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ABSTRACT ARTICLE HISTORY

This scoping review aimed to synthesize the analytical techniques used and methodological limitations Received 29 January 2024
encountered when undertaking secondary research using residual neonatal dried blood spot (DBS) Revised 22 April 2024
samples. Studies that used residual neonatal DBS samples for secondary research (ie. research not ~ Accepted 24 May 2024
related to newborn screening for inherited genetic and metabolic disorders) were identified from six KEYWORDS

electronic databases: Cochrane Library, Cumulative Index to Nursing and Allied Health Literature Dried blood spots;
(CINAHL), Embase, Medline, PubMed and Scopus. Inclusion was restricted to studies published from neonatal; archived;
1973 and written in or translated into English that reported the storage, extraction and testing of residual; scoping review
neonatal DBS samples. Sixty-seven studies were eligible for inclusion. Included studies were

predominantly methodological in nature and measured various analytes, including nucleic acids,

proteins, metabolites, environmental pollutants, markers of prenatal substance use and medications.

Neonatal DBS samples were stored over a range of temperatures (ambient temperature, cold storage

or frozen) and durations (two weeks to 40.5years), both of which impacted the recovery of some

analytes, particularly amino acids, antibodies and environmental pollutants. The size of DBS sample

used and potential contamination were also cited as methodological limitations. Residual neonatal

DBS samples retained by newborn screening programs are a promising resource for secondary

research purposes, with many studies reporting the successful measurement of analytes even from

neonatal DBS samples stored for long periods of time in suboptimal temperatures and conditions.

Abbreviations: DBS: Dried blood spot; DNA: Deoxyribonucleic acid; gDNA: Genomic
deoxyribonucleic acid; HSA: Human serum albumin; mRNA: Messenger ribonucleic acid; miRNA:
Micro ribonucleic acid; PEth: Phosphatidylethanol; PFC: Polyfluoroalkyl chemical; PKU:
Phenylketonuria; RNA: Ribonucleic acid; USA: United States of America; wgaDNA: Whole genome
amplified deoxyribonucleic acid

Introduction potentially treatable disorders, enables treatment to be

_ o _ commenced before symptom-onset [2]. The process
Neonatal dried blood spot (DBS) screening is routinely  \\4s first described in the early 1960s, when Robert

carried out within the first few days following birth to  Guthrie demonstrated that phenylalanine concentra-
detect inherited disorders, including sickle cell disease, tions could be measured in neonates using a heel
cystic fibrosis and congenital hypothyroidism, along  prick blood sample dried on standardized filter paper,
with inborn errors of metabolism, such as phenylke- providing a simple and convenient diagnostic tool for
tonuria (PKU) [1]. Early detection of these serious, but PKU [3]. Developed countries across the world have
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since adopted this methodology, establishing compre-
hensive neonatal screening programs capable of
screening for over 50 conditions [1,4].

Following their initial use for screening, neonatal DBS
samples are typically retained in storage for possible
future clinical or quality control purposes [5]. However,
they are also a potential resource for research. Repositories
of neonatal DBS samples represent demographically and
geographically diverse populations that are useful
resources for epidemiology and population-based studies
[6]. In contrast, adult cohorts are not typically representa-
tive of the general population due to selection and sur-
vival bias [7]. Analysis of residual neonatal DBS samples
therefore offers a unique opportunity to capture and
assess the effects of early life exposures in all individuals,
including those who die early and “hard to reach” groups.

The retention and use of residual neonatal DBS sam-
ples is subject to ethical and legal considerations, partic-
ularly surrounding parental and individual consent [8]. In
Denmark, residual neonatal DBS samples can be legally
stored without explicit informed consent. However, later
use for secondary research purposes is subject to paren-
tal consent, although this requirement may be waived by
the Research Ethics Committee if the samples are ano-
nymized [9]. Meanwhile, many states in the United States
of America (USA) have implemented consent processes
for the retention and use of neonatal DBS samples for
research purposes, following a lawsuit in Texas that saw
five million archived neonatal DBS samples destroyed on
the grounds of violating constitutional privacy rights [6].
Nevertheless, public support for the use of DBS samples
for secondary research purposes appears high, with the
proportion of individuals opting out of DBS sample stor-
age reported to be less than 0.1% in Denmark [9].

A scoping review, published in 2019, reported that
residual neonatal DBS samples have been a well-utilized
resource for secondary research, with the number of pub-
lished studies increasing annually [10]. The review further
reported that the secondary research uses extended
beyond the diseases included in current neonatal screen-
ing programs, with analytes, deoxyribonucleic acid (DNA)
and enzymes being the main target categories of investi-
gation. However, there is currently no synthesis of the
methods that have been used to analyze residual neona-
tal DBS samples for secondary research purposes (unre-
lated to newborn screening programs) and their level of
success. This information is essential to inform the future
storage and use of samples. Therefore, the objectives of
this scoping review of the published literature were to
ascertain the storage, extraction and testing methodolo-
gies used, the analytes measured and any limitations
encountered when using residual neonatal DBS samples
for secondary research purposes.

