significant impact of Hct. The
accuracy over all Het levels was between 98% and 105%, which was within acceptable limits.
Other recent studies have also determined that the effect of Hct on DBS sampling is within
acceptable limits for a variety of analytes; 8-isoPGF2q, 8-i1s0PGEz, and PGE, [Hct 30-60%)],%
tacrolimus [Hct 18-55%],%% creatinine [Hct 18-55%],% mycophenolic acid [Het 23-53%],%
phenylalanine and tyrosine [Het 29-64%],%° and vancomycin, meropenem, and linezolid [Hect
15-40%].5° However, research by Chiu et al. on the influence of Hct ranging from 15% to
65% on the quantification accuracy of four monoclonal antibodies (mAb) demonstrated a
need for Het-based concentration correction to obtain accurate quantification results.?! The
study exhibited a positive bias exceeding 50% for Het lower than 25% and a negative bias
exceeding 30% for Hct higher than 55%. The bias was attributed to the large size of
therapeutic mAbs, which prevented them from passing through the cell membranes of
erythrocytes, resulting in their predominant distribution in plasma and an obvious Hct effect.
As demonstrated by these different studies, utilization of DBS samples necessitates analyte-
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specific validation for the Hct effect. Analyte-specific validation for Het effect is particularly
important because Hct levels can vary significantly among individuals and even within
individuals at different times.® The validation would ensure that laboratory test results are
accurate, even in samples with varying Hct levels, allowing clinicians to make informed
decisions based on reliable diagnostic information to provide high-quality patient care.
However, analyte-specific validation requires analysis of samples at various Hct levels,
which can be time-consuming and labor-intensive. The process would incur additional testing

expenses and require specialized equipment for the accurate measurement of Hct.

Despite the inconveniences caused by Hct, several advancements in DBS technology have
been made to improve existing features and develop new functionalities. A new DBS method
was recently developed by Ten-Doménech ef al. for accurate, simultaneous quantification of
oxidized and reduced glutathione by addressing the challenge of glutathione instability
caused by rapid enzymatic or non-enzymatic oxidation in-sample.? In this study, a 6-mm
diameter filter paper was pre-treated with 8 pL of N-ethylmaleimide before DBS sampling
to allow immediate derivatization of glutathione at room temperature. This on-spot
derivatization technique prevented the oxidation of glutathione to glutathione disulfide in
samples, circumventing the need for manual intervention by clinical staff for sample
derivatization. The method was validated for two clinical scenarios: short-term storage using
residual blood volumes from newborn screening processed after storage at 4°C for 24 hours
and long-term storage using cord blood samples processed after storage at -20°C within one
month. The accuracy and precision of glutathione and glutathione disulfide measurements
using this approach were comparable to those of conventional liquid-blood analyses.
However, technological advances are application-specific and must be validated to ensure
comparable outcomes to conventional approaches. For example, Nguyen ef al. compared the
performance of a smart DBS sampler for on-paper trypsin digestion to that of the traditional
in-solution trypsin digestion and found the latter to be superior for proteomic profiling.®’
Although the smart sampler, created by immobilizing trypsin on KIO4-functionalized DBS
filter paper, demonstrated that covalently-bound trypsin had significantly better stability with
low autolysis, its performance was discovered to be protein-dependent. Digestion of a simple
protein, such as cytochrome C, produced similar amounts of peptides in both on-paper
digestion and in-solution digestion, whereas digestion of proteins with disulfide bridges, such
as bovine serum albumin, produced more peptides in solution. Due to immediate digestion
occurring before reduction and alkylation in the smart sampler, on-paper digestion displayed

lower protein coverage compared to in-solution digestion.
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An alternative to eliminating the Hct effect is the collection of plasma or serum instead of
whole blood onto the filter paper. The Dried Plasma Spot (DPS) or Dried Serum Spot (DSS)
allows the collection and preservation of the liquid fraction of blood on filter paper without
interference from the cellular components.®® Similar to DBS, DPS and DSS offer several
advantages over traditional plasma or serum samples, including improved stability, ease of
collection and transportation, reduced costs, and compatibility with automated analysis.
However, the conventional DPS and DSS technologies require centrifugation to produce
plasma or serum, which can be an expensive and time-consuming component in any
workflow. Alternatively, the collection of plasma or serum from whole blood can be enabled
without the requirement for centrifugation by employing passive separation membranes to
capture the RBCs while allowing plasma or serum to flow through onto the collection matrix
for the formation of DPS or DSS. There are two commercially-available devices based on
this blood separation technology: Telimmune Card and HemaSpot™ SE. The Telimmune
card, formerly known as the Noviplex card, comprises a spreading layer and a separation
membrane for the removal of blood cells through mechanisms of adsorption and filtration for
the volumetric collection of plasma (Figure 2C).®° The spiral-shaped membrane design of
HemaSpot™ SE allows for the separation of whole blood into its constituent parts of cells
and serum using lateral flow (Figure 2D). Multiple punches for different blood components
are feasible at various locations of the membrane; RBCs, platelets, and leukocytes in the
center, and serum and components in the spiral arm.”® These devices provide higher sample
stability and quality by preventing hemolysis and contamination, which can occur during

sample collection or transportation of conventional samples.

2.1.2  Dried Blood Spheroids

The principal cause of most DBS limitations is the interaction between components of blood
and the planar filter paper, which leads to complications in sample quality, analyte extraction,
and analyte quantification, as discussed previously. In addition, due to the constant exposure
of DBS to ambient air, they are highly susceptible to oxidative stress, rendering them
unsuitable for the analysis of labile analytes.”' These pitfalls of DBS could be overcome with
the use of 3D dried blood spheroids, a blood collection technology utilizing hydrophobic
paper substrates developed by Damon et al.”>73 These hydrophobic substrates are produced
by a gas-phase silanization process on hydrophilic cellulose papers. When blood droplets are
applied to these substrates, they bead to form 3D spheroids due to the lower surface energy
of the substrate (Figure 3A). As the spheroid begins to dry, evaporation of water causes intact
RBCs to self-assemble onto its surface. These surface RBCs begin to lyze, forming a thin
layer of passivation that protects the interior bulk of the sample against environmental
stressors, thereby increasing the stability of labile analytes. This technique also eliminates
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the need for cold storage and laborious sample pre-treatment by allowing direct sample
analysis by PSI-MS for sensitive analyte quantification with reduced sample volumes.”"7?
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Figure 3. Dried Blood Spheroid Technology. (A) Silanization of hydrophilic cellulose paper to form 3D blood
spheroids. (B) Pinhole paper spray mass spectrometry platform using embossed well dried blood spheroid. (Adapted
from References 73, 74)

