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BACKGROUND: Classical homocystinuria (HCU) results
from deficient cystathionine β-synthase activity, causing
elevated levels of Met and homocysteine (Hcy).
Newborn screening (NBS) aims to identify HCU in
pre-symptomatic newborns by assessing Met concentra-
tions in first-tier screening. However, unlike Hcy, Met
testing leads to a high number of false-positive and
-negative results. Therefore, screening for Hcy directly
in first-tier screening would be a better biomarker for
use in NBS.

METHODS: Dried blood spot (DBS) quality control and
residual clinical specimens were used in analyses. Several
reducing and maleimide reagents were investigated to
aid in quantification of total Hcy (tHcy). The assay
which was developed and validated was performed by
flow injection analysis–tandem mass spectrometry
(FIA-MS/MS).

RESULTS: Interferents of tHcy measurement were iden-
tified, so selective derivatization of Hcy was employed.
Using N-ethylmaleimide (NEM) to selectively derivatize
Hcy allowed interferent-free quantification of tHcy by
FIA-MS/MS in first-tier NBS. The combination of
tris(2-carboxyethyl)phosphine (TCEP) and NEM
yielded significantly less matrix effects compared to
dithiothreitol (DTT) and NEM. Analysis of clinical spe-
cimens demonstrated that the method could distinguish
between HCU-positive, presumptive normal newborns,
and newborns receiving total parenteral nutrition.

CONCLUSIONS: Here we present the first known vali-
dated method capable of screening tHcy in DBS during
FIA-MS/S first-tier NBS.

Introduction

Homocystinuria (HCU) results from the inability to
convert homocysteine (Hcy) to cystathionine due to en-
zyme (1) or vitamin B12 deficiencies (2), causing an ele-
vation of Hcy in blood and urine (3). Classical HCU
[OMIM #236200] results from deficient activity in
the transsulfuration enzyme cystathionine β-synthase
(CBS), a vitamin B6-dependent enzyme, causing ele-
vated levels of Met and Hcy. The global rate of HCU
is 1 in 200 000 to 335,000, and its frequency varies
based on geographic location, (1 in 65 000 in Ireland;
1 in 17 800 in Germany; and 1 in 1800 in Qatar (4)).
Complications of untreated HCU include ocular issues
(i.e., ectopia lentis), skeletal abnormalities, dysfunction
and abnormalities of the vascular system (e.g., thrombo-
embolism and vascular occlusions), developmental and
intellectual disabilities, failure to thrive, and symptoms
similar to Marfan syndrome (1, 5). Decreased morbidity
and improved outcomes are associated with early inter-
ventions in HCU-positive (HCU+) individuals (6–8),
with treatments ranging from vitamin B6 and/or betaine
supplementation to Met-controlled and/or low-protein
diets (1, 5). Identification of pre-symptomatic HCU+
individuals is possible through newborn screening
(NBS), the routine screening for dozens of inborn
errors of metabolism shortly after birth using dried
blood spot (DBS) analyses. HCU was added to the US
Recommended Uniform Screening Panel (RUSP) in
2006 (9).

Current first-tier NBS methods for HCU utilize
Met as a biomarker. In some NBS laboratories, pre-
sumptive HCU+ are reflexed to second-tier screening
to assess Hcy concentrations. However, Met concentra-
tions are often not elevated enough 24 to 48 h after birth
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to reach cutoff levels in first-tier screening in HCU+
newborns (5). In 2019, the HCUNetwork America pre-
sented at the Advisory Committee on Heritable
Disorders in Newborns and Children (ACHDNC), es-
timating that around 50% of HCU cases are missed
using current NBS practices (10). There are numerous
case studies in the literature of children and adults iden-
tified as HCU+ only after exhibiting clinical symptoms
because they received a false-negative NBS result or be-
cause HCU screening had not yet been established (10–
13). To reduce risk of false negatives, current options for
laboratories are limited to lowering Met cutoffs which
leads to lower specificity. In order to mitigate for the
lower specificity, labs can use the methionine to phenyl-
alanine (Met/Phe) ratio to slightly increase test specifi-
city (14), or to perform second-tier screening for Hcy
which leads to a dramatic specificity increase.
However, such options can lead to increased false-
positive rates, lower throughput, or additional equip-
ment and personnel needs.