Methods

A scoping review of published studies was conducted.
The scoping review adhered to the Preferred Reporting
Items for Systematic Reviews and Meta-analyses exten-
sion for Scoping Reviews (PRISMA-ScR) guidelines [11]. Six
electronic databases were searched: Cochrane Library
(Wiley; 1996-present), Cumulative Index to Nursing and
Allied Health (CINAHL; EBSCOhost; 1981-present), Embase
(Ovid; 1947-present), Medline (Ovid; 1966-present),
PubMed (United States National Library of Medicine;
1996-present) and Scopus (Elsevier; 1996-present) on 30
August 2023. Databases were searched individually using
an adapted search strategy to account for differing sub-
ject index terms and keywords used across databases.
Variations of search terms used covered the following key
concepts: (1) dried bloodspots, Guthrie cards or heel prick
tests and (2) archived, residual, stored or biobank samples
and (3) newborn, neonates or infants. Advanced search
features, including multi-field searches, operators, trunca-
tions/wildcards, limits and Boolean terms were used as
appropriate. Different spellings, keyword variations, syn-
onyms and related concepts were included to ensure that
the search was comprehensive. The full search strategy,
including the search terms used for each electronic data-
base, can be found in Supplemental File S1.

Original studies of any design were eligible for
inclusion if they described the storage, extraction or
testing methods for conducting secondary research
using neonatal DBS samples; were written in or trans-
lated into English; involved human participants only
and were published as full manuscripts from 1973
onwards. Studies were excluded if they were confer-
ence abstracts; focused solely on newborn screening,
quality improvement in newborn screening or exten-
sions of newborn screening programs (e.g. improving
existing screening tests or developing new screening
tests) or focused on the immediate diagnosis or initia-
tion of treatment for neonatal conditions. Studies were
also excluded if they focused solely on legal, social or
ethical issues relating to the use of DBS samples, such
as data protection, consent/permission, policy or pub-
lic opinions; used only samples obtained from umbili-
cal cords or via venipuncture or DBS samples obtained
solely from adults or animals.

Following the database searches, records were down-
loaded to EndNote 21 (BId 17096, Clarivate) and dupli-
cate records removed. The eligibility of all remaining
studies was assessed using the literature review soft-
ware, DistillerSR (DistillerSR Inc., Ontario, Canada). All
studies were screened in duplicate against the pre-
defined eligibility criteria by two independent reviewers
(JC and RJS) during both the title/abstract and full text
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screening stages. Reviewers (JC and RJS) adopted a
“Yes-No-Unclear” approach when determining if studies
met each eligibility criterion, as recommended by the
Joanna Briggs Institute (JBI) framework for scoping
reviews [12]. Thus, studies in which the inclusion/exclu-
sion criteria could not be determined from the title and
abstract alone (deemed “Unclear”) were included in the
full text screening stage for consideration. Disagreements/
discrepancies between reviewers were resolved through
discussion, with a third reviewer available for further
consultation, if required. The level of agreement between
reviewers (JC and RJS) was >90% for both title/abstract
and full text screening levels. Consultation with a third
member of the review team was not required.

The information extracted from eligible studies
included the study location and design; storage of DBS
samples (duration, temperature and humidity), number
and size of DBS samples used in the analyses; the ana-
lytes measured and the purpose of measuring them; the
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laboratory methods used; any reported DBS-specific lim-
itations relating to methods and key study conclusions.

Results

A total of 2,877 studies were identified from the elec-
tronic databases. Following the removal of 1,679 dupli-
cates, 1,198 studies underwent title and abstract
screening, with 1,061 of these studies excluded for fail-
ing to meet the eligibility criteria. Full-text articles were
therefore screened for the remaining 137 studies and
67 of these studies were deemed eligible for inclusion
in the scoping review (Figure 1) [13-79].

Included studies were published between 1993 and
2023 (Table 1). Thirty-one were conducted in the USA
[13-16,22,24,28,29,36,37,40,42,44,45,48-52,54-58,
63,66,68,69,71,72,77], 16 in Denmark [18,20,25,27,31-34,
39,46,61,62,67,74-76], five in Sweden [19,23,30,41,59],
five in the UK [17,26,35,43,65], three in Canada [38,64,

Figure 1. PRISMA 2020 flow diagram.
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From: Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ. 2021;372:n71.

doi: 10.1136/bmj.n71.
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Table 1. Key characteristics of included studies.

Number of

References Study title Location individuals ~ Study design

Makowski et al. [13] The effect of storage on Guthrie cards: implications for USA Not stated  Methodological
deoxyribonucleic acid amplification

Haak et al. [14] Archived unfrozen neonatal blood spots are amenable to USA 12 Methodological
quantitative gene expression analysis

Resau et al. [15] Evaluation of sex-specific gene expression in archived dried USA 106 Methodological
blood spots (DBS)

Slaughter et al. [16] High correlations in gene expression between paired umbilical USA 7 Methodological
cord blood and neonatal blood of healthy newborns on
Guthrie cards

Ponnusamy et al. [17] A study of microRNAs from dried blood spots in newborns after UK 30 Methodological
perinatal asphyxia: a simple and feasible biosampling method

Bybjerg-Grauholm et al. [18] RNA sequencing of archived neonatal dried blood spots Denmark 10 Methodological

Gauffin et al. [19] Quantitation of RNA decay in dried blood spots during 20years ~ Sweden 25 Methodological
of storage

Grauholm et al. [20] Gene expression profiling of archived dried blood spot samples ~ Denmark 20 Methodological
from the Danish Neonatal Screening Biobank

Chaisomchit et al. [21] Stability of genomic DNA in dried blood spots stored on filter Thailand 100 Methodological
paper

Hardin et al. [22] Whole genome microarray analysis, from neonatal blood cards USA 24 Methodological

Klassen et al. [23] Visual automated fluorescence electrophoresis provides Sweden 16 Methodological
simultaneous quality, quantity, and molecular weight spectra
for genomic DNA from archived neonatal blood spots

Lane et al. [24] Maximizing deoxyribonucleic acid yield from dried blood spots USA 4,000 Methodological