Recent advances in spheroid technology include the development of a spheroid-based
microsampling device by Frey et al. to facilitate volumetric blood collection with short drying
durations.” In this study, before the silanization process, the paper substrate was embossed
with 3D-printed templates to create 20 uL wells to collect whole blood spheroids. The device
included a drying chamber to house the paper substrate containing blood spheroids and 50
pL of ethanol solution for rapid drying facilitated by the increased rate of evaporation of
ethanol-water mixtures. Each embossed well incorporating a dried blood spheroid was
punched out, inverted onto a second triangular hydrophobic paper, and punctured using a
sharp 16-gauge hypodermic sterile needle to provide access to the blood components existing
in the semi-solid state, for pinhole PSI-MS/MS analysis (Figure 3B). Cocaine and its
metabolite benzoylecgonine were used as model chemical systems to evaluate the device
because cocaine had been shown to be labile in DBS.”! The approach was validated by
comparing conventional hydrophilic DBS coupled to PSI-MS/MS and traditional LC-ESI-
MS/MS with liquid-liquid extraction. When compared to samples made with planar
hydrophilic paper, the sample stability and sensitivity (~10x) were found to be superior in
dried blood spheroids.” Additionally, LC-ESI-MS/MS experiments were found to be ~10x
more sensitive with lower LOD and LOQ (cocaine: 0.015 ng/mL and 1.33 ng/mL;
benzoylecgonine: 0.028 ng/mL and 2.22 ng/mL) compared to pinhole PSI-MS/MS
experiments (cocaine: 0.12 ng/mL and 2.88 ng/mL; benzoylecgonine: 0.49 ng/mL and 4.43
ng/mL). The lower sensitivities are primarily attributable to the intrinsic matrix effects
resulting from the direct analysis of whole blood in PSI-MS/MS as compared to the reduced
matrix effects resulting from prior sample clean-up procedures in LC-ESI-MS/MS. The

clinical efficacy of the spheroid technology was further demonstrated by Sham et al. who
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measured creatinine levels in whole-blood spheroid microsamples obtained from adult
human volunteers.?! The study compared the PSI-MS/MS analysis of 5 uL of oven-dried
whole blood spheroid collected on a planar hydrophobic paper to the conventional UPLC-
MS/MS analysis of 50 pL of liquid whole blood. Similar results were obtained from both
approaches with a maximum deviation of 0.3 pg/mL. The spheroid approach exhibited
excellent linearity (R?>0.99; 2.5-20 pg/mL) across the expected human concentration range,
a lower limit of quantification of 2.5 ng/mL, precision < 6.3%, and recovery in the range of
88-94%.!

2.1.3  Volumetric Tip Microsampling

Volumetric Tip Microsampling (VTM), introduced to the market in 2014, is an alternative
microsampling technique to collect Hct-independent, fixed-volume dried whole blood
samples by accurate and precise absorption of blood into a volumetric polymer tip. The
volume of blood collected is controlled by the amount and properties of the polymeric
substrate. After the samples collected on these tips are dried, they are stored or transported
to the laboratory for analysis.'* The VTM technique is currently employed by two
commercially-available blood collection devices: Mitra and TASSO-M20. The Mitra device
comprises a plastic sampler attached to a proprietary hydrophilic polymer tip which functions
based on their patented volumetric absorptive microsampling (VAMS®) technology. To
initiate sample collection, the leading surface of the Mitra tip is dipped into blood obtained
via a finger prick (Figure 4A).”> The Mitra devices are compatible with 96-Autoracks and
automated liquid handling systems which facilitate high-throughput testing. The TASSO
device consists of a large button, a lancet, microfluid channels, and a sample-collection pod
with four TASSO volumetric tips. For TASSO-M20 blood collection, the device adheres to
the upper arm of the patient and the button is pressed firmly and released, which creates a
vacuum and deploys the lancet to puncture the arm to draw blood which is directed to the
tips via the capillary channels (Figure 4B).”° With the use of VITM for sample collection,
issues of inhomogeneity experienced by DBS sampling are eliminated, as there is no filter
paper component to cause the biases, such as uneven spreading distribution and sample size

variability.

However, certain aspects of the VTM technology require careful consideration prior to its
implementation. A critical and comprehensive overview of the practical aspects of VAMS

can be found in the 2018 review by Kok et al.”’

One of the potential challenges of VIM is
the difficulty in the extraction of analytes which could be trapped in the crevices of the porous
polymer tip due to the possibility of dried erythrocyte occlusion.?> However, studies have

shown that additional processes such as pre-wetting the polymer tip with water and sonication
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during sample preparation can improve the extraction efficiency of analytes.””””® Another
limitation with VITM is the inability to add stabilizing agents during sample collection for the
accurate quantification of unstable analytes susceptible to hydrolytic degradation. Addition
of reagents to the polymer tips prior to sample collection could potentially result in
undesirable sample volumes and inhomogencous distribution of analytes. Nevertheless,
different drying conditions, such as the use of a desiccator, pressurization, nitrogen gas, and
household vacuum sealer have been shown to improve sample stability. In the analysis of
acetylsalicylic acid, a hydrolysis-prone analyte, Moon et al. showed that humidity control
was critical for its stability, and the use of a simple household vacuum sealer could maintain

the stability for up to one month.3?

(A) (B)

Bution
Absorptive VAMS® Tip

Sampler Body

Clamshell Device

TASSO Volumetric Tip

Figure 4. Volumetric Tip Microsampling Technology. (A) Mitra device by Neoteryx. (B) TASSO-M20 device
by TASSO Inc. (Adapted from References 75, 76)

Similar to DBS filter paper modifications, the polymeric tips can be modified to attain new
features. Comparable to the smart DBS sampler for proteomics, Reubsaet ef al. modified the
Mitra device to build a smart VAMS proteolysis sampler. Maximum proteolytic sampler
activity was achieved when at least 50 pg of trypsin was covalently bound to the Mitra tip at
a pH of 9. The study observed no significant difference in the absorbed sample volume or
drying rate even though the tips were subjected to chemical modifications before sampling.
A comparison of in-solution trypsin digestion with the VAMS digestion for seven proteins
revealed higher intensities of tryptic peptides in VAMS digestion for four proteins. The smart
sampler was also applied to complex serum samples with overnight digestion, which yielded
similar peptide and protein identifications to in-solution digestion, demonstrating the
potential of modified VAMS for proteomics sample preparation.”

