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Abstract: Newborn screening (NBS) programs operate in
many countries, processing millions of dried bloodspot
(DBS) samples annually. In addition to early identification
of various adverse health outcomes, these samples have
considerable potential as a resource for population-based
research that could address key questions related to child
health. The feasibility of archival DBS samples for
emerging targeted and untargeted multi-omics analysis
has not been previously explored in the literature. This
review aims to critically evaluate the latest advances to
identify opportunities and challenges of applying omics
analyses to NBS cards in a research setting. Medline,
Embase and PubMed databases were searched to identify
studies utilizing DBS for genomic, proteomic and metab-
olomic assays. A total of 800 records were identified after
removing duplicates, of which 23 records were included in
this review. These papers consisted of one combined
genomic/metabolomic, four genomic, three epigenomic,
four proteomic and 11 metabolomic studies. Together they
demonstrate that the increasing sensitivity of multi-omic
analytical techniques makes the broad use of NBS samples
achievable for large cohort studies. Maintaining the pre-
analytical integrity of the DBS sample through storage at
temperatures below -20 °C will enable this important
resource to be fully realized in a research capacity.
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Introduction

Understanding interrelated biological impacts on early
life-course health and other outcomes requires universally
available samples, ideally in the newborn period, that are
valid for omics analyses. Until now, only the first of these
two requisites have existed, in the form of newborn
bloodspot screening (NBS).

NBS are clinical screening programs offered to millions
of babies globally whose primary purpose is to identify a set
of treatable medical conditions with potentially grave im-
plications [1]. Performed on a dried blood spot(s) (DBS)
collected onto a Guthrie card soon after birth, it is analysed
for specified biological markers of inborn errors in meta-
bolism (IEMs) that, if detected early, can vastly improve the
rate of morbidity and mortality [2]. Whilst DBS are conven-
tionally used in the setting of neonatal screening, they serve
as a fitting medium for future research in view of their ad-
vantages: (a) ease of collection and transport; (b) smaller
volume of blood required compared to traditional ven-
epuncture; (c) high analyte conservation in long term stor-
age; and (d) perhaps most important of all — whole
population collection and storage, often for many years.

Whilst the intent of NBS programs is not to support
research, a number of jurisdictions have considered research
access (always with informed consent) and the development
of biobanks for their archival DBS cards [3-6]. Biobanks
represent a collection of appropriately stored biological
samples for potential future research use, that is governed by
institutional and/or legislative regulations. A scoping study
conducted in 2017, estimated that approximately 40% of the
2.1 million DBS samples stored in the Danish NBS Biobank
had contributed to published research [7]. With appropriate
biobank storage and sample volume, NBS biobanking has the
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potential to answer important early life research questions at
a population level.

Generation Victoria (GenV) represents a state-wide pro-
gram led by the Murdoch Children’s Research Institute (MCRI)
that aims to facilitate research on children’s health and
development problems [8]. With informed written consent
from parents, GenV plans to collect and store punches from
DBS cards from approximately 100,000 Victorian infants over
a two-year period. Future use of these limited samples in
biological assays must be carefully considered to fully realise
the potential of such valuable resources.

Recent advances in the sensitivity and cost of a range
of omics technologies has greatly improved the analytical
sensitivity for a range of biological measures, enabling
application of such approaches, via microsampling, to
sample such as DBS. In conjunction with the rapidly
evolving practices in bioinformatics, omics technologies
have the capacity to generate and analyse vast pools of
data for specific biological components. These include, but

Table 1: Classification of omics.
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are not limited to, information carried by genes (genomics),
RNAs (transcriptomics), proteins (proteomics) and metab-
olites (metabolomics) (Table 1) [9]. Whether it be targeted
or untargeted, these analytical techniques possess exten-
sive clinical utility and it is anticipated that novel break-
throughs in disease pathology and diagnosis can be
expedited with these emerging tools. Despite this, there is
currently no publication synthesising existing literature
regarding application of multi-omics technology on DBS in
the context of large cohort population studies.