In addition to the aforementioned issues regarding
Met as a biomarker for HCU, Met is also added to total
parenteral nutrition (TPN) formulations administered
to premature babies in the intensive care unit, which
can artificially elevate amino acid concentrations causing
false-positive NBS results. Babies receiving TPN are typ-
ically repeat screened within 2 weeks of life and/or after
discontinuing TPN. There is no clear rationale in the lit-
erature why direct Hcy screening is not included in first-
tier NBS assays. One would imagine the reason is related
to the complex chemistry of Hcy compared to other
NBS biomarkers, since Hcy has a thiol group and is pre-
sent in both oxidized and reduced forms in the blood.
Roughly 1% to 2% of Hcy exists in the blood as free
Hcy (fHcy) monomer, with the remaining 98% to
99% of Hcy oxidized as dimers (e.g., Hcy–Hcy dimer
[dHcy]) or incorporated into proteins such as albumin
(3). To determine the concentration of the total Hcy
(tHcy) pool in blood, all Hcy must be reduced to the
monomer form. However, given the limitations of using
Met as a biomarker of HCU, a paradigm shift towards
Hcy as a first-tier biomarker is needed.

Here we present the only flow injection analysis–
tandem mass spectrometry (FIA-MS/MS) first-tier
NBS method that directly quantifies tHcy from DBS,
using tris(2-carboxyethyl)phosphine (TCEP) as a redu-
cing agent and N-ethylmaleimide (NEM) for selective
derivatization of Hcy. The method was used to analyze
residual newborn specimens, including presumptive
normals, those reporting administration of total paren-
teral nutrition (TPN), and HCU+ specimens, and de-
monstrated the clinical ability to distinguish HCU+
from the other groups. The ability to screen tHcy during
first-tier NBS is a significant step toward reducing HCU
false-negative rates, which will enable early identification

and intervention to reduce HCU-associated morbidity
and mortality.

Materials and Methods

SAMPLE TYPE AND PREPARATION

Detailed information on quality control (QC), linearity
materials, and clinical specimens used in analyses; meth-
od optimization; extraction methods; solvents and che-
micals; and unlabeled biomarkers and isotopically
labeled internal standards (ISs) is provided in the online
Supplemental Material. Certified values for linearity ma-
terials and QCs are presented in online Supplemental
Tables 1 and 2. A graphical overview of the sample prep-
aration method is presented in Fig. 1. In all analyses, a
3.2 mm punch was taken from a DBS, which corre-
sponded to approximately 3.1 µL of blood (15).

ACQUISITION, QUANTIFICATION, AND DATA ANALYSIS

Electrospray ionization (ESI) source parameters, peak
integrations, quantification methods, biomarker parent
and product m/z, the IS employed for quantification,
and the cone and collision voltages are presented in
the Supplemental Material. Ion suppression plots were
generated by extracting peak areas of IS using the open-
source software Skyline, then visualized using R. All
quantified data and peak area data were exported as
spreadsheets and imported into R version 4.0.2 (16)
for analysis and visualization.

Results

Preliminary data indicated tHcy concentrations were
higher than expected in reduced DBS extracts, which
led us to hypothesize that interferences were present in
the DBS matrix. Online Supplemental Fig. 1, A presents
a high-resolution MS (HRMS) parallel reaction moni-
toring spectrum of the Hcy transition (m/z 136> 90),
which indicated numerous isobaric product ions under
FIA conditions using nominal mass-resolving MS (i.e.,
triple quadrupole platforms). Using metabolomic data-
bases, we were unable initially to identify all compounds
present in the spectra of Supplemental Fig. 1, A. Using
nano-ESI capillary electrophoresis (CE) coupled to
HRMS allowed us to determine that the dominant
Hcy interferences were, in fact, related to isotopically la-
beled ISs that were present in the extraction working in-
ternal standard solution (WISS) (online Supplemental
Fig. 1, B). The most abundant interferent was
Met-2H3 (Met-D3, m/z 153.0777) IS, which undergoes
in-source fragmentation to am/z 136.0507 fragment ion
that dissociates to m/z 90.457 (Supplemental Fig. 1, A,
B, and C). Since these ISs are used globally in first-tier
NBS assays, we explored selective derivatization of thiols
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using several reagents to shift Hcy into a separate transi-
tion without interferences. Maleimides were most com-
patible with the typical first-tier NBS assay and
biomarkers, and of the maleimides investigated, NEM
was most compatible and advantageous for use in the as-
say (Supplemental Material). Online Supplemental Fig.
2 demonstrates the reaction between Hcy and Hcy-2H4