2.2 Liquid Matrix Microsampling
An overview of commercially-available liquid matrix microsampling devices can be found
in Table 2.
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2.2.1  Capillary Microsampling

Capillary Microsampling (CMS) is a versatile and easily implemented technique for the
collection of small, accurate volumes of liquid matrices, including whole blood.?° The CMS
technology enables the collection of accurate blood volume using exact-volume capillaries,
usually coated with anticoagulants, to take up blood obtained via finger prick through
capillary forces. The filled capillaries can be stored in sample tubes for later use or prepared
for immediate use. One of the commonly employed pretreatment procedures is centrifugation
for the generation of plasma. Typically, the capillaries are sealed with wax to prevent sample
loss during centrifugation. After centrifugation, the plasma samples can be transferred using
a micropipette into a sample tube or an end-to-end transfer into another capillary.®! CMS is
compatible with well-established sample-preparation techniques, including the addition of
agents for immediate stabilization of unstable compounds, and laboratory automation.®
Some of the commercially-available CMS devices are the Sarstedt Tubes, such as the
Minivette® POCT series and Microvette® APT, and the Microsampling Wing (MSW). The
Minivette® POCT series consists of plastic capillaries which are available in a range of
sample volumes (10 pL-200 pL) and anticoagulants for preparation to facilitate the simple

collection and dispensing of blood for point-of-care tests (Figure 5A).%?

(A) (©)

Plasma Zone

Inlet Port

B) )

-

| @
| .-y
\r.\

(E) (F)
. h
—~—
M

Figure 5. Liquid Matrix Microsampling Technology. (A) Minivette® POCT. (B) Microvette® APT. (C)
Microsampling Wing and Microsampling Windmill. (D) TASSO+. (E) TASSO-SST. (F) TAP II. (Adapted from
References 82-87)

The Microvette® APT enables the collection of K; EDTA whole blood (250-500 pL) directly
into the tube for routine analysis either via end-to-end capillary filling or a collection rim. It

is specially designed to facilitate automated sample processing in blood count analysis
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systems (Figure 5B).*> The MSW device comprises a U-shaped capillary microchannel with
a H-shaped segment at the top containing EDTA anticoagulant for the volumetric collection
of whole blood samples which can be introduced through an inlet port. Upon centrifugation
of the device, the plasma is retained in the H-shaped segment which can be snapped into two
separate segments to provide two volumetrically accurate plasma samples. Additionally, a
specialized holder called the Microsampling Windmill allows for the simultaneous and
efficient centrifugation of 14 MSWs at a time (Figure 5C).%

2.2.2  Tube Microsampling

Tube microsampling (TMS) involves the collection of liquid blood microsamples directly
into microtubes. Three commercially-available devices use the TMS technology: TASSO+,
TASSO-SST, and TAP 1I devices (Figure 5D-F). The design and operation of these TMS-
based devices are similar to the TASSO-M20 device. Instead of the sample pod, the TASSO+
and TASSO-SST devices consist of appropriate microtubes with or without anticoagulants
to facilitate the downstream collection of plasma (TASSO+) or serum (TASSO-SST).8386
These devices are compatible with a variety of additive microtubes. The difference between
the TAP II device and the TMS-based TASSO devices is the skin-puncturing mechanism
during the blood collection procedure. Instead of a button-activated lancet deployment, the
TAP II device deploys a solid microneedle array for skin puncture and a vacuum for blood
flow into the microtubes.?” Microneedles are known to be less painful than lancets for the
skin puncture due to their micron-sized dimensions which prevent them from hitting the
nerve endings when inserted into the skin.®® These single-use, button-activated devices
enable at-home self-sampling of up to 500 pL of blood into microtubes which can be shipped
to the laboratory for further analysis. Larger volumes of blood may be collected by these
devices in the future if their designs are modified to create stronger vacuum or larger negative

pressure.

3. Applications

The following section summarizes microsampling research published in the year 2022 in the
field of volume-limited applications, therapeutic drug monitoring, biomarker research,
forensic toxicology, and sports anti-doping. An overview of the research articles on method

development and validation studies can be found in Table 3.
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Chapter IV

3.1 Volume-Limited Applications

3.1.1  Animal Studies

Small animals are widely employed in pre-clinical research for drug development for PK,
PD, toxicokinetic (TK), and toxicodynamic (TD) investigations to determine the
bioavailability of drugs at pharmacological concentrations and ensure drug safety. These
studies typically require collection of blood samples from a single animal candidate at several
timepoints, which can lead to health deterioration or even early death, due to extensive loss
of blood. To protect the well-being of animals used in research, the Universities Federation
for Animal Research advocated the 3Rs principle: Replace, Reduce, and Refine.® Making
animal studies more ethical through the 3Rs can be achieved with microsampling, as it
reduces stress, sampling time, and the number of animals needed for studies.’® Guidelines
that consolidate the regulatory perspectives on microsampling and support its use in blood
sampling have also been added to and reviewed by the International Council for

Harmonization of Technical Requirements for Pharmaceuticals for Human Use.*!

Different microsampling technologies have been employed in recent investigations by Rosser
et al., Xu et al., Ryu et al., and Pelcova et al. in animal studies for PK applications. In the
work of Rosser et al., the PK assessment of vincristine and tariquidar in mice using an LC-
MS/MS approach was effectively carried out using VAMS technology. Assessment of both
single-agent therapy and combination therapy over a 24h period in 10 pL microsamples
revealed a 2.3-fold increase in vincristine drug exposure when combined with tariquidar,
which validated the use of the approach for longitudinal analysis of drug exposure in animal
studies.?” Xu et al. evaluated the feasibility of CMS coupled to HPLC-MS/MS for mice PK
studies using trans-resveratrol as the model drug. The PK parameters of the drug and its
associated metabolites found in the study were comparable with those reported in previous
studies, which demonstrated that CMS provides credible samples for subsequent quantitative
PK analysis.”? Similarly, Ryu et al. also successfully employed CMS in the PK study of
E7130 in mice using an HRMS quantification method.®® Additionally, a local and national
animal welfare committee approved PK pilot study of clozapine was successfully conducted

on a single albino rat using DBS samples spotted using CMS.*

Traditionally, satellite animals are used in TK analysis to avoid the effects of blood sampling
on toxicological endpoints in main study animals, which leads to a higher number of required
study animals. Microsampling has been shown to facilitate toxicity assessment and TK
analysis in the same animals, even for hematotoxic compounds. Implementation of
microsampling in TK studies is often contested by regulatory bodies due to the unidentified

