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Abstract: Microsamples (collections usually less than 50 puL) have been introduced in pre-clinical,
clinical, and research settings to overcome obstacles in sampling via traditional venipuncture. How-
ever, venipuncture remains the sampling gold standard for metabolic phenotyping of blood. This
presents several challenges in metabolic phenotyping workflows: accessibility for individuals in ru-
ral and remote underserved areas (due to the need for trained personnel), the unamenable nature
to frequent sampling protocols in longitudinal research (for its invasive nature), and sample collec-
tion difficulty in the young and elderly. Furthermore, venous sample stability may be compromised
when temperate conditions necessary for cold-chain transport are beyond control. Alternatively,
research utilising microsamples extends phenotyping possibilities to inborn errors of metabolism,
therapeutic drug monitoring, nutrition, as well as sport and anti-doping. 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.
Research into metabolic phenotyping of microsamples is limited; however, with advances in com-
mercially available microsampling devices, common barriers such as volumetric inaccuracies and
the ‘haematocrit effect’ in dried blood spot microsampling can be overcome. In this review, we pro-
vide an overview of the common uses and workflows for microsampling in metabolic phenotyping
research. We discuss the advancements in technologies, highlighting key considerations and re-
maining knowledge gaps for employment of microsamples in metabolic phenotyping research. This
review supports the translation of research from the “bench to the community’.

Keywords: Microsampling; sample miniaturisation; dried blood spot (DBS); dried plasma spot
(DPS); metabolic phenotyping; gas chromatography-mass spectrometry (GC-MS); liquid chroma-
tography-mass spectrometry (LC-MS)

1. Introduction

Healthcare has undergone a paradigm shift in recent years, evolving from a reactive
disease care focus, to one that is predictive, preventive, personalised, and participatory
(P4 medicine) [1]. This shift has relied on advances in systems medicine platforms such as
metabolic phenotyping, whereby sensitive detection and measurement of circulating me-
tabolites provides researchers with detailed descriptors of the metabolic perturbations
that occur in response to stimuli such as disease, thereby offering mechanistic insight into
pathological processes [2, 3]. Furthermore, through the biochemical classification of an
individual’s physiological or pathological state, such approaches have facilitated stratifi-
cation of populations, assisting in disease diagnosis, prognosis, response to therapeutic
interventions, and the identification of disease risk factors at the population level [2, 3].
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Gas chromatography- and liquid chromatography-mass spectrometry (GC-, LC-MS)
techniques are routinely employed in metabolic phenotyping. Of the two techniques, LC-
MS is the most beneficial for its ability to be set up for discovery and targeted pathway
analysis. Through use of high resolution, accurate MS, the individual identification and
quantification of metabolites can be performed [3, 4]. Additionally, triple quadrupole MS
can be used for targeted applications [3, 4]. MS is performed following preparation of
samples using different extraction solvents which are selected on the basis of their ability
to perform optimal extraction of metabolites of interest based on their molecular proper-
ties.

When considering applications of metabolic phenotyping, the gold standard for
measurement is venous whole blood which is commonly taken from the anti-cubital fossa,
and then separated into either plasma or serum [5]. This entails time-consuming protocols
for a venipuncture blood collection to occur in an approved clinical space; scheduling an
appointment in advance with a trained phlebotomist, and depending on the nature of
research, may require a patient to abstain from food for >8 hrs and travel to a laboratory
for blood collection. Furthermore, lengthy post-collection protocols that venipuncture ne-
cessitates include sample processing via centrifugation, splitting (into smaller aliquots),
and freezing at -80°C prior to cold-chain transport, which further add to the burden of
sample collection and economic costs that impact budgets [6, 7]. In the laboratory, if the
sample is intended for metabolic phenotyping technologies, whole blood from the collec-
tion then needs to be separated into either serum or plasma and frozen to ensure long
term integrity of the sample. Venipuncture presents two main issues; reduced study sizes,
and the inability to perform frequent sampling [8]. As such, venipuncture may limit the
scope for metabolic phenotyping research, particularly in research areas which include
remote or rural populations, patients with limited mobility or that are immunocompro-
mised. This diminishes opportunities for research teams and population-based studies [9-
11].

The invasive nature of venipuncture and its resultant frontend sample yields an ex-
cess of 400 — 2,000 times volumes required for metabolic phenotyping analyses (for typical
phlebotomy collections of 2 — 10 mL) [2]. However, metabolic phenotyping assays that
employ LC-MS are amenable to low sample volumes, for example LC-MS assays routinely
require < 25 pL to perform metabolic phenotyping for both discovery profiling analysis
and targeted pathway analysis [2, 12-20]. Such methods have been applied to metabolic
phenotyping experiments that have assessed outcomes of health and disease including
inflammation [17], cardiometabolic diseases [21], dementia [17], and nutrition [22]; and
are commonly targeted for many clinical and human physiology studies. This move to-
wards sample miniaturisation in the space of metabolic phenotyping has led research
teams to begin evaluation of microsamples over traditional venipuncture for sample col-
lection [23].

To advance the field of metabolic phenotyping, there is a growing demand for bio-
specimen collections to move beyond laboratory collections and into the community (i.e.,
patient self-sampling). The use of microsamples, particularly in the form of dried blood
spots (DBSs) began back in the 1960s where Guthrie and Susi spotted neonates blood onto
filter paper for screening of genetic conditions [24]. Since the DBS conception, other ap-
plications in research and routine laboratories have commenced, including therapeutic
drug monitoring [25], routine illicit drug and alcohol monitoring [26], sport and anti-dop-
ing [27], nutrition [28], and detection of inborn errors of metabolism [29]. Microsamples
facilitate self-sampling and are ideal candidates for biospecimen collections as small vol-
umes (typically <50 pL) can be obtained using a range of specific devices and collection
protocols [30]. Common collection technologies include traditional dried samples such as
DBSs, and advanced microsampling devices (commercially available devices optimised
to collect a variety of biological media including whole blood [31, 32], whole blood sepa-
rated into plasma [33] or serum [34], and urine [35]). Most of these devices require a small
amount of capillary blood from a minor skin incision such as a finger prick [28], usually
from a fingertip; however other sites have been utilised such as the arm [36].
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The employment of microsamples in metabolic phenotyping workflows has the po-
tential to provide researchers with a widely applicable, less-invasive sampling workflow,
that can be easily implemented in challenging environments to improve accessibility [9,
11, 30, 37]. This can include those in underserved rural and remote areas without access
to cold storage and trained personnel. Microsampling also allows for safe sampling on
those who are immunocompromised, facilitates amenable blood collections for elderly or
infant participants, and improves access for individuals where travelling presents a bar-
rier to their participation [9, 11] (Figure 1). Furthermore, the use of microsampling devices
could ease sampling constraints, allowing researchers greater frequency of sampling and
increased overall population sample size in epidemiology and clinical studies, thereby
improving statistical sample power [10, 38] (Figure 2).

Importance of
sample

miniaturisation

Figure 1. The importance of sample miniaturisation.
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Figure 2. Metabolic phenotyping pipeline comparison for microsampling and venipuncture.
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2. Approaches to microsample collections
2.1. Traditional dried samples: Dry blood spots (DBSs)

Historically, DBSs have been the flagbearer for microsampling. The concept for
preservation of dried human biological samples as a spot is attributed to Ivar Christian
Bang in 1913 [39, 40]. 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 [30, 41].
Currently, such samples are collected on a specialized filter paper which can contain an-
ywhere from 15-50 pL of blood, and take approximately three to four hours to completely
dry at room temperature [39]. 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
[39] [30, 41].

DBS samples have been evaluated in MS-based metabolic phenotyping and have
been used in applications of cancer [42, 43], air-pollution [44], drug discovery [45],
acidemia [46], and pyruvate kinase deficiency [47]. Despite this wide range of applications
of DBS samples, there still remains concerns around their volumetric accuracy, particulary
in metabolic phenotyping where standardisation of sample volume is required. For exam-
ple, the uneven spread of collected blood across the spot can introduce metabolite varia-
tion due to differences in viscosity/haematocrit. 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 [48].
DBS collections are remarkably susceptible to variation based on an individual’s haema-
tocrit (hct; the fraction of blood made up of red blood cells). 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’ [49], where external factors such as dehydration, polycythaemia,
anaemia, over hydration, 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 [30, 50]. For reference, the normal range of hct is
36% - 48% for women and 42% - 52% for men [51]. Put simply, increases in hct beyond the
normal range effect 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 [52]. As such, the sample’s spotted area has a linear, inverse relationship to hct [49,
50].

In MS based studies, normalisation techniques have been employed in order to ad-
dress the ‘haematocrit effect’ [53]. 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 po-
tassium content [54], using near infrared (NIR) spectroscopy [55], haemoglobin measure-
ment using non-contact diffuse reflectance spectroscopy [56], and using wax barriers on
DBSs [57]. Despite the development of these normalisation techniques for DBSs, they are
yet to be widely adopted in metabolic phenotyping workflows, with many literature ex-
amples not implementing a normalisation step in their protocol descriptions [43, 44, 46,
47, 55, 58-60]. Only two studies have openly reported hct normalisation of their DBS sam-
ples 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
LC-MS method [61]. This was performed by relatively expressing an extracted lipid inten-
sity 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 was attributed to the halting of the oxidative
process in dried samples compared to traditional venous whole blood and plasma sam-
ples [61]. Another study successfully employed an automated haematology analyser for
analysis of hct in serum to normalise steroid concentrations obtained from traditional
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DBSs [36]. This correction by Salamin et al. used the following equation: Corrected con-
centration = (DBS concentration)/(1-hct) [36].

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 [62]. 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 [25, 63].
Additionally, prominent sources of variation in DBS homogeneity have been attributed to
the paper substrate used [49]; inconsistencies in the storage, packaging, and transport of
samples [42, 43]; and contact of DBSs with other surfaces [6].

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 [64]. 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) al-
ready contribute dynamic changes [65]. As such, efforts seeking to enhance accuracy, sen-
sitivity, 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 P4 medicine using DBS samples in
metabolic phenotyping pipelines [1].

2.2. Improving microsample collection: Are advanced devices the future for metabolic
phenotyping?

Advancements in microsampling devices have allowed for improvement 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
in to three broad classes: advanced dried samples; passive separation devices; and whole-
biofluid collectors, which will be discussed in the context of metabolic phenotyping below
(Section 3).