Pedersen et al. [25] The iPSYCH2012 case-cohort sample: new directions for Denmark 77,639 Case-control
unravelling genetic and environmental architectures of severe
mental disorders

Rajatileka et al. [26] Isolation of human genomic DNA for genetic analysis from UK 115 Methodological
premature neonates: a comparison between newborn dried
blood spots, whole blood and umbilical cord tissue

Sjoholm et al. [27] Assessing quality and functionality of DNA from fresh and Denmark 30 Methodological
archival dried blood spots and recommendations for quality
control guidelines

Sok et al. [28] Utilization of archived neonatal dried blood spots for USA 399 Methodological
genome-wide genotyping

St. Julien et al. [29] High quality genome-wide genotyping from archived dried blood USA 1,773 Methodological
spots without DNA amplification

Hannelius et al. [30] Phenylketonuria screening registry as a resource for population ~ Sweden 76 Methodological
genetic studies

Hollegaard et al. [31] Genome-wide scans using archived neonatal dried blood spot Denmark 24 Methodological
samples

Hollegaard et al. [32] High-throughput genotyping on archived dried blood spot Denmark 29 Methodological
samples

Hollegaard et al. [33] Genotyping whole-genome-amplified DNA from 3- to 25-year-old Denmark 29 Methodological
neonatal dried blood spot samples with reference to fresh
genomic DNA

Hollegaard et al. [34] Robustness of genome-wide scanning using archived dried blood Denmark 4,641 Methodological
spot samples as a DNA source

Auma et al. [35] Using dried blood spots for a sero-surveillance study of UK 450 Case-control
maternally derived antibody against Group B Streptococcus

Mei et al. [36] Effect of specimen storage conditions on newborn dried blood spots USA 858 Case-control
used to assess Toxoplasma gondii immunoglobulin M (IgM)

He et al. [37] Metabolite stability in archived neonatal dried blood spots used  USA 899 Methodological
for epidemiological research

Murphy et al. [38] Metabolic profiles derived from residual blood spot samples: a Canada 307 Methodological
longitudinal analysis

Ottosson et al. [39] Effects of long-term storage on the biobanked neonatal dried Denmark 200 Methodological
blood spot metabolome

Petrick et al. [40] An untargeted metabolomics method for archived newborn dried USA 106 Methodological
blood spots in epidemiologic studies

Yu et al. [41] Untargeted metabolomics profiling and hemoglobin Sweden 15 Methodological
normalization for archived newborn dried blood spots from a
refrigerated biorepository

Asrani et al. [42] DNA methylome profiling on the Infinium HumanMethylation450 USA 1 Methodological
Array from limiting quantities of genomic DNA from a single,
small archived bloodspot

Cunningham-Burley et al. [43] Feasibility and ethics of using data from the Scottish newborn UK 56 Methodological
blood spot archive for research

Ghantous et al. [44] Optimized DNA extraction from neonatal dried blood spots: USA Not stated  Methodological
application in methylome profiling

Ghantous et al. [45] DNA methylation analysis from blood spots: increasing yield and USA Not stated  Methodological

quality for genome-wide and locus-specific methylation
analysis

(Continued)
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Number of

References Study title Location individuals  Study design

Hollegaard et al. [46] DNA methylome profiling using neonatal dried blood spot Denmark 2 Methodological
samples: a proof-of-principle study

Zar Kyaw et al. [47] The utility of post-test newborn blood spot screening cards for  Japan 300 Methodological
epigenetic association analyses: association between HIF3A
methylation and birth weight-for-gestational age

Bakhireva et al. [48] The validity of phosphatidylethanol in dried blood spots of USA 60 Case-control
newborns for the identification of prenatal alcohol exposure

Bakhireva et al. [49] Stability of phosphatidylethanol in dry blood spot cards USA 5 Prospective cohort

Henderson et al. [50] Radioimmunoassay screening of dried blood spot materials for USA >500 Prospective cohort
benzoylecgonine

Spector et al. [51] Detection of cotinine in newborn dried blood spots USA 20 Case-control

Yang et al. [52] Levels of cotinine in dried blood specimens from newborns as a USA 428 Methodological
biomarker of maternal smoking close to the time of delivery

Di Martino et al. [53] EDTA is essential to recover lead from dried blood spots on filter Italy 20 Methodological
paper

Funk et al. [54] Hemoglobin adducts of benzene oxide in neonatal and adult USA 9 Methodological
dried blood spots

Funk et al. [55] Quantification of arsenic, lead, mercury and cadmium in USA 49 Methodological
newborn dried blood spots

Kato et al. [56] Analysis of blood spots for polyfluoroalkyl chemicals USA 98 Methodological

Kim et al. [57] Method for the determination of iodide in dried blood spots USA 20 Methodological
from newborns by high performance liquid chromatography
tandem mass spectrometry

Ma et al. [58] Analysis of polyfluoroalkyl substances and bisphenol A in dried USA 192 Methodological
blood spots by liquid chromatography tandem mass
spectrometry

Bjorkesten et al. [59] Stability of proteins in dried blood spot biobanks Sweden 5 Methodological

Dijkstra et al. [60] Important lessons on long-term stability of amino acids in stored The Netherlands 2,170 Retrospective cohort
dried blood spots

Klamer et al. [61] Adiponectin levels measured in dried blood spot samples from Denmark 122 Case-control
neonates born small and appropriate for gestational age

McGuire et al. [62] Screening newborns for candidate biomarkers of type 1 diabetes Denmark 162 Case-control

Mihalopoulos et al. [63] Validity and reliability of perinatal biomarkers of adiposity after ~ USA 45 Methodological
storage as dried blood spots on paper