(Hcy-D4) with NEM, to form Hcy-NEM (m/z
261.0901) and Hcy-D4-NEM (m/z 265.1155). Both
Hcy-NEM and Hcy-D4-NEM had lower mass range
product ions (m/z 56.0505 and 60.0755, respectively)
and higher mass range product ions (m/z 215.0847
and 219.1100, respectively).

Figure 2 demonstrates the impact of Hcy interfer-
ences on tHcy quantification, along with the advantages
of using NEM to selectively derivatize Hcy. The work-
flow in Fig. 1 was used to quantify tHcy from low
QC samples enriched with dHcy, using either
100 mM dithiothreitol (DTT) or 30 mM TCEP, and
either in the absence or presence of 40 mM NEM.
DBS extracted with WISS and treated with either
DTT or TCEP in the absence of NEM had higher
than expected tHcy concentrations due to interferences.
On the other hand, DBS samples extracted with a mock
WISS containing only dHcy-2H8 (dHcy-D8) had tHcy

concentrations closer to expected values. DBS extracted
with WISS and treated with either DTT and NEM or
TCEP and NEM had tHcy concentrations closer to
the expected value, successfully demonstrating the miti-
gation of interferences by selective Hcy derivatization.
Both transitions of m/z 56/60 and 215/219 pairs were
monitored for Hcy-NEM/Hcy-D4-NEM, with im-
proved precision and sensitivity in the m/z 56/60 pair.
Therefore, we decided to quantify all subsequent
Hcy-NEM data with the m/z 56/60 unlabeled/labeled
pair, with the option of using the 215/219 pair as quali-
fying ions if elected by a laboratory. These observations
were consistent in both non-butyl ester derivatized data
(Fig 2, A) and butyl ester derivatized data (Fig 2, B).
Overall, the use of NEM with either TCEP or DTT re-
sulted in roughly 5× more signal when compared to the
Hcy-D4 IS (online Supplemental Table 3).

Since both reducing and thiol derivatizing agents
were added to our existing assay, it was important to in-
vestigate any deleterious effects of these added reagents
on other biomarkers analyzed in the assay. Figure 3 dis-
plays the impact of adding reducing agents and reducing
agents plus NEM to the existing assay with data normal-
ized to the control in non-butyl ester derivatized data.
Online Supplemental Fig. 3 displays the impact of

Fig. 1. Sample preparation workflow used to investigate reducing and maleimide derivatizing agents. In
all analyses, 3.2 mm DBSs of quality control materials, proficiency materials, and residual clinical speci-
mens were punched into 96-well plates. Arrows (stemming from “Experiments using...”) indicate where
the first-tier screening method was modified to investigate reducing agents and maleimide derivatizing
agents. DBSs were extracted using 100 µL WISS containing ISs for amino acids, acylcarnitines, nucleo-
tides, homocystine (dHcy-2H8), and other biomarkers, along with formic acid and hydrazine hydrate. A
mockWISS containing dHcy-2H8 alongwith formic acid and hydrazine hydratewas also used to investigate
the presence of interferences from IS. In experiments using DTT, 12 µL of a DTT solution was added to the
DBS containing WISS, then incubated for 45 min at 45°C. In experiments using TCEP, the DBS and WISS
were incubated for 45 min at 45°C, then TCEPwas added to theDBS extract solution and shaken for 5 min
at room temperature. Sample extracts were then transferred, dried under nitrogen gas, and the DBS ex-
tracts were resuspended in 40 µL of amaleimide solution before being shaken for 5 min at room tempera-
ture. Maleimide treated extracts were then dried. Non-butyl ester extracts were resuspended in mobile
phase, then analyzed by FIA–MS/MS) In butyl ester-derivatized analyses, DBS extracts were resuspended
in acidified butanol, then placed in an oven for 20 min. Butylated DBS extracts were then dried, resus-
pended in mobile phase, and then analyzed by FIA–MS/MS.
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added reagents to butyl ester-derivatized DBS extracts.
Data were visualized as heatmaps due to the large num-
ber of biomarkers in the assay. Overall, most of the bio-
markers experiencing large percent differences after the
addition of reagents were acylcarnitines using surrogate
IS such as malonylcarnitine (C3DC) + hydroxybutyryl-
carnitine (C4OH), tiglylcarnitine (C5:1), tetradecenoyl-
carnitine (C14:1), and oleoylcarnitine (C18:1); surrogate
IS that were used for these biomarkers are presented in