Advanced dried sample devices collect samples as a fluid and produce a dried sam-
ple either with a polymer tip (volumetric absorptive microsampling “VAMS” — Neoteryx;
Torrance, California, United States) or carriers akin to DBS cards such as the hemaPEN
(Trajan; Melbourne, Victoria, Australia), HemaXis DB10 (DBS System SA; Gland, Switzer-
land), Capitainer qDBS and B-Vanadate (Capitainer AB; Solna, Sweden), TASSO-M20
(HemoLink; Seattle, Washington, United States), and HemaSpot HD and HF (Spot on Sci-
ences; San Francisco, California, United States) [27, 28, 36, 66-73]. These technologies im-
prove upon standard DBS cards by providing accurate/volumetric aspiration and thus
heamatocrit-independent sample collection over a wide range of microsample sizes (2.74
puL —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: TASSO+ (HemoLink; Seattle, Washington, United States), as dried serum:
HemaSpot SE (Spot on Sciences; San Francisco, California, United States), or dried plasma:
Tellimmune Plasma Separation Cards (Novilytic; West Lafayette, Indiana, United States).
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, North Carolina, United States),
and the Hemaxis DX (DBS System SA; Gland, Switzerland) [74-76]. It is 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 col-
lect sample volumes as small as 23 pL: the MSW2 (Shimadzu; Kyoto, Japan); and extend
to 100 pL: the TAP (Yourbio Health; Medford, Massachusetts, United States); and up to
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600 pL: the TASSO+ and TASSO-SST (HemoLink; Seattle, Washington, United States) [10,
77,78].

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 ad-
vanced manufacturing consistency; they have been designed to counter specific chal-
lenges in DBS and traditional microsampling workflows including the ‘haematocrit effect’
[30, 71] and have already achieved translation to non-metabolic phenotyping analytical
chemistry protocols [27, 79]. Despite these benefits, 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
[80]. 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 [80, 81].
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Table 1. Microsampling devices. 1
Samplin Device Reps (Model); . . ..
ping ps ( ) Biofluids Description Refs
Technology (Manufacturer) Volume
[82, 83]
Wh
( Catg::_m 5 (903 protein Saver
yave Card); Urine, WB Traditional paper-based carrier for collection of dried samples
- Marlborough, Massachusetts, 75 80 Ul
i United States) H
g
s
g [84]
E PerkinElmer
— PerkinElmer; 22 ;
g Walthgriflmssr;lce}:;setts, > (226 LSJ}}))()ttOS;Ov::iCard), WB Traditional paper-based carrier for collection of dried samples
= United States)
°
(-
a [85]
Ahlstrom-Munksj6
Bi 1 ;
(Ahlstrom-Munksjo; 5 (BioSample Card); WB Traditional paper-based carrier for collection of dried samples
R, Up to 70 uLL
Helsinki, Finland)
TASSO 4 (M20); WB M20 device collect four dried whole blood samples. The sample pod can be removed from [36, 77, 86]
(HemoLink; 20 uL the button and sent to lab.
Seattle, Washington, United
States)
(%]
=1 2 (gDBS); WB The qDBS collects two fixed volume DBSs. A drop of blood is applied to the two microchan- [87, 88]
g 10 uL nels within the device. After filling, the film at the capillary outlet dissolves, emptying the
3 Capitainer blood on the pre-punched Ahlstrom filter paper discs via capillary action. Successful sam-
= . . pling is indicated by the exit area of the device turning dark. Discs are then dried at room
5 (Capitainer AB; 2 . o )
3 (B Vanadate); temperature for a minimum of 2 hours. Then, the DBSs can be removed with tweezers for
§ Solna, Sweden) 10 pL analysis. B Vanadate operates under the same mechanism with additional phospholipase D
< inhibitor, sodium metavanadate (NaVOs), in the DBS disc to allow for accurate phosphati-
dylethanol testing.
Volumetric Absorptive Mi- 2 (Cartridge); Urine, WB A porous absorbent white tip attached to a plastic handler. Tip consists of hydrophilic poly- [89-91]
crosampling (VAMS) Mitra 10, 20, or 30 pL (incl. serum and  mer and permits haematocrit-independent collection of desired fluid by wicking up an accu-
plasma) rate volume via capillary action. Different sample volumes can be collected depending on

(Neoteryx;
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(Novilytic;

Torrance, California, United 4 (Clamshell) tip size. Sample preparation can be performed manually by detaching the tip to transfer for
States) extraction.
96 (Autorack)
4; WB Haematocrit-independent sampling system for volumetric collection of capillary blood on [92]
hemaPEN 2.74 1L pre-punched filter paper discs. Contains four EDTA-coated capillaries which fill by touching
(Trajan, ' surface of blood drop of minimally 20 uL. Subsequently, clicking device into plastic base
Melbourne, Victoria, Australia) and inverting allows capillaries to transfer blood onto four integrated pre-punched filter pa-
per discs. Device is available with both Whatman and Perkin Elmer discs. TGA approved.
4 (DB10); WB DB10 utilises a conventional Whatman or Perkin Elmer card combined with 4 volumetric [93]
HemaXis 10 L capillary channels. Following fingerstick lancing, a blood drop is applied to the inlet of the
(DBS System SA: capillary, collecting 10 uL of blood per channel. Wh.en. fillling of a dila.nnel is C(?mp.leted,
blood can be observed at the outlet of the channel. This indicates sufficient application. The
Gland, Switzerland) device is then manually closed to allow contact between the capillary outlet and the card,
taking about 5 seconds for transfer of blood.
Multiple (HD); WB The HD is a large DBS that allows for multiple technical replicates upon performing a sub-  [94, 95]
HemaSpot 160 L punch; HF fan-shaped device has eight identical blades in protective plastic cassette. Two —
(Spot on Sciences; three drops of blood must be applied to the centre of device to ensure equal distribution of
San Francisco, California, United blood (taking approximately one minute). Each blade holds 1/8th of the total sample volume
States) 8 (HF); (~9.2 pL). The device can be closed after filling and is then left to dry, facilitated by the inte-
9.2 uL grated desiccant before it is ready for extraction.
o 1 (DPS*); WB The autonomous microfluidic DPS device collects plasma samples in under 6 minutes. It [74]
Capitainer 11.6 L (separated into consists of a filtration membrane, a capillary metering channel, absorbent paper, and a
(Capitainer AB; ' plasma) drainage valve to remove excess plasma. A blood drop is applied to the filtration mem-
Solna, Sweden) brane, 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.
a Book-Type Dried Plasma Spot 4 (DPS*); WB Device consists of two layers that filter erythrocytes from WB to produce plasma. Blood is [75]
g Cards variable (8-14 mm spots) (separated into applied to the card in the closed-book configuration. After approximately 3 minutes, the
S . plasma) sample book can be opened to collect the DPSs by removing the paper substrate. Volume of
2 (Q2 Solutions; the DPS obtained depends on applied WB volume (approximately 0.303 uL plasma per 1 uL
£ Morrisville, North Carolina, of WB).
g% United States)
% HemaXis 1 (DX*); WB The DX operates in the same way, however, creates DPSs under the process of sedimenta- [76]
g (DBS System SA; 2uL (separated into tion once the device is closed. This is achieved through capillary pressure in a microfluidic
. plasma) system created with two polydimethylsiloxane sub-units.
Gland, Switzerland)
Telimmune Plasma Separation 1 (Uno); WB Telimmune (formerly Noviplex) Uno and Duocollect dried plasma through membrane fil- [33]
Cards 2.5 pL (plasma) (separated into tration. Blood is applied to the top layer of the device. Respectively, 25 uL of blood and 60
plasma) pL of blood are required for application on the devices, an indicator control spot on the top
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West Lafayette, Indiana, United

2 (Duo);

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

States) 3.8 uL (plasma)
process takes approximately 3 mins, after which the top layer is peeled and discarded before
drying the DPS for an additional 15 minutes. The DPS can then be removed using tweezers.
Multiple (SE); WB SE device has a spiral-shaped design. It separates large whole blood components such as [34]
HemaSpot i (separated into serum) RBCs, platelets, and leukocytes from serum. Three-four blood drops applied to the centre
(Spot on Sciences; allow the spiral-shaped membrane to separate different blood components through lateral
. . ) flow. The serum components flow freely over the membrane, whereas the larger compo-
San Francisco, California, United
' ' nents are retained near centre of the spiral. After sample is dried for two minutes, the car-
States) tridge is closed and is ready for analysis. Sub-punches can be made in different parts of spi-
ral.
1 (Wing); WB Blood is collected at the tip of the Wing after performing a fingerstick (or similar) with a [32]
MSW?2 23 L (WB) (separated into lancing device. The device is filled once blood reaches the reservoir (23 puL). A specialised
Shimadzu: 6 | plasma) centrifuge rotor is required (the Windmill) which can hold 14 Wings for centrifugation.
(Shimadzu; 56 WL (plasma) Typically, the sample is then spun down as 2,000 x G for 10 minutes. Following centrifuga-
Kyoto, Japan) tion two plasma zones are created and can be snapped off with hands (ie. does not require a
14 (Windmill) specialised cutter) into a microtube for extraction.
w
§ Touch Activated Phiebotomy 1 (TAP); WB Collects blood under vacuum pressure through microneedles, painlessly. Device sticks onto  [96, 97]
(8]
= 100 L the skin (upper arm). Once button pushed, a ring of 30 small microneedles projects out of
Q
- (TAP) the device to micropuncture the skin. The needles immediately withdraw, creating a vac-
é (Yourbio Health; 1 (TAP II*); uum to induce collection of capillary blood. Blood flows through microfluidic channels into
2 Medford, Massachusetts, United 250 pL storage space, prefilled with lithium heparin anticoagulant. Subsequently, indicator window
2 States) 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.
1 (TASSO+); WB Placed on upper arm. Collects WB by pressing the button, which results in a lancet punctur- [31, 98]
TASSO 200 — 600 pL (incl. serum and ing the skin. Blood collected from capillaries under vacuum pressure into the sample pod
(HemoLink; plasma) (different formats): TASSO+ device collects whole blood for a variety of standard collection
Seattle, Washington, United tubes (i.e., EDTA and lithium-heparin) and passive separation tubes (serum and plasma);
States) 1(SST); SST device pod collects liquid WB, which can be spun into serum at lab.
200 — 300 pL

Note. Reps = number of technical replicates a given advanced microsampling device is able to produce; * = a device in development/ not currently commercially available; WB = whole blood.
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3. Advanced microsamples: Current applications in metabolic phenotyping

Recently, the implementation of advanced microsampling devices in metabolic phe-
notyping workflows has been reported in literature, however collection and analytical
protocols have not been extensively evaluated and optimised for the given devices avail-
able. These reported advanced microsampling devices cover a range of technologies for
capillary blood collection including advanced dried samples, passive separation devices,
and whole biofluid collectors (Table 2). However, by no means do they encompass all
devices currently available, commercially or for research purposes. And although the lit-
erature presents a large variety of applications and pre-analytical sample preparation
techniques, all studies primarily utilised LC-MS based platforms for analysis.