effects of microsampling on TK parameters, necessitating bridging studies.” Tochitani et al.
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conducted a 2-week rat study to examine the effects of microsampling on toxicity assessment
using methylene blue trihydrate and azathioprine as test compounds. Using urinalysis,
hematology, blood chemistry, organ weights, and histopathology, the study compared the
results of toxicological end points between non-microsampling and microsampling
subgroups. The differences between the subgroups were found to be small and insignificant,
indicating that toxicity of hematotoxic compounds could be detected even with
microsampling without any overestimation of toxicity.”® In another study, during the
examination of 109 carcinogenicity studies undertaken for new drug applications involving
a minimum of 65,341 mice and rats, Manuppello et al. determined that an 18.7% reduction
in animal size could have been accomplished by evaluating exposure by microsampling blood

in main study animals as opposed to toxicokinetic satellites.’”

3.1.2  Neonatal and Pediatric Applications

Research in neonatal and pediatric populations is challenging due to their small volume of
circulating blood and the physiological and psychological burden associated with blood
sampling. Pain and stress in the early phase of life are known to affect the neurodevelopment
leading to poor cognitive outcomes and long-term effects on social-emotional behaviour.*®
Blood sampling with automatic lancets has been demonstrated to cause less pain in neonates
than with needles.” Furthermore, the physiological and pharmacological characteristics of
these populations, in particular the preterm infants, differ significantly from adults, which
often necessitate tailored dosing regimens for medication administration. However, standard
blood sampling for PK studies and TDM may increase the risk of iatrogenic anemia in
critically ill neonatal and pediatric populations. Microsampling may overcome both the
ethical and physiological concerns, improving the feasibility of PK studies in these
populations to supersede the use of off-label drugs and dosing regimens extrapolated from

clinical studies conducted on adults.

Several assays for the quantification of drugs in microsamples have been developed for use
in neonatal and pediatric PK studies. A UHPLC-MS/MS method capable of identifying
distinct gentamicin forms was recently developed by dos Santos et al., allowing for the
measurement of their concentrations ranging from 0.1-40 mg/L in non-volumetric DBS. The
stability of gentamicin was determined to be 21 days at -20°C and 8°C and 24h at room
temperature. The assay was evaluated with 9 neonatal patients which revealed that the
difference between the estimated plasma concentration from DBS, determined using the Hct
level and a correction factor, and concentration measured using conventional venous plasma
was statistically insignificant but highly variable.!®® Similarly, Parker et al. reported for the

first time the use of VAMS in neonatal TDM of gentamicin. The study including two
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neonates demonstrated that the comparison of calculated gentamicin concentration from
VAMS to observed plasma concentration met the acceptance criteria of an incurred sample
reanalysis test (<20%) and results were obtained promptly.'?! Other LC-MS/MS assays that
have been recently developed include assays for the quantification of thiotepa, its metabolite
tepa, CP, and its metabolite 4OHCP in 10 pL liquid plasma samples and furosemide in 10
uL VAMS samples. 102103

As a part of clinical bridging studies, several studies have compared two or more
microsampling approaches for a given neonatal or pediatric application. For the analysis of
meropenem, a capillary with lithium heparin anticoagulant was found to perform better than
the MSW, although both yielded acceptable concentrations comparable to those obtained
from conventional arterial catheter sampling.** In another study, Xiaoyong et al. compared
DBS and CMS for the measurement of vancomycin, meropenem, and linezolid. The results
showed a significant correlation between DBS and CMS measurements (R>0.98; p<0.01) for
all three antibiotics. However, CMS to DBS drug concentration ratios were highly variable
for vancomycin (~1.39) and meropenem (~1.34) which required a Hct correction factor for
accurate measurements. The study suggests DBS for unstable, hydrophobic compounds, such
as meropenem and linezolid, but CMS for vancomycin due to its low adsorption capability
and high stability.%> Biagini et al. evaluated non-volumetric DBS and volumetric DBS
(HemaXis™ DB, Minivette POCT, Capitainer® B) for the determination of isoprostanoids
and prostanoids in preterm newborns suffering from Patent Ductus Arteriosus. It was found
that the Hct biases affected the non-volumetric DBS measurements. All analytes measured
with Minivette POCT exhibited a recovery of 78-108% and a precison of less than 15%,
compared to a recovery and precision of 23-81% and 20-25%, respectively, for other
volumetric DBS. Based on the analytical performance parameters and cost, the Minivette
POCT was found to be the best option for DBS sampling for the application.?? Similarly,
volumetric blood collection devices (Capitainer® B, HemaXis™ DB 10, and Mitra) were
also evaluated for the monitoring of phenylalanine and tyrosine in patients with
phenylketonuria in a study by Carling et al. which revealed their superior analytical
performance (mean biases in relation to conventional liquid samples: -7.8 (Capitainer® B), -
5.1 (HemaXis™ DB 10), -12 (Mitra)) compared to traditional DBS (-32.6).%

Microsampling can also facilitate data-rich modelling and simulations for population PK
research.!™ In a study by Bachhav et al., the population PK models obtained from CMS and
venous samples were found to provide the same dosing regimen recommendations for
tafenoquine antimalarial in pediatric patients.! Guerra Valero et al. also evaluated the

suitability of CMS to describe the population PK of cefotaxime and its metabolite

170



Review on Microsampling Technologies

desacetylcefotaxime in critically ill pediatric patients.?® The authors further showed that
parents and bedside nurses preferred microsampling over conventional sampling for pediatric
PK clinical investigations using a seven-point Likert scale questionnaire.!% In the field of
population-based research, the use of archival newborn screening DBS samples has shown
immense potential for emerging targeted and untargeted multi-omics analysis.!?’
Microsampling with point-of-care testing has also been identified as a blood conservation
strategy that significantly reduces the need for adult red blood cell transfusion therapy for

anemia of prematurity.!'%

3.2 Therapeutic Drug Monitoring (TDM)

TDM specializes in the measurement of drug concentrations in biological fluids, such as
serum, plasma, or blood, to facilitate personalized medicine. Individualized drug therapy for
improved patient outcomes is ensured through the monitoring of drug concentration profiles
in patients to adapt drug dosage, interval, and duration to account for potential inter-
individual genetic and metabolic differences in drug responsiveness and the drug
concentration-effect correlation.!” Thus, TDM implementation requires timely, rapid, and
accurate measurements of target drug concentrations to evaluate the clinical therapeutic
efficacy and prevent failure (too low concentration) and toxicity (too high concentration).
Microsampling has been increasingly employed in TDM to facilitate at-home, convenient,
pain-free sample collection with easy storage and transport.!'” Despite being a relatively
robust method for routine TDM, implementation of microsampling requires development and
validation of bioanalytical assays to obtain good analyte sensitivity, stability, extraction
efficiency, and correct clinical interpretation of results. Routine TDM is prescribed for a
variety of therapeutic drug categories such as immunosuppressants (IMS), antibiotics,

anticancer drugs, psychoactive drugs, antidepressants, and analgesics.'!!

