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Although the application of microsamples in metabolic phenotyping exists, it is still in its infancy, with whole blood being
overwhelmingly the primary biofluid collected through the collection method of dried blood spots.

Keywords: microsampling ; sample miniaturisation ; metabolic phenotyping ; metabolomics

| 1. Traditional Dried Samples: Dry Blood Spots (DBSs)

Historically, DBSs have been the flagbearer for microsampling. The concept for the preservation of dried human biological
samples as a spot is attributed to Ivar Christian Bang in 1913 @2 Typically, these microsamples can be collected via a
skin prick with a lancet or created by transferring from a phlebotomy tube with a micro-pipette B4, Currently, such
samples are collected on a specialised filter paper, which can contain anywhere from 15 to 50 uL of blood, and take
approximately three to four hours to completely dry at room temperature (L. This can make DBSs amenable to collections
where cold-chain shipping protocols may not be feasible. However, it should be noted that below-zero temperatures (-20
°C, -80 °C) are still recommended for the long-term storage of DBSs [LEI4],

DBS samples have been evaluated in mass spectrometry (MS)-based metabolic phenotyping and have been used in
applications of cancer diagnostics [, cancer treatments 8, air pollution &, drug discovery &, acidemia [, and pyruvate
kinase deficiency 4. Despite this wide range of applications of DBS samples, there still remain concerns around their
volumetric accuracy, particularly in metabolic phenotyping, where the standardisation of sample volume is required. For
example, the uneven spread of collected blood across the spot can introduce metabolite variation due to differences in
viscosity/haematocrit (hct %; the fraction of blood made up of red blood cells). This has been observed in DBS studies
using liquid scintillation analysis, where sub-punches from an individual sample were taken and the number of metabolites
measured varied vastly from sample to sample 1. DBS collections are remarkably susceptible to variation based on an
individual’'s haematocrit. Varying haematocrit levels are of particular concern due to its propensity to undergo rapid
changes in the body. This is a widely known phenomenon in DBS microsampling and is commonly referred to as
the ‘haematocrit effect’ 121, where external factors such as dehydration, polycythaemia, anaemia, overhydration, kidney
failure, or chronic inflammatory conditions can cause plasma volume perturbations. Additionally, pregnancy may also
cause slightly decreased hct due to an increase in blood volume B3], For reference, the normal range of hct is 36-48%
for women and 42-52% for men 24, Put simply, increases in hct beyond the normal range affect blood viscosity and
therefore reduce the spread of the blood spotted on the carrier material, whereas decreases in hct (i.e., reduced viscosity)
can create greater spread 22, As such, the sample’s spotted area has a linear, inverse relationship with hct 223],

In MS-based studies, normalisation techniques have been employed in order to address the ‘haematocrit effect’ 18I,
However, it remains one of the most prevalent challenges faced for translating the wide use of microsamples in metabolic
phenotyping workflows. To date, studies have successfully performed DBS haematocrit normalisation through potassium
content 17, using near-infrared (NIR) spectroscopy 18, haemoglobin measurement using non-contact diffuse reflectance
spectroscopy 29, and using wax barriers on DBSs 29, Despite the development of these normalisation techniques for
DBSs, they are yet to be widely adopted in metabolic phenotyping workflows, with many literature examples not
implementing a normalisation step in their protocol descriptions [EIZINL018I21122]123]  Only two studies have openly

reported hct normalisation of their DBS samples as part of their metabolic phenotyping workflow. The first was by
Koulman et al., who analysed infant heel-prick DBS samples, utilising a volumetric and hct-independent Liquid
chromatography—mass spectrometry (LC-MS) method [24]. This was performed by relatively expressing the extracted lipid
intensity of a given DBS sub-punch to its summed intensity. Interestingly, this method revealed that lipid profiles in DBSs
showed comparable or better precision to plasma and whole blood samples, which the authors propose could be
attributed to the halting of the oxidative process in dried samples compared to traditional venous whole blood and plasma
samples 24, Another study successfully employed an automated haematology analyser for the analysis of hct in serum to



normalise steroid concentrations obtained from traditional DBSs [22. This correction, by Salamin et al., used the following
equation [22:

Corrected concentration = (DBS concentration)/ (1 — hct) 1)

Another biological factor that affects DBS sample quality includes the nature of the analyte(s) of interest, because blood
cells can cause variations in the amount of analyte that is extractable from the surface of the DBS card itself 28, The
reason for this is that analyte partitioning can occur between plasma and blood cells, which significantly influences the
concentrations of analytes in plasma or whole blood samples taken from a DBS, although this is most commonly seen in
monoclonal antibodies for pharmacokinetic studies [274[28]  Additionally, prominent sources of variation in DBS
homogeneity have been attributed to the paper substrate used 12 inconsistencies in the storage, packaging, and
transport of samples B8 and contact of DBSs with other surfaces 29,