3.1. Advanced dried microsamples

Advanced dried microsamples represent the largest portion of published literature
in the scope of metabolic phenotyping, for which metabolite coverage and metabolite sta-
bility have been the key focus. A variety of devices of this technology type have been used,
with findings detailed below. Some studies additionally performed analysis of haemato-
crit to identify the ability of the devices to perform haematocrit-independent sample col-
lection. Which are also detailed below, separately. A summary of applications of ad-
vanced dried microsamples in metabolic phenotyping has also been provided below.

3.1.1. Metabolite coverage and stability of different advanced dried sample devices

The Capitainer B-Vanadate (Capitainer AB; Solna, Sweden), was used for quantifi-
cation of caffeine and paraxanthine using venous blood from a healthy, caffeine-abstinent
female (N =1) [73]. This research was limited to simulated blood collections using venous
blood transferred to the microsampling device with a micropipette, and stability testing
was performed in triplicate for each of the two time points. Caffeine and paraxanthine
concentrations were examined as stable at 4 days (60°C) and at 3 months (room tempera-
ture or -20°C).

The VAMS Mitra (Neoteryx; Torrance, California, United States) device has been
employed on two published accounts in metabolic phenotyping for assessment of metab-
olite coverage and stability. In a study performed by Kok et al. the 10 uL VAMS Mitra
(Neoteryx; Torrance, California, United States) device, was assessed using reversed-phase
chromatography and hydrophilic interaction liquid chromatography on plasma taken
from one individual [99]. From the two methodologies, 36 analytes were recovered (24
amino acids and 12 organic acids) and assessed for stability over 15 days with measures
being repeated at 2 hrs, and 1, 4, 7, and 15 days. No stability issues were observed during
the first four days when stored at room temperature. However, at 15 days, increases and
decreases were observed in some amino acids (a decrease in 19.2% and 15.4%, respectively
for methionine and tyrosine). These changes were seen more markedly in organic acids,
highlighting that they are less stable than amino acids. Specifically, these were: malic acid
(-21.8%), glutathione (-31.8%), uric acid (-22.9%), glyoxylic acid (+36.8%), pyruvic acid
(+26.0%), 3-hydroxypropionic acid (+37.9), and succinic acid (+46.3%). These stability find-
ings contrast known instability of organic acids and amino acids stored in liquid blood for
the same time [99]. In another study, an untargeted methodology was used by Volani et
al. to analyse an unknown number of pooled EDTA venous blood samples using 69 VAMS
Mitra (Neoteryx) devices. The results of this study contrasting those of Kok et al. who
demonstrated metabolites were stable up to 4 days when stored at room temperature
[100]. Specifically, differences were observed in ~75% (77/103) putatively identified me-
tabolites between 2 hours, 24 to 48 hours, and 4 days, when visualized with principal
component analysis (PCA), and in fact up to 6 months (one-way ANOVA, p<0.005). With
36% of those differences in metabolites manifesting as decreases over time (e.g., histidine,
glutamine, and asparagine), and 31% of those metabolites increasing over time (e.g., glu-
tamic acid, glyceric acid, and methionine) [100]. Reasons for metabolite increases were not
postulated, but could potentially include conversion of one metabolite to another or a rel-
ative concentration effect.

In a study of 20 healthy participants, the hemaPEN (Trajan; Melbourne, Victoria,
Australia) was used to collect blood samples for analysis of 13 metabolites influenced by
exercise, at training intervals, including nine amino acids and four organic acids [72]. Nine
metabolite concentrations had variation <15% upon storage at -20°C for five months.
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However, concentration decreases were observed in 2-oxoglutaric acid (35.1%) and me-
thionine (56.5%); and concentrations increased for creatine (17.6%), and taurine (15.7%)
[72].

Venous-derived serum, cited as the World Anti-Doping Agency (WADA) gold stand-
ard for sample collection in steroid profiling, was compared to a variety of advanced dried
microsamples by Salamin et al. [36]. The researchers analysed 11 free and 8 conjugated
steroids following testosterone gel administration in 14 healthy, eumenorrheic women.
Testosterone concentrations were first measured in traditional DBSs (created with venous
blood) and were found to highly correlate with those in serum (r>0.84 with Passing-Ba-
blok regression analysis). Following these positive results, Salamin et al. also investigated
the TASSO-M20 (HemoLink; Seattle, Washington, United States) (placed on the upper
arm) for steroid profiles using capillary blood from 14 healthy volunteers (7 females, 7
males) compared to traditional Whatman Protein Saver Card DBSs (Cytiva; Marlborough,
Massachusetts, United States) (via fingerprick). Fingerpick DBSs and TASSO-M20 (Hemo-
Link; Seattle, Washington, United States) dried samples demonstrated strong correlation
for all quantified steroids using a Spearman’s correlation. These steroids included testos-
terone (r=0.97, p<0.0001), androstenedione (r=0.85, p<0.0001), DHEA (r=0.93, p<0.0001),
17a-OH-progesterone (r=0.98, p<0.0001), progesterone (r=0.93, p<0.01), and cortisol
(r=0.91, p<0.0001). The researchers caveat their capillary DBS findings with the likelihood
of high capillary testosterone concentrations being attributed to the topical application of
the testosterone gel, although use of advanced devices such as the TASSO-M20 (Hemo-
Link; Seattle, Washington, United States) can overcome this pitfall due to its independence
of sample collection site (i.e., can be applied to upper arm) [36, 77]. Furthermore, Salamin
et al. highlights the potential of DBS storage of steroids for 1 and 3 weeks at room temper-
ature with minimal risk of degradation (contrary to serum samples) [36]. This translation
is important for future applications of microsamples in the context of anti-doping (i.e.,
WADA).[36, 77].

3.1.2. Analysis of haematocrit

Evaluation of hct across studies using advanced dried microsamples has shown
promising results. Results by Velghe et al. demonstrated the ability of the Capitainer B-
Vanadate (Capitainer AB; Solna, Sweden) device to eliminate hct bias over a range of 18.8
— 55.0 [73]. Linear regression of Capitainer samples revealed that caffeine and paraxan-
thine were not affected by hct when compared to whole blood. Interestingly, when repeat-
ing the analysis using a traditional DBS sub-punch (again, simulated with a micropipette
from venous blood), linear regression revealed the presence of a negative hct bias. Here,
there was reduced analyte concentrations witnessed in DBSs compared to whole blood
[73]. Accurate and precise collection of samples collected from a single drop of blood with
minimal influence by hematocrit are similarly demonstrated by the hemaPEN (Trajan;
Melbourne, Victoria, Australia) [27, 72, 79]. This has been examined in the scope of ana-
lytical chemistry for caffeine and paraxanthine, where comparing hemaPEN (Trajan; Mel-
bourne, Victoria, Austrtalia) concentrations and those in whole blood revealed 6.90% and
5.40% difference in mean concentrations, respectively [27]. Although statistically signifi-
cant, the researchers concluded this variation was negligible, when comparing hemaPEN
(Trajan; Melbourne, Victoria, Australia) to conventional sub-punch DBS results, and sub-
punch DBS results to whole blood. In therapeutic drug monitoring of fluoxetine and ser-
traline (and their metabolites), hemaPEN (Trajan; Melbourne, Victoria, Australia) samples
revealed a range of 3-9% variation in analyte recovery for different values of hct [79]. Con-
versely, other advanced dried sample technologies purported (and marketed) to over-
come the “haematocrit effect”, such as the VAMS Mitra (Neoteryx; Torrance, California,
United States), are yet to investigate hct in metabolic phenotyping workflows.

3.1.3. Summary of advanced dried microsample findings

Generally, metabolic phenotyping of advanced dried samples performed analysis
within a few days of microsample collection, with infrequent longitudinal stability assess-
ment, up to a maximum of six months [99]. This is in contrast to traditional DBSs which
have been performed up to 21 years following hct correction (a factor that may not be
necessary for future use of archived advanced samples that are hct-independent) [56].
Storage conditions typically employed those readily available in laboratory settings (room
temperature, -20°C, -80°C), which may not reflect the reality of multi-site clinical studies
where microsamples are likely to undergo temperature variations or may encounter
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extreme climates (high heat and humidity) [101]. Pre-analytical workflows for these sam-
ples mainly relied on manufacturer protocols and demonstrated great variability in dry-
ing time, and analytical turnaround. Furthermore, 3/6 studies were limited to an N =1 [36,
73, 99], with only one study reaching an N = 20 [72], which further research should seek
to expand upon to increase statistical power and ensure reproducibility of results.

3.2. Passive separation devices

Passive separation devices with the ability to obtain blood fractions such as plasma
and sera currently represent the area of greatest focus in microsampling technology inno-
vation. Many plasma separation devices are yet to be commercially available, including
the Capitainer DPS (Capitainer AB; Solna, Sweden), Book-Type DPS Card (Q2 Solutions;
Morrisville, North Carolina, United States), and the HemaXis DX (DBS System SA; Gland,
Switzerland), and thus have yet to be translated to metabolic phenotyping.