Microsampling has been extensively studied for the determination of tacrolimus and
mycophenolic acid, two of the most commonly prescribed IMS used to prevent organ
rejection in recipients of solid organ transplants.3>6364112.113 Stydies conducted by Paniagua-
Gonzélez et al. and Zwart et al. in liver or renal transplant patients, respectively, found that
although DBS and VAMS, after a concentration correction, provided comparable results to
conventional whole blood tacrolimus and plasma mycophenolic acid measurements, DBS
performed better than VAMS in terms of clinical performance (98.7% of paired samples
within +20% difference as opposed to 71.1% of VAMS paired samples), sample quality (1
sample discarded as opposed to 9 VAMS samples due to poor sample quality), and costs (7
times lower than Mitra device).?>% Additionally, use of non-contact Het prediction strategies

such as NIR and UV/VIS spectroscopy coupled to an automated DBS workflow was found
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to adequately correct for Het effect in determining IMS concentrations.''* In contrast, for the
simultaneous monitoring of tacrolimus and kidney functioning using creatinine, VAMS was
found to be the preferred single sampling option compared to DBS, as only 69.4% of paired
samples with DBS were within £15% as opposed to 81.6% with VAMS.® Additionally,
Leino et al. also validated the application of TASSO-M20 for the quantitative bioanalysis of
tacrolimus and mycophenolic acid.'!* Although these studies demonstrated the feasibility of
microsampling in TDM of IMS, results from a proficiency testing pilot for IMS
microsampling assays when compared to whole blood methods showed great interlaboratory
variation. Since the results influence clinical decision-making, harmonization and
standardization are thus necessary before microsampling techniques can be implemented in
patient care.'® A recent review by Deprez et al. summarizes the state-of-the-art for DBS-
based TDM of IMS, including a critical evaluation of challenges, implementation status in

clinical practice, and considerations to overcome implementation barriers. !¢

One of the clinically relevant characteristics of drugs is their differential distribution between
cells (erythrocytes and leukocytes) and plasma, which necessitates the selection of an
appropriate matrix for TDM analysis. In the treatment of rheumatoid arthritis, the site of
action of methotrexate is assumed to be in the peripheral blood mononuclear cells. A highly
sensitive and specific LC-MS/MS method was developed for the quantification of
methotrexate polyglutamates which are active metabolites of methotrexate. Evaluation of
methotrexate polyglutamates in different matrices including plasma, RBCs, peripheral blood
mononuclear cells, and venous whole blood, revealed that VAMS can be used for accurate
TDM analysis only if sampling is done immediately before the next dose of methotrexate to
ensure concentrations are not overestimated.?® In another study in patients with lymphoblastic
leukemia, DPS and wet plasma concentrations of methotrexate were found to have no
statistically significant difference.''” However, DPS from Telimmune cards have been shown
to produce inconsistent filtration across different cards, in the study by Tang ef al., for the
quantification of giredestrant, stipulating the need for further optimization to ensure good
accuracy and precision.'!® Various LC-MS/MS assays for the VAMS technology have been
developed and validated for the quantification of other chemotherapy drugs and its
metabolites such as 5-fluorouracil, capecitabine, CP, 4-OHCP, and several tyrosine kinase
inhibitors (TKIs), 4078119121

Most available TKIs are susceptible to drug-drug interactions, and their bioavailability is
dependent on drug formulation, gastrointestinal absorption, and concomitant food
intake'?>12%; therefore, the implementation of TDM of TKIs in the standard care of oncology

patients has the potential to improve treatment outcomes and reduce toxicity by monitoring
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medication adherence and actual drug concentration in plasma. A recent review by
Verougstraete et al. provides a comprehensive description of the different methodological
aspects to consider in dried blood microsample methods for TKI TDM.!?* The same authors
developed an LC-MS/MS assay for the simultaneous quantification of 8 TKIs following
substantial optimization to obtain a Hct- and storage- independent sample preparation
procedure.”® Opitz et al. utilized an on-line SPE system to ease the extraction of axitinib from
VAMS samples.'?® Due to a high blood-to-plasma ratio of TKIs, conversion factors are
necessary to compare VAMS TKI concentrations with conventional plasma concentrations.
Zimmerman et al. determined 10 TKIs, where 9 TKIs exhibited a constant conversion factor
over their entire calibration range with only trametinib exhibiting a decreasing conversion
factor with increasing VAMS concentration.'?! Further, the degree of patient satisfaction
concerning self-collection and treatment adherence using VAMS has been evaluated on
chronic myeloid leukemia patients receiving imatinib mesylate therapy.'?® The study
revealed that 87% of patients experienced less discomfort with VAMS sampling than with
conventional sampling but only 77% of patient-collected samples met the quality criteria.

In their respective studies, Carniel ef al. and Marasca et al. examined DBS, DPS, and VAMS
technologies for the determination of antipsychotic drugs, clozapine, and norclozapine. DBS
and DPS measurements were found to be highly correlated to serum levels, with greater
accuracy for DPS compared to DBS.?° A 30-day stability test showed higher stabilities in the
dried matrices stored at room temperature when compared to liquid plasma samples stored
under the controlled temperature of -20°C.'2¢ Further, the VAMS-based strategy was shown
to be suitable for assessing adherence to several classes of antihypertensive drugs and
quantification of paracetamol and favipiravir.'?’-'?° Microsampling has also been applied for
the determination of tetrahydrocannabinol, cannabidiol, and their respective metabolites in
light cannabis smokers and patients with intractable epilepsy.!**!3! Additionally, an assay
was developed to simultaneously quantify four mAbs and estimate Hct using hemoglobin
peptides in DBS.>! The large size of mAbs restricts their movement through the cell
membrane of erythrocytes causing an observable Hct effect; thus this assay greatly benefits
DBS-based mAb studies. A study on home-based use of VAMS by psoriasis patients treated
with adalimumab revealed patients preferred VAMS to conventional sampling despite ~50%
being uncertain about the reliability of the sampling technique, reflecting the knowledge

gap.lIO

3.3 Omics-Based Biomarker Research
Microsampling technologies have been evaluated in biomarker research studies for the

diagnosis and prognosis of various conditions and the prediction and monitoring of response
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to an intervention.2*41:42:132-144