online Supplemental Table 4. The trends were relatively
consistent in both low QC (Fig 3, A) and high QC (Fig
3, B) samples. It was expected that TCEP would impact
analytes using surrogate ISs since TCEP ionizes in posi-
tive mode. Large concentration percent differences with
the addition of only DTT were unexpected, since DTT
does not ionize in positive mode. DTT was incubated
with the DBS and WISS for 45 min because it is slower
to react. The water from the DTT solution altered the

Fig. 2. Hcy andHcy-NEMconcentrations in lowQCs in the absence of or treatedwith reducing agents and
NEM. Samples were extracted in either WISS or with a mock WISS containing only isotopically labeled
homocystine (dHcy-2H8). QC DBS extracts were then reduced with either TCEP or DTT to reduce oxidized
and protein bound Hcy and yield tHcy in the monomer form. Hcy was either analyzed directly or DBS ex-
tractswere treatedwithNEM to derivatize theHcy to formHcy-NEMbefore analysis. Four additional tran-
sitions were monitored for Hcy-NEM (m/z 261>56 and 261>215) and Hcy-2H4-NEM (m/z 265>60 and
265>219) to ensure equivalency between product ion pairs. The x-axis is a matrix of conditions and ana-
lysis that each sample (n=6 per column) was subjected to, and the y-axis is the concentration of Hcy or
Hcy-NEM. The dashed line indicates the expected concentration. Both (A) and (B) show that
WISS-treated DBS extracts had higher than expected Hcy concentrations due to the presence of interfer-
ences in the WISS, while DBS extracts treated with mock WISS had Hcy concentrations closer to the ex-
pected concentration. Treatment with NEM yielded Hcy concentrations closer to the expected
concentration when extracted with WISS and mock WISS.
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aqueous composition of the WISS DBS solution, which
likely extracted more salts along with reduced small pep-
tides, contributing to more ion suppression. The add-
ition of NEM with DTT that further exacerbated
issues in analytes using surrogates and several other bio-
markers was also unexpected. Therefore, we decided to
investigate the effects of these added reagents on IS
signal.

Figure 4 displays the percentage of matrix effects on
ISs in low QC samples treated with either DTT+NEM
or TCEP +NEM, and normalized to peak areas from ISs
in low QC extracted samples with no reducing agents
and NEM. Online Supplemental Fig. 4 displays the im-
pact of the low QCmatrix, individually and in combina-
tions with DTT, TCEP, and NEM, that was normalized
to peak areas in the neat WISS solution. Interestingly, in
Supplemental Fig. 4 we observed that short-chain acyl-
carnitine IS peak areas decreased with the addition of
DTT to the matrix. This led us to hypothesize that
short-chain acylcarnitines may react with DTT.

Therefore, we took a solution of acetylcarnitine (C2)
and DTT and allowed the mixture to react, followed
by analysis via HRMS. Online Supplemental Fig. 5 con-
firms that C2 reacts with DTT to form diacetyl-DTT,
likely through acyl chain swapping. It appears that
DTT also reacts with other acylcarntines, which can
be observed in Supplemental Fig. 4, since the impact
of DTT on the percentage of matrix effects seemed to
have direct relation with the acylcarnitine chain length
(C2-D3>C5-D9>C12-D9>C18-D3).