Telimmune plasma cards (formerly Noviplex plasma prep cards) are currently the
only plasma separation technology that has been translated to metabolic phenotyping re-
search [53]. This was performed by Cvetko et al. who compared the glycoprofles of 10
participants. This study utilised self-sampling, to compare Telimmune plasma cards (No-
vilytic), DBSs, and the VAMS Mitra (Neoteryx) devices to plasma. Both Telimmune
plasma cards (Novilytic) and the VAMS Mitra (Neoteryx) devices managed to adequately
replicate venous-derived plasma glycoprofiles. Their comparability was calculated using
relative deviance between the advanced microsampling devices and traditional DBSs, to
plasma for each of the 39 glycan peaks. Interestingly, Telimmune plasma cards (Novilytic)
had the least relative deviance to plasma (0.069), followed by VAMS Mitra (Neoteryx)
(0.092), with most deviance to plasma being displayed in traditional DBS samples (0.674).

A smaller subset of 5 participants was utilised to perform self-sampling in hexa-
plicate to assess analytical reproducibility of different microsample platforms. These were
calculated as average %CV (coefficient of variation) for all glycan peaks. Telimmune
plasma cards (Novilytic) displayed the least variation (4.831%), followed by the VAMS
Mitra (Neoteryx) (7.098%), with most variation being seen in DBSs (14.305%). Cvetko et
al. demonstrate the ability of passive plasma separation devices like the Telimmune
plasma cards (Novilytic) to show reproducibility with venous derived plasma, and ana-
lytical reproducibility when sampling is self-administered by participants, thus highlight-
ing the great potential for use of this advanced microsampling technology in larger cohort
studies [53]. Importantly, although acknowledged as a limitation, variation in sample vol-
ume and hct from self-sampling are factors that were not addressed in this research. Fur-
thermore, haemolysis (from inappropriate capillary lancing techniques) and under-sam-
pling by participants may interfere with mass-spectrometry based metabolic phenotyping
pipelines, introducing erroneous results [53].

The only serum passive separation device in existence is the HemaSpot SE (Spot on
Sciences; San Francisco, California, United States). Currently, applications are limited to
manufacturer publications, highlighting a gap in translation of serum separating technol-
ogies to metabolic phenotyping [34].

3.3. Whole biofluid collectors

Presently, only one reported account of whole biofluid collection technology has
been used in metabolic phenotyping [78]. This is for the MSW2 (Shimadzu; Kyoto, Japan)
by Hotta et al. who investigated the pharmacokinetic effects of administering a cocktail of
antiepileptic drugs (carbamazepine, lamotrigine, and phenytoin) in 4 rats, and performed
qualitative metabolite identification in rats (N = 2) using carbamazepine (100 mg/kg) as a
model drug. In the pharmacokinetic study, blood samples were collected via the tail vein
using a glass capillary to inoculate the device with blood before centrifuging to obtain the
respective separated blood fragment ‘chips’. Drug stability testing was then performed
for a variety of storage conditions on the different chips. The stability data of the drugs
revealed percent biases within the acceptable range (< +15.0 %) for all conditions. This
highlights the stability of these antiepileptic drug samples over wide range of storage con-
ditions. These conditions included plasma at ambient temperature for 24 hours, whole
blood at ambient temperature for 1 hour, and plasma at -20°C for 140 days (the total stor-
age duration from sample collection to analysis). Additionally, freeze/thaw (-20°C/ ambi-
ent temperature) was investigated for two cycles, as were processed plasma samples at
6°C for 42 hours.
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For the latter metabolite identification study, blood samples were collected at 1, 2, 4,
8, and 24 h post-carbamazepine dose. The contents of two device chips at the same time
points were pooled in a tube (to total 5.6 pL of plasma). This plasma was then diluted 10-
fold with blank rat plasma. Following which, LC-MS/MS analysis allowed for characteri-
sation of seven metabolites of carbamazepine. This allowed for the development of a pro-
posed metabolic pathway of carbamazepine in rat plasma. Hotta et al. concluded that the
MSW?2 (Shimadzu; Kyoto, Japan) is technically easy to use with minimal training, and
their findings suggest whole biofluid collection technologies can be useful for assessment
of metabolite safety and to perform metabolite identification [78].
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Table 2. Comparison of microsamples in mass spectrometry-based analytical chemistry and metabolic phenotyping methodologies: Extraction and analytical methods. 1
Mlcrosam[:)lér;g Technol- Extraction solvent Metabolic phenotyping method Title Ref
Traditional dried samples MeOH Targeted DI-HRMS for amino acids, ketones, li- Understanding acute metabolic decompensation in propionic and [46]
(DBS) pids methylmalonic acidemias: A deep metabolic phenotyping approach
Untargeted DI-HRMS
Traditional dried samples MeOH UPLC-MS/MS Phenotyping study of cyclophosphamide 4-hydroxylation in Malay cancer  [43]
(DBS) TQ, BEH C18 column patients
Targeted analysis of anticancer drug, cyclophos-
phamide, metabolites
Traditional dried samples MeOH:H:O (4:1, v/v) Untargeted UHPLC- qTOF-MS A feasibility study of metabolic phenotyping of dried blood spot specimens  [44]
(DBS) 2% formic acid RP and HILIC separation in rural Chinese women exposed to household air pollution
Traditional dried samples 100 uL of MilliQ H20 Orbitrap — DIHRMS The development and validation of a fast and robust dried blood spot [61]
(DBS) 250 pL of MeOH lipidomics based lipid profiling method to study infant metabolism
500 pL of MTBE
Traditional dried samples MeOH 7890A GC System coupled to 5975 inert MSD Evaluation of dried blood spots as sample matrix for gas chromatog- [58]
(DBS, DPS) with Triple-Axis Detector raphy/mass spectrometry based metabolomic profiling
Traditional dried samples DBS: MeOH:H-O (4:1, UHPLC-MS Investigation of the 12-month stability of dried blood and urine spots ap- [55]
(DBS, DUS) v/v) RP, HILIC, lipid methods plying untargeted UHPLC-MS metabolomic assays
DUS: MeOH:H-0 (8:1,
v/v)
Traditional dried samples ACN/MeOH with H.O LC-MS/MS Drug, lipid, and acylcarnitine profiling using dried blood spot (DBS) tech-  [45]
(DBS) at a ratio of 2:1-4:1 Drug, lipid, acylcarnitine analyses nology in drug discovery
Traditional dried samples Not specified: “relatively DIHRMS Untargeted metabolic profiling in dried blood spots identifies disease fin- [47]
(DBS) uncomplicated sample gerprint for pyruvate kinase deficiency
extraction steps”
Traditional dried samples = MeOH:ACN (1:1) LCMS Nontargeted mass spectrometry of dried blood spots for interrogation of [60]
(DBS) the human circulating metabolome
Traditional dried samples  25% (v/v) aqueous UPLC-MS Metabolite profiles from dried blood spots for metabonomic studies using  [59]
(DBS) MeOH UPLC combined with orthogonal acceleration ToF-MS: effects of different
papers and sample storage stability
Traditional dried samples MeOH:H:O (95:5, v/v) UHPLC-MS/MS Steroid profiling by UHPLC-MS/MS in dried blood spots collected from [36]
(DBS) MRM of steroid hormones healthy women with and without testosterone gel administration

Advanced dried samples
(HemaXis DB10, TASSO-
M20)
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Advanced dried samples ACN:H:0 (60:40, v/v) UHPLC-MS/MS for organic acids Targeted metabolomics of whole blood using volumetric absorptive mi- [99]
(VAMS) crosampling
HILIC-MS/MS for amino acids
Advanced dried samples ACN:H:O (70:30, v/v) UHPLC-Q-ToF-MS Pre-analytical evaluation of volumetric absorptive microsampling and inte-  [100]
(VAMS) HILIC gration in a mass spectrometry-based metabolomics workflow
Untargeted analysis
Advanced dried samples ACN:H:0 (60:40, v/v) UHPLC-MS/MS Blood microsampling to monitor metabolic profiles during physical exer- [72]
(hemaPEN) Organic acid, amino acid methods cise
Advanced dried samples MeOH:H:O (80:20, v/v) LC-M5/MS Evaluation of the performance and hematocrit independence of the (27]
(hemaPEN) 0.01% formic acid Targeted analysis of caffeine and paraxanthine hemaPEN as a volumetric dried blood spot collection device
Advanced dried samples MeOH:H:0 (80:20, v/v) UPLC-MS/MS Evaluation of the Capitainer-B microfluidic device as a new hematocrit-in- [73]
(Capitainer B Vanadate) 0.01% formic acid Targeted analysis of caffeine and paraxanthine dependent alternative for dried blood spot collection
Traditional dried samples H0 HILIC-UPLC-FLR Comparison of self-sampling blood collection for N-glycosylation analysis  [53]
(DBS) Glycoprofiling
Advanced dried samples
(VAMS)
Passive separation de-
vices
(Telimmune, formerly
Noviplex plasma prep
cards)
Whole biofluid collectors 5 uL IS: ACN/MeOH LC-MS/MS Quantitative and qualitative application of a novel capillary microsampling  [78]
(MSW2) (70:30, v/v) Targeted analysis of carbamazepine (and 7 of its  device, Microsampling Wing™ (MSW), using antiepileptic drugs in rats

+100 L. MeOH

metabolites), lamotrigine, phenytoin antiepilep-

tic drugs

Note.
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4. Considerations for future application of advanced microsampling in metabolic phe-
notyping workflows

The use of advanced microsampling devices (of each technology type) demonstrated
within the literature, have shown promise for bridging the gap in routine adoption of
microsamples in metabolic phenotyping and within clinical research. However, there re-
main crucial shortcomings associated with microsample collections that need to be ad-
dressed. These include assessing the long-term storage and stability of advanced mi-
crosamples, pre-analytical reproducibility in microsample preparation, and analyte con-
centration variations between whole blood, plasma, and serum. This is needed before suc-
cessful identification, validation, and quantification of novel biomarkers can occur. In-
deed, if microsampling is going to be successful in population-based metabolic phenotyp-
ing research, patient self-variability/error is an additional area of contention which needs
to be addressed. These are important considerations for future adoption of advanced mi-
crosampling devices in longitudinal metabolic phenotyping studies with regular partici-
pant follow-up.

4.1. Microsample collection and stability

DBSs have traditionally been used in a variety of applications due to the ability to
provide a low volume, fast, and minimally invasive collection. In fact, multiple protocols
and guidelines exist for collection of traditional dried microsamples (ie. DBSs), such as
those for proper sampling of capillary blood [102], selection of filter paper [103], sample
application to the carrier [103], and packaging and transport of samples [104] thus ensur-
ing some level of sampling reproducibility in current applications of DBSs in the field of
metabolic phenotyping. However, these sampling protocols do not apply to advanced mi-
crosamples which are limited to manufacturer SOPs. A research gap therefore exists in
assessing optimal collection protocols that consider different drying times, temperatures,
and storage conditions, which is inherently linked to microsample stability.