The aim of this review is to critically evaluate relevant
literature to identify potential opportunities and limita-
tions of using NBS cards for omics analyses, and thus
determine the suitability of this procedure for our GenV
biobank. In addition, we will discuss the timing of per-
forming this analysis and establish whether it is beneficial
to commence analysis of the banked samples immediately,
using current technologies, or to wait for further trans-
lation of emerging technologies.

Omics Molecule Description Example NBS targeted omics Example literature
applications applications
Genomics DNA Structural and functional analysis of Cystic fibrosis transmembrane [10-13]
genome. conductance regulator
Genetic profiling and mapping. mutations—second tier panel
Epigenomics DNA Covalent methylation of DNA. Currently not applicable [14-16]
Transcriptomics mRNA RNA sequencing, gene expression, and  Currently not applicable [17, 18]
transcriptional regulation.
Proteomics Proteins and Protein identification, quantification, and Haemoglobinopathies e.g. [19-22]
peptides post-translational modification. sickle cell disease
Metabolomics® Metabolites Profiling of metabolites, hormones and  Amino acids and acylcarnitine [23-28]
signalling molecules. disorders e.g. medium chain acyl
carnitine deficiency detected by an
increase in C8-acylcarnitine
Lipidomics® Lipids Quantitative measurement of lipids and  Not routine e.g. peroxisomal disorders [26, 29]
identifying alterations in lipid
metabolism.
Glycomics® Carbohydrates ~ Systematic study of glycans (sugars). Currently not applicable [30, 31]
Steroidomics®™  Steroids Study of steroids in an organism. Disorders of sex development e.g. [32, 33]
congenital adrenal hyperplasia due to
21 hydroxylase deficiency- second tier
panel with an increase in 21
deoxycortisol and other steroids.
Exposomics Exposures Study of the interaction between all in- Currently not applicable [34]

ternal/external exposures and health.

The overarching classes of omics categorised according to their approximate chronological synthesis and function. For newborn bloodspot
screening, targeted metabolomic and steroidomic applications are routine for many jurisdictions. To a lesser extent, targeted proteomics is
applied for hemoglobinopathy screening. A specific genomic panel for cystic fibrosis screening is applied as a second-tier panel in some
jurisdictions based on prevalence. We predict that expanded targeted genomics panels will be incorporated into NBS in the coming decade. The
composition of these panels is currently not harmonised between NBS jurisdictions. ®Targeted panel of amino acids and acylcarnitine’s
routinely available for NBS applications since early 2000s. PSubfield of metabolomics. ‘Targeted steroid panel for NBS applications to improve
specificity for congenital adrenal hyperplasia (CAH) screening has more recently become available due to improvements in mass spectrometry
instrument sensitivity. This has led to improved positive predictive value for CAH screening.
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Literature review
Search strategy

We performed a systematic search (23/07/2021) on the
following electronic databases: Medline, Embase and
PubMed. Search terms covered combinations of expres-
sions used to describe the sample (e.g., dried blood spot,
neonatal blood spot, newborn blood spot, archival blood
spot) and the analytical technologies (e.g., omic, multio-
mic, genomic, proteomic, metabolomic, lipidomic). The

Table 2: Search strategy for the three databases interrogated.
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full search string for each database is available in Table 2.
Title and abstract were first screened, followed by full text
review of relevant studies. Reference lists were also hand
searched for potential inclusion.

Eligibility criteria
Included studies, all from primary references, featured

application of omics analyses on human dried blood spots
in English, dating from 2011 to current due to the rapidly

Steps OVID medline Embase

Pubmed

1 *Dried blood spot testing/

2 (Dried-blood-spot* or dry-blood-spot* or
neonatal-blood-spot* or newborn-blood-
spot* or archival-blood-spot* or
newborn-screen* or neonatal-
screen*).tw,kf.

3 Exp *genomics/or exp *metabolomics/or
exp *phenomics/

transcriptomics/
4 (Genomic*or proteomic* or metab-
olomic* or transcriptomic* or phenomic*
or lipidomic* or steroidomic* or glyco-
mic* or exomic* or omic*).tw,kf.