In general, we observed significantly greater percen-
tages of matrix effects in samples treated with DTT+
NEM in both Fig. 4 and Supplemental Fig. 4, leading
us to hypothesize that NEM reacts with DTT to form a
strong positively ionizing byproduct. Online
Supplemental Fig. 6 displays the theoretical parent and
product ionm/z of 2 NEMmolecules reacting with a single
(diNEM+DTT) molecule, since each DTT has 2 thiol
groups. This byproduct was confirmed based on parent
ion m/z and parallel reaction monitoring spectra. A

Fig. 2. Continued
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reaction between TCEP and NEMwas first described over
2 decades ago (17), and it was expected that TCEP and
TCEP+NEM would cause ion suppression in the assay.
TCEP+NEM result in a byproduct that does not have
as significant an effect on the matrix as diNEM-DTT
(Fig 4, Supplemental Fig. 7). The formation of
diNEM-DTT shown in Supplemental Fig. 6, along with
the deleterious effects observed in Fig. 3, Fig. 4,
Supplemental Fig. 4, and Supplemental Fig. 5, ruled out
using DTT alone or in combination with NEM in the
multiplexed Hcy first-tier assay. Therefore, we proceeded
with TCEP and NEM as reagents for the final method.

Full method validation was performed to assess the
performance of the developed method. Results of linear-
ity, precision, limits of detection (LOD), and limits of
quantification (LOQ) are presented herein. The method
demonstrated excellent linearity for nearly all biomar-
kers, including Hcy, with R2> 0.99 (Table 1). The

biomarkers with R2< 0.99 were ornithine (Orn, R2=
0.984) and C5:1, which uses a surrogate IS and is im-
pacted by the addition of both reducing agents alone
and in the presence of reducing agents plus NEM.
Online Supplemental Table 5 displays precision results
from 3 QC levels analyzed in duplicate on 20 separate
days. All biomarkers had residual standard deviations
<15% in all QC levels, except for C5:1 (failed low
and mid QC), succinylacetone-hydrazone (SUAC, failed
low QC), and guanidinoacetic acid (GUAC, failed low
and mid QC). Prior to the validation step, the instru-
ment had a repair on the ESI probe which reduced the
sensitivity of SUAC in the low QC during validation.
Adjusting the probe after validation mitigated our
SUAC issue and we did not experience any issues with
SUAC in the low QC prior to these repairs. We tested
GUAC and the GUAC IS to assess whether TCEP,
NEM, or the combination of TCEP +NEM had any

Fig. 3. Impact of adding reducing agents and NEM on existing biomarkers in the assay. The heatmaps in-
dicate the effects of adding reducing agents with and without the presence NEM on biomarker concen-
trations, in comparison to the method without the addition of reducing agents or NEM. Each group was
analyzed in triplicate on a single day. Rounded percentages (e.g., −10%, 0%, 10%) are presented in each
of the heatmap cells. The percent normalized to control method was calculated as follows: ((QC treated
with either reducing agents or NEM−QC in the absence of reducing agents andNEM)/QC in the absence
of reducing agents and NEM × 100).
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reaction, and we observed no reactions or byproducts.
LODs and LOQs were comparable to our current meth-
od, except for C5:1, with Hcy having an LOQ of
1.67 µM using our method with TCEP and NEM (on-
line Supplemental Table 6).