The circulating blood metabolome is a tightly controlled homeostatic system, where preanalytical variation (paper
substrate, storage, packaging, transport) can unavoidably lead to inaccurate and possibly misleading results BY. This is a
current limitation in pre-analytical workflows for DBS microsamples, particularly when considering the inherently
heterogenous nature of biological samples, where physiological conditions (i.e., hct) already contribute dynamic changes
31 As such, efforts seeking to enhance accuracy, sensitivity, and specificity during the analytical phase are in vain if the
technical aspects that underpin microsample workflows are not reproducible. Thus, a lack of reproducibility and accuracy
is detrimental to achieving outcomes of Predictive, preventive, personalised, and participatory medicine (P4 medicine)
using DBS samples in metabolic phenotyping pipelines 32,

2. Improving Microsample Collection: Are Advanced Devices the Future
for Metabolic Phenotyping?

Advancements in microsampling devices have allowed for improvements in blood collections by removing some of the
inconsistencies experienced in DBS collections whilst maintaining the convenience of microsampling (Table 1). These
devices can be classified into three broad classes: advanced dried samples; passive separation devices; and whole
biofluid collectors, which will be discussed in the context of metabolic phenotyping below.

Table 1. Microsampling devices.

Samplin Device Reps
pling (Model); Biofluids Description Refs.
Technology (Manufacturer)
Volume
Whatman Psrc()s':gisn Urine,
(Cytiva; Whole Traditional paper-based carrier for collection of dried [E3]
Saver [34]
Marlborough, Card); blood samples.
MA, USA) 75-80 L (WB)
PerkinElmer 5 (226 Spot
Traditional (PerkinElmer; Saver WB Traditional paper-based carrier for collection of dried [35]
dried Waltham, MA, Card); samples.
samples USA) Up to 70 pL
Ahlstrom-
Munksjo 5
(Ahlstrom- (BioSample WB Traditional paper-based carrier for collection of dried [36]
Munksjo; Card); samples.
Helsinki, Up to 70 pL

Finland)



Device
(Manufacturer)

Sampling
Technology

TASSO
(HemolLink;
Seattle, WA,

USA)

Capitainer
(Capitainer AB;
Solna, Sweden)

Volumetric
Absorptive
Microsampling
(VAMS) Mitra
(Neoteryx;
Torrance, CA,
USA)

Advanced
dried

samples hemaPEN

(Trajan;
Melbourne,
VIC, Australia)

HemaXis
(DBS System
SA;
Gland,
Switzerland)

HemaSpot
(Spot On
Sciences;
San Francisco,
CA, USA)

Reps

(Model); Biofluids
Volume
4 (M20);
20 uL we
2 (qDBS);
10 pL
2(B wB
Vanadate);
10 pL
2
(Cartridge);
10, 20, or 30 Urine, WB
uL (incl.
4 serum and
(Clamshell) plasma)
96
(Autorack)
4;
2.74 pL we
4 (DB10);
10 pL we
Multiple
(HD);
160 pL wB
8 (HF);
9.2 uL

Description

M20 device collects four dried whole blood samples.
The sample pod can be removed from the button and
sent to the lab.

The gDBS (quantitative dried blood spot) collects two
fixed-volume DBSs. A drop of blood is applied to the
two microchannels within the device. After filling, the
film at the capillary outlet dissolves, emptying the
blood on the pre-punched Ahlstrom filter paper discs
via capillary action. Successful sampling is indicated
by the exit area of the device turning dark. Discs are
then dried at room temperature for a minimum of 2 h.
Then, the DBSs can be removed with tweezers for
analysis. B Vanadate operates under the same
mechanism with an additional phospholipase D
inhibitor, sodium metavanadate (NaVO3), in the DBS
disc, to allow for accurate phosphatidylethanol
testing.

A porous, absorbent white tip attached to a plastic
handler. Tip consists of hydrophilic polymer and
permits haematocrit-independent collection of desired
fluid by wicking up an accurate volume via capillary
action. Different sample volumes can be collected
depending on tip size. Sample preparation can be
performed manually by detaching the tip to transfer
for extraction.

Haematocrit-independent sampling system for
volumetric collection of capillary blood on pre-
punched filter paper discs. Contains four
Ethylenediaminetetraacetic (EDTA)-coated capillaries,
which fill by touching surface of blood drop of
minimally 20 pL. Subsequently, clicking device into
plastic base and inverting it allows capillaries to
transfer blood onto four integrated pre-punched filter
paper discs. Device is available with both Whatman
and Perkin Elmer discs. TGA approved.