Omics-based approaches, such as metabolomics and
proteomics, are increasingly employed for the generation of large amounts of data to facilitate
the rapid discovery of biomarkers. A study assessed the DBS and DPS technology for non-
targeted lipidomic analysis as high throughput profiling and quantification of lipids could
expand knowledge of underlying disease pathologies. The study’s validated assay was
capable of annotating 498 compounds covering 24 lipid sub-classes. DPS showed excellent
correlation (R? = 0.9851) to wet plasma, whereas DBS required a Hct correction. However,
only 60% of compounds were found to be stable at room temperature after 28 days.!3? A
review of DBS in lipidomics concluded that DBS lipidome by MS/MS analysis could prove
to be just as effective as traditional lipidome if DBS stability and extraction are fully
optimized taking into account pre-analytical factors such as storage, stabilizers, type of DBS
filter paper, and Hct.'3* The VAMS technology was successfully implemented in a
proteomics study to understand the pathophysiology of takotsubo syndrome. The analysis of
10 uL VAMS samples obtained from 80 patients revealed persistent differential protein
expression between patients and controls, identifying potential therapeutic targets for

recurrence. '3

VAMS is also a viable microsampling technique for large-scale precision
medicine studies using archival frozen blood cell pellets as the detection and robust
quantitation of up to 1600 proteins from a single VAMS shotgun analysis demonstrated a
higher proteomic depth than a conventional shotgun analysis of undepleted plasma, which
only allowed for the quantification of ~324 proteins.!*> Additionally, VAMS was used to
assess the physiological changes associated with the level of training and performance of trail
runners which revealed that the fittest trail runners had a better adaptation of bioenergetic

pathways.!%¢

A novel LC-MS/MS assay measured endogenous uracil levels in TASSO-SST samples to
diagnose dihydropyrimidine dehydrogenase deficiency. The study showed no systematic or
proportional bias between TASSO-SST serum and venous plasma uracil levels. However, at-
home sampling using TASSO-SST for uracil measurements is not feasible due to the
compound’s high instability. Nevertheless, microsampling technology can be implemented
at the hospital to reduce the burden of repeated blood draws in cancer patients.!’” A
randomized, control trial evaluated the accuracy, feasibility, and acceptability of
microsampling techniques in rheumatoid arthritis patients by measuring inflammation
markers and autoantibodies in 3 matrices: conventional venous blood, upper arm capillary
blood obtained using TASSO-SST, and finger prick capillary blood. The upper arm and
finger prick samples provided comparable results to venous blood samples. Based on a Net
Promotor Score, upper arm sampling was found to be preferred over finger prick sampling
by patients.?* Other studies that have implemented the VAMS technology include research
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for i) the human biomonitoring of mercury concentrations for exposure assessment,*""!43 i)
the determination of tryptophan-related biomarkers for understanding pathologies of
neurodegenerative diseases such as Alzheimer’s or Parkinson’s disease,'3® and iii) the
measurement of endocrine and bone biomarkers.!3* VAMS technology was also capable of

detecting carcinogens, such as acrylamide and aflatoxin B;.!4%14!

The incidence of the global COVID-19 pandemic has accelerated the use and development
of decentralized blood sampling for virtual clinical trials, trials that do not require in-person
visits, and routine analysis. The use of TASSO-SST devices was evaluated for measuring
blood protein levels in healthy subjects and non-hospitalized COVID-19 patients. The
measurements of 17 protein inflammatory biomarkers using a multi-analyte immune-assay
revealed that protein concentrations were higher in COVID patients compared to controls.
However, a bias between TASSO-SST samples and venous samples was found to differ
significantly in D-dimer, IL-1B, and IL-1Ra, which could be attributed to differences in user
proficiency, temperature control, and the time lag between sample collection and
processing.*> Microsampling has also been used for the serological analysis of SARS-CoV-

2 infection in three studies.!#>-144

3.4 Forensic Toxicology

Forensic toxicology analyzes biological samples to determine drug usage, poisoning, or
exposure to toxic substances for use in a legal investigation. Here, isolation and identification
of substances associated with criminal activity has primarily focused on blood samples.
Antemortem or postmortem blood for forensic drug testing or postmortem toxicology must
be appropriately sampled and adequately preserved to ensure the stability of compounds of
interest which can have a profound impact on the interpretation of results and the outcome
of forensic casework. Additionally, timely collection of biological evidence is a critical
component in circumstances where drugs have limited detection windows or collection of
postmortem samples becomes challenging as a result of autolytic and putrefactive changes. 4
Thus, microsampling offers several advantages in forensic toxicological screenings for the
analysis of drug abuse: i) small sample size is beneficial when there is a limited sample, ii)
reduced exposure risk to blood-borne pathogens ensuring the safety of personnel involved in
sample collection and analysis, and iii) potential for faster, efficient, and economical sample
collection and long-term storage with increased stability permitting accurate analysis and re-

analysis, even years after sample collection.!”

One of the routine forensic toxicology practices is the assessment of alcohol intoxication
using the blood alcohol concentration in cases of driving under the influence or traffic