The next logical step was to test the method on re-
sidual clinical NBS specimens to ensure the method
could distinguish between presumptive normal (n=
100), those with reported TPN administration (n=
50), and HCU+-confirmed newborns (n= 2).
Figure 5 displays a biplot of residual clinical specimens
analyzed by the developed multiplexed method with
Met concentration on the x-axis and tHcy concentra-
tion on the y-axis. The solid horizontal line represents
the average Met cutoff calculated across domestic NBS
laboratories in 2021 (n= 43, range 40 to130 μM) and
the solid vertical line represents the tHcy concentration
at the 1st percentile of 20 newborns with HCU (D.
Matern, personal communication, May 2022).
Figure 5 clearly demonstrates that the multiplexed
method is capable of accurately classifying HCU+ spe-
cimens, while distinguishing HCU+ from TPN speci-
mens. As observed in Fig. 5, using only Met as a

surrogate biomarker for HCU screening results in
high false positives from TPN specimens. Thus, as ex-
pected, the multiplexing of tHcy into first-tier screen-
ing to identify HCU+ specimens potentially increases
the sensitivity and specificity.

Discussion

In our study, we present the first method which has suc-
cessfully multiplexed direct screening of Hcy into
FIA-MS/MS first-tier NBS assays, thus potentially in-
creasing the sensitivity and specificity for HCU screen-
ing in first-tier NBS. The developed method extracts
all biomarkers that are analyzed in our current assay
while also directly quantifying tHcy from DBS.
Quantification of tHcy is made possible by converting
oxidized Hcy into the reduced tHcy pool with the add-
ition of TCEP and performing selective derivatization of
the tHcy pool using NEM. These additional steps using
TCEP and NEM add only 20 min to sample prepar-
ation compared to our current first-tier screening meth-
od. Since the method uses a high organic extraction
solution (80/20 acetonitrile/water), the extracts are

Fig. 3. Continued
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considerably cleaner compared to second-tier Hcy
screening methods that are typically more aqueous
(18–20) while maintaining similar recovery
(Supplemental Tables 1 and 2). We have analyzed sev-
eral hundred QC samples per day using the method
without noticeable differences in signal, e.g., the method
is compatible with a high-throughput environment and
would not require source cleaning throughout the day.

The developed method uses NEM dissolved in 50/
50 water/methanol, which greatly accelerates drying times
of the solution compared to using NEM in 100% water.
Additionally, we have preliminary data suggesting that
NEM can be added directly to the 50/50 water/aceto-
nitrile resuspension solution, which would further sim-
plify the method to require only 5 min of overhead for
TCEP reduction. Notably, the percentage of acid in the
resuspension solution may need to be adjusted since the
NEM reaction is affected by pH (21). NEM is commonly
used in scientific applications, is very low-cost, and widely
commercially available. Since DBS and other microsam-
pling devices are of heightened interest in clinical screen-
ing (e.g., point-of-care testing), and Hcy is significantly

elevated in several other diseases (22–26), our method
could be utilized in other clinical applications.

Reduction of oxidized Hcy is a critical step in accur-
ate quantification of tHcy. NBS labs currently use DTT
as a reducing agent in second-tier screening assays that
quantify Hcy (18–20), likely because it does not ionize
in positive mode; however, it was reported to cause abnor-
mal peaks in chromatography when used with DBS (27).
Based on results from our study, DTT usage in FIA ana-
lysis of Hcy is problematic due to its reaction with short-
chain acylcarnitines and reaction with thiol derivatizing
agents. Despite TCEP being a strong, positively ionizing
reducing agent, there are numerous advantages for its use
in NBS. TCEP’s reaction is rapid and it can be added at
the end of DBS extraction, reducing the time that the
DBSs are exposed to higher proportions of water. With
12 µL DTT addition, the extraction solution decreased
from 80/20 acetonitrile/water to roughly 70/30 aceto-
nitrile/water during the 45 min heated extraction at
45 °C. TCEP solutions are also stable for longer periods
of time compared to DTT (28); in our study we remade
TCEP solutions every 2 weeks. We also plan to

Fig. 4. Comparison of percentage of matrix effect between TCEP and DTT in the presence of NEM. The
percentage of matrix effect on ISs was compared between samples consisting of lowQC extracts treated
with TCEP+NEM or DTT+NEM. Data were acquired FIA–MS/MS. Percentage of matrix effect was calcu-
lated using peak area (PA) as follows: ((PA IS from a lowQCDBS extract treated with reducing agents and
NEM − PA IS from a low QC DBS extract)/PA IS from a low QC DBS extract × 100). Data represent trip-
licate measurements from NSQAP Lot# 2115 low QC materials.
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investigate the feasibility of using TCEP linked to mag-
netic nanoparticles in our method (29), which would al-
low the post-reaction removal of TCEP from the reduced