Assessment of long-term stability and optimal storage conditions of advanced de-
vices is still necessary for best practice in metabolic phenotyping pipelines. Accurate de-
tection of metabolite concentrations in biological samples naturally require sample stabil-
ity, as fluctuations in environmental conditions, such as temperature and humidity, may
have a deleterious effect on biological samples in the pre-analytical phase [6, 8]. For ex-
ample, plasma and serum samples are known to be affected by storage conditions such as
increased temperature and repeated freeze-thaw cycles [78]. Microsamples are no differ-
ent, and thus considerations from the literature have included ensuring airtight and leak-
proof packaging with desiccant to prevent deterioration from heat and moisture accumu-
lation. As well as providing protocols for temperate conditions during transport (in multi-
site studies), and timeframes for sample turnaround [100, 105].

Recent microsample applications have implemented the use of data loggers (EL-
USB2+; Lascar Electronics, Erie, Pennsylvania, United States) to monitor the temperature,
dew point and humidity of DBS samples during shipments. In one study, temperature
and humidity were measured at 30 min intervals in DBS samples which travelled 11,600
miles in six days [6, 8]. Samples were observed to range from below freezing to over 25°C
throughout the course of the journey. Although the compound analysed by Bowen et al.
was not disclosed, the results of their in-house stability assessment (based on tempera-
tures their DBSs encountered previously) were performed by setting the low QC level to
-20°C and high QC level to 40°C. Taken together, these studies by Bowen et al. indicated
that temperature extremes had no deleterious effect on the stability of a single compound
in analytical replicates, with %CV <8% on average, following ambient storage for 4
months, and at -20°C and 40°C storage for 48 hours [7, 8].

Another advantage of dried sample matrices is enhanced metabolite stability over a
range of temperatures during storage and transportation. Most research concludes that
analytes appear to be stable (for a variety of matrices) when stored in conditions with low
temperature and humidity (~30%, akin to a lyophilised environment) [106]. Indeed, in a
study by Strnadova et al,, who examined the long-term stability of amino acids and
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acylcarnitines, it was found that, of the analysed amino acids, valine was stable for up to
14 years in DBS samples stored at room temperature. However, other amino acids and
acylcarnitines degraded more rapidly “per-year” [107]. In 2017, similar results were
demonstrated in a lipidomic analysis of air-dried DBS cards stored with desiccants at dif-
ferent temperatures (4°C to 37°C) by Gao et al. [108]. Significant changes were noted for
diacylglycerides in cards stored at 4°C and room temperature for up to two weeks, and in
most lipids stored at 37°C. Also in 2017, Drolet et al. attributed increased variation in 350
DBS metabolites to storage temperatures up to 37°C in comparison to those at room tem-
perature and -20°C [109]. The highest level of variability Drolet et al. observed was at 37°C
on Day 14 of the storage conditions [109]. Future research must consider translating these
findings to advanced microsampling devices, as this is yet to be performed beyond tem-
peratures commonly encountered in a laboratory setting (-80°C, -20°C, 4°C, and room tem-
perature).

A variety of procedures and environmental conditions have been investigated for
their impact on metabolite stability of advanced microsamples. However, in the current
literature, most research has not provided meaningful conclusions relevant to long-term
storage outcomes for metabolites. For instance, ‘variation” of metabolites (classes, panels,
or even individually) is often reported without an associated direction (increase or de-
crease). Additionally, analytical reference points for assessing stability were often weak,
and timepoints spanned relatively short periods (or were infrequent if conducted over a
longer time). The interpretations of these stability data were inconsistent, mainly focusing
on analyte recoveries and concentrations for classification of disease outcomes. Future re-
search should seek to identify the reproducibility of purported metabolite stabilities based
on storage duration and temperature. Furthermore, these should be over a greater period,
with more frequent timepoints. This will allow for meaningful comparisons between stud-
ies, and address the limited research published on advanced microsampling device long-
term stability.

4.2. Microsample preparation

Consistent microsample preparation including sub-punches (if using traditional
DBSs), extraction, and automation is important for reproducible analyte extraction. Simi-
larly, consistent enrichment is important, should detection limits need to be improved for
quantification (preconcentration) and selective removal of interfering substances (sample
clean-up) [110]. These processes are integral in metabolic phenotyping workflows as they
determine molecular concentrations in complex biological matrices (including blood,
urine, and body tissues) used to derive clinical and biological conclusions. As such, sam-
ple preparation optimisation (specific to the advanced microsample device in use, i.e., ad-
vanced dried sample, passive separation device, or whole biofluid collector) is vital for
accurate interpretation of results.

In DBS microsample preparation workflows, a sub-punch (also referred to as a par-
tial-punch) usually 3 mm in diameter, is taken. Theoretically, this is to reduce volumetric
inaccuracies by using a fixed diameter punch, much like taking a fixed volume of plasma
with a pipette. However, literature disagrees on the usefulness of this, largely due to
sources of error related to the potential effect of hct and punch location bias when the
whole spot is not analysed. Importantly, the size of DBS sub-punches can also artificially
inflate values of metabolites compared to venous blood (when DBSs are simulated with
venous blood as a result of inaccurate sample delivery) [48]. Accuracy and precision can
be improved by including the fixed or individual hct values into the models that relate
plasma and blood concentrations of analytes [49]. Following a sub-punch, the mi-
crosample is then ready for extraction. In metabolic phenotyping, extractions are normally
performed using a variety of organic solvents to perform a protein precipitation prior to
metabolic phenotyping [64, 65, 100, 111].

The move towards automating pre-analytical processes, like microsample prepara-
tion, has the potential to improve throughput and decrease manual error in metabolic
phenotyping pipelines. In fact, this consideration has recently been adopted in the design
of advanced microsampling devices such as the VAMS (Neoteryx; Torrance, California,
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United States), which are also available in 96-well plate formats (VAMS 96-Autorack) (Ne-
oteryx; Torrance, California, United States) [89]. Such designs have the potential for auto-
mation of extraction in advanced microsampling device metabolic phenotyping pipelines,
however, this kind of use is yet to be reported on a large scale. Future applications of
advanced microsampling devices in automated metabolic phenotyping workflows offer
the potential to conduct large epidemiological studies. Derivatisation is often used in met-
abolic phenotyping pipelines to improve analyte volatility (i.e., in GC) and analytical sen-
sitivity [112]. However, it may affect the detection and reproducibility of certain classes of
metabolites and hamper the detection of compounds [58]. Currently, derivatisation has
been automated for fatty-acid analysis of the phospholipid fraction of human plasma, and
to date has been successfully applied to more than 28,000 samples of the InterAct project,
measuring plasma-phospholipid profiles in over 12,000 diabetes cases and over 16,000
sub-cohort participants as part of a Cancer study [112]. Scales of this size have not yet been
achieved in automated workflows for metabolic phenotyping of microsamples.

4.3. Determining an equivalent concentration factor

The type of blood collection performed to obtain a microsample (venous, arterial, or
capillary), will influence the metabolite content of the sample [102, 103]. These differences
mainly arise between capillary and venous samples (e.g., when comparing their sera or
plasma). Differences are primarily due to capillary samples being derived from a dermal
puncture which results in contamination of venous blood with arterial blood, interstitial
fluid, and intracellular fluid [102]. One study comparing capillary and venipuncture sam-
ples found that spot size is the most significant factor when applying a correction formula
to account for differences in metabolite concentrations [113]. The formula derived by the
researchers was Y = f(X, T, H). Which calculates the estimated standard value (Y) from
DBS treatment (X), the treatment conditions such as temperature, humidity, drying time,
shipment time, spot size (T), and donor characteristics such as health, age, and sex (H)
reflecting potential interaction effects [113]. Use of newly developed microsampling de-
vices which collect a fixed volume of blood may eliminate this consideration of spot size
and punching [27].

Recently, correlations between DBS and dried serum spot (DSS) samples for analysis
of 25-hydroxyvitamin D (250HD) were performed using LC-MS/MS technology [114].
Karvaly and colleagues observed that the mean biases showed no correlation with the
250HD levels between DBS and DSS matrices (r < 0.0671) [114]. In another study, DBS
HbA1lc (commonly used for diabetes monitoring) demonstrated over 95% correlation with
standard venous samples, however results from DBS cards older than 7 days had to be
adjusted, indicating that metabolite concentrations will vary between site of sample and
matrices collected on [115]. Bridging studies should ideally be performed to validate that
the concentrations obtained from capillary microsamples are equivalent to venous whole
blood. Specifically, research is needed in the use of anticoagulants in venipuncture collec-
tions compared to advanced microsamples where anticoagulants are not included [106].
This is to overcome analytical and physiological issues associated with miniaturised vol-
umes and complex collection matrices which demand method development to focus on
robust extraction procedures and selection of sensitive analytical platforms.

4.4. Self-sampling

The bulk of literature in metabolic phenotyping of microsamples has utilised samples
collected prior to the study (excess/remnant samples) or has utilised trained personnel to
collect microsamples (primarily DBSs). Alternatively, pipelines that adopt self-sampling
offer the potential for improved participant accessibility, and retention in research studies.
Such patient-centric benefits are exemplified by the established use of blood glucose mon-
itoring devices by diabetics [28]. However, routine adoption of self-sampling (with ad-
vanced microsampling devices) is currently limited to a few accounts, with only a single
published application in metabolic phenotyping (to our knowledge) [53]. Currently, only
Cvetko et al. has investigated the use of self-sampling for dried samples (DBS) (VAMS)
(Neoteryx; Torrance, California, United States) and a passive plasma separation device
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(Telimmune plasma cards) (Novilytic; West Lafayette, Indiana, United States) for meta-
bolic phenotyping [53]. They reported issues in undersampling, hct variation, and hae-
molysis. Importantly, this study acknowledged its relatively small sample size (N = 10)
who were “familiar with self-sampling procedures”, for which only 5 participants partic-
ipated in sample collection reproducibility testing. Interestingly, the reproducibility test-
ing required collection of hexaplicates for each of the three devices (i.e., 18 microsamples
collected per participant in a single sitting) which potentially introduced repeated lancing
pain. Furthermore, this account does not specify if these findings were device-specific [53].
Beyond metabolic phenotyping, advanced microsampling devices like the HemaSpot HF
(Spot on Sciences; San Francisco, California, United States) have shown promising results
in improving health-engagement in men with HIV-1 [28]. This study had a return rate of
75.5% with 418/554 enrolled participants returning a microsample. Of those, 80.6%
(337/418 participants) returned kits that contained enough blood for testing. Of those who
received a kit, interestingly 49 required a second kit due to losing the kit or difficulties
collecting blood (11 of whom attributed this to problems with the lancet because of cal-
loused fingertips). Kocher et al. concluded that home-collection with these devices for as-
sessment of viral load could be utilised as a monitoring tool between clinical visits for
patients who struggle with antiretroviral therapy adherence [28]. Since the COVID-19
pandemic, the general public are much more adapted to home-sampling, albeit with im-
munoassay kits, but the practice of self-sampling is now more accepted for health moni-
toring in the home. Advanced microsampling devices have the potential to leverage this
familiarity of self-sampling for future research applications in the home-setting.