5 (1 or2)and (3 or4)
(Exp animals/or (rat or rats or mouse or
mice or rodent* or swine or porcine or
murine or sheep or lamb or lambs or pig
or pigs or piglet or piglets or rabbit or
rabbits or cat or cats or dog or dogs or
cattle or bovine or monkey or monkeys or
trout or marmoset or marmosets).ti.) not

(1or2)and (3 or4)

editorial or letter)

*Dried blood spot testing/

(Dried-blood-spot* or dry-blood-spot* or
neonatal-blood-spot* or newborn-blood-
spot* or archival-blood-spot* or newborn-
screen* or neonatal-screen*).tw,kw,dq.

*Omics/or exp genomics/or lipidomics/or
exp metabolomics/or *multiomics/or pep-
tidomics/or exp proteomics/or exp

(Genomic* or proteomic* or metabolomic*
or transcriptomic* or phenomic* or lip-
idomic* or steroidomic* or glycomic* or
exomic* or omic*).tw,kw,dq.

Limit 5 to (conference abstract or confer-
ence paper or “conference review” or

“Dried-blood-spot*” OR “dry-blood-spot*” OR
“neonatal-blood-spot*” OR “newborn-blood-
spot*” OR “newborn-screen*” OR “neonatal-
screen*”

“Omic*” OR “genomic*” OR “proteomic*” OR
“metabolomic*” OR “transcriptomic*” OR
“phenomic*” OR “lipidomic*” OR “ster-
oidomic*” OR “glycomic*” OR “exomic*”

NOTNLM OR publisher [sb] OR inprocess [sb]
OR pubmednotmedline [sb] OR indatareview
[sb] OR pubstatusaheadofprint

“Animal” OR “animals” OR “rat” OR “rats” OR
“mouse” OR “mice” OR “rodent*” OR “swine”
OR “porcine” OR “murine” OR “sheep” OR
“lamb” OR “lambs” OR “pig” OR “pigs” OR
“piglet” OR “piglets” OR “rabbit” OR “rabbits”
OR “cat” OR “cats” OR “dog” OR “dogs” OR
“cattle” OR “bovine” OR “monkey” OR “mon-
keys” OR “trout” OR “marmoset” OR
“marmosets”

(#1 AND #2 AND #3) NOT #4

Limited to English; in the last 10 years
Excluded: Books & documents OR case reports
OR editorial OR guideline OR letter OR practice
guideline

(Rat or rats or mouse or mice or rodent* or
swine or porcine or murine or sheep or lamb
or lambs or pig or pigs or piglet or piglets or

rabbit or rabbits or cat or cats or dog or
dogs or cattle or bovine or monkey or
monkeys or trout or marmoset or marmo-

Animal experiment/not (human experi-

human*.sh.
7 Limit 5 to (case reports or comment or
editorial or guideline or letter or practice
guideline)
sets).ti. and animal experiment/
8 5 not (6 or 7)
ment/or human/)
9 Limit 8 to (English language and 5 not (6 or 7 or 8)

yr=“2011-current”)

10 Limit 9 to (English language and yr=“2011-

current”)
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progressing field of omics research. Case reports, com-
ments, conference papers, editorials, letters, and practice
guidelines were excluded as they either contribute little in
terms of robust research or are out of date. Publications
were further filtered by excluding studies focused on
purely serum, plasma or other dried fluid matrices (e.g.,
urine) as opposed to whole blood, and studies relating to
public health policies or populations that do not include
newborns.

Study selection

Two independent reviewers (YZ and YM) autonomously
screened all the titles and abstracts of the identified
studies. Following the initial screening phase, each
reviewer independently evaluated the full texts of acces-
sible reports to assess their eligibility for inclusion in the
final review. Cases of dissensus were resolved in discussion
with a third reviewer (RG).

Data extraction

Analysis (by YZ) involved extraction of fundamental
properties of the experimental study and sample prepara-
tion based on the information as follows: sample collec-
tion, filter paper, storage temperature, sample size, omic
type, analytical technique, research objectives, and key
findings. Study limitations were also noted if present. A
summary of the core outcomes resulting from this synthe-
sis is available in Table 3.