DBS extracts, drastically reduce ion suppression, and like-
ly reducing the amount of NEM needed in the method
since residual TCEP reacts with NEM (online

Table 1. Linearity data for targeted biomarkers.a

Biomarker y-Intercept Slope R2

Alanine (Ala) 0.774 0.937 0.995

Arginine (Arg) 5.002 0.969 0.996

Free Carnitine (C0) 9.181 0.73 0.989

Acetylcarnitine (C2) 3.178 1.196 0.99

Propionylcarnitine (C3) 0.543 0.765 0.989

Malonylcarnitine (C3DC)+hydroxybutyrylcarnitine (C4OH) 0.144 0.4 0.991

Butyrylcarnitine (C4) 0.103 0.927 0.99

Isovalerylcarnitine (C5:0) 0.239 0.831 0.993

Tiglylcarnitine (C5:1) −0.136 0.3 0.943

Glutarylcarnitine (C5DC) 0.063 1.2 0.995

Hydroxyisovalerylcarnitine (C5OH) 0.318 1.081 0.99

Hexanoylcarnitine (C6) 0.118 0.986 0.994

Octanoylcarnitine (C8) 0.554 0.959 0.989

Decanoylcarnitine (C10:0) 0.374 1.114 0.989

Decenoylcarnitine (C10:1) 0.116 0.163 0.964

Decadienoylcarnitine (C10:2) 0.129 0.367 0.991

Dodecanoylcarnitine (C12:0) 0.184 0.792 0.992

Tetradecanoylcarnitine (C14:0) 0.222 1.034 0.995

Tetradecenoylcarnitine (C14:1) 0.182 0.604 0.993

Palmitoylcarnitine (C16) 0.602 0.817 0.995

Hydroxyhexadecanoylcarnitine (C16OH) 0.093 0.855 0.997

Stearoylcarnitine (C18:0) 0.236 0.898 0.997

Oleoylcarnitine (C18:1) 0.574 0.598 0.994

Hydroxystearoylcarnitine (C18OH) 0.046 0.475 0.996

Citrulline (Cit) 22.955 0.941 0.985

Creatine (Cre) 42.533 0.851 0.984

Creatinine (Crn) 0.507 0.878 0.997

Glycine (Gly) 44.111 0.722 0.993

Guanidoacetic acid (GUAC) 0.525 0.605 0.977

Homocysteine-NEM (Hcy-NEM) 5.156 0.67 0.988

Leucine (Leu) 23.552 0.835 0.997

Methionine (Met) 4.692 0.788 0.99

Ornithine (Orn) 8.94 1.021 0.984

Phenylalanine (Phe) 20.158 0.891 0.996

Succinylacetone-hydrazone (SUAC) −0.793 0.607 0.998

Tyrosine (Tyr) 2.024 0.901 0.997

Valine (Val) 6.433 0.886 0.998

aLinearity data presented were run in triplicate on a single day and compared to certification data acquired by flow injection analysis on triple
quadrupole tandem mass spectrometry.
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Supplemental Fig. 7). Supplemental Fig. 4 indicates that
the impact of NEM on the matrix is minimal, with only
TCEP, DTT, and TCEP+NEM and DTT+NEM by-
products causing additional ion suppression.

Selective derivatization of Hcy is paramount for the
successful quantification of tHcy under FIA conditions
using nominal mass-resolving MS such as a triple quadru-
pole. This is due to interferences including, but not lim-
ited to, the Met-D3 and Leu-D3 ISs that are commonly
used in nearly all commercial NBS assays and NBS
laboratory-developed tests. Due to the structural similarity
of Met and Hcy, methods employing separation will also
encounter similar issues with Met-D3 as observed in
Supplemental Fig. 1, B and a recent publication by our
group (30). In addition to NEM shifting the Hcy m/z
to remove interferences, we also reported Hcy-NEM
yielded roughly 5× increased signal intensity compared
to Hcy (Supplemental Table 4). It should be noted that
the increase in Hcy-NEM signal was in the presence of
the TCEP+NEM and DTT+NEM byproducts, so there
is likely a higher-fold increase in signal that cannot be ob-
served due to the ion suppression of the byproducts.