DB10 utilises a conventional Whatman or Perkin Elmer
card combined with 4 volumetric capillary channels.
Following fingerstick lancing, a blood drop is applied
to the inlet of the capillary, collecting 10 pL of blood
per channel. When filling of a channel is completed,

blood can be observed at the outlet of the channel.
This indicates sufficient application. The device is
then manually closed to allow contact between the

capillary outlet and the card, taking approximately 5 s

for transfer of blood.

The HD is a large DBS that allows for multiple
technical replicates upon performing a sub-
punch; HF fan-shaped device has eight identical
blades in protective plastic cassette. Two-three drops
of blood must be applied to the centre of the device to
ensure equal distribution of blood (taking
approximately one minute). Each blade holds 1/8th of
the total sample volume (~9.2 pL). The device can be
closed after filling and is then left to dry, facilitated by
the integrated desiccant, before it is ready for
extraction.

Refs.

[45]



Sampling
Technology

Device
(Manufacturer)

Capitainer
(Capitainer AB;
Solna, Sweden)

Book-Type
Dried Plasma
Spot Cards
(Q2 Solutions;
Morrisville, NC,
USA)

HemaXis
(DBS System
SA;
Gland,

. Switzerland)
Passive

separation
devices

Telimmune
Plasma
Separation
Cards
(Novilytic;
West Lafayette,
IN, USA)

HemaSpot
(Spot On
Sciences;
San Francisco,
CA, USA)

Reps
(Model);
Volume

1 (Dried
plasma
spot (DPS)
*);
11.6 pL

4 (DPS *);
variable (8-
14 mm
spots)

1 (DX *);
2pL

1 (Uno);
2.5 L
(plasma)
2 (Duo);
3.8 L
(plasma)

Multiple
(SE);
~4 pL

Biofluids

WB

(separated

into
plasma)

wB
(separated
into
plasma)

wB
(separated
into
plasma)

wB
(separated
into
plasma)

wB
(separated
into
serum)

Description

The autonomous microfluidic DPS device collects
plasma samples in under 6 min. It consists of a
filtration membrane, a capillary metering channel,
absorbent paper, and a drainage valve to remove
excess plasma. A blood drop is applied to the filtration
membrane, and the filtered plasma fills the capillary
metering channel before it is absorbed by the DPS
paper. Excess plasma is removed by the drainage
valve.

Device consists of two layers that filter erythrocytes
from WB to produce plasma. Blood is applied to the
card in the closed-book configuration. After
approximately 3 min, the sample book can be opened
to collect the DPSs by removing the paper substrate.
Volume of the DPS obtained depends on applied WB
volume (approximately 0.303 pL plasma per 1 pL of
WB).

The DX operates in the same way; however, it creates
DPSs under the process of sedimentation once the
device is closed. This is achieved through capillary
pressure in a microfluidic system created with two

polydimethylsiloxane sub-units.

Telimmune (formerly Noviplex) Uno and Duo collect
dried plasma through membrane filtration. Blood is
applied to the top layer of the device. Respectively, 25
UL of blood and 60 pL of blood are required for
application on the devices; an indicator control spot
on the top layer changes colour once this amount is
reached. A separation membrane beneath the top layer
retains erythrocytes through size filtration. This allows
plasma to flow through. The process takes
approximately 3 min, after which the top layer is
peeled and discarded before drying the DPS for an
additional 15 min. The DPS can then be removed using
tweezers.

SE device has a spiral-shaped design. It separates
large whole blood components such as RBCs,
platelets, and leukocytes from serum. Three-four
blood drops applied to the centre allow the spiral-
shaped membrane to separate different blood
components through lateral flow. The serum
components flow freely over the membrane, whereas
the larger components are retained near the centre of
the spiral. After sample is dried for two minutes, the
cartridge is closed and is ready for analysis. Sub-
punches can be made in different parts of spiral.

Refs.
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Reps
(Model); Biofluids Description Refs.
Volume

Sampling Device
Technology  (Manufacturer)

Blood is collected at the tip of the Wing after
performing a fingerstick (or similar) with a lancing

1 (Wing); device. The device is filled once blood reaches the
MSW2 23 pL (WB) wB reservoir (23 pL). A specialised centrifuge rotor is
(Shimadzu; 5.6 uL (ser_)arated require_d (the_ Windm!ll), which can hol(_i 14 Wings for [53]
Kyoto Japa;]) (plasma) into centrifugation. Typically, the sample is then spun
’ 14 plasma) down as 2000 x G for 10 min. Following centrifugation,
(Windmill) two plasma zones are created and can be snapped off

with hands (i.e., does not require a specialised cutter)
into a microtube for extraction.

