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ARTICLE INFO ABSTRACT

Keywords: Introduction: Determination of folate insufficiency is of considerable interest given its importance in fetal

Folate development and red blood cell formation; however, access to blood tests may be limited due to the requirement

5-Methyltetrahydrofolate for phlebotomy as well as controlled temperature shipping of blood specimens to laboratories for testing due to

gziﬁ;iﬁz:ﬁzgﬁph}] the inherent instability of folate and its vitamers.

Microsample Methods: An LC-MS/MS test was developed and validated for the measurement of 5-methyltetrahydrofolate
(SMTHF) in dried plasma specimens collected from fingerstick blood using a laminar flow blood separation
device, as well as liquid venous plasma for comparison. Two pre-analytical factors investigated influencing the
measurement of SMTHF in dried plasma were hemolysis of the fingerstick blood during collection and storage/
shipment of the dried plasma.

Results: Although observed infrequently, hemolysis >10 % resulted in elevated SMTHF measurements, but he-
molysis >1 % resulted in elevated chloride measurements, which were necessary to normalize SMTHF mea-
surements for variation in volume of dried plasma specimens. Stability of SMTHF was improved in dried plasma
relative to liquid plasma at ambient temperatures, but not sufficiently to allow for uncontrolled temperature
shipping despite controlling for humidity and light exposure. Shipping studies emulating ISTA procedure 7D
were conducted with a reusable cold packaging solution. The packaging failed to stabilize SMTHF in dried
plasma specimens during a 2-day summer shipping evaluation, but did provide sufficient temperature control to
stabilize SMTHF during the overnight shipping evaluation.

Conclusion: Our studies provide boundary conditions with respect to hemolysis, storage, and shipping for suc-
cessful analysis of SMTHF from dried plasma specimens.

Introduction

Analysis of blood microsamples has been of significant interest given
the ease of collection relative to standard phlebotomy [1,2] Micro-
sample applications have been used widely in support of drug mea-
surements [3-6] and are ubiquitous for newborn screening given the
minimally invasive collection modality via heel stick [7-9]. With
increased interest in at-home testing/collection, microsamples are also
an attractive solution given the feasibility of self-collection [10]. When
dried, blood microsamples also have the added advantage of increased
analyte stability. Many analytes that have proven to be labile in liquid
blood, serum or plasma have improved stability profiles when stored dry

[11-13], allowing for long-term storage at moderate temperatures in
biobanks and for stable shipment with minimal or no temperature
control [14,15]. However, drying of blood specimens does not guarantee
analyte stability indefinitely or under all temperature conditions. As an
example, characterization of amino acid stability in dried blood spots
(DBS) has shown that some analytes have limited stability under
ambient conditions for even short periods of time [16,17]. As such,
careful examination of the pre-analytical conditions for collection,
shipment, and storage of dried blood microsamples is required for each
measurand to ensure reliable application.

Blood and serum folate is a particularly unstable measurand that
requires frozen or refrigerated shipment of specimens [18,19]. Given its

Abbreviations: SMTHF, 5-methyltetrahyrofolate; DBS, dried blood spot; ISTA, International Safe Transit Association; PCM, phase change material; LC-MS/MS,
liquid chromatography tandem mass spectrometry; CLSI, Clinical Laboratory Standards Institute; FDA, Food and Drug Administration.
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importance in fetal development [20,21] and red blood cell formation
[22], there is significant interest in evaluating folate status for personal
and community health initiatives, which could be facilitated using at-
home or remote collection of blood microsamples. Indeed, other
groups have developed total folate measurements from both dried blood
spots and dried plasma, as well as measurements of 5-methyltetrahydro-
folate (SMTHF) - the primary form of folate [23] — from dried blood
spots and dried plasma [24]. However, these works either did not
evaluate, or had noted, instability of folate and SMTHF in the dried
microsamples under ambient temperature conditions that may be
incurred during uncontrolled shipment. Further, volume of the dried
microsamples — a known source of pre-analytical variability — was either
uncontrolled (i.e., assumed) in these works, controlled through
normalization with hemoglobin when analyzing dried blood, or
controlled by volumetric sampling that may not be deployed without
some level of training.