Acylcarnitine C5:1, which uses C5:0-D9 as a surro-
gate IS, was the worst performing biomarker in the

developed method. Based on trends of other biomarkers
that use surrogate ISs, we suspect that using a C5:1 IS
would mitigate the observed issues. It is also possible in
the case of unsaturated acylcarnitines that the redox envir-
onment created by reducing agents (31) may damage the
double bond; however, we plan to investigate the addition
of antioxidants such as butylated hydroxytoluene if we en-
counter this issue (32). GUAC in lower concentrations
also did not perform well in validation and we suspect
this may be due to matrix effects and ion suppression be-
tween the unlabeled and labeled IS, and we plan to inves-
tigate other potential ISs tomitigate this issue. It should be
noted that the HRMS parallel reaction monitoring spec-
trum of pure NEM (m/z 126) indicated the presence of a
m/z 80 product ion (online Supplemental Fig. 8, A), which
interferes with the Val-D8 transition m/z 126> 80
(Supplemental Fig. 8, B). Val concentrations in the en-
richedQCs did not appear to be impacted by the presence
of theNEM interferent withVal-D8 (Fig 3). SinceNEM is
consumed byHcy, we decided to investigate the impact on
Val concentration in QCs that were enriched for Hcy.
Supplemental Fig. 8, C shows that the concentration of
Val in these highly enriched Hcy QCs was comparable
in the absence or presence of NEM and TCEP. NBS

Fig. 5. Analysis of residual clinical newborn DBS using TCEP+NEM method. Residual clinical newborn
DBS specimens were analyzed using the method employing TCEP+NEM. tHcy and Met concentrations
were plotted, and samples were classified as either presumptive normal, those with reported administra-
tion of total parenteral nutrition (TPN+), or homocystinuria positive (HCU+).
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laboratories usingVal-D8 could consider a lower conserva-
tive cutoff for Val due to the presence of NEM as an inter-
ferent. Our group previously reported Val-D8 has a
different optimal collision energy from Val (33), and our
group has been investigating Val IS non-deuterated
alternatives.

In conclusion, we report the only validated method
capable of quantifying tHcy in FIA-MS/MS first-tier
NBS assays. Our method’s ability to screen Hcy during
first-tier NBS has the potential to lead to a paradigm shift
towards considering Hcy as a primary screening biomarker,
similar to the addition of SUAC to first-tier screening for
tyrosinemia type 1 (34). The future directions of this pro-
ject include refining the method to reduce additional sam-
ple prep overhead (e.g., adding NEM to the resuspension
solution), adding IS to remove the need for quantifying
using surrogate IS (e.g., C5:1, C14:1), and investigating al-
ternative IS for those suspected to have differential ioniza-
tion (e.g., GUAC) or interferences (e.g., Val-D8). We will
also investigate the use of TCEP linked to magnetic nano-
particles to aid in the removal of TCEP from the DBS ex-
tracts, which should reduce ion suppression in the matrix
(29). Overall, our method is a significant development to-
wards improving HCU NBS and is expected to reduce
false-positive and false-negative rates, in turn decreasing
HCU-associated morbidity and mortality.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.

Nonstandard Abbreviations: HCU, homocystinuria; Hcy, homo-
cysteine; HCU+, homocystinuria positive; NBS, newborn screening;
DBS, dried blood spot; tHcy, total homocysteine; FIA-MS/MS,
flow injection analysis–tandem mass spectrometry; NEM,
N-ethylmaleimide; TCEP, tris(2-carboxyethyl)phosphine; DTT,
dithiothreitol; TPN, total parenteral nutrition; IS, isotopically labeled
internal standard; HRMS, high-resolution mass spectrometry; WISS,
working internal standard solution; Hcy-D4, Hcy-2H4; SUAC, succi-
nylacetone; GUAC, guanidinoacetic acid.
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