Collects blood under vacuum pressure through
microneedles, painlessly. Device sticks onto the skin

Touch (upper arm). Once button pushed, a ring of 30 small
Activated microneedles projects out of the device to
Whole Phlebotomy 1 (TAP); micropuncture the skin. The needles immediately
biofluid (TAP) 100 pL WB withdraw, creating a vacuum to induce collection of 541
collectors (Yourbio 1 (TAP Il *); capillary blood. Blood flows through microfluidic 58]
Health; 250 pL channels into storage space, prefilled with lithium
Medford, MA, heparin anticoagulant. Subsequently, indicator
USA) window turns red when the reservoir is full (up to
three minutes). Entire device can be sent to lab for
collection and analysis of blood from device.
Placed on upper arm. Collects WB by pressing the
button, which results in a lancet puncturing the skin.
TASSO 1 (TASSO+); WB Blood collectt_ad from capillaries und_er vacuum
(HemoLink; 200-600 pL (incl. pressure into th? sample pod (different [56]
. formats). TASSO+ device collects whole blood for a [57]
Seattle, WA, 1(SST); serum and variety of standard collection tubes (i.e., EDTA and
USA) 200-300 pL plasma) T

lithium-heparin) and passive separation tubes (serum
and plasma); SST device pod collects liquid WB,
which can be spun into serum at lab.

Note. Reps = number of technical replicates that a given advanced microsampling device is able to produce; * = a device
in development/not currently commercially

Advanced dried sample devices collect samples as a fluid and produce a dried sample either with a polymer tip
(volumetric absorptive microsampling, “VAMS"—Neoteryx; Torrance, CA, USA) or carriers akin to DBS cards, such as the
hemaPEN (Trajan; Melbourne, VIC, Australia), HemaXis DB10 (DBS System SA; Gland, Switzerland), Capitainer gDBS
(quantitative dried blood spot) and B-Vanadate (Capitainer AB; Solna, Sweden), TASSO-M20 (HemoLink; Seattle, WA,
USA), and HemaSpot HD and HF (Spot on Sciences; San Francisco, CA, USA) [221[58[59][601[61][62][63][64][65][66](67] Thege

technologies improve upon standard DBS cards by providing accurate/volumetric aspiration and thus heamatocrit-

independent sample collection over a wide range of microsample sizes (2.74-30 pL).

Passive separation devices allow for the in situ separation of whole blood into its sub-components. e.g., serum or plasma,
which can then store the resultant product in liquid form, e.g., TASSO+ (HemoLink; Seattle, WA, USA); as dried serum,
e.g., HemaSpot SE (Spot on Sciences; San Francisco, CA, USA), or as dried plasma, e.g., Telimmune Plasma
Separation Cards (Novilytic; West Lafayette, IN, USA). Passive separation devices represent an expanding area
commercially, with many dried plasma spot (DPS) devices currently in development, including the DPS (Capitainer AB;
Solna, Sweden), Book-Type DPS (Q2 Solutions; Morrisville, NC, USA), and the Hemaxis DX (DBS System SA; Gland,
Switzerland) “8I49I50 1t js not known how these devices will perform in metabolic phenotyping. However, as they produce
samples akin to those obtained from venous whole blood separations, which are commonly used in metabolic
phenotyping, they warrant further investigation in the field.

Whole biofluid collectors are advanced devices with the ability to collect and produce samples as liquid samples without
the need for cellulose material. These devices can collect sample volumes as small as 23 L, e.g., the MSW2 (Shimadzu;
Kyoto, Japan), and extend to 100 pL, e.g., the TAP (Yourbio Health; Medford, MA, USA), and up to 600 puL, e.g., the
TASSO+ and TASSO-SST (HemoLink; Seattle, WA, USA) [B7I[68][69]

All three broad classes of advanced microsampling devices are well positioned for direct implementation in metabolic
phenotyping workflows in clinical and epidemiology studies. For example, they are already commercially available and
therefore have advanced manufacturing consistency; they have been designed to counter specific challenges in DBS and
traditional microsampling workflows, including the ‘haematocrit effect’ BI85 and have already achieved translation to non-



metabolic phenotyping analytical chemistry protocols B8IlZ9. Despite these benefits, the translation of microsampling

devices to metabolic phenotyping research is yet to be widely adopted by the field, as extensive studies investigating

comparability to venipucture and metabolite stability are lacking 4. This is important as validated microsampling methods

that leverage the advances in device design have the potential to enhance metabolic phenotyping studies in clinical and

epidemiology settings, facilitating greater sampling frequency and sample size, and thereby providing valuable gains in
statistical power 172,
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