Mineyko et al. [64] Association of neonatal inflammatory markers and perinatal Canada 197 Ambi-directional
stroke subtypes cohort

Raha-Chowdhury et al. [65] Blood ferritin concentrations in newborn infants and the sudden UK 82 Case-control
infant death syndrome

Samenuk et al. [66] Rapid method towards proteomic analysis of dried blood spots ~ USA 10 Methodological
by MALDI mass spectrometry

Skogstrand et al. [67] Simultaneous measurement of 25 inflammatory markers and Denmark 66 Methodological
neurotrophins in neonatal dried blood spots by immunoassay
with xMAP technology

Yano et al. [68] Untargeted adductomics of Cys34 modifications to human serum USA 49 Retrospective cohort
albumin in newborn dried blood spots

Yeung et al. [69] Newborn adipokines and birth outcomes UA 3,625 Cross-sectional

Durie et al. [70] Quantification of DNA in neonatal dried blood spots by adenine Canada 501 Methodological
tandem mass spectrometry

Bassaganyas et al. [71] Whole exome and whole genome sequencing with dried blood  USA 24 Methodological
spot DNA without whole genome amplification

Ding et al. [72] Scalable, high quality, whole genome sequencing from archived, USA 29 Methodological
newborn, dried blood spots

Nagy et al. [73] Minimally invasive genetic screen for GJB2 related deafness using Hungary 576 Methodological
dried blood spots

Hollegaard et al. [74] Archived neonatal dried blood spot samples can be used for Denmark 2 Methodological
accurate whole genome and exome-targeted next-generation
sequencing

Poulsen et al. [75] High-quality exome sequencing of whole-genome amplified Denmark 22 Methodological
neonatal dried blood spot DNA

Winkel et al. [76] Whole-genome amplified DNA from stored dried blood spots is ~ Denmark 10 Methodological
reliable in high resolution melting curve and sequencing
analysis

Needham et al. [77] Maternal social disadvantage and newborn telomere length in USA 192 Retrospective cohort
archived dried blood spots from the Michigan Neonatal
Biobank

Barco et al. [78] A validated LC-MS/MS method for the quantification of Italy 7 Methodological
piperacillin/tazobactam on dried blood spot

Rovito et al. [79] Impact of congenital cytomegalovirus infection on transcriptomes The Netherlands 18 Methodological

from archived dried blood spots in relation to long-term

clinical outcome
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70], two in Italy [53,78], two in The Netherlands [60,79]
and one each in Hungary [73], Japan [47] and Thailand
[21]. All neonatal DBS samples used in studies were
sourced from the country of study origin, apart from
two USA-based studies that used neonatal DBS sam-
ples from both the USA and Australia [44,45] and a
study based in Sweden that used samples sourced
from both Sweden and Denmark [59]. The number of
individuals from whom DBS samples were collected
ranged from one to 77,639, with the number of indi-
viduals not clearly specified in three studies [13,44,45].
Studies were predominately methodological (N=52) in
nature [13-24,26-34,37-47,52-59,63,66,67,70-76,78,79],
reporting either the development, validation or com-
parison of methods. Of the remainder, eight were
case-control studies [25,35,36,48,51,61,62,65], six cohort
studies [49,50,60,64,68,77] and one cross-sectional [69].

Storage conditions

The storage of neonatal DBS samples was highly vari-
able across included studies, with the duration of stor-
age ranging from two weeks to over 40years (Table 2).
Neonatal DBS samples were stored solely at room tem-
perature in 28 studies [13-17,21-24,26,35,38,43-45,48,
50,53,55,56,63-66,70,72,73,79] and in cold storage (4°C)
in eight [19,30,41,51,57,58,69,78]. Twenty-four studies
used frozen DBS samples [18,25,29,31-34,38-40,42,46,
47,49,52,54,61,62,67,68,71,74-76], with temperatures
ranging from —20°C to —80°C. Two studies did not state
the exact frozen temperature [42,54]. Storage conditions
in three studies changed due to updated storage poli-
cies in the respective biobank facilities [28,59,60]. This
largely involved moving samples to colder conditions
and controlling humidity. Four studies compared the
effects of storage temperature and duration by compar-
ing frozen and room temperature-stored samples (Table
4) [20,27,36,77]. Humidity control was inconsistently
reported across studies, with the majority of studies not
reporting this aspect. Two studies simply stated that
conditions were “humidity-controlled” [19,77], four
reported the use of a desiccant to control humidity
[36,71,72,78] and three studies provided humidity lev-
els which ranged from <30% to 70% [21,28,59].

Extraction

The number and size of DBS samples used for testing
varied. Six studies reported using one or more full DBS
samples in their analyses [36,54,56,61,65,79] but the
majority of studies used only part of the DBS sample.
Most punched between one and 12 disks with

diameters ranging from 1mm to 16 mm (Table 2) [13-
35,37-47,49,50,52,53,57,58,60,62-64,67-78]. One study
reported using half the DBS sample [55] and two stud-
ies reported using one-quarter [51,66]. Two studies did
not specify the number or size of DBS samples used
[48,59].