To that end, we developed an LC-MS/MS test for the measurement of
S5MTHF from dried plasma microsamples that may be self-collected via a
novel blood-plasma separation device. Although folate status can be
determined readily from blood or plasma [25], the choice of dried
plasma rather than dried blood afforded the ability to normalize for
volume uncertainty using plasma chloride measurements, as previously
described [26]. Consequently, we chose to measure SMTHF by LC-MS/
MS rather than total folate levels by a microbiological assay due to
sensitivity limitations of the latter methodology for analysis of dried
plasma, which inherently requires dilution of the specimen. SMHTF
measurements from both dried plasma and liquid plasma specimen types
were fully validated according to CLSI guidance [27] and FDA Bio-
analytical guidance [28] and a rigorous evaluation of the pre-analytical
conditions was performed to ensure reliability of the results. Specif-
ically, evaluations of storage and shipping conditions were performed,
as well as the impact of hemolysis during collection of the dried plasma
microsample, given the large amount of SMTHF found in red blood cells
relative to plasma.

Materials & methods
Chemicals

Bovine serum albumin (BSA), formic acid, ascorbic acid, and 5-meth-
yltetrahydrofolic acid-(glutamic acid-13C5) ([13C5]-5MTHF) were from
MilliporeSigma (St. Louis, MO). Calcium D,L-5-methyltetrahydrofolate
reference standard was from United States Pharmacopeia (Rockville,
MD). Water (Optima® LC/MS grade), acetonitrile (HPLC grade), and
ammonium hydroxide were from Fisher Scientific (Hampton, NH), while
charcoal stripped serum was from Golden West Diagnostics (Temecula,
CA). Finally, trichloroacetic acid (TCA) was from G-Biosciences (St.
Louis, MO).

Human samples

Volunteer donors provided blood via venipuncture and fingerstick
with informed consent for the anonymous use of their blood specimens
under an approved Institutional Review Board protocol (ASPIRE® Pro-
tocol #520100174). Venous blood was collected by standard phlebot-
omy using lithium heparin collection tubes (BD; Franklin Lakes, NJ).
Following centrifugation, plasma was separated from the cells, aliquoted
into light-protected amber tubes, and frozen at <-70 °C within 4 h of
phlebotomy. Dried plasma samples were collected from fingerstick
blood using the Velvet™ Blood Collection device (WEAVR Health;
Cambridge, MA). The Velvet™ device contains 3 x 60 uL heparinized
capillaries, which allowed for metered collection and, upon closure,
metered dosing of finger stick blood onto a proprietary collection
element [26]. Laminar flow of blood across the collection element al-
lows for separation of plasma from red blood cells. Following collection,
devices were immediately placed into the provided foil pouches
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(WEAVR Health) containing a desiccant and an oxygen scrubber to
control the humidity and protect from light. Subsequently, devices
within the sealed foiled pouches were allowed to dry overnight (16 — 20
h) at room temperature (20 — 25 °C) before analysis, unless otherwise
noted.

S5MTHF assay

Sixty microliters of liquid calibrators and liquid plasma samples were
processed, along with six, 56.25 mm? punches of dried plasma samples
(equating to approximately 60 uL of plasma). Both liquid and dried
samples were combined with 600 pL of 2 % BSA containing 2.5 ng/mL
[13C5]-5MTHF and allowed to mix (200 rpm) for 1 h at room tempera-
ture, which served to both equilibrate the internal standard with the
samples as well as extract the dried plasma components from the
collection elements. Subsequently, 125 pL. of the BSA-extracts were
mixed (2:1, v/v) with 10 % TCA for 5 min, followed by centrifugation for
10 min prior to transferring the supernatant to a 96-well plate for LC-
MS/MS analysis.