5. Conclusion

Microsamples (collections usually less than 50 uL) have demonstrated applicability
in the field of metabolic phenotyping. This is evidenced in the literature by the use of both
traditional dried microsamples as well as advanced microsample devices (advanced dried
samples, passive separation devices, and whole biofluid collectors) for sample collections
in mass spectrometry-based metabolic phenotyping. In particular the advance in mi-
crosampling technology has provided promising avenues to overcome some of the tradi-
tional challenges associated with microsampling, and paves the way for wider application
in the field. Early adoption of microsampling in metabolic phenotyping literature indi-
cates the vast potential for their integration into larger scale clinical/epidemiology appli-
cations. However, much evaluation and optimisation is still required from future studies
to support the wide adoption of microsamples in replacing routine venipuncture for met-
abolic phenotyping workflows.
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CcVv Coefficient of variation
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DPS
DSS
DUS
EDTA
GC-MS
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LC-MS
MeOH
mL

QC
TAP
UHPLC-MS
VAMS
WB

puL

Dried plasma spot

Dried serum spot

Dried urine spot
Ethylenediaminetetraacetic

Gas chromatography-mass spectrometry
Haematocrit

Liquid chromatography-mass spectrometry
Methanol

Milliliter

Quality control

Touch activated phlebotomy

Ultra high performance liquid chromatography—mass spectrometry
Volumetric absorptive microsampling
Whole blood

Microliter


https://doi.org/10.20944/preprints202206.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2022 d0i:10.20944/preprints202206.0040.v1

References

1. Flores M, Glusman G, Brogaard K, Price ND, Hood L. P4 medicine: how systems medicine will transform the healthcare sector
and society. Personalized Medicine. 2013;10(6):565-76.

2. Gray N, Lawler NG, Yang R, Morillon A-C, Gay MCL, Bong S-H, et al. A simultaneous exploratory and quantitative amino
acid and biogenic amine metabolic profiling platform for rapid disease phenotyping via UPLC-QToF-MS. Talanta. 2021;223:121872.
3. Nicholson JK, Holmes E, Kinross JM, Darzi AW, Takats Z, Lindon JC. Metabolic phenotyping in clinical and surgical
environments. Nature. 2012;491(7424):384-92.

4. Rainville PD, Theodoridis G, Plumb RS, Wilson ID. Advances in liquid chromatography coupled to mass spectrometry for
metabolic phenotyping. TrAC Trends in Analytical Chemistry. 2014;61:181-91.

5. Holen T, Norheim F, Gundersen TE, Mitry P, Linseisen ], Iversen PO, et al. Biomarkers for nutrient intake with focus on
alternative sampling techniques. Genes & Nutrition. 2016;11(1).

6. Evans CA, Bowen CL, Filali-Ansary A. Dried blood spots: Challenges. Future Science Group (FSG). 2013;1(1):30-6.

7. Bowen CL, Licea-Perez H, Karlinsey MZ, Jurusik K, Pierre E, Siple J, et al. A novel approach to capillary plasma microsampling
for quantitative bioanalysis. Bioanalysis. 2013;5(9):1131-5.

8. Bowen CL, Dopson W, Kemp DC, Lewis M, Lad R, Overvold C. Investigations into the environmental conditions experienced
during ambient sample transport: impact to dried blood spot sample shipments. Bioanalysis. 2011;3(14):1625-33.

9. Thomas SL, Wakerman ], Humphreys JS. Ensuring equity of access to primary health care in rural and remote Australia - what
core services should be locally available? International Journal for Equity in Health. 2015;14(1):111.

10.  Xing], Loureiro ], Patel MT, Mikhailov D, Gusev Al Evaluation of a novel blood microsampling device for clinical trial sample
collection and protein biomarker analysis. Bioanalysis. 2020;12(13):919-35.

11.  Health Alo, Welfare. Rural & remote health. Canberra: AIHW; 2019.

12.  Ahmetaj-Shala B, Olanipekun M, Tesfai A, Maccallum N, Kirkby NS, Quinlan GJ, et al. Development of a novel UHPLC-
MS/MS-based platform to quantify amines, amino acids and methylarginines for applications in human disease phenotyping.
Scientific Reports. 2018;8(1).

13.  Want EJ, Wilson ID, Gika H, Theodoridis G, Plumb RS, Shockcor J, et al. Global metabolic profiling procedures for urine using
UPLC-MS. Nature Protocols. 2010;5(6):1005-18.

14. Want EJ. LC-MS Untargeted Analysis. In: Theodoridis GA, Gika HG, Wilson ID, editors. Metabolic Profiling: Methods and
Protocols. New York, NY: Springer New York; 2018. p. 99-116.

15.  Contrepois K, Mahmoudi S, Ubhi BK, Papsdorf K, Hornburg D, Brunet A, et al. Lipidomics. Journal of Lipid Research.
2018;6(1):1-9.

16. Climaco Pinto R, Karaman I, Lewis MR, Hallqvist J, Kaluarachchi M, Graca G, et al. Finding Correspondence between
Metabolomic Features in Untargeted Liquid Chromatography-Mass Spectrometry Metabolomics Datasets. Analytical Chemistry.
2022;94(14):5493-503.

17.  Whiley L, Chappell KE, D’'Hondt E, Lewis MR, Jiménez B, Snowden SG, et al. Metabolic phenotyping reveals a reduction in
the bioavailability of serotonin and kynurenine pathway metabolites in both the urine and serum of individuals living with
Alzheimer’s disease. Alzheimer's Research & Therapy. 2021;13(1).

18.  Sands CJ, Gémez-Romero M, Correia G, Chekmeneva E, Camuzeaux S, Izzi-Engbeaya C, et al. Representing the Metabolome
with High Fidelity: Range and Response as Quality Control Factors in LC-MS-Based Global Profiling. Analytical Chemistry.
2021;93(4):1924-33.

19.  Letertre MPM, Myridakis A, Whiley L, Camuzeaux S, Lewis MR, Chappell KE, et al. A targeted ultra performance liquid
chromatography — Tandem mass spectrometric assay for tyrosine and metabolites in urine and plasma: Application to the effects of

antibiotics on mice. Journal of Chromatography B. 2021;1164:122511.


https://doi.org/10.20944/preprints202206.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2022 d0i:10.20944/preprints202206.0040.v1

20. Whiley L, Nye LC, Grant I, Andreas N, Chappell KE, Sarafian MH, et al. Ultrahigh-Performance Liquid Chromatography
Tandem Mass Spectrometry with Electrospray Ionization Quantification of Tryptophan Metabolites and Markers of Gut Health in
Serum and Plasma— Application to Clinical and Epidemiology Cohorts. Analytical Chemistry. 2019;91(8):5207-16.

21.  LiuL, Jin X, WuY, Yang M, Xu T, Li X, et al. A Novel Dried Blood Spot Detection Strategy for Characterizing Cardiovascular
Diseases. Frontiers in Cardiovascular Medicine. 2020;7:171.

22.  Brignardello J, Holmes E, Garcia-Perez I. Chapter Seven - Metabolic Phenotyping of Diet and Dietary Intake. In: Toldra F,
editor. Advances in Food and Nutrition Research. 81: Academic Press; 2017. p. 231-70.

23.  PE M. Microsampling Devices for Routine Therapeutic Drug Monitoring-Are We There Yet? : Ther Drug Monit; 2021. p. 322-
34.

24.  Constantinou MA, Papakonstantinou E, Benaki D, Spraul M, Shulpis K, Koupparis MA, et al. Application of nuclear magnetic
resonance spectroscopy combined with principal component analysis in detecting inborn errors of metabolism using blood spots: a
metabonomic approach. Analytica Chimica Acta. 2004;511(2):303-12.

25.  Mingas P-D, Zdovc ], Grabnar I, Vovk T. The Evolving Role of Microsampling in Therapeutic Drug Monitoring of Monoclonal
Antibodies in Inflammatory Diseases. 2021.

26.  Beck O, Mellring M, Lowbeer C, Seferaj S, Helander A. Measurement of the alcohol biomarker phosphatidylethanol (PEth) in
dried blood spots and venous blood —importance of inhibition of post-sampling formation from ethanol. Analytical and Bioanalytical
Chemistry. 2021;413(22):5601-6.

27.  Deprez S, Paniagua-Gonzalez L, Velghe S, Stove CP. Evaluation of the Performance and Hematocrit Independence of the
HemaPEN as a Volumetric Dried Blood Spot Collection Device. Analytical Chemistry. 2019;91(22):14467-75.

28.  Kocher S, Tshiananga JKT, Koubek R. Comparison of lancing devices for self-monitoring of blood glucose regarding lancing
pain. Journal of Diabetes Science and Technology. 2009;3(5):1136-43.

29. . NM'INVALID CITATION !!! [35, 36].

30. Delahaye L, Veenhof H, Koch B, Alffenaar J, Linden R, Stove C. Alternative Sampling Devices to Collect Dried Blood
Microsamples: State-of-the-Art. Ther Drug Monit; 2021. p. 310-21.

31. IncT. Tasso+ 2022 [Available from: https://www.tassoinc.com/tasso-plus.

32.  Shimadzu. MSW? Type Udck 2022 [Available from: https://www.shimadzu.eu/msw2.

33.  Telimmune. Telimmune plasma separation cards

(formerly Noviplex) 2022 [Available from: https://www.telimmune.com/plasma-separation-cards.