incident deaths. However, due to the short half-life of ethanol in blood, typically between 4-
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5 hours, other markers are evaluated to determine drinking behaviors and patterns.'4’
Phosphatidylethanol (PEth) is a unique direct ethanol biomarker with a broad detection
window to determine alcohol consumption or abstinence. PEth 16:0/18:1, the most prominent
homologue in human blood, can act as a complement to the ethyl glucuronide, a biomarker
in urine, to distinguish alcohol abusers from social drinkers.'*® In the year 2022, several
research articles focused on the analysis of PEth 16:0/18:1 from microsamples acquired via
DBS or VAMS technology. Two analytical methods were developed to quantify PEth in DBS
samples, where the detection of PEth was achieved using UHPLC-QTOF-HRMS, UHPLC-
MS/MS, and Orbitrap-based HRMS.!*®1% In a study quantifying DBS PEth using an LC-
MS/MS method, the threshold of PEth for excessive alcohol consumption was determined to
be 160 ng/mL when the blood alcohol concentration decision limit was 50 mg/dL. This
threshold provided a sensitivity of 92% and a specificity of 90% for predicting excessive
alcohol consumption.®® In contrast, a threshold below 20 ng/mL is associated with
determining alcohol abstinence. However, given the 4-7 days half-life of PEth, it can take
months for PEth values to fall below this threshold following cessation of alcohol
consumption. This can make PEth interpretation challenging, particularly when monitoring
individuals with alcohol-use disorders. To address this challenge, a population-based
algorithm was developed to estimate the cessation of alcohol use based on PEth values
acquired from the analysis of VAMS samples obtained at three time points. The decision tree
yielded a sensitivity and specificity of 89% by examining the relationship between two
successive PEth values that were not yet below the decision limit for alcohol abstinence.3¢
Although single PEth determinations are beneficial in various forensic contexts, the added
value of simultaneously determining 3 direct ethanol biomarkers was determined: 2 PEth
isoforms (PEth 18:1 and PEth 20:4) and ethyl glucuronide in dried blood microsamples by
evaluating several forensic cases.'* Furthermore, it was demonstrated that the distribution of
seven different PEth homologues quantified in DBS can aid in better comprehending an
individual’s drinking history. The study also revealed the risks of sample contamination
associated with microsampling for PEth analysis when excessively using ethanol-based hand

sanitizers.'®!

A major challenge in forensic toxicology is the analysis of substances of abuse due to the
constant influx of new psychoactive substances (NPS), such as synthetic cannabinoids and
opioids, cathinones, and hallucinogens, which pose an unprecedented threat to public health.
Recently, a UHPLC-HRMS method was developed and validated for the accurate
quantification of 132 NPS within an adequate concentration range of 5-100 ng/mL in 30 pL
DBS samples. Most drugs analyzed were found to be stable at 4°C for up to 40 days with
extremely limited degradation. The method was applied to 7 real samples, which provided
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quantitative results consistent with those obtained using conventional venous whole blood
samples.>* Similarly, cocaine and its metabolites, benzoylecgonine and cocaethylene, were
found to be stable for 7 days when DBS samples were retained within the HemaPEN®
device.!®? An LC-MS/MS method was also established to detect 425 drugs, including several
sedative hypnotics, antileptic drugs, and antipsychotic drugs, in 10 mm DBS punch samples.
The method was successfully applied to samples obtained from actual drug-poisoning cases
that were stored for 3-5 years at room temperature. The results were in accordance with those
measured at the time of sample collection except for a few compounds such as ambroxol,
zopiclone, carbofuran, and valproic acid, which were not detectable in the long-term
preserved DBS samples.!®® As an alternative to DBS analysis, a HRMS method was
developed to screen for 85 licit and illicit drugs in 20 uL VAMS samples, which showed a
comparable distribution of substances between capillary and peripheral streams (R>=
0.9997).154

Microsampling was also used in the high-throughput identification of toxins and trace
elements, where a highly sensitive LC-MS/MS method was developed for the measurement
of ricinine and L-abrine in DBS, with respective detection limits of 50 pg/mL and 100 pg/mL.
The method’s complete analytical time was less than one hour, allowing for rapid preliminary
confirmation of the presence of highly toxic proteins, ricin, and abrin.!> Although dried
blood microsamples have increased stability for a variety of analytes, the authors showed that
DBS performed poorly when quantifying trace elements such as aluminum, cadmium, cobalt,
and chromium, due to high signal contributions from blank filter paper and instability at room
temperature. This study demonstrated that microtubes were more suited than DBS for trace

element quantification in human blood. !>

3.5 Sports Anti-Doping

Microsampling has emerged as a valuable sampling technique for sports anti-doping analysis
as it reduces discomfort for athletes and allows for more frequent testing. These potential
benefits have also been recognized by the World Anti-Doping Agency (WADA), which has
led to the legitimization of DBS for doping control in sports, including the Olympics. Several
studies have evaluated the use of microsampling for the detection of prohibited substances,
such as anabolic agents, growth factors, hormone and metabolic modulators. A recent critical
review by Thevis et al. described the advances, potential future perspectives, and limitations
of blood microsamples in doping controls.'’
detect erythropoietin receptor agonists such as CERA, BRP, NESP, and EPO-Fc using dried
blood microsamples were developed and optimized.?”-*® In the study conducted by Heiland
et al., different blood sample volumes (20-180 uL) and storage temperatures (-20°C- 37°C)

Fast and cost-effective screening methods to
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were evaluated to determine optimal conditions for detecting prohibited ERAs from DBS. It
was discovered that a blood volume of 60 puL allowed the detection of ERAs at levels
comparable to WADA’s minimum required performance levels (MRPL) described for 500
uL of serum or plasma.’” In another study, CERA was demonstrated to be detected in DBS
using a simple enzyme-linked immunosorbent assay with a screening time of just 2h.%
Furthermore, a multi-analyte assay was developed and the performance of several non-
volumetric (Whatman cards- Treated: Whatman FTA DMPK-A, Whatman FTA DMPK-B;
Untreated: Whatman FTA DMPK-C, Whatman 903) and volumetric devices (HemaSpot™
HF, Mitra, and TASSO-M20) was evaluated for the simultaneous analysis of 235 drugs for
doping control.* Treated Whatman cards were found to produce very low recoveries or dirty
extracts, whereas all other devices produced high recoveries between 60-90%. The LODs of
the analytes ranged from 0.1-3.0 ng/mL, allowing for the detection of illicit use as most
analytes were found to be detectable below the WADA’s stipulated MRPL for urine. In
addition, a fully automated DBS sample preparation and detection method was also

developed for 13 anabolic steroid esters, frequently detected in sports doping controls. '>®