Acid-precipitated samples were analyzed for SMTHF by LC-MS/MS
on an ARIA™ TLX4 system (Thermo Scientific; San Jose, CA) coupled
to a 7500 Triple Quadrupole (SCIEX; Framingham, MA) with an Opti-
Flow™ Pro ESI source operated in positive ion mode for detection of
SMTHF and its internal standard by selected reaction monitoring (SRM).
Separation was performed on a 2.1 x 50 mm (5 um) Zorbax XDB-C18
column (Agilent Technologies; Santa Clara, CA) at 1 mL/min where
mobile phase A and B consisted of 0.1 % formic acid in water and
acetonitrile, respectively. Samples were loaded for 10 s at 0 % B, eluted
with a linear gradient from 0 to 25 % B over 25 s, followed by column
washing for 45 s at 100 % B, and column re-equilibration for 60 s at 0 %
B (total cycle time: 150 s). The SRM transitions of SMTHF and [13C5]-
S5MTHF used for quantitation were 460.2/313.2 and 465.2/313.2,
respectively, both with a collision energy (CE) of 30 V. Qualifying
transitions were 460.2/194.0 and 465.2/194.0, respectively, both with
a CE of 45 V. All transitions were acquired with a 40 msec dwell time
with a 5 msec pause time (total scan time: 0.18 sec). Curtain gas (CUR),
nebulizer gas (GS1), and heating gas (GS2), and collision gas (CAD) were
set to 20, 70, 40, and 6, respectively. Source temperature (TEM) was
300C, spray voltage was 2500 V, and QO was operated in Simple Mode at
30 V. Both Q1 and Q3 were operated at unit resolution under the Low
Mass (LM) settings. Q2 entrance potential (EP) and exit potential (CXP)
of 10 and 12 V, respectively.

To accurately estimate the volume of dried plasma analyzed and
correct for variability in extraction from the collection element, chloride
was measured in the BSA-extracts as previously described [26]. SMTHF
measurements from dried plasma specimens were normalized as follows
using the matching chloride measurement and expected chloride con-
centration in plasma (100.28 mmol/L):

Absolute 5SMTHF measurement / absolute chloride measurement x
100.28 mmol/L

Each analytical run was calibrated with a series of liquid standards
(0.5,1, 2, 4, 10, 25, 100, and 200 ng/mL 5SMTHF) prepared in charcoal
stripped serum containing 50 mM ascorbic acid. Results for both dried
and liquid specimens were obtained using the calibration curve gener-
ated from the liquid standards, which used a quadratic fit with 1/x*
weighting. Each level was prepared from a common stock solution of
SMTHF in 0.1 % ammonium hydroxide and value assigned spectro-
photometrically (e29onm = 31700 L/mol/cm) [29] and accuracy of the
calibration was demonstrated relative to NIST SRM®3949 and
SRM®1950 (see supplemental material, Table 526).

Each batch was qualified for liquid and dried specimens. Liquid
controls comprised two levels of serum folate controls (CDC Nutritional
Biomarkers Branch), with approximate SMTHF concentrations of 7 and
24 ng/mL (inter-assay coefficient of variance (CV, n = 20) of 7.2 % and
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5.5 %, respectively); however, target values for SMTHF were not pro-
vided for these controls by the CDC - only total folate concentrations.
Dried plasma controls were produced from two pools of venous lithium
heparin plasma with approximate SMTHF concentrations of 25 ng/mL
and 100 ng/mL, which were stored as frozen aliquots and dosed (160 L)
onto the collection elements (matching those contained within the
Velvet™ device). After 2 h of drying at room temperature, the ‘dosed-
elements’ were placed into foil storage bags (containing a desiccant and
an oxygen scrubber) and refrigerated up to 7 days until analysis (inter-
assay CV (n = 20) of 6.7 % and 10.2 %, respectively, with chloride-
normalization). Additional validation result for both liquid and dried
specimen types may be found in the supplemental material.

Insulated packaging

Shipping stability studies were conducted using an 8.5 in x 6.5 in x
4.5 in styrofoam box (Akuratemp; Arden, NC) containing two phase
change material (PCM) pouches with 2 g HS22P, each (Akuratemp).
Given that HS22P freezes below room temperature, the PCM pouches
were stored in a refrigerator (2 — 8 °C) overnight in order to solidify/
freeze the material prior to use. The Velvet™ device (contained within
the supplied foil bag) was sandwiched between the two PCM pouches,
which fit securely into the styrofoam box for shipment (Fig. 1).