Analytes

Of the 67 studies, 37 measured nucleic acids and nucleic
acid types (Table 2). Fourteen measured DNA [13,22,24,25,
27,28,44,45,47,70-73,77], eight whole genome amplified
DNA (wgaDNA) [30-34,74-76], six RNA [14,15,18-20,79],
four genomic DNA (gDNA) [21,23,26,29], three methylated
DNA [42,43,46], one messenger RNA (mRNA) [16] and one
microRNA (miRNA) [17]. These were measured for a variety
of purposes, including DNA amplification, gene expression,
genotyping, DNA methylation, DNA quantification, DNA
sequencing, telomere length measurement and transcrip-
tome analysis. Two studies measured maternally-derived
antibodies; one against Group B Streptococcus [35] and
the other against Toxoplasma Gondii [36]. Metabolomics
were used in five studies to measure a range of 39-1,107
metabolites [37-41]. Six studies measured markers of pre-
natal exposure to substance use, including alcohol (phos-
phatidylethanol; PEth) [48,49], cocaine (benzoylecgonine)
[50] and tobacco (cotinine [37,51,52] and Cys34 human
serum albumin (HSA) adducts [68]). A further six studies
measured analytes indicative of prenatal exposure to envi-
ronmental pollutants, including lead [53,55], hemoglobin
adducts of benzene oxide [54], arsenic [55], mercury [55],
cadmium [55], polyfluoroalkyl chemicals (PFCs) [56,58] and
iodide [57]. A variety of proteins were measured across
studies, including oncology-related proteins [59], amino
acids [37,41,60], cytokines/hormones [61,63,64,67,69], ferritin
[65] and unspecified proteins [62,66]. The antibiotics, pipera-
cillin and tazobactam, were also measured in one study for
therapeutic drug monitoring purposes [78]. Studies were
largely able to measure the analytes of interest using the
methods described (Table 3), although a number of studies
noted lower quantity and quality of some analytes as a
result of the storage methods used (Table 2).

DNA and RNA appeared to be stable in neonatal
DBS samples stored at differing temperatures for long
periods of time, with storage at —20°C seemingly
improving the preservation of samples [20,27,77].
Proteins were shown to remain detectable after pro-
longed periods of storage, but storage temperature
significantly impacted detectability. Proteins were bet-
ter preserved when DBS samples were stored frozen,
while storage at 4°C resulted in the degradation of
many proteins [59]. Amino acids stored at room tem-
perature were subject to substantial degradation
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Table 3. Summary of analytes successfully measured using neonatal dried blood spot (DBS) samples stored at varying temperatures and
their maximum duration of storage as reported in the included studies.

Maximum storage duration studied

Storage >5t0 10 > 10 to 20 > 20 to 30
Category Analytes measured conditions < 1 year 1to 5 years years years years > 30 years

Genomic DNA Room 4 v v v v
Frozen \/ \/ \/

gDNA Room \/

Methylated DNA Room \/

Frozen

S SRS

v
wgaDNA Cold \/
RNA Room \/

SN

Cold
Frozen \/
mRNA Room \/
miRNA Room \/
Proteins Ferritin Room \/
Cytokines Room \/
Untargeted proteomics Room \/
Frozen \/
Aspartate Room \/
Adiponectin Room \/
Frozen \/
Leptin Room \/
Insulin Room \/
Adipokines Cold \/
Oncology-related Cold \/
Neurotrophins Frozen \/
Inflammatory markers Frozen \/
Toxoplasma gondii IgM Frozen \/
Metabolites Untargeted metabolomics Room \/

Cold \/
Frozen \/

N s ronted e v
Enw[r)c;rlmlrl?tz:ttasl Lead Room \/ \/
Arsenic Room \/
Cadmium Room \/
Polyfluoroalkyl chemicals Room \/
Cold \/
Frozen \/
lodide Cold \/
Cys34 adducts of HSA Frozen \/
Hb adducts of benzene oxide Frozen \/
Substance use in Phosphatidylethanol (PEth) Room \/
pregnancy
Frozen \/ \/
Benzoylecgonine Room \/
Cotinine Cold \/
Frozen \/
Medications Piperacillin/tazobactam Cold \/

DNA =deoxyribonucleic acid; gDNA =genomic DNA; Hb =hemoglobin; HSA=human serum albumin; IgM =immunoglobulin M; mRNA =messenger RNA; miRNA =microRNA; RNA =ribonu-
cleic acid; wgaDNA=whole genome amplified DNA.
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Table 4. Summary of studies directly comparing methods used on neonatal dried blood spot (DBS) samples.

References Methods compared

Results

Conclusion(s)/Recommendation(s)

Grauholm et al. [20] Study examined the effect on gene
expression profiles (GEPs) when two
different whole transcriptome
amplification (WTA) kits were used on
samples stored for ~5years at —20°C.

The novel quality control (QC) technology,
visual automated fluorescence
electrophoresis (VAFE), was performed
before and after whole genome
amplification in parallel with traditional
QC methods to compare quantity, quality,
and integrity of nucleic acid from
downstream genomic technologies.

Commercial methods of DNA extraction from
DBS samples were compared with and
without protocol modifications to assess
if DNA yield is improved.

Klassen et al. [23]

Lane et al. [24]

Hollegaard et al. [31] Study assessed the quality of DNA obtained
from different amplification protocols,
comparing: two commercial DNA
extraction procedures (Extract-N-Amp
Blood PCR Kit [Sigma-Aldrich] or QlAamp
DNA Blood Micro Kit [Qiagen]) and three
WGA procedures (REPLI-g kit [Qiagen],
GenomePlex® Complete WGA Kit [GPlex2,
Sigma-Aldrich] or GenomePlex® Single
Cell Whole Genome Amplification Kit
[GPlex4, Sigma-Aldrich]), the effect of
number of 3.2mm DBS samples punches
used and the effect of protein extraction
prior to gDNA extraction.