4. Summary and Outlook

The advent of microsampling has radically transformed the landscape of blood sampling for
various biomedical applications. The continued interest in microsampling has been driven by
factors including minimal-invasiveness of the approach, decentralized monitoring, logistical
benefits, reduced biohazard risk, analytical improvements, data-rich pre-clinical and clinical
studies, and personalized health monitoring and treatment opportunities. Various
microsampling technologies exist for the collection of dried or liquid matrix microsamples.
DBS, the oldest microsampling technology, has continuously evolved over the years from a
simple, Het-dependent, non-volumetric collection on filter card to innovative devices for Het-
independent volumetric collection mitigating its limitations of sample heterogeneity and
volume bias. Modifications to the inherent filter paper component of DBS have the potential
to provide additional functionalities, such as instantaneous proteolysis or stabilization.
However, DBS is associated with Hct-based recovery biases that necessitate correction
factors, especially for analytes with high plasma-to-RBC partitioning ratio. This bias can be
overcome with the use of DPS/DSS which is obtained by filtration of cells through passive
separation membranes. This technology inherently eliminates the need for elaborate sample
preparation as required in the analysis of whole blood samples and enables the direct
comparison with plasma assays. These 2D dried matrix spots are susceptible to oxidative
stress resulting from exposure to ambient air, rendering them unsuitable for the analysis of

labile compounds. This vulnerability can be eliminated by utilizing the dried blood spheroid
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technology, which is a 3D blood collection technique that enhances sample stability by
reducing the blood’s exposed surface area to air. Alternative to paper-based technologies,
VTM produces volumetric dried blood microsamples independent of the Hct using polymeric
tips. The dried matrix microsample collection typically involves a finger prick by lancet
which enables the collection of 2-80 pL of blood. For collection of larger blood volumes (up
to 600 pL), liquid matrix microsamples are collected either using capillary-based or tube-

based technologies.

In recent years, the demand for microsampling devices has increased significantly in clinical
research and diagnostic applications. This demand has led to a highly competitive market in
which manufacturers continuously develop new, innovative, and improved devices to offer
enhanced performance, greater stability, and more user-friendly designs. Currently, the vast
majority of commercially-available devices require a simple finger prick by lancet to collect
blood onto filter papers, capillaries, or volumetric polymer tips. Continuous advancements in
lancing device design, such as adjustable depth settings to accommodate varying skin
thicknesses and retractable lancets to prevent needle stick injuries, allow for less painful,
more efficient, and more convenient blood sampling. Self-sampling is particularly beneficial
for individuals who need to regularly monitor their health, or who have difficulty with
traditional blood collection, such as young children, the elderly, or those with medical
conditions that make blood collection challenging. Despite the ease of a finger prick in DBS,
CMS, and VAMS devices, the application of blood droplets onto the pre-printed circle on the
filter paper, application surfaces and tips, or their introduction into capillaries, requires
manual interventions. These interventions can introduce manual errors and variability,
thereby reducing sample quality. Further, CMS and VAMS devices may necessitate a higher
level of technical expertise for accurate sampling. Alternatively, vacuum-assisted
technologies to automatically collect blood from upper arm, such as the TASSO and TAP II
devices, offer a simple self-sampling design that deploys a lancet/microneedle array and
enables automatic blood collection into tubes with the press of a button. In addition to self-
sampling capabilities, automation is a desirable feature of microsampling devices because it
can significantly enhance the efficiency, accuracy, and precision of sample analysis. Several
automated DBS sample analyzers have been developed to streamline sample analysis and
reduce the time and effort required for sample preparation, processing and analysis. These
analyzers can handle a large number of samples quickly and accurately, making them ideal
for high-throughput applications. Similarly, the design of the Mitra samplers is suitable for

extraction in microtiter plates, which can readily be further automated with minimal efforts.
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Microsampling has been widely employed in different biomedical applications including
animal studies, neonatal and pediatric applications, therapeutic drug monitoring, omics-based
biomarker research, and forensic toxicology. Microsampling not only reduces the number of
animals needed for studies in accordance with the 3Rs principle but also improves data
quality and animal welfare. It reduces the physical and psychological burden of blood sample
collection from vulnerable populations such as neonates and young children. With the recent
increased focus on personalized healthcare, microsampling provides opportunities for
optimizing drug dosages through PK-PD studies and TDM by enabling frequent sampling
for data-rich analysis. Longitudinal sampling and sampling during clinical episodes permit
the collection of larger datasets for understanding disease biology and identification of
diagnostic and prognostic biomarkers. The convenience and accessibility of at-home self-
sampling increases patient compliance, diversity, and recruitment in clinical trials. In
addition, it allows for the secure and efficient collection of samples on-site for forensic
toxicology screenings. Several bioanalytical methods have been developed for the accurate

quantification of analytes in microsamples using LC-MS/MS analysis.

Despite the profound advantages over conventional sampling, widespread implementation of
microsampling in clinical practice has been slow. While several factors contribute to this, a
crucial factor is the quality of the samples collected. Implementing at-home self-sampling
requires well-defined user instructions on proper sample collection and adherence as well as
strategies to monitor patient discipline to ensure sample quality and reduce data variability.
Although dried blood microsamples can be shipped at ambient temperatures, extensive
evaluation on stability must be performed for the analyte of interest to determine conditions
for transportation and storage. Furthermore, optimization of the extraction method is essential
in preventing reduced and inconsistent recoveries. Another significant barrier is the
perspective of regulatory bodies on patient-centric sampling approaches, which requires
bridging studies to be performed to support the introduction of new matrices. Conventional
matrices include venous blood, plasma, or serum whereas microsampling provides capillary
blood. This inherent difference in sample type and composition can impact concentration of
analytes; therefore, method validation and correction factors are necessary to produce reliable
data comparable to conventional data. In addition, regular proficiency testing must be
conducted to assure the quality, comparability, and acceptability of analytical results, as there
is no consensus over downstream processing protocols. And, while microsampling
minimizes the cost of storage, sample transportation, and patient travel, the cost-effectiveness
must factor in the cost of the microsampling device and its potential limit of being a single-

use device.
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The vast majority of current microsampling devices require a lancet puncture to the finger
for blood sample collection. To generate enough volume of blood, lancing is often
accompanied by milking of the finger which might result in hemolysis or an increase in the
percentage of interstitial fluid collected, affecting downstream measurements. In the future,
this problem could potentially be overcome with the use of hollow microneedles to sample
blood by generating vacuum. Microsampling technologies can enable fully automated
workflows to provide high-throughput clinical testing. They can also be used in point-of-care
devices to either facilitate improved patient care through at-home testing and screenings or
aid the development of wearable sensor-enabled technology for continuous health
monitoring, leading to digital transformation in healthcare and improved data connectivity.
This review demonstrates that considerable advances have been made in recent times;
however, data reported for many analytes is inconsistent across microsampling technologies,
and in some cases, even for the same technology. Therefore, a continued effort is needed,
including standardization, optimization of extraction process, validation of bridging studies,
and performance evaluation of technologies, for microsampling to be successfully

implemented in routine clinical care to reap the benefits of capillary blood microsamples.
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