Results
Impact of hemolysis

Given the presence of SMTHF within red blood cells, the impact of
hemolysis was first evaluated in liquid plasma samples. Matching
lithium heparin tubes of venous blood were collected from 37 donors —
one tube from each individual was immediately processed/separated to
produce an unhemolyzed plasma specimen, while the matching tube
was first placed into an ultra-low freezer for ~20 min to induce gross
(but not complete) hemolysis in the plasma fraction. Direct comparison
of matching plasma and grossly hemolyzed plasma specimens collected
from venous blood of 37 donors showed marked elevation in plasma
S5MTHF levels due to hemolysis (Fig. 2). The mean bias was +42 %
(range: —19 to +181 %).

In using the Velvet™ Blood Collection device, some degree of he-
molysis was also observable in the dried plasma fraction in approxi-
mately 3 % of specimens, indicating hemolysis could also be a pre-
analytical factor to consider for dried plasma specimens. To determine
the impact of hemolysis on the quantification of 5SMTHF from dried
plasma, a freshly drawn lithium heparin whole blood specimen was
collected and split into two aliquots. One aliquot remained as-is (0 %
hemolysis), while the second aliquot was frozen for 2 h at <2—70 °C
(100 % hemolysis). The un-hemolyzed and hemolyzed aliquots were
mixed at different ratios to create a series of matched specimens with
0 (baseline), 1, 5, 10, 20, 50, and 100 % hemolysis (Fig. 3). Each

8.5”
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specimen was dosed onto collection elements, dried, and then assayed as
four replicates.

Dried plasma specimens showed increasing chloride results with
increasing degrees of hemolysis. Chloride results were at least 25 %
higher in plasma specimens with at least 5 % hemolysis or higher, but no
substantial interference (<5% bias) was observed at 1 % hemolysis
(Fig. 3). Absolute measurements of SMTHF from dried plasma also
increased with increasing hemolysis, though no appreciable interference
was observed (<7% bias) with up to 10 % hemolysis. At 20 % or higher
hemolysis, absolute SMTHF measurements were markedly elevated
(>16 %), but to a lesser degree than the chloride measurements. As such,
chloride-normalized SMTHEF results were lower with increasing levels of
hemolysis. Allowing for up to 15 % bias due to hemolysis, chloride-
normalized SMTHF results were acceptable with up to 10 % hemolysis.

Stability

Stability of liquid and dried plasma specimens obtained from 3 do-
nors was evaluated for room temperature (20 to 25 °C), refrigerated (2
to 8 °C), and frozen (—25 to —15 °C) storage. Additionally, dried plasma
specimens were subjected to elevated storage conditions (40 — 50 °C)
given the potential for uncontrolled temperature shipment via standard
postal services. For each time point and condition tested, each specimen
was analyzed as six replicates. Venous lithium heparin blood was
collected fresh from three individual donors, and the resulting plasma
aliquoted. On the same day of collection (day 0), matching aliquots were
placed into the respective storage conditions while another aliquot was
analyzed to establish a baseline target concentration.

Given the number of time points and conditions to be tested, it was
impractical to have individual donors provide the requisite number of
matching dried plasma specimens using fingerstick blood. As such,
matching dried plasma specimens were produced from 3 individual
donors by fresh collection of venous lithium heparin blood, which was
then added to Velvet™ Blood Collection devices containing capillaries
without a lithium heparin coating. Devices were placed into storage bags
(containing a desiccant and an oxygen scrubber) and allowed to dry
overnight before placement into the respective storage conditions or
analysis to establish a baseline (day 1) value. Freeze-thaw stability was
also evaluated by freezing (-25 to —15 °C) matching specimens for at
least 12 h followed by at least 4 h thawing at room temperature for each
cycle.