Results

In total, 1,363 publications were identified from the pre-
liminary literature search, including 414 from Medline, 471
from Embase, 464 from PubMed, and 14 from grey litera-
ture. After removal of 563 duplicates, 800 papers remained.
This list was refined through successive screening of title
and abstract (reducing the list to 187) and then the full text
(leaving 23 for inclusion). Detailed specifications of the
search strategy are illustrated in a PRISMA diagram [41]
(Figure 1).

All 23 papers underwent full data extraction [10-16,
19-28, 35-40]. Whatman 903 Protein Saver cards were used
in the majority (n=13) for depositing DBS samples. The types
of omics analyses gathered are: one combined genomic/
metabolomic, four genomic, three epigenomic, four prote-
omic and 11 metabolomic (Table 3). Of the proteomic

Zhuang et al.: Multi-omics analysis from dried blood spots —— 1321

studies, three were untargeted and one targeted, whereas
there were seven and four in the metabolomic studies
respectively.

Sample size

The included studies implemented various DBS sample
sizes of 3-3,000 excluding unknowns. Punch diameter
ranged from 2-10 mm with a mode of 3.2 mm, typically
performed as 1-5 punches from each DBS up to a maximum
of 30 (Tables 3).

Genomic outcomes

Analytical techniques used for genomic studies include
next generation sequencing, spectrophotometer, Qubit
fluorometer and [llumina arrays. Whole genome amplified
DNA from archived neonatal DBS samples was found to
provide results of equivalent quality to genomic DNA,
however, the concentration and purity of extracted
genomic DNA may be subject to variation from the cellu-
lose component of filter paper, small blood volume and
storage duration, etc. [11, 13].

Epigenomic outcomes

Infinium HumanMethylation450 and Infinium Human-
Methylation27 were employed in epigenomic studies. No
statistically significant difference (p<0.001) was detected
between the methylation profiles of the whole blood sam-
ple and DBS, in addition to minimal change of the global
DNA methylation profiles despite storage of the neonatal
DBS samples for 26-28 years [14]. Identification of specific
loci associated with participant characteristics could be
achieved through epigenomic analyses [15, 16].

Proteomic outcomes

Liquid chromatography with tandem mass spectrometry
(LC-MS/MS), multiple reaction monitoring MS (MRM-MS)
and antibody array platforms (sandwich, quantitative and
biotin-label-based) formed the basis of examining pro-
teomes. The accessibility of identifiable proteins in plasma,
serum and whole blood with the dried fluid spot equiva-
lents were found to be highly correspondent (83%, 88%
and 70% respectively according to Chamber’s study)
[19, 21]. A total of 120—253 unique proteins were identified
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Figure 1: PRISMA flow diagram [41].

The process of study identification and selection from the systematic search is presented above.

in DBS samples, of which several may serve as potential
disease biomarkers in newborn screening programs [20].

Metabolomic outcomes

LC-MS/MS is the mainstay of metabolomic analyses
amongst others such as flow injection analysis, electro-
spray ionisation and direct injection techniques. Variable
time-dependent discrepancies in metabolite stability were
reported in RT and -20 °C storage for prolonged periods,
where nonpolar metabolites were subject to higher fluc-
tuations [24]. Where implemented, a storage temperature

of —80 °C was the most reliable in terms of preserving
metabolite composition [37-39]. The metabolomic profile
of DBS samples demonstrated excellent correlation with
traditional plasma samples [24, 38, 40], and may even be
shown to extract a higher level of analytes [37].

Discussion
Targeted vs. untargeted omics

Omics assays can be divided into two branches — targeted
and untargeted — depending on the experimental workflow



DE GRUYTER

DBS collection & extraction

|

17 Omics analysis —l

Non-hypothesis driven

}
!

i
|
Global profile |
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I
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I

l
l

Specific analyte quantification

| |

Data interpretation Data interpretation
| Hypothesis formation |- ------ | Hypothesis validation |

Figure 2: Schematic of untargeted vs. targeted omics workflow.
By gathering global analyte profiles via untargeted omics assays,
new hypotheses can be formed and employed to steer towards
targeted analyses of specific analytes.

and biological information desired (Figure 2). The targeted
form investigates a small number of pre-labelled analytes in
a specific pathway to validate a defined hypothesis [28]. In
contrast, the non-hypothesis-driven untargeted approach
represents an unbiased, high-throughput analysis of all
measurable analytes in a sample, often detecting 100-
1000s of chemicals [28].