Three DNA extraction methods were
compared: QlAamp DNA Blood Mini Kit
(Qiagen), Extract-N-Amp Blood PCR Kit
(Sigma-Aldrich) and an “in-house” method
based on Chelex 100 beads
(Sigma-Aldrich). QlAamp and Extract-N-
Amp DNA extractions were performed
according to the kit instructions. The
“in-house” gDNA extraction was carried
out by adding 200 ml washing buffer
(PBS, 0.5% TWEEN20) to each well,
containing one 3.2mm DBS punch. Four
WGA kits and one re-amplification kit
were used: REPLI-g (RepliG, Qiagen),
AmpliQ Genomic Amplifier Kit (AmpliQ,
Ampligon), GenomePlexs Complete WGA
Kit (GPlex2, Sigma-Aldrich), GenomePlexs
Single Cell Whole Genome Amplification
Kit (GPlex4, Sigma-Aldrich), and
GenomePlexs WGA Reamplification Kit
(GPlex3, Sigma-Aldrich). WGA reactions
were performed according to the kit
instructions.

Genome-wide association studies using three
different types of array were examined.
The three studies, "610k", "Omni1"z, and
"Axiom" used an Infinium
Human610-Quad chip array (lllumina), an
Infinium HD HumanOmni1-Quad chip
array (lllumina) and an Axiom
Genome-Wide CEU Array chip
(Affymetrix), respectively.

Hollegaard et al. [33]

Hollegaard et al. [34]

Use of two different WTA kits
(WT-Ovation Pico RNA amplification
system and Signa-Aldrich’s complete
WTA kit) resulted in a 13% variation
in the principal component analysis.

VAFE QC data were correlated with
subsequent sample performance in
PCR, sequencing, and high-density
comparative genome hybridization
array.

The addition of a purpose developed
GenSolve reagent and a pre-warmed
elution buffer and 70°C soaking step
increased DNA yield versus following
the commercial protocol alone.

The Extract-N-Amp Blood PCR Kit
combined with the REPLI-g kit WGA
featured the highest call-rates and the
lowest conflict rates. Use of one or
three DBS sample punches did not
affect extraction. Protein extraction
did not impair genotyping of the
produced wgaDNA.

Using the Extract-N-Amp kit for
extraction of gDNA and performing
the maximal number of WGA
reactions on the extract using the
GPlex kit will give a total yield of
approximately 50mg wgaDNA. The
wgaDNA can be re-amplified,
producing virtually infinite amounts
of wgaDNA. The two OmniPlex kits,
GPlex2 and GPlex4, performed well
with all three extraction methods,
indicating that they tolerated lower
quality and smaller amounts of input
gDNA better than the two
multi-displacement amplification kits.

Type of filter paper used for DBS
samples was significantly associated
with genotyping call rate (GCR) when
using the “Omni1” array. Samples
stored at —20°C genotyped by the
“Axiom” array had significantly higher
GCRs than samples stored at 4°C.
Storage time and conditions did not
affect the GCR when measured using
the “610k” array.

Consistent use of a single WTA
kit throughout a study is
recommended to avoid
introduction of significant
differences in expression.

Addition of VAFE measures in QC
increases confidence in the
validity of genetic data and
allows cost-effective
downstream analysis of gDNA
for investigational and
diagnostic applications.

DNA yield can be improved with
modifications to commercially
available DNA extraction kits.

The Extract-N-Amp Blood PCR Kit
is recommended for DNA
extraction combined with
GPlex2 or GPlex4 for WGA.
Tests should be performed to
determine the suitability of
WGA procedures based on the
given task, with one to three
DBS sample punches being
sufficient for analysis.

Genotyping performance is
dependent on the
combination of extraction
procedure and amplification
method.

Overall, of the three arrays tested,
the lllumina “Omni1” array
performed best. Compared
with the other arrays, “Omni1”
had the highest mean GCR,
and the highest sample
success rate. Although none of
the arrays performed poorly
and the effects of the different
variables on the GCR were
minimal, even when
statistically significant. All
three arrays should be
considered usable for GWS of
DBS samples.

(Continued)
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Table 4. Continued.

References Methods compared

Results Conclusion(s)/Recommendation(s)

Ghantous et al. [44] A range of DNA extraction methods from
neonatal DBS samples, individually or in
combinations, were developed and
tested. The DNA extraction protocol was
split into two phases: phase | included
blood extraction from DBS samples, cell
lysis and protease digestion and phase Il
included DNA precipitation, purification
and elution. Ten method combinations
were tested to optimize DNA extraction.

Two robust and efficient protocols that
increase DNA yield from DBS while
minimizing DNA degradation were
presented. One protocol, termed
GenSolve-Qiagen, represents a
combination of (a) GenSolve material in
Phase |, (b) Qiagen material in Phase Il
and (c) in-house modifications. The other
protocol, termed Qiagen-Ethanol, involves
(a) Qiagen consumables in phases | and
II, (b) ethanol as a precipitation buffer
and (c) in-house modifications.

Lead from DBS samples was measured using
furnace atomic absorption
spectrophotometry with or without the
addition of 5mmol/L EDTA to eluting

Ghantous et al. [45]

Di Martino et al. [53]

Protocol GQ used the commercially

The Qiagen-Ethanol protocol extracted

The median optical density at 283.3nm

Protocol GQ appears to be the
most robust among the tested
methods across all tested DNA
quantity and quality
parameters.

available kits, GenSolve for phase |
and QlAamp (DNA Micro Kit) for
phase Il. DNA vyield was consistently
better with less DNA degradation/
fragmentation when using this
protocol compared to others.

Either protocol could be used
according to specific needs of
the study, with both protocols
being more efficient relative
to other published methods.

approximately twice the amount of
DNA relative to the GenSolve-Qiagen
protocol, although the latter protocol
still represents a highly efficient
protocol yielding quality DNA.