Allowing for 15 % bias relative to the baseline value, liquid plasma
specimens only exhibited acceptable stability when tested after 1 day
storage at room temperature (Fig. 4). After 3, 7, and 14 days of room
temperature storage, liquid plasma specimens produced 5SMTHF mea-
surements that were —20.0 %, —61.9 %, and —79.8 % biased on average
versus baseline targets, respectively. Consistent with previous studies
[30], liquid plasma specimens were stable when stored up to 14 days
refrigerated, 14 days frozen or following 3 freeze/thaw cycles, produc-
ing SMTHF measurements that were biased less than or equal to 8.0 %

Fig. 1. (Left) Shown is the insulated packaging
comprised of a 1” thick styrofoam box and 2 PCM

pouches. The test tube is shown for perspective.
(Right) The packaging was filled by placement of one
PCM pouch in the bottom of the box, followed by up
to three Velvet™ devices contained within their
respective sealed foil bags. The second PCM pouch
was placed on top of the devices followed by the
styrofoam lid. Finally, the styrofoam box containing
the PCM pouches and Velvet™ devices was placed
into a cardboard box of the same geometry.
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Fig. 2. Shown is the bias of SMTHF measurements due to hemolysis established by direct comparison of matching hemolyzed and unhemolyzed plasma specimens.
Matching specimens were each analyzed in singlicate in a single run and SMTHF measurements in hemolyzed samples were compared to those of the unhemolyzed

sample to calculate the bias due to hemolysis. Dashed black lines represent acceptable bias limits (+15 %).
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Although the rate of degradation was slower at room temperature,
dried plasma specimens still exhibited unacceptable degradation when
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Fig. 3. Shown is the bias for absolute measurements
of SMTHF and chloride (Cl) due to increasing levels of
hemolysis in dried plasma. The resulting bias of Cl-
normalized SMTHF results are also shown. Each
data point is the average of 4 replicate measures
(error bars +/- 1SD; error bars < 2 % in magnitude
are not visible due to scaling), with bias calculated to
the average result in the matching unhemolyzed (0 %)
sample. Dashed black lines represent acceptable bias
limits (£15 %).

stored for>1 day at room temperature (Fig. 4). After 3, 7, and 14 days

room temperature storage, SMTHF measurements that were —15.4 %,

—27.4 %, and —34.4 % biased on average, respectively, in dried plasma
specimens relative to baseline targets. Similar to liquid plasma



C.M. Shuford et al.

40% - Elevated (40—50 °C)
o 20% -
e
I
s 0% Q
Lo {] """ TTTTTTTTTTTT T
o
3 \
T 40% {1
= 3
2 -60% A ‘.
N - O
-80% +—r+—7—7——T—T-—"T—"7T""T1T"T"T"T"T"T
012 3 456 7 8 91011121314
storage duration (days)
40% A Room Temperature (20—25 °C)
o 20% A
[T}
I
S 0%
“«
2 20%
o
3
T -40%
8
<2 -60%
-80% T
012345678 91011121314
storage duration (days)
40% 1 Refrigerated (2 —8 °C)
o 20% 4/ _ . e M
O VN .
s e ———— -
H I e R A X o ¢
2 20% -
@
3
S -40% A
3
2 -60% A
-80% +—r+—7—7——T—T—T—"T""T""T"T"—"T"T"T1"
012 3 456 7 8 91011121314

storage duration (days)

Journal of Mass Spectrometry and Advances in the Clinical Lab 28 (2023) 1-8

- = = = allowable bias

- Mean
Donor 1
Liquid Plasma Donor 2
Donor 3

40% A Frozen (-25—-15 °C)
20% -
& 7';"5:;"""“"',?/’
s 0% ¢y \:;3::_{“’, P
L 20% 4" T TTTTTTTTTTTT OO T TS
o
=]
T -40% A
8
2 -60% -
-8()]/6 L] L] L T T T T T T T T T T 1
01234567 891011121314
storage duration (days)
40% A Freeze/Thaw (-25—-15 °C)
o 20% A
®
S
2 20% A
o
3
S -40% A
3 -60% -
-80% T T "

0 1 2 3

freeze/thaw cycles

Fig. 4. Shown is the stability profile of SMTHF in liquid (orange) and dried (blue) plasma specimens stored under a variety of conditions. Profiles for each specimen
type were established using specimens collected from three unique donors. Notably, the same 3 donors were not used for both dried and liquid specimens. The dashed
black lines represent acceptable bias limits (+15 %). Note, stability of SMTHF in liquid plasma was not tested at elevated temperatures. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

specimens, dried plasma specimens showed improved stability with
refrigerated and frozen storage, producing SMTHF measurements biased
less than or equal to 11.2 % from baseline values on average after 14
days refrigeration, 7 days frozen, or following 3 freeze/thaw cycles. At
elevated temperature conditions, deleterious degradation (absolute bias
> 65 %) was observed even after 1 day of storage.