Clinical applications of omics

In paediatrics the term “omics” is largely associated with
the diagnosis of IEMs, a group of diseases caused by
defective enzyme activities in certain metabolic pathways.
There is immense clinical utility in the assimilation of
multi-omics data as it can link molecular changes to un-
derlying exposures. Currently, NBS programs use targeted
metabolomic platforms to determine the presence of IEM
diseases [42, 43]. Examples include the measurement of the
amino acid phenylalanine for Phenylketonuria or succinyl
acetone for Tyrosinemia Type 1 [9]. Genomic and proteomic
avenues are also used to confirm clinical hypotheses by
comparing patient data to reference profiles. In the back-
ground, untargeted approaches fuel discovery of prog-
nostic biomarkers of disease state and hence inform
changes in future screening agendas. However, due to the
relative novelty of these technologies, there are some
concerns regarding cost, feasibility and turnover time [9].
Yet combined with biotechnological and societal devel-
opment, these concerns are likely to be addressed in the
future.

Zhuang et al.: Multi-omics analysis from dried blood spots —— 1335

Opportunities and challenges of DBS
analysis

DBS are now rapidly expanding the scope of clinical
research as an alternative to standard venous blood sam-
pling [12, 15, 44, 45]. As it requires only 12-15 pL of whole
blood per spot, collected by nurses rather than phleboto-
mists, DBS are one of the most suitable blood-sampling
practices for large population studies [46]. Nevertheless,
there remain various challenges in DBS applications across
the total testing process, especially when coupled with the
multitude of omics approaches. The following section will
explore the opportunities and complexities concerning the
pre-analytical, analytical, and post-analytical phases of
DBS sampling.

Preanalytical phase

The pre-analytical phase commences from sample collec-
tion and transportation to storage and receipt by the lab-
oratory. Within this stage, the concerns of haematocrit, low
sample volume and stability of DBS samples are highly
debated in the scientific literature [47].

Influence of haematocrit

In the context of DBS analysis, there have been in-depth
studies regarding the issue of haematocrit (Hct). Hct is the
percentage of red blood cells per unit volume, and hence a
direct reflection of blood viscosity. Variation in Hct levels
impact the distribution of blood on filter paper, resulting in
variable spot diameter and homogeneity [45, 48]. Despite
using a fixed-size punch of DBS, high Hct samples may
comprise a higher analyte concentration than that of low
Hct samples [48, 49]. Hence, a specified range of Hct values
is advised during the calibration of blood samples for
concentration-based studies [48, 49]. Meanwhile, this is
less of an issue for an assay that uses a relative ratio
measure rather than discrete quantities.

Blood spot volume considerations

The minimal volume collected in DBS exacerbates the
problem of finite reserves and appropriate resource allo-
cation. Considering the possibility of unviable samples
(such as through poor sampling techniques, risk of
contamination and biological degradation), the number of
viable specimens that reach the analytical stage may be
fewer than initially intended. With only microlitres of
quality biosample per spot to examine, it is of utmost
importance to thoroughly plan any application in a
research setting, particularly the pros and cons of sample
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use/loss relative to the amount/quality of data that may be
generated.

Inconsistent distribution of blood spotted onto the
filter cards is also a relevant concern for some downstream
assays. Even with an equal Hct value, the calculated ana-
lyte concentrate from a standard punch size may be
affected by unequal analyte distribution within the spotted
blood [50]. The crux of this issue lies in the random error
manifested by the “direct spotting” technique, which —
along with Hct variation — may be solved by using a cali-
brated pipette to supply a fixed aliquot of blood [51].
Nevertheless, this may prove a difficult feat as the multiple
tools may negate the simplicity of DBS. Newer micro-
sampling tools (such as the hemaPEN Trajan Scientific,
Ringwood Vic, Australia) are emerging, but it is unknown if
they will be taken up by the market, and whether the cost to
benefit ratio will be desirable [52]. As every method is
accompanied by some measure of error, the question then
lies in whether this error is acceptable for a given objective.