Adding EDTA to the eluting
solution is essential for the
optimal recovery of lead
during the extraction step

was significantly higher in DBS
samples than controls in the presence
of EDTA. When EDTA was absent from

solution. eluting solution, controls had a higher from DBS samples.
optical density than DBS samples.
within one vyear of storage (although aspartate  feasible, with the majority of DBS metabolomes stable

appeared to be stable for four years) [60], while degra-
dation was minimal for amino acids stored at —20°C
[37]. Cytokines were measurable in samples stored at
room temperature for ten years [64] and frozen samples
for 20years and appeared to be well preserved [67].
Inflammatory markers and neurotrophins were well pre-
served and detectable in equal concentrations over time
in frozen samples stored for longer than 20years [67].
Ferritin recovery was low from samples stored at room
temperature for more than six months, with expected
recovery of ferritin from samples stored for longer peri-
ods at room temperature estimated to be around 25%
[65]. Adipokines (adiponectin, resistin and adipsin, but
not leptin) were measurable in cold storage samples but
levels differed from previously reported levels using
cord or venous blood [69]. Adiponectin, leptin and insu-
lin were measurable in samples stored at room tem-
perature for up to six months, with similar levels to
those observed in serum samples [63]. Antibodies stored
at room temperature were subject to degradation within
months but may be better preserved for longer when
samples are stored at —20°C [35,36].

Storage of samples at —20°C was shown to protect
against the deterioration of most metabolites studied
for almost 30years, although lipid metabolites appeared
less stable [37]. For samples stored at room tempera-
ture, the largest changes in metabolite levels were
observed after 12months [38]. Untargeted metabolom-
ics of DBS samples stored for long periods appeared

for up to ten [39] and 30 [40] years if stored at —20°C.
In studies assessing prenatal environmental pollutant
exposure, lead was measurable in samples stored at
room temperature for up to six months but needed to
be extracted from DBS samples in the presence of opti-
mal amounts of EDTA (ethylenediaminetetraacetic acid)
[53]. In another study, lead and cadmium (but not mer-
cury) were detectable in samples stored at room tem-
perature for over ten years but arsenic concentrations
were low, with potential contamination during blood
sample collection and storage noted as an issue [55].
Hemoglobin adducts of benzene oxide, a marker of
exposure to the air pollutant benzene, were measurable
in neonatal DBS samples after one month of frozen stor-
age [54]. The levels measured were comparable to adult
DBS samples and recovery did not appear to decrease
over time, although contamination may again be an
issue and no longer-term studies of stability were found.
lodide was found to be stable in samples stored at 4°C
for up to eight years [57], although no studies assessing
iodide in samples stored frozen or at room temperature
were found. PFC extraction was possible using samples
stored at room temperature for up to two years but was
dependent on the extraction and amplification proce-
dures used [56]. The extraction method used for sam-
ples stored at 4°C for up to five years was deemed
reliable but dependent on the number and size of DBS
samples used. Background levels of contamination may
also cause issues with accurate quantification [58].



A number of studies used neonatal DBS samples to
detect prenatal exposures to substances consumed or
used by the mother, such as alcohol and tobacco. PEth (a
direct ethanol metabolite that can be used to detect pre-
natal alcohol exposure) was detectable in samples stored
at room temperature for two weeks [48] and in samples
stored at —80°C for four months [49], with insignificant
degradation noted. However, the stability of PEth in sam-
ples stored at these temperatures for longer durations
remains unknown. Cotinine and hydroxycotinine (markers
of maternal smoking) remained detectable in frozen sam-
ples stored for up to 30years [37]. Measurement of these
markers of tobacco was found to be reliable but may be
affected by the amount of DBS sample used and back-
ground levels of contamination [51,52]. Cotinine stability
in DBS samples stored long-term at room temperature or
4°C is not known, although another study demonstrated
that methylated DNA extracted from room temperature
samples stored for over 30years, could be used to indi-
cate maternal smoking [43]. Cys34 HSA adducts (used to
investigate in-utero exposure to smoking in the month
prior to birth) were measurable in samples stored at
—20°C for over 30years [68], although it was reported
that quantification of Cys34 HSA adducts was harder
when hemoglobin was oxidized at room temperature.
Samples stored at room temperature showed no decrease
in the direct cocaine metabolite, benzoylecgonine, when
measured over 30days [50]. However, no studies assess-
ing long-term stability were found. Finally, the antibiotics,
piperacillin and tazobactam, were stable in samples
stored at —20°C but rapid degradation occurred at room
temperature [78].

Comparisons

A total of nine studies compared methods used on
neonatal DBS samples (Table 4) [20,23,24,31,33,34,44,
45,53]. These studies predominately compared the use
of commercially available kits with or without modifi-
cations to the available protocol. Such modifications
typically improved the efficiency of the method and
were recommended for use in future studies. Full
descriptions of the methods that were compared along
with the results and conclusions/recommendations are
contained in Table 4.