Shipping stability

Stability of SMTHEF in dried plasma specimens during shipment was
evaluated according to a modified ISTA procedure 7D [31], wherein the
length of specific incubation steps was increased so that the temperature
profile could be executed practically without a programmable incu-
bator. Initially, both 62-hour summer and winter profiles were con-
ducted to emulate a 2-day shipment (Fig. 5). For each study, six
matching specimens were collected into Velvet™ devices by fingerstick
from 18 individual donors and immediately placed into storage bags
(containing a desiccant and an oxygen scrubber). One device from each
donor was allowed to dry overnight at room temperature, as per the
standard protocol, then assayed to establish baseline values from the

dried plasma specimens. Two devices from each donor were immedi-
ately subjected to the summer profile — one without additional pack-
aging (‘exposed’) and one with insulated packaging (‘insulated’).
Likewise, matching devices from each donor were immediately sub-
jected to the winter profile with and without the additional packaging.
The final device from each donor remained at room temperature for the
duration of the profiles to serve as a control.

S5MTHF results obtained in specimens subjected to the winter
excursion profile showed a mean bias of + 1.9 % and —6.5 % relative to
their baseline values with and without the insulated packaging,
respectively (Fig. 5). By contrast, SMTHF results obtained in specimens
subjected to the summer excursion profile showed a mean bias of —41.3
% and —56.5 % relative to their baseline values with and without
insulated packaging, respectively. Even the control specimens stored for
the same duration at room temperature exhibited a bias of —26.9 % on
average relative to baseline, which was consistent with the instability
observed after 72 h of room temperature storage observed in the prior
study (Fig. 4). The internal temperature of the insulated packaging was
monitored for the duration of the profiles and showed that 25 °C was
consistently exceeded after the first 19 h of the summer profile, exposing
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Fig. 5. Shown are the temperature profiles (black line) executed for the three shipping studies along with the temperature inside the insulated packaging (colored
lines). The dotted black line on the temperature profiles denote 25 °C — the upper limit for room temperature. The bottom figure shows the bias of the Cl-normalized
S5MTHF measurements under each condition relative to baseline, where the dashed black lines represent acceptable bias limits (+15 %).

the devices to elevated temperature for the remaining 43 h (Fig. 5). The
mean kinetic temperature inside the packaging was calculated to be
25.7 °C for the duration of the profile, but only 21.6 °C for the initial 24
h.

As such, the same study design was repeated with a summer profile
emulating a 24-hour (i.e., overnight) shipment of the dried plasma
specimens (Fig. 5). SMTHF results obtained with control specimens
subjected to room temperature storage for the duration of the 24-hour
study showed a mean bias of —11.1 %, corroborating the results of the
previous room temperature study (Fig. 4). A mean bias of —26.3 % was
observed when devices were exposed to the 24-hour summer profile,
while a mean bias of + 3.1 % was observed with devices stored within

the insulated packaging (Fig. 5). Monitoring of the insulated packaging’s
internal temperature confirmed the temperature was maintained below
25 °C with a mean kinetic temperature of 20.0 °C across the 24-hour
profile.

Discussion

Folate levels are routinely measured in both whole blood and serum
to assess folate status [32] and, consequently, there is a desire to facil-
itate these measurements using blood microsamples. Multiple groups
have demonstrated the feasibility to measure folate from both DBS and
dried plasma [33,34], but instability of folate [35], as well as systematic



C.M. Shuford et al.

errors due to variable hematocrit and volume uncertainty have limited
the utility of DBS [36]. Volume uncertainty of the dried plasma speci-
mens herein was addressed as previously described using normalization
with chloride given its exceptionally low biological variability within
and between individuals [26]. However, the present work expands on
previous studies through careful examination of the pre-analytical fac-
tors known to adversely impact serum folate measurements — namely,
hemolysis and instability.