Sample stability, time and temperature

The advantages of DBS as a sample include the reasonable
stability of many biomolecules once spotted onto a card,
facilitating transportation and storage. However, for any
specific proposed measure issues, short term vs long term
stability, the temperature of storage, and the differing
composition of analytes need to be considered [48].

The sample journey from collection to processing can
be highly variable depending on the clinical setting and
circumstances of the patient, but often takes place at room
temperature (RT) [53]. It is therefore important to evaluate
the stability of specific biomolecules within DBS samples at
room temperature over time. A two-week study designed
by Drolet et al. illustrated that carbohydrates, nucleotides
and vitamins in DBS cards are most sensitive to storage at
RT and 37 °C and may even be affected in as little as three
days [54]. In contrast, a study conducted by Trifonova et al.
assessed the stability of the metabolome at RT by
measuring the level of each analyte via direct injection
mass spectrometry at specified time points (7, 14, 21, and
28 days) against control samples collected on day zero [28].
No significant differences in analytical performance were
noted for most clinically relevant compounds (creatine,
L-glutamine, L-carnitine and glucose) [28]. Despite con-
flicting studies regarding RT storage, shipment of DBS
generally remains at ambient conditions in most settings as
the omission of the cold chain logistics enables significant
cost reduction [22].

NBS are usually received within 4 days of collection.
Current recommendations from Prentice et al. favour —20 °C
or —80 °C for longer term storage of at least two years,
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although, as Trifonova et al. proposes, analyses conducted
at RT within 28 days of sample collection are possible
however with gradual decline in metabolite concentration
[28, 39]. Several studies have demonstrated that DBS sam-
ples at —20 °C and -80 °C are stable for a minimum of
12 months for most metabolites [39, 54, 55]. The GenV
recruitment phase will occur over a two-year period and it is
unlikely that any analyses will be performed on samples
prior to collection of the entire cohort. As such -80 °C
storage appears most appropriate for maintaining the
integrity of biomolecules on DBS samples within the GenV
biorepository.

It is important to note however, that different analytes
degrade at different rates at different temperatures. Some
may begin breaking down in 1 week (e.g. creatinine), and
others in 3 weeks (e.g. L-glutamine) when stored at RT [28].
Asthereis a certain degree of variability in metabolites, it is
likely that the same applies to other analyte categories
such as proteins and DNA. This should be taken into
consideration during the target molecule selection process
associated with applications for biobank access.

Analytical approaches and considerations

Once the DBS sample is taken out of storage, extraction and
analysis can take place. Currently, mass spectrometry (MS)
is the primary assay for analysis [56-58], due to its high
sensitivity and specificity to detect and quantify low con-
centrations of analytes [47, 59]. Recent advances in bioin-
formatics and other analytical tools, coupled with ever
increasing sensitivity of analytical platforms, are driving
rapid advances in omics technology, leading to what is
currently termed the “dawn of the omics” era [9]. Despite
this, there is an increasing need to synthesise and evaluate
these advances, prior to any translation into future clinical
applications.

Genomics

DBS samples serve as a precious source of nucleic acids
(DNA and RNA) for genomic and epigenomic research,
albeit in very limited amounts. Approximately ~60 ng of
genomic DNA (gDNA) can be extracted from a 3.2 mm DBS
punch which has been a limiting factor for the application
of high-throughput genetic screening [60]. However, St
Julien et al. showed that ~20 ng (5 ng/puL) or more of un-
amplified gDNA extracted from DBS is sufficient for robust
genome-wide single nucleotide polymorphism (SNP) gen-
otyping, whilst featuring >99.99% replication frequency in
duplicate extractions from the same DBS [61]. Furthermore,
multiple studies, such as that of Hollegaard and colleagues
in 2013, demonstrate that whole genome amplified DNA
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(wgaDNA) can provide a high genotypic correlation with
unamplified gDNA despite using just a fraction of the
sample (2 x 3.2 mm DBS punches for Hollegaard) [11, 62,
63]. WgaDNA has the added benefit of halved preparation
time whilst maintaining comparable costs with conven-
tional gDNA [61]. Hence, regardless of wgaDNA or unam-
plified gDNA, DBS cards provide ample material for
accurate genomic analyses in addition to reserving enough
sample volume to accommodate for other types of omics
analyses.