Limitations

Methodological limitations relating to the use of DBS
samples were noted for each study (Table 2).
Contamination of samples may occur during sample col-
lection, transportation, storage or handling and was a
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noted limitation in a number of studies. Depending on
the analytes being measured, contaminants included
DNA [14,70], RNAases [17,79], lipids [37], proteins [13,67],
volume of red blood cells (hematocrit) [13,37,67,78] and
microbial or viral content [70], although studies largely
did not speculate as to the potential sources of contam-
ination. The number and size of DBS samples used fur-
ther restricted investigations or outputs in a number of
studies [18,28,31,33,34,36,41,62,65,74,77]. This was due
to finite availability of DBS samples or restrictions
imposed by biobank facilities concerning the number of
samples/punches that could be used for secondary
research purposes. The volume of blood spotted onto
DBS samples is largely unknown and may have varied
between samples due to DBS size, punch location and
filter paper type [41,51,57,58]. Storage duration and con-
ditions were further noted as limitations in included
studies. Suboptimal conditions, along with long storage
times, may impact the viability of DBS samples and/or
recovery of analytes due to degradation [27,32,35,37-
39,64,66,68,69]. Results may also be impacted by direct
limitations of the methods applied (for example, some
methods may be less sensitive when measuring certain
analytes), along with a lack of appropriate standards
and systematic quality control for sample preparation
and assessment [23,69,75].

Discussion
Summary of evidence

This scoping review is the first evidence synthesis, to
our knowledge, covering the methodological designs
that have been successfully used on residual neonatal
DBS samples for secondary research purposes. We have
presented the approaches used in the storage, extraction
and testing of residual neonatal DBS samples, along
with the analytes measured and the limitations encoun-
tered, as reported in the published literature. As
expected, the methodological designs were highly vari-
able across the included studies. The duration and tem-
perature of neonatal DBS sample storage were notable
factors in the detectability of many analytes, with stud-
ies emphasizing the need to consider this when choos-
ing optimal methods for planned analyses, particularly
when using samples stored for extended periods of
time in suboptimal conditions. Contamination, particu-
larly from endogenous components, was a further con-
cern when performing analyses using neonatal DBS
samples and appropriate corrections should be made
where possible, along with use of quality assurance
measures. Further investigation is required to assess the
long-term stability of certain analytes, such as those
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reflecting substance use and environmental pollutant
exposure during pregnancy. Additional validation stud-
ies using neonatal DBS samples may also be required.
For example, the long-term preservation of RNA in neo-
natal DBS samples stored at room temperature was a
particularly intriguing finding given the known instabil-
ity of RNA. Nevertheless, this review presents encourag-
ing evidence supporting the use of residual neonatal
DBS samples for a range of secondary research pur-
poses, with potential for high throughput omics analy-
ses (including DNA, methylation, RNA and proteins) and
methods that are scalable to population-level datasets
for molecular epidemiology.

Whilst recognizing that issues of consent and access
approval for research purposes are yet to be resolved
in many jurisdictions [80], using residual neonatal DBS
samples for research has a number of advantages.
Compared with venous and cord blood samples, DBS
samples are more easily transported and stored [81].
Secondary use of neonatal DBS samples collected for
screening obviates the need for recruitment and pro-
vides large-scale, unselected sampling frames which
are continually being expanded. As analytical tech-
niques continue to improve, along with updated bio-
bank policies regarding the optimal storage of samples,
analytes may be measurable with high throughput and
increased specificity and sensitivity [82], further
expanding the scope of research that can be per-
formed. Finally, the linkage of stored DBS samples and
healthcare registries would provide resources for stud-
ies, including case series, case-control and retrospec-
tive cohort studies, to address research questions
relating to epidemiology, genotype/phenotype interac-
tions and treatment outcomes, with the potential to
inform future policy and practice [83].

Limitations

Due to the broad nature of this scoping review and the
breadth of related literature, some articles may have
been missed during the search process. However, efforts
were made to minimize the risk of unfound articles,
such as searching multiple databases using a compre-
hensive search strategy to identify additional relevant
studies, as well as members of the review team per-
forming article screening in duplicate. Likewise, the
depth of analysis was limited due to the broad focus of
this scoping review that resulted in a large number of
included studies. Similarly, this review did not assess risk
of bias or quality in the included studies, which is a lim-
itation of scoping reviews in general. Studies were also
limited to those published in the English language,
although a systematic literature review published in

2012, reported no evidence of systematic bias as a result
of English-language restrictions [84].

This scoping review also searched for studies published
from 1973 onwards, meaning that relevant studies prior to
this year may have been missed. However, newborn
screening for inherited inborn errors of metabolism and
other metabolic disorders was in its infancy in the 1950s
and 1960s, with particular focus on testing for PKU [85,86].
Subsequent neonatal DBS-related research predominately
focused on adding conditions to newborn screening pan-
els [87], with the World Health Organization (WHO) com-
missioning a report in 1968 to develop screening criteria
to guide and evaluate the selection of conditions for
screening [88]. This focus on the expansion of newborn
screening programs may explain the lack of eligible stud-
ies prior to 1993 in this scoping review, which was inter-
ested in secondary research (unrelated to newborn
screening) using neonatal DBS samples. Another reason
for the inclusion of studies that were newer in origin may
be that advances in methodologies, e.g. the introduction
of tandem mass spectrometry in the early 1990s, increased
the use of neonatal DBS samples for secondary research
purposes by broadening what was technologically possi-
ble at this time [85].

The non-reporting of failed experiments and publi-
cation bias may also be an issue, in that failed attempts
at measuring specific analytes of interest may not have
been reported. Delays in sending samples for analysis
or in performing clinical testing itself (which remains
the priority of neonatal DBS sample collection), may
have also impacted the reported storage durations,
with such delays unlikely to be reported in studies.
Nevertheless, we have attempted to collate the results
of studies to demonstrate the feasibility of measuring
analytes of interest which may act as an important first
step in the standardization of neonatal DBS methodol-
ogies for secondary research purposes.

Conclusions

Neonatal DBS samples have been used successfully to
measure a variety of analytes for different purposes.
Storage duration, temperature and potential contami-
nation limit some potential uses of DBS samples and
should be considered when planning research studies
and selecting appropriate methods.
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