Given the comparatively high concentration of folate in red blood
cells relative to plasma [37], hemolysis represents a significant chal-
lenge to the measurement of folate in plasma and serum. In our usage of
the Velvet™ Blood Collection device, visible hemolysis (>1%) was
observable in approximately 3 % of dried plasma specimens. This he-
molysis resulted in interference of both the SMTHF measurement, but
was more impactful to the chloride measurements used for normaliza-
tion. Although chloride is also found in red blood cells [38], the
magnitude of interference was greater than could be explained by the
relative concentration of chloride in plasma (~100 nmol/L) and red
blood cells (~90 nmol/L) - indicating the colorimetric measurement of
chloride was likely the source of interference. Given the relative inter-
ference was larger for the chloride measurement than for SMTHEF,
chloride-normalized SMTHF results decreased. Unacceptable interfer-
ence (>15 % bias) to the chloride-normalized SMTHF results was only
observed above 10 % hemolysis, which was not a common level of he-
molysis observed in our experience with the Velvet™ device. However,
a more conservative cut-off of 1 % hemolysis — above which chloride
measurements alone demonstrated unacceptable interference — would
potentially preclude a significant portion of specimens collected with
the Velvet™ device from analysis. To that end, it may be appropriate to
measure markers of red blood cells (i.e., hemoglobin, potassium, or
glutathione) in the dried plasma fraction to identify unacceptable levels
of hemolysis and determine the reliability of the chloride measurement
without subjectivity.

A common assumption of dried specimens is improved pre-analytical
stability. However, Zimmerman et al [35] showed folate measurements
from DBS to be unstable during long-term storage, except when stored
frozen (-80 °C). Our results indicate that SMTHF has a similar instability
in both liquid plasma and dried plasma collected with the Velvet™
device — requiring refrigerated storage (or colder) in order to stabilize
specimens beyond 24 h. Exposure to light as well as high humidity has
been a noted issue with storage of dried blood samples [17,39]. These
factors were easily mitigated in the present studies because the dried
plasma specimens were always stored in the dark and with low relative
humidity through the use of the vendor-supplied foil pouches, which
contained both an oxygen scrubber and desiccant.

Given the gross instability of SMTHF in dried plasma specimens at
elevated and room temperature conditions, it was necessary to verify a
means to stably ship specimens following potential at-home/remote
collection. A basic packaging solution was devised to cool and insulate
the Velvet™ device (Fig. 1). Although the insulated packaging did
provide some reduction in the level of degradation that SMTHF expe-
rienced during the 62-hour summer profile, unacceptable degradation
(>15 % bias on average) still persisted given thermal control was lost
after ~ 30 h. Nonetheless, stability of 5SMTHF in the dried plasma
specimens was demonstrated during a 24-hour summer profile using the
insulated packaging, making overnight shipping with this packaging a
viable option following at-home collection.

To mitigate the need for controlled temperature shipping, others
have suggested addition of antioxidants, such as ascorbic acid, to
collection devices may improve stability of folates in dried specimens
[24]; however, this was not feasible in our work because many antiox-
idants interfered with the chloride measurement (data not shown).
Alternatively, others have suggested it may be feasible to obtain a ‘total
SMTHF’ that would comprise 5SMTHF and its oxidized form(s), 4a-Hy-
droxy-5-methyltetrahydrofolic acid and its pyrazino-s-triazine deriva-
tive, MeFox [19,30]. A ‘total SMTHF’ measure would be resistant to

Journal of Mass Spectrometry and Advances in the Clinical Lab 28 (2023) 1-8

instability due to oxidation, although these measurements would ideally
require stable isotope-labeled compounds for these oxidation products
that are not readily available. Perhaps a simpler approach would be
forced oxidation of SMTHF during the dried sample extraction step,
whereby SMTHF would only be detected in its oxidized form whether or
not the oxidation occurred during storage or extraction of the dried
specimen.

Conclusion

This work highlights two pre-analytical artifacts influencing the
analysis of SMTHF in dried plasma specimens — hemolysis and insta-
bility. Boundary conditions were established empirically to guide when
SMTHF could be successfully analyzed from dried plasma without
interference from hemolysis or degradation due to storage or shipping.
This work may serve as a framework for consideration of other analyte
measurements from dried plasma.
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