Another point to highlight is the reliability of data
extracted from DBS as opposed to whole blood samples.
Several papers now demonstrate a high concordance be-
tween DBS and blood, whether it be single nucleotide
variants (SNVs) [44] or high resolution melting curve
analysis [12] in whole genome sequencing, or in DNA
methylation profiles [15]. DBS are thus suitable starting
material for high throughput genomic and epigenomic
approaches in identifying genetic and environmental
prognostic factors of disease phenotypes.

Proteomics
The quantitative analysis of endogenous proteins consti-
tuting the “proteome” has been increasingly adopted in
clinical diagnostics and biomarker discovery. Proteins
execute essential biological functions, therefore assessing
protein malfunction can inform the aetiology of disease, as
well as track disease progress and therapeutic response
[59]. Numerous biomarkers of disease have been discov-
ered via targeted analyses of the DBS matrix, including
ceruloplasmin (Wilson’s disease) and alpha-1-antitrypsin
(alpha-1-antitrypsin deficiency) [20]. Conversely, untar-
geted proteomic assays can swiftly identify unique pep-
tides and proteins of numbers up to four orders of
magnitude [20]. In 2013, Martin and colleagues highlighted
the potential for automated parallel analysis of proteins on
a large scale by using proteases with broader specificity
[20]. Whilst work is ongoing, the user-friendly interface
combined with reliable output of proteomic analyses are
highly favourable features that deliver consistent results.
Proteomic techniques have been under continual
development, where single-target immunoassays like ELI-
SAs have largely been replaced by multiplex technologies
such as antibody arrays and MS [20]. It was not until the past
decade or so that these techniques — initially designed for
serum or plasma — have been approved for DBS as they
demonstrate equivalent protein profiles [19, 21, 59]. The
integration of DBS with antibody array technology over-
comes the limitations of past immunoassay approaches by
increasing output protein identification and cost effective-
ness, reducing sample volume requirements, and decreasing

Zhuang et al.: Multi-omics analysis from dried blood spots —— 1337

the technical burden associated with elaborate platforms
like MS [59]. However, this is still a developing field war-
ranting additional stringent standardisation and monitoring.

Metabolomics

Compared to proteomics, metabolomic measures have been
relatively well established for DBS over the last two decades
[9]. Metabolomics features the identification of small mole-
cule metabolites in the form of the metabolome - the
downstream functional end-product of the genome. It rep-
resents a snapshot of the biological specimen at a particular
point in time and is influenced by genetic and environ-
mental factors. Multiple ‘snapshots’ of the metabolome at
various intervals may be helpful to discern changes with
time. The assimilation of metabolomics with genomics and
proteomics can foster further understanding of the broader
pathophysiological context, thereby lending more credi-
bility to the holistic disease phenotype [37].

In targeted metabolomics, a distinctive metabolic
profile is formed in a hypothesis-driven manner, facili-
tating the identification of disease-associated biomarkers
[64]. Studies using targeted liquid and gas chromatography
MS to analyse DBS samples have produced highly reliable,
sensitive, and (in some cases) ground-breaking results.
This includes the downregulation of sorbitol in cystic
fibrosis patients [65], as well as elevated ceramide and
sphingolipid compounds in paediatric acute myeloid
leukaemia [66]. Such findings enable the development of
novel clinical tests to inform clinical treatment decisions as
well as areas of further research.

On the other hand, there is a role for untargeted
metabolomics in conjunction with high resolution mass
spectrometry to detect hundreds to thousands of metabo-
lites simultaneously [57]. Courraud et al. generated chem-
ical structural data for 1,009 metabolites via LC-MS/
MS-based untargeted metabolomics from newborn DBS,
and identified significant variation in their concentrations
relative to gestational age, age at sampling and month of
birth [67]. Given that metabolic profiles are highly influ-
enced by external factors, these must be addressed to
prevent erroneous interpretations.