34.  Sciences So. HemaSot SE 2022 [Available from: https://www.spotonsciences.com/hemaspot-se/.

35.  Protti M, Marasca C, Cirrincione M, Sberna AE, Mandrioli R, Mercolini L. Dried Urine Microsampling Coupled to Liquid
Chromatography — Tandem Mass Spectrometry (LC-MS/MS) for the Analysis of Unconjugated Anabolic Androgenic Steroids. 2020.
36.  Salamin O, Nicoli R, Xu C, Boccard J, Rudaz S, Pitteloud N, et al. Steroid profiling by UHPLC-MS/MS in dried blood spots
collected from healthy women with and without testosterone gel administration. Journal of Pharmaceutical and Biomedical Analysis.
2021;204:114280.

37.  Hemmati M, Nix C, Crommen ], Servais A-C, Fillet M. Benefits of microsampling and microextraction for metabolomics
studies. 2020.

38.  Bictash M, Ebbels TM, Chan Q, Loo RL, Yap IKS, Brown IJ, et al. Opening up the "Black Box": metabolic phenotyping and
metabolome-wide association studies in epidemiology. J Clin Epidemiol. 2010;63(9):970-9.

39.  Carpentieri D, Colvard A, Petersen ], Marsh W, David-Dirgo V, Huentelman M, et al. Mind the Quality Gap When Banking
on Dry Blood Spots. Biopreservation and Biobanking. 2021;19(2):136-42.

40.  Griiner N, Stambouli O, Ross RS. Dried Blood Spots - Preparing and Processing for Use in Immunoassays and in Molecular
Techniques. Journal of Visualized Experiments. 2015(97).

41. Lehmann S, Delaby C, Vialaret ], Ducos J, Hirtz C. Current And future use of “dried blood spot” analyses in clinical chemistry.
Clinical chemistry and laboratory medicine : CCLM / FESCC. 2013;51:1-13.


https://www.tassoinc.com/tasso-plus
https://www.shimadzu.eu/msw2
https://www.telimmune.com/plasma-separation-cards
https://www.spotonsciences.com/hemaspot-se/
https://doi.org/10.20944/preprints202206.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2022 d0i:10.20944/preprints202206.0040.v1

42.  CaoY, Wang Q, Gao P, DongJ, Zhu Z, Fang Y, et al. A dried blood spot mass spectrometry metabolomic approach for rapid
breast cancer detection. OncoTargets and Therapy. 2016:1389.

43.  Hasanah YIF, Harahap Y, Purwanto DJ. Phenotyping Study of Cyclophosphamide 4-Hydroxylation in Malay Cancer Patients.
Drug Design, Development and Therapy. 2021;Volume 15:305-13.

44.  Loo RL, Lu Q, Carter EM, Liu S, Clark S, Wang Y, et al. A feasibility study of metabolic phenotyping of dried blood spot
specimens in rural Chinese women exposed to household air pollution. ] Expo Sci Environ Epidemiol. 2021;31(2):328-44.

45. Lang W, Qi ], Caldwell GW. Drug, Lipid, and Acylcarnitine Profiling Using Dried Blood Spot (DBS) Technology in Drug
Discovery. In: Caldwell GW, Yan Z, editors. Optimization in Drug Discovery. Totowa, NJ: Humana Press; 2014. p. 461-75.

46.  Haijes HA, Jans JJM, Van Der Ham M, Van Hasselt PM, Verhoeven-Duif NM. Understanding acute metabolic decompensation
in propionic and methylmalonic acidemias: a deep metabolic phenotyping approach. Orphanet Journal of Rare Diseases. 2020;15(1).
47.  Van Dooijeweert B, Broeks MH, Verhoeven-Duif NM, Van Beers EJ, Nieuwenhuis EES, Van Solinge WW, et al. Untargeted
metabolic profiling in dried blood spots identifies disease fingerprint for pyruvate kinase deficiency. Haematologica. 2020:0-.

48.  O’Mara M, Hudson-Curtis B, Olson K, Yueh Y, Dunn ], Spooner N. The effect of hematocrit and punch location on assay bias
during quantitative bioanalysis of dried blood spot samples. Bioanalysis. 2011;3(20):2335-47.

49.  Watson P, Maughan RJ. Artifacts in Plasma Volume Changes due to Hematology Analyzer-Derived Hematocrit. Medicine &
Science in Sports & Exercise. 2014;46(1):52-9.

50. Kundrapu S, Noguez J. Chapter Six - Laboratory Assessment of Anemia. In: Makowski GS, editor. Advances in Clinical
Chemistry. 83: Elsevier; 2018. p. 197-225.

51.  Fischbach FT, Fischbach MA. Fischbach's manual of laboratory and diagnostic tests [electronic resource] / [edited by] Frances
Talaska Fischbach, Margaret A. Fischbach. 10th ed. Philadelphia: Wolters Kluwer; 2018.

52. . N'INVALID CITATION !!! [51, 52].

53.  Cvetko A, Tijardovi¢ M, Bilandzija-Kus I, Gornik O. Comparison of self-sampling blood collection for N-glycosylation analysis.
BMC Research Notes. 2022;15(1):61.

54.  Petrick L, Edmands W, Schiffman C, Grigoryan H, Perttula K, Yano Y, et al. An untargeted metabolomics method for archived
newborn dried blood spots in epidemiologic studies. Metabolomics. 2017;13(3).

55.  Palmer EA, Cooper HJ, Dunn WB. Investigation of the 12-Month Stability of Dried Blood and Urine Spots Applying Untargeted
UHPLC-MS Metabolomic Assays. Analytical Chemistry. 2019;91(22):14306-13.

56.  Yu M, Dolios G, Yong-Gonzalez V, Bjorkqvist O, Colicino E, Halfvarson J, et al. Untargeted metabolomics profiling and
hemoglobin normalization for archived newborn dried blood spots from a refrigerated biorepository. Journal of Pharmaceutical and
Biomedical Analysis. 2020;191:113574.

57.  Baillargeon KR, Brooks JC, Miljanic PR, Mace CR. Patterned Dried Blood Spot Cards for the Improved Sampling of Whole
Blood. ACS Measurement Science Au. 2022;2(1):31-8.

58. Kong ST, Lin H-S, Ching ], Ho PC. Evaluation of Dried Blood Spots as Sample Matrix for Gas Chromatography/Mass
Spectrometry Based Metabolomic Profiling. Analytical Chemistry. 2011;83(11):4314-8.

59.  Michopoulos F, Theodoridis G, Smith CJ, Wilson ID. Metabolite profiles from dried blood spots for metabonomic studies using
UPLC combined with orthogonal acceleration ToF-MS: effects of different papers and sample storage stability. Bioanalysis.
2011;3(24):2757-67.

60. Ward C, Nallamshetty S, Watrous JD, Acres E, Long T, Mathews IT, et al. Nontargeted mass spectrometry of dried blood spots
for interrogation of the human circulating metabolome. Journal of Mass Spectrometry. 2021;56(8).

61. Koulman A, Prentice P, Wong MCY, Matthews L, Bond NJ, Eiden M, et al. The development and validation of a fast and robust
dried blood spot based lipid profiling method to study infant metabolism. Metabolomics. 2014;10(5):1018-25.

62. Li K, Naviaux JC, Monk JM, Wang L, Naviaux RK. Improved Dried Blood Spot-Based Metabolomics: A Targeted, Broad-
Spectrum, Single-Injection Method. Metabolites. 2020;10(3):82.


https://doi.org/10.20944/preprints202206.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2022 d0i:10.20944/preprints202206.0040.v1

63. Matsuda KC, Hall C, Baker-Lee C, Soto M, Scott G, Prince PJ, et al. Measurement of in vivo therapeutic mAb concentrations:
comparison of conventional serum/plasma collection and analysis to dried blood spot sampling. Bioanalysis. 2013;5(16):1979-90.

64. Stevens VL, Hoover E, Wang Y, Zanetti KA. Pre-Analytical Factors that Affect Metabolite Stability in Human Urine, Plasma,
and Serum: A Review. Metabolites. 2019;9(8):156.

65. Yin P, Lehmann R, Xu G. Effects of pre-analytical processes on blood samples used in metabolomics studies. Analytical and
Bioanalytical Chemistry. 2015;407(17):4879-92.

66. Mandrioli R, Mercolini L, Protti M. Blood and Plasma Volumetric Absorptive Microsampling (VAMS) Coupled to LC-MS/MS
for the Forensic Assessment of Cocaine Consumption. 2020.

67. Jacobs CM, Wagmann L, Meyer MR. Development, validation, and application of a quantitative volumetric absorptive
microsampling-based method in finger prick blood by means of LC-HRMS/MS applicable for adherence monitoring of
antipsychotics. 2021.

68.  Protti M, Mandrioli R, Mercolini L. Tutorial: Volumetric absorptive microsampling (VAMS). 2019.

69. Gao X, Chen C, Geng D, Bateman KP, Shi S, Woolf EJ, et al. Volumetric absorptive microsampling (VAMS®) in therapeutic
protein quantification by LC-MS/MS: Investigation of anticoagulant impact on assay performance and recommendations for best
practices in method development. 2021.

70.  Denniff P, Spooner N. Volumetric absorptive microsampling: A dried sample collection technique for quantitative bioanalysis.
Analytical Chemistry. 2014;86(16):8489-95.

71.  MGM K, M F. Volumetric absorptive microsampling: Current advances and applications. ] Pharm Biomed Anal; 2018. p. 288-
96.

72.  Nix C, Hemmati M, Cobraiville G, Servais A-C, Fillet M. Blood Microsampling to Monitor Metabolic Profiles During Physical
Exercise. Frontiers in Molecular Biosciences. 2021;8.

73.  Velghe S, Stove CP. Evaluation of the Capitainer-B Microfluidic Device as a New Hematocrit-Independent Alternative for
Dried Blood Spot Collection. Analytical Chemistry. 2018;90(21):12893-9.

74. Hauser ], Lenk G, Ullah S, Beck O, Stemme G, Roxhed N. An Autonomous Microfluidic Device for Generating Volume-Defined
Dried Plasma Spots. Analytical Chemistry. 2019;91(11):7125-30.