Post-analytical phase

The post analytical phase involves the interpretation of the
data generated. With this interpretation, consideration
needs to include the pre-analytical and analytical compo-
nents. Understanding the constraints of the earlier phases is
essential for the robustness of the data. As an example, the
paper the dried blood spots are collected on, haematocrit
and sample stability are critical pre-analytical components.
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The inherent properties of DBS paper prevent the separation
of samples into distinct blood cell lines, yet it is important to
address cellular heterogeneity in DNA methylation to avoid
confounding data [15]. Fortunately, specific algorithms have
been generated to adjust for this heterogeneity [68]. In
studies comparing profiles from DBS and plasma samples,
normalisation and standardisation processes are also
imperative to remove underlying bias [23]. As such, the
reliability of output data is enriched with the implementa-
tion of appropriate post-analytical algorithms.

In our view, the translation from bioinformatic
output to human comprehension is a difficult yet crucial
step in generating useful scientific information. The sheer
amount of patient-specific data would be collected in vain
if not interpreted correctly into practical measures in the
clinical setting. This can be aided by incorporating omics-
specific academic training into laboratory medicine cour-
ses, focusing on the extrapolation of key proteomic and
metabolomic data. In doing so, high reproducibility of
reliable data can be achieved at the hands of any qualified
technician or biologist. In the future algorithms developed
by artificial intelligence will likely also assist in clinical
interpretation. However, this only becomes possible once
the -omics panels are tested in large cohorts that include
the short- and long-term outcomes needed to develop and
refine the Al algorithms to a clinical level of precision
[69, 70].

Limitations of omics review

Whilst a broad search strategy was used across three da-
tabases, more papers may exist outside of those gathered.
In the absence of a meta-analysis, the evidence is less
supported. Findings are only applicable to certain cate-
gories of omics as the others are less reported in the liter-
ature and thus beyond the scope of this paper (e.g.,
transcriptomics, exposomics). Overall, the inferences of
this review are to be deliberated with due consideration.

Considerations for large population-based
prospective cohort studies: GenV

The GenV biobank led from the MCRI is amassing a
collection of samples from the Victorian population of
births over a 2 year period [8]. This includes samples from
excess NBS for all GenV families providing explicit consent
to do so. This biobank will be a finite resource and as such,
it is critical to determine and prioritise assays that will
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deliver the utmost benefit for population health, while not
depleting the resource prematurely.

Based on the current literature, metabolomics is
clearly established and has the requisite analytical sensi-
tivity to be soundly utilised for DBS. Although genomics
applications may be suitable for consideration of research
access, one’s genotype is unlikely to change throughout
their lifetime, therefore it may be more appropriate to use
these DBS samples to investigate biomolecules that are
specifically pertinent to the newborn period. The applica-
tion of DBS for proteomics however is still emerging and
may be realised in due time with continued improvement
in analytical sensitivity, accuracy, and robustness.

As the GenV project custodians collaborate with other
services and agencies for access requests, they will need to
determine the most appropriate use of this resource to
translate novel pathophysiological insights into evidence-
based medicine for future generations. The implementation
of dedicated storage at —80 °C soon after the completion of
clinical testing is a critical step to ensure the maximum
stability and utility of samples for future data generation.

Conclusions

The DBS sampling method holds immense potential in the
field of population-based research. It offers several ad-
vantages including simplicity, minimal volume specifica-
tions and economical transport and storage, therefore
yielding profound compatibility with the GenV biobank for
subsequent research. The prospect of using omics tech-
nology to assess the molecular profiles of neonatal blood
samples is highly achievable and valuable to the scientific
community, yet they are not necessarily equally advanced.
Metabolomic approaches have been extensively substan-
tiated in literature and can be reliably executed.

Although technology is likely to evolve as instrumen-
tation sensitivity and specificity improve, there is sufficient
evidence to validate the current use of high throughput
untargeted assays, later supported by targeted analyses to
pinpoint core biomarkers of neonatal disease. It would be
beneficial to consolidate the output of various multi-omic
techniques, however ongoing work is warranted to achieve
this.
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