75.  Ryonal, Henion J. A Book-Type Dried Plasma Spot Card for Automated Flow-Through Elution Coupled with Online SPE-LC-
MS/MS Bioanalysis of Opioids and Stimulants in blood. Analytical Chemistry. 2016;88(22):11229-37.

76.  Forchelet D, Béguin S, Sajic T, Bararpour N, Pataky Z, Frias M, et al. Separation of blood microsamples by exploiting
sedimentation at the microscale. Scientific Reports. 2018;8(1):14101.

77.  Roadcap B, Hussain A, Dreyer D, Carter K, Dube N, Xu Y, et al. Clinical application of volumetric absorptive microsampling to
the gefapixant development program. Bioanalysis. 2020;12(13):893-904.

78. Hotta K, Ishida T, Noritake K-i, Kita K, Mano Y. Quantitative and qualitative application of a novel capillary microsampling
device, Microsampling Wing™ (MSW), using antiepileptic drugs in rats. Journal of Pharmaceutical and Biomedical Analysis.
2021;194:113788.

79.  Protti M, Marasca C, Cirrincione M, Cavalli A, Mandrioli R, Mercolini L. Assessment of capillary volumetric blood
microsampling for the analysis of central nervous system drugs and metabolites. The Analyst. 2020;145(17):5744-53.

80. Wilson I. Global metabolic profiling (metabonomics/metabolomics) using dried blood spots: advantages and pitfalls.
Bioanalysis. 2011;3(20):2255-7.

81.  Amsterdam Pv, Waldrop C. The application of dried blood spot sampling in global clinical trials. Bioanalysis. 2010;2(11):1783-
6.

82.  Drolet ], Tolstikov V, Williams BA, Greenwood BP, Hill C, Vishnudas VK, et al. Integrated Metabolomics Assessment of
Human Dried Blood Spots and Urine Strips. Metabolites. 2017;7(3).

83.  Cytiva. Whatman 903 Proteinsaver Card 2022 [Available from: https://www.cytivalifesciences.com/en/us/shop/whatman-

laboratory-filtration/whatman-dx-components/blood-collection-cards-and-accessories/903-proteinsaver-card-p-01011.



https://www.cytivalifesciences.com/en/us/shop/whatman-laboratory-filtration/whatman-dx-components/blood-collection-cards-and-accessories/903-proteinsaver-card-p-01011
https://www.cytivalifesciences.com/en/us/shop/whatman-laboratory-filtration/whatman-dx-components/blood-collection-cards-and-accessories/903-proteinsaver-card-p-01011
https://doi.org/10.20944/preprints202206.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2022 d0i:10.20944/preprints202206.0040.v1

84.  Inc P. PerkinElmer 226 Spot Saver RUO Card 2022 [Available from: https://www.perkinelmer.com/uk/product/pki-ruo-spot-
saver-card-pack-of-100-gr2261005.
85.  Ahlstrom-Munksjo. Biosamples collection cards. 2022.

86. IncT. Tasso-M20 2022 [Available from: https://www.tassoinc.com/tasso-m20.

87.  Capitainer. Capitainer®B Vanadate 2022 [Available from: https://capitainer.se/capitainer-b-vanadate/.

88.  Capitainer. Capitainer®qDBS 2022 [Available from: https://capitainer.se/capitainer-qdbs/.

89. Neoteryx. The Mitra 96-Autorack 2022 [Available from: https://www.neoteryx.com/mitra-high-throughput-rack-

systems?hsLang=en.

90. Neoteryx. The Mitra Cartridge 2022 [Available from: https://www.neoteryx.com/mitra-cartridge-blood-sampling-device-

dbs?hsLang=en.
91. Neoteryx. The Mitra Clamshell 2022 [Available from: https://www.neoteryx.com/mitra-clamshell-blood-collection-

device?hsLang=en.

92.  Medical TSa. hemaPEN. 2022.

93.  HemaXis. HemaXis DB10 whole blood collection device 2022 [Available from: https://hemaxis.com/products/hemaxis-db10/.

94.  Sciences So. HemaSot HD 2022 [Available from: https://www.spotonsciences.com/hemaspot-hd/.

95.  Sciences So. HemaSot HF 2022 [Available from: https://www.spotonsciences.com/hemaspot-hf/.

96.  YourBioHealth. Touch Activated Phlebotomy (TAP) 2022 [Available from: https://company.yourbiohealth.com/products/tap/.
97.  YourBioHealth. Touch Activated Phlebotomy 1T (TAP 1I) 2022 [Available from:

https://company.yourbiohealth.com/products/tap-ii/.

98.  IncT. Tasso-SST 2022 [Available from: https://www.tassoinc.com/tasso-sst.

99. Kok MGM, Nix C, Nys G, Fillet M. Targeted metabolomics of whole blood using volumetric absorptive microsampling.
Talanta. 2019;197:49-58.

100. Volani C, Caprioli G, Calderisi G, Sigurdsson BB, Rainer J, Gentilini I, et al. Pre-analytic evaluation of volumetric absorptive
microsampling and integration in a mass spectrometry-based metabolomics workflow. Analytical and Bioanalytical Chemistry.
2017;409(26):6263-76.

101. Crimmins EM, Zhang YS, Kim JK, Frochen S, Kang H, Shim H, et al. Dried blood spots: Effects of less than optimal collection,
shipping time, heat, and humidity. American Journal of Human Biology. 2020;32(5).

102. WHO. Guidelines on Drawing Blood: Best Practices in Phlebotomy, Capillary sampling. In: Organization WH, editor. 2010.
103. Hannon W. Blood Collection on Filter Paper for Newborn Screening Programs [Approved Guideline]: Clinical and Laboratory
Standards Institute; 2013.

104. CDC. Laboratory Quality Assurance and Standardization Programs. Guidelines for the Shipment of Dried Blood Spot
Specimens. USA: Centers for Disease Control and Prevention; 1993.

105. Kirwan JA, Brennan L, Broadhurst D, Fiehn O, Cascante M, Dunn WB, et al. Preanalytical Processing and Biobanking
Procedures of Biological Samples for Metabolomics Research: A White Paper, Community Perspective (for “Precision Medicine and
Pharmacometabolomics Task Group” —The Metabolomics Society Initiative). Clinical Chemistry. 2018;64(8):1158-82.

106. Li W, Lee MS. Dried Blood Spots: Applications and Techniques. 1 ed: John Wiley & Sons; 2014.

107. Strnadova KA, Holub M, Muhl A, Heinze G, Ratschmann R, Mascher H, et al. Long-Term Stability of Amino Acids and
Acylcarnitines in Dried Blood Spots. Clinical Chemistry. 2007;53(4):717-22.

108. Gao F, McDaniel ], Chen EY, Rockwell HE, Drolet ], Vishnudas VK, et al. Dynamic and temporal assessment of human dried
blood spot MS/MSALL shotgun lipidomics analysis. Nutrition & Metabolism. 2017;14(1).

109. Drolet J, Tolstikov V, Williams B, Greenwood B, Hill C, Vishnudas V, et al. Integrated Metabolomics Assessment of Human
Dried Blood Spots and Urine Strips. Metabolites. 2017;7(3):35.

110. Grecsé N, Zadori A, Barath A, Galla Z, Racz G, Bereczki C, et al. Comparison of different preparation techniques of dried
blood spot quality controls in newborn screening for congenital adrenal hyperplasia. PLOS ONE. 2021;16(5):e0252091.


https://www.perkinelmer.com/uk/product/pki-ruo-spot-saver-card-pack-of-100-gr2261005
https://www.perkinelmer.com/uk/product/pki-ruo-spot-saver-card-pack-of-100-gr2261005
https://www.tassoinc.com/tasso-m20
https://capitainer.se/capitainer-b-vanadate/
https://capitainer.se/capitainer-qdbs/
https://www.neoteryx.com/mitra-high-throughput-rack-systems?hsLang=en
https://www.neoteryx.com/mitra-high-throughput-rack-systems?hsLang=en
https://www.neoteryx.com/mitra-cartridge-blood-sampling-device-dbs?hsLang=en
https://www.neoteryx.com/mitra-cartridge-blood-sampling-device-dbs?hsLang=en
https://www.neoteryx.com/mitra-clamshell-blood-collection-device?hsLang=en
https://www.neoteryx.com/mitra-clamshell-blood-collection-device?hsLang=en
https://hemaxis.com/products/hemaxis-db10/
https://www.spotonsciences.com/hemaspot-hd/
https://www.spotonsciences.com/hemaspot-hf/
https://company.yourbiohealth.com/products/tap/
https://company.yourbiohealth.com/products/tap-ii/
https://www.tassoinc.com/tasso-sst
https://doi.org/10.20944/preprints202206.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2022 d0i:10.20944/preprints202206.0040.v1

111.  Gonzalez-Dominguez R, Gonzalez-Dominguez A, Sayago A, Fernandez-Recamales A. Recommendations and Best Practices
for Standardizing the Pre-Analytical Processing of Blood and Urine Samples in Metabolomics. Metabolites. 2020;10(6):229.

112. Wang LY, Summerhill K, Rodriguez-Canas C, Mather I, Patel P, Eiden M, et al. Development and validation of a robust
automated analysis of plasma phospholipid fatty acids for metabolic phenotyping of large epidemiological studies. Genome
Medicine. 2013;5(4):39.

113. Borsch-Supan A, Weiss LM, Borsch-Supan M, Potter AJ, Cofferen J, Kerschner E. Dried blood spot collection, sample quality,
and fieldwork conditions: Structural validations for conversion into standard values. American Journal of Human Biology.
2021;33(4):€23517.

114. Karvaly G, Molnar-Vilagos G, Kovacs K, Mészaros K, Patocs A, Vasarhelyi B. Evaluation of the Analytical and Clinical
Concordance of 25-Hydroxyvitamin D Levels in Dried Blood Spots, Dried Serum Spots, and Serum as Potential Biorepository
Specimens. Biopreservation and Biobanking. 2017;15(4):285-92.

115. Mastronardi CA, Whittle B, Tunningley R, Neeman T, Paz-Filho G. The use of dried blood spot sampling for the measurement
of HbAlc: a cross-sectional study. BMC Clinical Pathology. 2015;15(1):13.


https://doi.org/10.20944/preprints202206.0040.v1

